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Green Synthesis of Silver Nanoparticles Using Aqueous and Ethanolic Root Extracts of Cyperus scariosus Their Characterization and Evaluation of Their Anthelmintic Activity
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ABSTRACT

	
Helminthiasis is a widespread disease affecting over a billion people globally. Current treatment measures for helminthiasis rely predominantly on antibiotics; however, growing anthelmintic drug resistance necessitates the inclusion of alternative treatment measures. Thus, this study pursued a sustainable nanotechnology approach through the green synthesis of silver nanoparticles (AgNPs) using aqueous and ethanolic root extracts of Cyperus scariosus. 
The extracts were evaluated for their phytochemical profiles and utilised for the synthesis of AgNPs. The synthesised AgNPs were characterised by UV-visible (UV-Vis) spectroscopy, Fourier transform infrared (FTIR) spectroscopy, transmission electron microscopy (TEM), field-emission scanning electron microscopy (FESEM), and energy-dispersive X-ray (EDX) spectroscopy. Both plant extracts, the synthesised AgNPs, and the standard drug Albendazole were evaluated for their comparative anthelmintic potential against the earthworms Eisenia fetida.
Phytochemical screening revealed tannins, saponins, terpenoids, steroids, and phenols in the aqueous extract, vis-a-vis alkaloids, tannins, terpenoids, steroids, and phenols in the ethanolic extract. UV-Vis spectroscopy confirmed AgNP formation, with surface plasmon resonance peaks obtained at 450 nm for aqueous AgNPs and 416 nm for ethanolic AgNPs. FTIR analysis exhibited eight peaks for aqueous AgNPs and five for ethanolic AgNPs, indicating the presence of varied functional groups. TEM analysis revealed quasi-spherical nanoparticles, with the well-dispersed aqueous AgNPs averaging ~91 nm and the less-dispersed ethanolic AgNPs averaging ~24 nm. FESEM confirmed the surface morphology, and EDX confirmed the silver content of both AgNP preparations, with 47.72 weight % silver in aqueous AgNPs and 34.91 weight % in ethanolic AgNPs. The anthelmintic assay showed potent dose-dependent effects for both aqueous and ethanolic AgNPs, surpassing the respective plant extracts and the standard drug Albendazole. 
Thus, Cyperus scariosus root extracts (aqueous and ethanolic) serve as promising biogenic agents for AgNP synthesis, with the synthesised AgNPs showing potent therapeutic potential in anthelmintic applications.
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1. INTRODUCTION 
Nanotechnology has evolved as one of the most transformative fields of science, with its unique ability to operate at molecular and atomic levels opening new opportunities across disciplines such as agriculture, energy, and especially biomedicine (Khan et al., 2019; Manjunatha et al., 2016). A major advancement in this field is the synthesis of nanoparticles, whose extremely small size and high surface-area-to-volume ratio lead to a significant enhancement of their chemical reactivity, as evidenced by their strong antimicrobial properties and improved interactions with microbial membranes (Khan et al., 2019).
In recent years, metallic nanoparticles have drawn considerable attention; gold, copper, zinc, platinum, and silver are some of the commonly used metals for the synthesis of nanoparticles (Jamkhande et al., 2019). Amongst them, silver nanoparticles (AgNPs) are the most favoured owing to their high stability, cost-effectiveness, and well-established antimicrobial, antifungal, anti-angiogenic, anticancer, and catalytic properties at the nanoscale (Ahmed et al., 2016; Keat et al., 2015). AgNPs have also been extensively used in biomedical applications such as bone healing, as vaccine adjuvants, and in dental care. Their mechanism of action involves the production of reactive oxygen species (ROS), DNA damage, and enzyme inactivation, which contribute to their antimicrobial and anti-cancer properties (Xu et al., 2020).
Silver nanoparticles can be synthesised via physical, chemical, and biological methods. While physical and chemical methods can produce highly pure and uniformly sized particles and are time-saving, high-yielding, and reliable, they often involve complex procedures and instruments, release toxic reagents, and raise environmental concerns (Xu et al., 2020). In contrast, green synthesis, a biological method, is commonly utilised for the synthesis of silver nanoparticles because it is simple, reliable, cost-effective, and environmentally friendly. A range of biological agents, such as bacteria, fungi, and plant extracts, are used for the biosynthesis of silver nanoparticles (Siddiqi et al., 2018). Amongst the aforementioned agents, plant extracts derived from the seeds, leaves, flowers, and roots of medicinal plants are highly favoured because of their rich phytochemical content and ease of availability (Majumdar & Kar, 2023; Shkryl et al., 2018). Recent reviews continue to support plant-mediated AgNP synthesis as a green route in which plant-derived biomolecules can contribute to nanoparticle reduction, capping, and stabilisation while retaining relevance for biological applications (Thomas et al., 2024; Eker et al., 2025). Recent plant-based studies have similarly demonstrated successful AgNP synthesis and characterisation using medicinal-plant extracts, further supporting the suitability of phytochemical-rich extracts for biogenic AgNP production (Lakshmanan et al., 2023; Nandhini et al., 2026).
Cyperus scariosus, commonly known as Nagarmotha (Hindi) and Nutgrass (English), is a medicinal plant that belongs to the Cyperaceae family and is native to India, thriving in tropical and subtropical regions, particularly in the state of Madhya Pradesh. The well-established bio-efficacy of C. scariosus, along with its rich phytochemical profile, including flavonoids, terpenoids, essential oils, and saponins, makes it an effective stabilising agent and a suitable candidate for the green synthesis of AgNPs (Gandhi et al., 2024). It is a perennial herb that is well recognised in Ayurveda for treating issues related to digestion, inflammation, and skin disorders (Gandhi et al., 2024; Bolatkyzy et al., 2025).
However, not all disorders are treated with Ayurvedic medicines. Helminthiasis is an infection caused by parasitic worms known as helminths and affects a large number of people in developing countries, especially children, causing morbidity. The worms have developed resistance to some of the available drugs, and limited attention has been given to using medicinal plants as an alternative form of treatment for the infection (Idris et al., 2019). Moreover, the utilisation of C. scariosus in the green synthesis of silver nanoparticles and its anthelmintic potential remain underexplored.
Thus, this study focused on the preparation and phytochemical analysis of aqueous and ethanolic root extracts of C. scariosus, followed by their utilisation for the synthesis of silver nanoparticles. Characterisation of the synthesised AgNPs was carried out using UV-Vis spectroscopy, FTIR, TEM, FESEM, and EDX analysis. Additionally, the anthelmintic activity of both the synthesised AgNPs and the aforementioned root extracts was evaluated against the earthworms - Eisenia fetida using Albendazole as a positive control to assess their relative efficacy.
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2.1 Materials used
Commercially available root powder of C. scariosus, of the Yuvika brand and made by Ishan Herbaceuticals, was used for the preparation of the aqueous and ethanolic extracts. A 100 gm quantity of powder was finely sieved and stored in an airtight container at room temperature in a dry, contamination-free environment. All chemicals used in the experiments were of analytical grade.
2.2 Preparation of Plant Extracts
Aqueous and ethanolic root extracts of C. scariosus were prepared following the method described by Jindapunnapat et al. (2018), with some modifications. A 40 gm quantity of C. scariosus root powder was dissolved separately in 200 mL of distilled water and 80 % ethanol in separate conical flasks. The mixtures were incubated at 37 °C for 24 hours in a shaker incubator (NEOLAB) at 150 rpm. After incubation, the solutions were filtered through muslin cloth and Whatman No. 1 filter paper. Concentration of the filtrates was carried out using a rotary evaporator (SUPERFIT) at 90°C for the aqueous extract and 70 °C for the ethanolic extract until approximately 40 mL remained. The samples were then centrifuged (using Plasto Crafts Superspin R – V/FM) at 5,000 rpm for 15-20 minutes at 30 °C, and the supernatants were collected. The extracts were kept in sterile centrifuge tubes at 4 °C for further use.
2.3 Phytochemical screening of plant extracts
The aqueous and ethanolic root extracts of C. scariosus were subjected to qualitative phytochemical screening to identify various bioactive compounds present in them. All the tests were performed in triplicate using standard methods. 
The presence of alkaloids and steroids was detected following Auwal et al. (2014), and tannins were detected following Iqbal et al. (2015), while saponins were assessed using the methods described by both Auwal et al. (2014) and Iqbal et al. (2015). The method of Melaku and Amare (2020) was used to check for the presence of flavonoids. Phenols and terpenoids were detected using the methods of Yadav and Agarwala (2011) and Dubale et al. (2023), respectively.
2.4 Biosynthesis of Silver Nanoparticles
The biosynthesis of silver nanoparticles (AgNPs) using aqueous and ethanolic root extracts of C. scariosus was performed following Khanal et al. (2022), with slight modifications. For both aqueous and ethanolic extracts, 5 mL of the respective root extract was added dropwise to 45 mL of 6 mM AgNO3 solution in separate flasks, with constant stirring on a REMI magnetic stirrer at room temperature. The flasks were kept in a shaker incubator (NEOLAB) for 4 hours, during which a gradual colour change to reddish brown was observed, indicating the primary confirmation of AgNP synthesis.
2.5 Characterization of AgNPs
2.5.1 UV-Vis spectroscopy
The absorbance of the synthesised AgNPs was measured using a BioEra UV-visible spectrophotometer over a wavelength range of 300 to 700 nm (Khanal et al., 2022). Distilled water was used to set the blank.
2.5.2 FTIR spectroscopy
The infrared spectra of the green-synthesised AgNPs were recorded for the identification of functional groups using a Shimadzu FTIR 8400S with IR Solutions software, with registered amplitude waves ranging from 500 to 3500 cm-1.
2.5.3 TEM analysis
Transmission electron microscopy (TEM) was performed using a Tecnai G2 Spirit Biotwin (Netherlands) to study the shape and size of the synthesised AgNPs. A small amount (0.5 µL) of the sample was diluted in 4.0 mL of distilled water, and 0.2 µL of this solution was drop-cast onto a carbon-coated copper grid (200 mesh). Following this, the grid was air-dried at room temperature. Imaging was performed at 100 kV using a tungsten filament and an Olympus Veleta CCD camera. Tecnai imaging and analysis software was used to capture and analyse the images, with magnification up to 350,000X for clear observation (Nijhawan et al., 2024).
2.5.4 FESEM and EDX analysis
The surface morphology of the synthesised silver nanoparticles was observed using FESEM (Quanta 200). The liquid samples were first sonicated for uniform particle dispersion. Carbon conductive tape was attached to an aluminium stub, and a small volume of the sample was drop-cast and spread evenly on the tape. The stub was then air-dried at room temperature and mounted in the field-emission scanning electron microscope chamber for imaging under high-vacuum conditions (Malik & Madan, 2020). Nanoparticles were checked for their elemental composition using EDX, which was attached to the FESEM imaging system. Quantitative information on the different elements present in the sample was obtained using EDX.
2.6 In vitro Anthelmintic Activity
The anthelmintic assay method was adopted from Ikbal et al. (2020), with slight modifications. Adult earthworms (E. fetida) brought from Konkan Krishi Vikas Pratishthan Nursery, Navi Mumbai, were used as model organisms for evaluating the anthelmintic activity of both the aqueous and ethanolic root extracts and the silver nanoparticles synthesised using the aforementioned extracts. Worms were washed with distilled water to remove faecal matter, mud, adherent dirt, and other impurities. Healthy worms of approximately 4-6 cm in length were used for the assay. They were divided into 10 groups, with 6 worms in each group (n=6). Each earthworm was kept in a separate Petri plate. Albendazole was used as the positive control and normal saline as the negative control. The experimental design was as follows:
Group 1 (negative control) was treated with 20 mL of normal saline. 
Group 2 was treated with 20 mL of aqueous root extract (100 μg/mL). Distilled water was used for dilution and preparation of all the working solutions.
Group 3 was treated with 20 mL of aqueous root extract (200 μg/mL).
Group 4 was treated with 20 mL of ethanolic root extract (100 μg/mL).
Group 5 was treated with 20 mL of ethanolic root extract (200 μg/mL).
Group 6 (positive control) was treated with 20 mL of Albendazole (200 μg/mL) prepared in normal saline.
Group 7 was treated with 20 mL of colloidal solution of aqueous AgNPs (100 μg/mL).
Group 8 was treated with 20 mL of colloidal solution of aqueous AgNPs (200 μg/mL).
Group 9 was treated with 20 mL of colloidal solution of ethanolic AgNPs (100 μg/mL).
Group 10 was treated with 20 mL of colloidal solution of ethanolic AgNPs (200 μg/mL).
Treated earthworms were observed continuously for four hours to note the times of paralysis and death. Worms were considered paralysed when no movement or only slight movement was observed after shaking. Death was ascertained when worms showed no movement at all after vigorous shaking and slight pricking with a needle.
Statistical analysis - Results are expressed as mean ± SEM (n = 6 worms per group). Groups in which no worm was paralysed or died within the 240 min observation window (saline and all four crude extract groups) yielded right-censored values (> 240 min) and were reported descriptively rather than analysed. Comparisons were therefore restricted to groups with uncensored data: five for time to paralysis and four for time to death, as albendazole produced no deaths within 240 min. Normality was determined by the Shapiro–Wilk test (P > .05 for all groups); Levene's test indicated unequal variances for both endpoints (P < .05). Group means were consequently compared by Welch's heteroscedastic one-way ANOVA followed by the Games–Howell post-hoc test, with effect size expressed as eta-squared (η²). Two-tailed P < .05 was considered significant. Analyses were performed in R version 4.3.3.

3. results and discussion

3.1 Qualitative Phytochemical Analysis
The phytochemical composition of both root extracts (aqueous and ethanolic) of C. scariosus was evaluated to check for the presence of functional biometabolites. These secondary metabolites play a crucial role in nanoparticle formation by acting as natural reducing, chelating, and capping agents; therefore, preliminary phytochemical screening is essential for evaluating the pharmacological constituents (Villagrán et al., 2024). The aforementioned solvents were selected based on their polarity range, allowing maximum extraction of both polar and semi-polar phytochemical compounds (Kumar et al., 2023).
As depicted in Table 1, tannins, saponins, terpenoids, steroids, and phenols were present in the aqueous extract of C. scariosus, while alkaloids and flavonoids were absent. Conversely, the ethanolic extract showed the presence of alkaloids, tannins, terpenoids, steroids, and phenols, with the absence of flavonoids and saponins. The phytochemical profile indicates that C. scariosus possesses significant bioactive potential. These findings align with those reported for aqueous and ethanolic extracts of Cyperus species in previous studies (Ngoc & Minh, 2021; Gomathi & Maneemegalai, 2023).
Table 1: Qualitative phytochemical screening of aqueous and ethanolic root extracts of C. scariosus
	
Serial no.
	
Extract
	Phytochemicals

	
	
	Alkaloids
	Tannins
	Flavonoids
	Saponins
	Terpenoids
	Steroids
	Phenols

	1.
	Aqueous root extract
	-ve
	+ve
	-ve
	+ve
	+ve
	+ve
	+ve

	2.
	Ethanol root extract
	+ve
	+ve
	-ve
	-ve
	+ve
	+ve
	+ve


‘+ve’ indicates present and ‘-ve’ indicates absent 
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3.2.1 UV-Vis Spectroscopy
Qualitative phytochemical analysis showed promising results that led to the use of both root extracts (aqueous and ethanolic) of C. scariosus for the green synthesis of silver nanoparticles. The synthesis of silver nanoparticles was visually confirmed by a colour change in the reaction mixture from pale to dark brown, indicating the reduction of Ag+ (ions) to Ag0 (atoms) by the phytochemicals present in the respective extracts (Figs. 1 a-d). This colour change in the AgNO3 solution was due to the excitation of surface plasmon vibration, a characteristic size feature of nanoparticles (Bhokare & Warthe, 2020).
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Fig. 1: Colour change of reaction mixture during synthesis of (a, b) Aqueous AgNP, (c, d) Ethanolic AgNP of C. scariosus

The 6 mM AgNO3 solution did not produce any surface plasmon resonance (SPR) peak (Figs. 2, 3). On the contrary, the aqueous AgNPs displayed an SPR peak at 450 nm (Fig. 2), while the ethanolic AgNPs displayed an absorption peak at 416 nm (Fig. 3). The aforementioned results confirm the successful synthesis of silver nanoparticles, as both fall within the defined SPR range for AgNPs (Njagi et al., 2011). The peak obtained for the aqueous extract is consistent with that reported for AgNPs synthesised using an aqueous extract of Mikania cordata leaves (Khatun et al., 2023). Similarly, the peak obtained for the ethanolic extract is close to that obtained for AgNPs synthesised using ethanolic Areca catechu seed extract (Apriani et al., 2022), thereby validating our results.
[image: ]
Fig. 2: Ultraviolet-visible spectrum of silver nanoparticles synthesized using aqueous root extract of C. scariosus
[image: ] 
Fig. 3: Ultraviolet-visible spectrum of silver nanoparticles synthesized using ethanolic root extract of C. scariosus
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FTIR captures the vibrations of chemical bonds through the absorption of infrared radiation and acts as a spectral fingerprint of the functional groups involved in nanoparticle synthesis (Pasieczna-Patkowska et al., 2025). In this study, FTIR was used to reveal the molecular interactions leading to the bioreduction and surface capping of the AgNPs synthesised using aqueous and ethanolic root extracts of C. scariosus, as illustrated in Fig. 4 and Fig. 5, respectively.
The FTIR spectra recorded by the aqueous AgNPs showed peaks at 3333.24 cm⁻¹, 2926.75 cm⁻¹, 2359.08 cm⁻¹, 1637.38 cm⁻¹, 1349.27 cm⁻¹, 1250.86 cm⁻¹, 1085.41 cm⁻¹, and 944.20 cm⁻¹ (Fig. 4). The strong absorption band at 3333.24 cm⁻¹ corresponds to the O–H stretching of alcohols and phenols (Quero et al., 2025); further, the peaks at 2926.75  cm⁻¹ and 2359.08 cm⁻¹ suggest C–H stretching of methylene groups (Quero et al., 2025) and O=C=O stretching, respectively (George et al., 2021). The sharp peak at 1637.38  cm⁻¹ suggests C=C stretching due to the presence of alkenes (Rahman & Prasanna, 2018), while the peak at 1250.86 cm⁻¹ indicates C–O of ethers (Majumdar & Kar, 2023). The peaks at 1349.27 cm⁻¹ and 1085.41 cm⁻¹ correspond to esters and amines (C–N), respectively, while the peak at 944.20 cm⁻¹ confirms aromatic =C–H bending (Afreen et al., 2020; El-Rafie & Hamed, 2014).
In contrast, the FTIR spectra recorded by the ethanolic AgNPs showed peaks at 3299.01 cm⁻¹, 2363.36 cm⁻¹, 2331.98 cm⁻¹, 1635.95 cm⁻¹, and 1045.47 cm⁻¹ (Fig. 5). The broad band at 3299.01 cm⁻¹ showed a peak that suggests O–H stretching of alcohols and phenols. The peaks at 2363.36 and 2331.98 cm⁻¹ displayed O=C=O stretching (Ahmad et al., 2023). A sharp peak at 1635.95 cm⁻¹ corresponds to C=C stretching, indicating alkenes (Rahman & Prasanna, 2018). The peak at 1045.47 cm⁻¹ shows S=O bending of sulfoxides (Iskakova et al., 2025).
Overall, the aqueous AgNPs exhibited eight FTIR peaks, similar to those reported in the FTIR analysis of AgNPs synthesised from aqueous Pogonatherum crinitum extract (Shrestha et al., 2025). The ethanolic AgNPs showed five peaks. This finding is in line with results obtained from AgNP synthesis using ethanolic Eleutherine americana extract, which displayed five major FTIR peaks (Manullang et al., 2021). This variation in the number of peaks likely stems from the higher polarity of distilled water, facilitating the extraction of a more diverse array of functional groups, as noted in previous studies (Kelkawi et al., 2017).  
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Fig. 4. FTIR spectrum of AgNPs synthesized using aqueous root extract of C. scariosus
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Fig. 5. FTIR spectrum of AgNPs synthesized using ethanolic root extract of C. scariosus
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Transmission electron microscopy (TEM) provides a unique perspective on the size, shape, and distribution of nanoparticles (Zhang & Wang, 2023). AgNPs synthesised from aqueous and ethanolic root extracts of C. scariosus were therefore analysed by TEM. 
TEM analysis revealed that the aqueous AgNPs were well dispersed and quasi-spherical to polyhedral in shape, with an average particle size of 90.7 nm (range: 9 to 200 nm). The size distribution pattern indicated a bimodal nature, with populations of smaller spherical nanoparticles and larger polyhedral ones. The particles displayed clear faceting and twinning planes, confirming their crystalline nature (Figs. 6 – a, b). In contrast, ethanolic AgNPs were spherical to quasi-spherical, with an average size of 23.9 nm (range: 17 to 32 nm). These nanoparticles were relatively less uniform and exhibited mild aggregation at some locations compared with the aqueous extract (Figs. 6 - c, d).
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Fig.6 TEM images of AgNPs synthesized using aqueous root extract of C. scariosus (a) at 50nm magnification (top left) and (b) at 1µm magnification (top right).
TEM images of AgNPs synthesized using ethanolic root extract of C. scariosus (c) at 50nm magnification (bottom left) and (d) at 100nm magnification (bottom right).
These variations can be attributed to solvent polarity. Highly polar distilled water extracts a broader range of hydrophilic phytochemicals that act as strong reducing and stabilising agents, resulting in well-dispersed, crystalline nanoparticles. Ethanol, being less polar, extracts a different set of bioactive compounds, producing comparatively smaller and quasi-spherical nanoparticles with mild aggregation. Both outcomes are advantageous—aqueous extracts favour stability and defined morphology, while ethanolic extracts yield smaller nanoparticles with potentially enhanced bioactivity (Sasikala et al., 2015; Kota et al., 2017). Thus, TEM analysis confirms that both extracts of C. scariosus effectively mediate the green synthesis of AgNPs, each offering unique and complementary benefits. 
[bookmark: _Hlk239967790]3.2.4 FESEM and EDX analysis
FESEM provided a high-resolution view of the surface morphology of the biosynthesised silver nanoparticles, while EDX analysis confirmed the elemental presence of silver amongst other elements, thereby validating the successful green synthesis of silver nanoparticles using the aqueous and ethanolic root extracts of C. scariosus, as illustrated in Figs. (7, 8).
The FESEM analysis of the aqueous AgNPs revealed that they were smooth, spherical, and well dispersed, with some agglomeration (Figs. 7 - a, b). Our results align with those obtained in the synthesis of silver nanoparticles from Pedalium murex leaf extract (Anandalakshmi et al., 2016). The surface morphology of the ethanolic AgNPs exhibited well-dispersed, quasi-spherical nanoparticles with evidence of agglomeration (Figs. 7 - c, d). The rough surface texture and irregular clustering suggest the presence of bioorganic compounds from the plant extract acting as stabilising agents. These findings are in line with results observed for silver nanoparticles synthesised using gum kondagogu, displaying similar agglomeration of AgNPs (Rastogi et al., 2015).
The EDX analysis of the aqueous AgNPs showed a strong signal at 3 keV, confirming the successful formation of AgNPs with 47.72 weight % silver. Other detected elements included Carbon (16.41 %), Oxygen (15.86 %), Nitrogen (6.11 %), Chlorine (12.91 %), and Potassium (1.71 %) by weight (Figs. 8 - a, c). These biomolecules act as reducing and stabilising agents, likely derived from plant phytochemicals. A similar elemental composition has been reported for AgNPs synthesised using aqueous extracts of Brillantaisia patula, Crossopteryx febrifuga, and Senna siamea, where EDX analysis of the AgNP sample showed 47.14 weight % Ag (Kambale et al., 2020).
The EDX analysis of ethanolic AgNPs also showed a strong Ag peak at ~3 keV, with 34.91 weight % silver, confirming silver nanoparticle formation. Elements such as Carbon (23.91 weight %), Oxygen (23.48 weight %), Chlorine (14.81 weight %), Sodium (2.58 weight %), and Potassium (2.30 weight %) suggest phytochemical capping by C. scariosus extract (Figs. 8 - b, d). Similar findings of organic elements associated with plant-derived AgNPs have been reported in earlier studies (Iravani, 2011; Mittal et al., 2013).
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Fig. 7 FESEM images of AgNPs synthesized using aqueous root extract of C. scariosus (a) at 500 nm magnification (top left) and (b) at 2 μm magnification (top right).
FESEM images of AgNPs synthesized using ethanolic root extract of C. scariosus (c) at 500nm magnification (bottom left) and (d) at 1 μm magnification (bottom right).
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Fig. 8 EDX Spectrum of AgNPs synthesized using (a) aqueous root extract of C. scariosus (row 1) (b) ethanolic root extract of C. scariosus (row 2)
EDX analysis histogram of AgNPs synthesized using (c) aqueous root extract of C. scariosus (Lower left) (d) ethanolic root extract of C. scariosus (Lower right)
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E. fetida is a widely accepted model for preliminary anthelmintic screening, owing to the anatomical and physiological similarity between its cuticle and the body wall of intestinal helminths infecting humans (Bazan et al., 2020). Normal saline produced no discernible effect over the four-hour observation period; the aqueous and ethanolic C. scariosus root extracts also caused no paralysis or death at 100 or 200 µg/mL (Table 2). All four AgNP formulations, in contrast, produced rapid dose-dependent paralysis followed by death, indicating that the activity arises from the nanoparticulate silver rather than the phytoconstituents alone, with the plant metabolites serving as reducing and capping agents (Rashid et al., 2016; Majumdar & Kar, 2023). Greater anthelmintic potential of synthesised AgNPs than of the parent leaf extract has been reported for Viscum orientale (Kumar et al., 2023), which supports our results. 

Table 2: Anthelmintic activity of aqueous and ethanolic plant extracts, aqueous AgNPs, and ethanolic AgNPs.
	Treatment Groups
	Time of Paralysis
(in minutes)
	Time of Death
(in minutes)

	Negative control – Normal Saline
	>240.00 †
	>240.00 †

	Aqueous extract (100 µg/mL)
	>240.00 †
	>240.00 †

	Aqueous extract (200 µg/mL)
Ethanolic extract (100 µg/mL)
Ethanolic extract (200 µg/mL)
Positive control - Albendazole (200 µg/mL)
	>240.00 †
>240.00 †
>240.00 †
71.51 ± 3.61 ᵃ
	>240.00 †
>240.00 †
>240.00 †
>240.00 †

	A-AgNps (100 µg/mL)
	39.98 ± 1.60 ᵇ***
	86.13 ± 2.95 ᵃ

	A-AgNPs (200 µg/mL)
	31.79 ± 0.65 ᶜ***
	76.44 ± 0.52 ᵇ*

	E-AgNPs (100 µg/mL)
	45.8 ± 1.13 ᵈ***
	56.78 ± 0.54 ᶜ***

	E-AgNPs (200 µg/mL)
	35.51 ± 0.50 ᵉ***
	55.95 ± 0.64 ᶜ***


*A-AgNPs- Aqueous Silver Nanoparticles, *E-AgNPs- Ethanolic Silver Nanoparticles.
n = 6 worms per group. † Censored observation; Welch's ANOVA - paralysis: F (4, 11.81) = 47.12, P < .001, η² = 0.92; death: F (3, 10.71) = 284.65, P < .001, η² = 0.93.
Within each column, means not sharing a common superscript letter (a–e) differ significantly at P < .05 by the Games–Howell post-hoc test. For time to paralysis, all ten pairwise comparisons were significant (P ranging from < .001 to .049), hence each group carries a distinct letter. For time to death, ethanolic AgNPs at 100 and 200 µg/mL did not differ from each other (P = .53) and therefore share the letter ᶜ.
Asterisks denote significance versus the corresponding reference group: for time to paralysis, versus albendazole 200 µg/mL; for time to death, versus aqueous AgNPs 100 µg/mL (the least active group with measurable lethality, since albendazole produced no deaths). *P < .05, **P < .01, ***P < .001.

Every AgNP treatment paralysed the worms faster than albendazole at the same concentration (P < .001), with aqueous AgNPs at 200 µg/mL being the most rapid (31.79 ± 0.65 versus 71.51 ± 3.61 min, exhibiting a 55.5 % reduction); paralysis time fell by roughly 20 % between 100 and 200 µg/mL for both preparations (P ≤ .002) (Table 2), consistent with the greater surface area and oxidative Ag⁺ release available at higher particle loads (Ivask et al., 2014; Dakal et al., 2016). Albendazole paralysed but did not kill the worms within 240 min, consistent with its slower β-tubulin-mediated depletion of glycogen and ATP reserves (Lacey, 1990). 
The two endpoints ranked the formulations differently, which is the most informative finding of the study. Although aqueous AgNPs paralysed the worms faster, ethanolic AgNPs were more lethal, killing them some 20 min sooner at 200 µg/mL (55.95 ± 0.64 versus 76.44 ± 0.52 min; P < .001) and shortening the paralysis-to-death interval from about 45 min to about 20 min (Table 2). This suggests that rapid neuromuscular blockade and slower Ag⁺-mediated cytotoxicity contribute unequally to the two preparations. The absence of any further gain between 100 and 200 µg/mL for the ethanolic AgNPs (P = .53) indicates that a ceiling of lethal efficacy had already been reached at the lower concentration. 
Visual observations during the four-hour period supported a cytotoxic rather than a purely paralytic mode of killing, with bleeding from the anterior region, body paleness, and white secretions observed with both AgNP preparations. Comparable surface disruption has been demonstrated microscopically in Toxocara vitulorum (Bahaaeldine et al., 2022) and in cestode tegument (Majumdar & Kar, 2023). Likewise, the reactive oxygen species generation reported in Haemonchus contortus (Kaiaty et al., 2023) links oxidative stress to cellular breakdown; these signs imply that membrane disruption and Ag⁺ binding to essential thiol groups are implicated in both (Dakal et al., 2016; Bruna et al., 2021). The treatment group accounted for the great majority of variance in both endpoints (η² = 0.92 and 0.93). Overall, both the aqueous and ethanolic AgNPs can be considered promising anthelmintic agents.

4. CONCLUSION
This study explored the potential of aqueous and ethanolic root extracts of C. scariosus as biogenic agents for the synthesis of silver nanoparticles. The diverse phytochemical profile of the aforesaid plant extracts indicated their potential as reducing, capping, and chelating agents for the synthesis of silver nanoparticles. The results of silver nanoparticle characterisation affirm the successful synthesis of silver nanoparticles with desired characteristics, such as a befitting surface plasmon resonance range, the presence of varied functional groups, and appropriate size, shape, and elemental composition. The potent anthelmintic potential exhibited by the AgNPs from both root extracts of C. scariosus (aqueous and ethanolic), which exceeded the potential of their respective plant extracts and the standard drug Albendazole, highlights their potential in therapeutic applications. Although further research involving validation in a parasitic nematode model and mammalian cytotoxicity testing is required, this study provides a strong foundation for such work.
Limitation
This study used Eisenia fetida as a preliminary non-parasitic model, with only six worms per group, two test concentrations, and a 240-min observation period. Paralysis and death were determined by direct observation, which may introduce observer-related variability. The aqueous and ethanolic AgNPs also differed in particle size and dispersion, potentially influencing their comparative activity. Moreover, mammalian cytotoxicity and in vivo efficacy were not evaluated. Future studies should include larger samples, additional concentrations, parasitic nematode models, longer observation periods, standardised blinded assessments, and comprehensive toxicity testing.
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