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In this study, silver nanoparticles (AgNPs) were synthesized through an eco-friendly bioreduction 
process using plant extracts from Cassia occidentalis and Alternanthera pungens. The formation of 
AgNPs was confirmed by a visible color change in the reaction mixture, followed by characterization 
using UV-Vis spectroscopy, SEM-EDX, FTIR, XRD, zeta potential, and dynamic light scattering (DLS) 
analysis. UV-Vis spectroscopy revealed characteristic surface plasmon resonance (SPR) peaks at 
420 nm and 425 nm for C. occidentalis and A. pungens, respectively. EDX analysis confirmed a high 
silver content, while SEM images depicted irregularly distributed nanoparticles with spherical and 
cylindrical morphologies. FTIR spectra indicated the involvement of various functional groups in 
nanoparticle stabilization, and XRD analysis verified their crystalline structure. DLS measurements 
indicated an average nanoparticle size of approximately 100 nm, while zeta potential analysis 
suggested good colloidal stability. The nematicidal potential of AgNPs was assessed against second-
stage juveniles (J2) of Meloidogyne incognita, exhibiting dose-dependent toxicity with an LC₅₀ value 
of 0.5 mg/L. Field experiments on tomato plants demonstrated a significant reduction in nematode 
infestation at higher AgNP concentrations, highlighting their potential as an eco-friendly alternative 
for nematode management in agriculture.
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Nematology, a vital branch of biological sciences, focuses on nematodes, a diverse group of roundworms prevalent 
across various environments worldwide. Commonly referred to as “eelworms” in Europe, “nemas” in the United 
States, and roundworms by zoologists, nematodes represent the most numerous multicellular metazoans on 
Earth. These unsegmented, pseudocoelomate worms inhabit both marine and terrestrial ecosystems and include 
free-living, plant-parasitic, animal-parasitic, and entomopathogenic species1,2.

Historically, the scientist Borellus first documented a free-living nematode, “vinegar eel” (Turbatrix aceti)3 
while scientist Needham identified the first plant-parasitic nematode (Anguina tritici) in wheat seeds4,5. Root-
knot nematodes, particularly Meloidogyne species, discovered by Berkeley6 are notorious for their global 
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distribution and significant agricultural impact4,7. These obligate plant parasites induce gall formation on roots, 
leading to substantial crop losses estimated at $78 billion globally and $8 billion in the U.S. alone8,9. In India, 
root-knot nematodes were first reported affecting tea plantations in Kerala7,10. Nanotechnology offers promising 
solutions for nematode management. Nanoparticles (NPs), which have a size range of 1 to 100 nm and are used 
in biotechnology, environmental sciences, and pharmaceuticals, have unique qualities because of their large 
surface area and small size11–13.

Biosynthesis of nanoparticles from plant materials is an economical and environmentally responsible 
substitute for traditional techniques. It avoids hazardous chemicals and harsh environments14,15. Actinobacteria, 
fungi, algae, and plants are among the biological systems that have been investigated for the synthesis of 
nanoparticles16–18.

Silver nanoparticles (AgNPs) are notable by their antimicrobial capabilities, demonstrating antibacterial, 
antifungal, antiviral and larvicidal actions19–21. This study assessed the nematicidal efficacy of silver 
nanoparticles derived from the medicinal plants Cassia occidentalis and Alternanthera pungens against the 
plant–parasitic nematode Meloidogyne incognita. Belong to the leguminous family, is conventionally employed 
to address diverse diseases, such as inflammation and hepatic disorder22–24. Alternanthere pungens, a member 
of the Amarnathaceae family, is recognized for its diuretic characteristic and medicinal uses in the treatment of 
jaundice and gonorrhoea25,26.

In the present investigation, the plant–parasitic nematode Meloidogyne incognita was used to test the 
nematicidal potential of silver nanoparticles made from the medicinal plants Alternanthera pungent and Cassia 
occidentalis.

Experimental and methods
Collection and Preparation of plant materials
In the southern districts of Sivganga, Ramanathapuram, Tamil Nadu, India, samples of Alternanthera pungens 
and Cassia occidentalis were collected. The authenticated samples are held by the Department of Zoology 
at Bharathiar University in Coimbatore, India. The collected specimens were subsequently identified and 
authenticated by the Botanical Survey of India (BSI). The assigned specimen numbers were BSI/SRC/5/23/10–
11/Tech.145,908 for Alternanthera pungens and BSI/SRC/5/23/10–11/Tech.423 for Cassia occidentalis. The leaves 
of both plants were thoroughly rinsed with running tap water to remove any debris and then dried in the shade 
for ten days. Once dried, the leaves were ground into a fine powder using a mechanical grinder. The resulting 
powder was sieved through a 22-mesh sieve to ensure uniform particle size (Fig. 1).

Fig. 1.  The collected plants, C. occidentalis and A. pungens, are shown in images (a) and (c), respectively. After 
collection, the plants were shade-dried and ground into a fine powder, as depicted in images (b) and (d).
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Extraction of plant compounds
For the preparation of aqueous extracts, 5 g of the powdered plant material was boiled in 100 mL of distilled 
water. After boiling, the mixture was allowed to cool to room temperature, then filtered using Whatman No. 1 
filter paper. The filtrates were stored at 4 °C until further use. These plant extracts acted as reducing agents for 
the synthesis of silver nanoparticles by reacting with 0.1 M silver nitrate (AgNO₃).

Collection of tomato roots and extraction of M. incognita eggs
Roots from M. incognita infected tomato plants were harvested from agricultural fields located in Thondamuthur, 
Coimbatore district, India. The tomato plants infected with Meloidogyne incognita were collected from agricultural 
fields with the full knowledge and permission of the landowner. A formal consent for sample collection was 
obtained prior to the study. The collected roots were carefully rinsed under running tap water to eliminate any 
attached soil particles and other contaminants. Root galls were examined, which housed adult females containing 
egg masses at their posterior ends. These eggs were embedded within a gelatinous matrix. Each female nematode 
was observed to produce approximately 400 to 500 eggs. Tomato roots were finely chopped and immersed in 
a 1% sodium hypochlorite (NaOCl) solution to dissolve the gelatinous matrix surrounding the nematode eggs. 
The mixture was agitated vigorously for 5 min to ensure effective digestion. Following this, the root fragments 
were thoroughly rinsed with distilled water to eliminate any residual sodium hypochlorite. The washed root 
material was then sequentially passed through a series of sieves with mesh sizes of 72, 100, 200, and 500. The M. 
incognita eggs were subsequently collected from the residue retained on the 500-mesh sieve (0.05 μm). Eggs were 
incubated and allowed to hatch using a modified Baermann funnel technique. This method involved placing 
a concave steel mesh covered with Whatman No. 1 filter paper in a Petri dish containing water. The first molt 
occurred within the eggs, leading to the emergence of second-stage juveniles. These juveniles passed through the 
filter paper and settled at the bottom of the Petri dish for collection.

Biosynthesis of silver nanoparticles
Silver nanoparticles (AgNPs) were synthesized using plant extracts from C. occidentalis and A. pungens. In 
this process, 20 mL of each plant extract was separately mixed with 100 mL of 0.01 M silver nitrate (AgNO3) 
solution, prepared by dissolving 0.169 g of AgNO3 in distilled water, maintaining a 1:4 ratio of extract to silver 
nitrate solution, the mixtures were stirred at 360 rpm using a magnetic stirrer for 4 h. A gradual color change 
from pale yellow to dark brown was observed, indicating the reduction of silver ions and the formation of 
AgNPs. The formation of silver nanoparticles was confirmed through UV-Vis spectrophotometric analysis 
within the wavelength range of 350 nm to 550 nm. The colloidal silver nanoparticle solutions were centrifuged 
at 5000 rpm for 30 min to filter the nanoparticles. This procedure was carried out three times to ensure that all 
remaining contaminants were eliminated. To prevent the nanoparticles from aggregating, the resultant pellets 
were collected and sonicated for three hours. Through UV-vis spectrophotometric methods, the presence of 
AgNPs nanoparticles within the wavelength range of 350–550 nm was confirmed. The colloidal solutions were 
centrifuged at 5000 rpm for thirty minutes to filter the nanoparticles. This method was performed three times 
to ensure the removal of any residual impurities. To prevent the nanoparticles from aggregating, the resultant 
pellets were collected and sonicated for 3  h. After sonication, the samples were placed on a glass plate and 
allowed to dry for twelve hours at 60 °C in a hot air oven. As the final form of silver nanoparticles, the dried 
powdered material was collected and stored for further use analysis.

Characterization of silver nanoparticles
UV–Visible spectral analysis
The synthesized silver nanoparticle (AgNP) using extracts of C. occidentalis and A. pungens was determined 
using UV-visible spectroscopy. The formation and bio-reduction of AgNPs reaction aliquots collected at regular 
intervals and allowed for the confirmation of AgNP. UV-visible spectroscopy was used to examine these samples 
absorbance that would suggest the formation of nanoparticles. The Vasco 1301 spectrophotometer, which was 
used in the wavelength range of 200–800 nm with a resolution of 1 nm, the absorption spectra of the reaction 
mixtures were captured. Through the measurement of absorbance at different time periods, the reaction was 
confirmation of indicating the effective synthesis of AgNPs.

Scanning Electron microscopic (SEM) analysis with energy dispersive x-ray
The surface morphology of AgNPs nanoparticles was investigated using a scanning electron microscope (Quanta 
FEG 250, FEI Company). The colloidal silver nanoparticle solution was centrifuged for 30 min at 5000 rpm to 
prepare the sample. The pellet was redispersed in distilled water and subjected to additional centrifugation three 
times to eliminate any residual impurities. To ensure even dispersion, the nanoparticles were sonicated for an 
hour after purification. The powdered nanoparticles, following sonication and suspension, were subsequently 
dried for 12 h at 60 °C in a hot air oven. The surface morphology of the silver nanoparticles was evaluated using 
SEM analysis on these powdered samples.

Energy Dispersive X-ray (EDX) analysis, usually referred to as EDS or EDAX, this technique to determine 
the elemental composition of a sample or a designated region within it. Coupled with a Scanning Electron 
Microscope (SEM), EDX identifies distinctive x-rays released during the interaction of an electron beam with 
the material. An EDS detector segregates x-rays into an energy spectrum, which is subsequently analyzed by 
specialist software to determine the existence and concentration of elements. This technique facilitates accurate 
chemical analysis at micron- level and may produce elemental maps across extensive regions, providing critical 
compositional information for diverse materials.
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Fourier transform infrared (FTIR) spectroscopic analysis
Silver nanoparticles were obtained by reacting 1 mM AgNO₃ with leaf extracts of C. occidentalis and A. pungens 
for 5  h, followed by centrifugation at 10,000  rpm for 15  min at room temperature. The resultant pellet was 
purified and re-dispersed in sterile distilled water, and subjected to centrifugation, a procedure that was repeated 
three times to eliminate residual impurities. The purified AgNPs were dried and subsequently examined via FTIR 
spectroscopy (IR Affinity-1, Shimadzu, Tokyo, Japan) employing the KBr pellet technique in diffuse reflection 
mode at a resolution of 4 cm⁻¹, scanning the range of 500–4000 cm⁻¹. The same approach was employed on the 
leaf extracts prior to and after bioreduction for comparative analysis.

X-ray diffraction analysis
The AgNPs sample was analyzed by X-ray diffraction (XRD) with a Shimadzu XRD-6000/6100 system operating 
at 30 kV and 30 mA. X-ray diffraction was employed to determine the size and crystalline nature of the silver 
nanoparticles using Cu Kα radiation at a 2θ angle. XRD analysis is a rapid technique for determining unit 
cell characteristics and identifying crystalline phases. The average composition of finely ground samples was 
analyzed, and the Debye-Scherrer equation was utilized to ascertain particle size.

	 D = 0.94λ/B cos θ

Dynamic light scattering (DLS) and zeta potential analysis
The characterization of the synthesized nanoparticles involved measuring the particle size distribution through 
dynamic light scattering (DLS) and evaluating the surface charge via zeta potential measurements. The 
nanoparticle suspensions underwent centrifugation at 5000 rpm for 30 min to remove any remaining impurities. 
The centrifugation process was performed three times to ensure thorough purification. The AgNPs pellet was 
subsequently subjected to sonication for one hour to achieve uniform dispersion. The nanoparticle suspension 
was then diluted with distilled water to attain the appropriate concentration for analysis. The hydrodynamic 
diameter and zeta potential were determined using a Malvern Zetasizer Nano system (Malvern Instruments, 
UK).

Preparation of silver nanoparticle (AgNPs) stock solution
The stock solutions were prepared using silver nanoparticles (AgNPs) derived from C. occidentalis and A. 
conyzoides. A precise 100 mg of AgNPs was weighed and dissolved in 100 mL of distilled water. To minimise 
particle agglomeration and ensure uniform dispersion, the mixtures were sonicated for 12  h. Various 
concentrations required for further experimental investigation were then prepared from these stock solutions 
for additional analysis.

Toxicological assessment of silver nanoparticles on M. incognita
To assess the toxicological impact of silver nanoparticles (AgNPs) on second-stage juveniles (J2) of M. incognita, 
nematodes were subjected to various doses of AgNPs derived from C. occidentalis and A. pungens. The tested 
concentrations included 0.1 mg/L, 0.3 mg/L, 0.5 mg/L, 0.7 mg/L, and 1 mg/L. For each concentration, 10 mL of 
deionized water containing 100 nematodes (equivalent to 10 nematodes/mL) was prepared. Each concentration 
was tested in quintuplicate (five replicates) to ensure statistical reliability. Control groups, containing nematodes 
in nanoparticle-free water, were simultaneously maintained under identical conditions. Nematode mortality 
was recorded at 24-hour, 48-hour, and 72-hour intervals post-exposure to both types of silver nanoparticles. 
The mortality rate was calculated by counting the number of immobile or dead nematodes under a microscope, 
distinguishing them from alive, active individuals.

Infectivity assay of M. incognita treated with AgNPs
Tomato plants were cultivated in nursery trays filled with sterilized soil composed of red soil, farmyard manure, 
and sand mixed in a 2:1:1 ratio. After ten days of growth, M. incognita juveniles treated with silver nanoparticles 
(AgNPs) were inoculated into the tomato plants. The AgNPs used in this study were synthesized using C. 
occidentalis and A. pungens extracts. For each concentration tested, five replicates were maintained alongside a 
control group for comparison.

Root tissue staining
After one week of inoculation with second-stage juveniles (J2) of M. incognita, the infected plants were carefully 
uprooted from the nursery trays. The roots were gently detached from the plants and prepared for staining. To 
create the staining solution, 10 mL of lactic acid, 10 mL of phenol, and 0.001 mg of acid fuchsin were thoroughly 
combined. The excised roots were then immersed in 3 mL of the prepared acid fuchsin solution and briefly 
boiled to facilitate staining. Following boiling, the stained roots were stored for 24 h at room temperature. To 
remove excess stain, the roots were de-stained using phenol crystals until the background tissues appeared 
clear. Finally, the cleared roots were examined under a stereomicroscope to identify and count the second-stage 
juveniles of M. incognita. The number of juveniles present in the root tissues was recorded for further analysis.

Results
Synthesis of silver nanoparticles
Silver nanoparticles were successfully synthesized through the bio-reduction of silver ions using plant extracts 
from C. occidentalis and A. pungens. The reduction process was indicated by a distinct color change in the 
reaction mixture, transitioning to a dark brown hue, signifying the formation of nanoparticles (Fig. 2). This color 
shift is attributed to the presence of active reducing compounds in the extracellular filtrates of the plant extracts. 
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Phytochemical analysis of C. occidentalis revealed the presence of bioactive constituents such as achrosine, 
emodin, anthraquinones, anthrones, apigenin, sitosterols, tannins, and xanthones, which likely contributed to 
the reduction process. Similarly, A. pungens was found to contain a range of terpenoids and aromatic compounds, 
including azulene, borneol, camphene, eudesmol, geraniol, limonene, linalool, pinene, terpineol, and thujone, 
which played a significant role in nanoparticle synthesis.

Characterization of synthesized silver nanoparticles
UV-Visible spectroscopic analysis
The synthesis of silver nanoparticles was monitored using UV-Visible absorption spectroscopy. Aliquots (0.2 
mL) were collected from the reaction mixture at regular intervals, diluted with 2 mL of deionized water, and 
analyzed using a UV-1601 PC Shimadzu spectrophotometer at room temperature. The progression of Ag⁺ 
bioreduction was evident from the gradual color change of the reaction mixture, shifting to a brownish-yellow 
hue after 24 h of incubation. This color intensification correlated with increased incubation time, likely due to 
the excitation of Surface Plasmon Resonance (SPR) and the reduction of AgNO₃. In contrast, the control sample 
containing only AgNO₃ (without plant extract) exhibited no color change, indicating no nanoparticle formation. 
The UV-Vis spectra confirmed the synthesis of silver nanoparticles, with characteristic SPR absorption peaks 
observed at 420 nm for C. occidentalis (Fig. 3a) and 425 nm for A. pungens (Fig. 3b). These distinct peaks serve 
as confirmation of nanoparticle formation and stability over time.

SEM analysis with EDX studies
SEM analysis (JEOL-MODEL 6390) revealed the formation of high-density, irregularly distributed silver 
nanoparticles synthesized using C. occidentalis (Fig.  4a & b) and A. pungens (Fig.  4c & d) extracts, with 
sizes ranging from 60 to 180 nm. The silver nanoparticles exhibited spherical and cylindrical morphologies, 
aggregating due to hydrogen bonding and electrostatic interactions with bio-organic capping agents. Aggregated 

Fig. 2.  Synthesis of silver nanoparticles: (A) Silver nitrate solution; (B) Silver nitrate mixed with C. occidentalis 
extract; (C) Silver nanoparticles biosynthesized from C. occidentalis; (D) Silver nitrate mixed with A. pungens 
extract; (E) Silver nanoparticles biosynthesized from A. pungens.
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forms with sizes between 25 and 30  nm were also observed, consistent with particle accumulation patterns 
during solvent evaporation on flat surfaces. EDX analysis confirmed strong silver signals alongside peaks for 
Cl, C, and O atoms. The EDX spectra showed silver peaks around 3 kV. Quantitative data indicated that C. 
occidentalis nanoparticles contained 71.87% Ag, 10.29% C, and 17.84% O (Fig. 5a), while A. pungens samples 
showed 75.30% Ag, 9.26% C, 15.44% O, and 5.30% Cl (Fig. 5b).

Fourier transform infrared spectroscopic analysis
Significant FTIR peaks were recorded for the C. occidentalis leaf extract (Fig. 6a) at 3403.06, 2145.50, 1700.50, 
1649.92, 1424.35, 1365.84, 1231.94, 1093.44, 1020.82, 656.63, 598.61, 547.46, 488.41, and 445.14 cm⁻¹. In contrast, 
A. pungens (Fig. 6b) exhibited peaks at 3438.20, 3007.83, 2829.80, 2146.79, 1704.41, 1652.49, 1424.85, 1363.65, 
1227.84, 1093.57, 1027.74, 903.40, 751.81, 651.36, 595.02, 544.08, 476.21, and 446.42  cm⁻¹. These spectral 
bands indicate the presence of biomolecules involved in the capping and stabilization of silver nanoparticles, as 
demonstrated in the IR spectra of both plant extracts. The FTIR spectra of the synthesized silver nanoparticles 
revealed the existence of various functional groups, including alkanes, methylene groups, alkenes, amines, and 
carboxylic acids.

X-ray diffraction analysis
The XRD patterns confirm the crystalline structure of silver nanoparticles synthesized via the green method. In 
addition to the characteristic peaks associated with silver nanoparticles, the patterns display extra, unassigned 
peaks. These may correspond to crystalline bio-organic compounds derived from the plant extracts of C. 
occidentalis (Fig.  7a) and A. pungens (Fig.  7b). The XRD results further support the findings from UV–Vis 
spectroscopy, providing strong evidence for the formation of silver nanocrystals.

Fig. 3.  UV–Visible spectra of silver nanoparticles synthesized using aqueous leaf extracts of C. occidentalis(a) 
and A. pungens(b).
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Zeta potential and dynamic light scattering analysis
To evaluate the colloidal stability of oxide nanoparticles, silver nanoparticles with an approximate size of 100 nm 
were analyzed in both distilled water and cell culture media. In distilled water, zeta potential measurements 
revealed that the synthesized silver nanoparticles exhibited a surface charge of + 5 mV, indicating moderate 
colloidal stability (Fig. 8a). When introduced into biological environments, such as systems containing parasitic 
nematodes, the positively charged nanoparticles showed strong interactions with negatively charged parasitic 
particles, likely due to enhanced protein adsorption on the nanoparticle surfaces. The particle size distribution 
of the synthesized silver nanoparticles was assessed using dynamic light scattering. The analysis confirmed 
an average particle diameter of approximately 100 nm, consistent with the expected nanoparticle size. These 
findings are illustrated in Fig. 8b, highlighting the particle characteristics in C. occidentalis extracts.

Infectivity and nematicidal activity against M. incognita treated with AgNPs
The nematicidal efficacy of silver nanoparticles (AgNPs), synthesized using C. occidentalis and A. pungens, 
was evaluated against M. incognita second-stage juveniles (J2) at varying concentrations of 0.1, 0.3, 0.5, 0.7, 
and 1.0 mg/L. A dose-dependent increase in juvenile mortality was observed following nanoparticle exposure 
(Fig. 9a & b). At the lower concentrations of 0.1 mg/L and 0.3 mg/L, mortality rates ranged from 10 to 30%. With 
an intermediate concentration of 0.5 mg/L, mortality reached 50%, while higher concentrations of 0.7 mg/L and 
1.0 mg/L resulted in significantly elevated mortality rates of 70–90%. The lethal concentration required to kill 
50% of the nematode population (LC₅₀) was determined to be 0.5 mg/L in this study (Fig. 9a & b). Field trials 
were conducted on tomato plants to evaluate the impact of AgNPs treated nematodes. Nematodes exposed 
to silver nanoparticles were inoculated into the roots of tomato plants. After a period of 10 days, the roots 
were harvested, stained, and subsequently de-stained using phenol crystals for microscopic examination under 
a stereo microscope. The results revealed that in control plants, a higher number of juvenile nematodes were 
present within the root tissues. In contrast, at lower concentrations of AgNPs, juveniles were predominantly 
observed on the root surface with limited penetration (Fig. 10c & d). Notably, at higher AgNPs concentrations, 
juvenile nematodes were entirely absent from the roots, indicating a significant inhibitory effect on root invasion 
(Fig. 10e & f). In the absence of treatment with biosynthesized nanoparticles, nematode infestation was evident 
within the root nodules, as illustrated in Fig. 10a and b.

Fig. 4.  SEM images displaying the morphology of silver nanoparticles synthesized using C. occidentalis(a & b) 
and A. pungens leaf extracts (c & d).
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Discussion
The Root-knot nematodes (Meloidogyne spp.) are among the most destructive plant pathogens, significantly 
impacting agricultural productivity in tropical, subtropical, and temperate regions27–29. These nematodes 
are regarded as the most important genus of plant-parasitic nematodes, causing yield losses of up to 16.9% 
annually8,30. Given the environmental risks associated with synthetic pesticides, there is a growing interest in 
plant- and microbe-based biocontrol agents. These natural alternatives exhibit biodegradability, reduced toxicity 
to non-target species, and a commitment to environmental sustainability31. Creating eco-friendly solutions has 
the potential to tackle pesticide resistance and encourage sustainable agricultural practices32–35. Previous studies 
have emphasized the larvicidal capabilities of plant extracts, and it has been noted that silver nanoparticles can 
interfere with the growth and reproduction of nematodes36,37.

AgNPs nanoparticles exhibit considerable promise across various fields of study, with biologically 
synthesized variants becoming increasingly important due to technological advancements and enhanced 
scientific methods. Among biological approaches, plant-mediated synthesis stands out for its efficiency and 
simplicity, offering distinct advantages compared to microbial methods, which tend to be labor-intensive and 
challenging to maintain over extended periods38–41. A variety of plant species have been successfully utilized 
for the synthesis of silver nanoparticles, including Azadirachta indica42,43, Aloe vera44,45, Plumeria obtusa46, 
Plumeria pudica47, Nelumbo nucifera48, Emblica officinalis49,50 and Medicago sativa sprouts51,52. Photosynthesized 
silver nanoparticles are currently being investigated as nematicidal agents, emphasizing their environmentally 
friendly characteristics, minimal effects on non-target organisms, and distinct mechanisms of action in contrast 
to conventional chemical pesticides53–55.

The bio-reduction of silver ions in the extracellular filtrate resulted in a distinct dark brown coloration, 
signifying the formation of nanoparticles. The observed color change correlates with the excitation of surface 
plasmon resonance (SPR), which arises from the collective oscillation of conduction electrons. The SPR effect 
is characterized by a rise in absorbance that corresponds with the concentration of reducing agents as time 
progresses56,57. A clear SPR absorption band was observed in the range of 400 to 420 nm after 24 h, validating 

Fig. 5.  EDX spectrum of silver nanoparticles synthesized using C. occidentalis leaf extract (a) and A. pungens 
leaf extract (b).
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the synthesis of silver nanoparticles (AgNPs)58,59. Comparable results were observed for C. occidentalis and A. 
pungens extracts, where a dark color emerged after the addition of AgNO₃, reinforcing the reduction of silver 
ions and the excitation of surface plasmon resonance in the formation of AgNPs.

The SEM analysis, conducted with a 10  kV Ultra High-Resolution Scanning Electron Microscope (FEI 
QUANTA-200 SEM), demonstrated that silver nanoparticles synthesized using 10% C. occidentalis and A. 
pungens leaf broth at 65  °C were predominantly spherical, exhibiting sizes ranging from 35 to 100  nm. The 
stability of these nanoparticles in solution for up to 8 weeks indicates that the plant extracts provided effective 
capping. Comparable studies have reported silver nanoparticles ranging from 55 to 80 nm, with both spherical 
and triangular morphologies synthesized using sundried biomass from C. camphora leaves60. Furthermore, A. 
indica-mediated synthesis produced polydisperse silver nanoparticles displaying both spherical and plate-like 
structures within the 5–35  nm range61. The current findings also observed occasional cubical nanoparticles 
with uniform shapes. Given that nanoparticle morphology significantly influences their optical and electronic 
properties, as established by Xu and Kall62 the observed variations in shape may impact their functional 
characteristics.

The EDX analysis, coupled with SEM, provided detailed elemental composition, confirming the presence of 
silver nanoparticles through a strong silver signal and high atomic percentage63. This aligns with findings from 
T. viride-mediated silver nanoparticle synthesis64–66. A characteristic optical absorption peak near 3 keV, typical 
of metallic silver due to surface plasmon resonance, was observed67,68. A minor oxygen signal likely originated 
from organic residues, such as enzymes or proteins from the leaf extract. This supports reports indicating that 
plant-mediated nanoparticles are stabilized by capping organic materials from the extract. Comparable spherical 
silver nanoparticles (< 100 nm) were previously synthesized using Morinda leaf extract69,70.

FTIR analysis of C. occidentalis and A. pungens extracts indicated the presence of significant functional 
groups related to flavonoids, triterpenoids, and polyphenols, implying their involvement in the synthesis and 
stabilization of silver nanoparticles71,72. Terpenoids showed the ability to oxidize aldehyde groups into carboxylic 

Fig. 6.  FTIR spectra of vacuum-dried AgNPs synthesized from C. occidentalis(a) and A. pungens leaf extracts 
(b).
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acids in the presence of metal ions, while amide groups contributed to the enzymatic activity that facilitated 
the reduction and stabilization of nanoparticles73,74. Additionally, polyphenols played a vital role as effective 
reducing agents in the production of nanoparticles75,76. DLS and zeta potential analyses confirmed the size and 
surface charge of the nanoparticles, demonstrating a stable colloidal dispersion without aggregation77,78.

The XRD analysis revealed clear diffraction peaks at 32.20°, 27.64°, and 25.30°, corresponding to the (39), 
(79), and (100) planes of face-centred cubic (fcc) silver. These results are consistent with earlier research that 
indicates AgNPs produced using Azadirachta indica leaf extract demonstrated comparable crystallinity and 
antibacterial properties79,80. The face-centered cubic structure of silver nanoparticles was further validated by 
XRD patterns documented by Shameli et al.81 and Khalil et al.82. Moreover, the AgNPs produced with the broths 
of Cassia fistula flowers and Moringa oleifera leaves exhibited crystalline properties that align with previous 
studies83,84. In contrast, pure silver ions typically show peaks at 2θ values of 7.9°, 11.4°, 17.8°, 30.38°, and 44°85. 
The observed XRD patterns suggest that the bioorganic components may play a role in facilitating crystallization 
on the surface of the nanoparticles.

Green-synthesized AgNPs demonstrate significant nematicidal activity against Pratylenchus brachyurus, 
highlighting their potential as eco-friendly alternatives to conventional chemical nematicides. Their application 
may reduce environmental contamination commonly associated with synthetic treatments86. This study reveals 
that silver nanoparticles synthesized through green methods using C. occidentalis and A. pungens exhibit 

Fig. 7.  XRD patterns of silver nanoparticles synthesized with C. occidentalis(a) and A. pungens leaf extracts 
(b).
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notable nematicidal activity against M. incognita. The AgNPs caused a concentration-dependent mortality in 
J2 juveniles, with observed mortality rates of 10% at 100 ppm and 30% at 300 ppm. Increased levels resulted in 
heightened lethality, demonstrating 50% mortality at 500 ppm, escalating to 70% and 90% at 700 ppm and 900 
ppm, respectively. The results underscore the strong nematicidal capabilities of AgNPs, consistent with earlier 
research on their wide-ranging biological effects. The toxicity of AgNPs arises from their interactions with 
cellular components, as they bind to sulfur-containing proteins and phosphorus-rich compounds such as DNA, 
resulting in the denaturation of essential enzymes and organelles87,88. This mechanism of action is supported 
by studies showing comparable interactions of nanoparticles with proteins and carbohydrates on the surfaces 
of silver and gold nanoparticles89–91. Furthermore, exposure to AgNPs in the environment presents ecological 
concerns, as it has the potential to interfere with the reproductive processes of organisms such as Caenorhabditis 
elegans, which could lead to a decline in population densities92–94.

This study identifies silver nanoparticles (AgNPs) as the most effective treatment, achieving the highest 
juvenile mortality in both lab and field settings. Their eco-friendly profile and low toxicity to non-target 
organisms support their use as sustainable bio-pesticides. AgNPs also significantly reduced nematode egg and 
cell development with minimal phenotypic changes. Further research is needed to assess their long-term effects 
on nematode physiology and soil interactions. Although standardized extraction minimized variability, natural 
fluctuations remain a challenge. AgNPs showed good short-term stability, but encapsulation may enhance field 
shelf-life. Overall, the one-pot green synthesis using Cassia occidentalis and Alternanthera pungens presents a 
scalable, cost-effective alternative to chemical nematicides, pending pilot-scale and economic validation.

Fig. 8.  Zeta potential (a) and DLS analysis (b) of AgNPs synthesized using C. occidentalis.
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Conclusion
The current study demonstrates that AgNPs can be successfully synthesized environmentally using leaf extracts 
from C. occidentalis and A. pungens. The nanoparticles possess distinct diameters of approximately 100 nm. The 
effectiveness of the plant extracts as capping and reducing agents was validated by thorough characterization. 
Higher concentrations led to a significant decrease in nematode populations, illustrating the intense nematicidal 
activity of the synthesized AgNPs against M. incognita. The LC50 values indicated effective nematode mortality 
even at moderate concentrations. The infectivity tests on tomato plants further confirmed the potential of 
AgNPs in reducing nematode infectivity. Overall, the study highlights that C. occidentalis and A. pungens 
extracts facilitate the eco-friendly synthesis of AgNPs and confer broad-spectrum biological activities, including 
antioxidant, antiviral, cytotoxic, and nematicidal effects. These findings suggest that AgNPs synthesized via 
green methods could be sustainable and effective alternatives to conventional synthetic pesticides for managing 
M. incognita infestations.

Fig. 9.  LC₅₀ of AgNPs derived from C. occidentalis(a) and A. pungens(b) against M. incognita J2.
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Data availability
The data supporting the findings of this study are available within the article. Additional raw datasets generated 
during the study are available from the corresponding author upon reasonable request.
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