


Green Synthesis and Characterization of AgNPs of Martynia annua Fruit Extract: Evaluation for Their Antioxidant and Antibacterial Activities


Abstract
Background: Green synthesis of silver nanoparticles using plant extracts offers an eco-friendly and cost-effective alternative to conventional methods, utilizing phytochemicals for enhanced biological activity. Martynia annua shows strong potential in this approach due to its rich bioactive compounds and proven antimicrobial, antioxidant, and therapeutic properties.
Aim: The study aimed to synthesize silver nanoparticles of Martynia annua fruit extract (MAF-AgNPs) and evaluate their antioxidant and antibacterial potential along with physicochemical characterization.
Study design: An experimental laboratory-based study involving green synthesis, nanoparticle characterization and in-vitro antioxidant and antibacterial evaluation.
Place and Duration of Study: Department of Zoology, University of Rajasthan, Jaipur, India, during 2023–2025.
Methodology: Fresh fruits of Martynia annua were collected from in and around Jaipur city and extract was prepared in methanol & water (3:1) solution. The fruit extract was used for green synthesis of silver nanoparticles where plant phytochemicals acted as reducing and stabilizing agents. The synthesized nanoparticles were characterized using UV–Visible spectroscopy, FTIR, XRD and FE-SEM techniques. Antioxidant activity was evaluated using DPPH, ABTS and FRAP assays while antibacterial activity was assessed by the Kirby–Bauer disc diffusion method against E. coli, P. aeruginosa and B. subtilis.
Results: The extract yield was 6.21 ± 0.28 g and nanoparticle yield was 2.9 ± 0.2 mg. A characteristic UV–Visible peak at 432 nm confirmed nanoparticle formation. The synthesized nanoparticles exhibited concentration-dependent antioxidant activity in DPPH, ABTS and FRAP assays. Significant antibacterial activity was observed with zones of inhibition of 20.0 mm against E. coli, 13.33 mm against P. aeruginosa and 12.0 mm against B. subtilis. FE-SEM analysis showed particle sizes ranging from 15 to 51.91 nm while XRD confirmed their crystalline nature with an average size of 7.2 nm.
Conclusion: The green synthesized MAF-AgNPs showed notable antioxidant and antibacterial activities supported by stable physicochemical properties. The findings highlight Martynia annua fruit as a promising and eco-friendly source for nanoparticle synthesis with potential biomedical applications.
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1. Introduction:
The advancement of nanotechnology especially in the biomedical and pharmaceutical sectors has led to the development of metal-based nanoparticles such as silver nanoparticles (AgNPs) with remarkable applications owing to their antimicrobial, antioxidant, anti-inflammatory and catalytic properties (Ahmed et al., 2016; Iravani et al., 2022). Traditionally AgNPs have been synthesized using physical and chemical methods which are often costly, energy-intensive and environmentally hazardous. In contrast green synthesis techniques particularly those utilizing plant extracts offer an eco-friendly, biocompatible and cost-effective alternative that aligns with sustainable development goals (Salem &Fouda, 2020).
Plant based green synthesis utilizes phytochemicals such as flavonoids, phenolics, terpenoids, tannins and alkaloids that serve dual roles as reducing and capping agents during nanoparticle synthesis (Eker et al., 2025). Numerous medicinal plants have been explored for their nanoparticle synthesis potential including Aloe vera (Chandran et al., 2006), Ocimum sanctum (Rao et al., 2013), Moringa oleifera (Hameed, 2021), Azadirachta indica (Kumari et al., 2022) Acalypha indica (Sakaray et al., 2024), Nothaphodyte foetida (Dharavath et al., 2025), Trema Orientalis (Jha et al., 2025) and Convolvulus arvensis (Al-Audah et al., 2026). These biosynthesized nanoparticles exhibit enhanced biological activity and are gaining importance in drug delivery, wound healing and antioxidant therapies (Simon et al., 2022). Among these medicinal plants, Martynia annua L., commonly known as Devil’s Claw or Tiger’s Claw is a plant of significant ethnomedicinal importance. Various parts of the plant including leaves, fruits and roots have been traditionally used for the treatment of skin disorders, wounds, inflammation, infections, epilepsy and alopecia indicating its broad therapeutic relevance (Sharma et al., 2024). Pharmacological studies have further demonstrated biological activities of M. annua, such as hair growth-promoting effects in testosterone-induced alopecia models, supporting its medicinal potential (Itankar et al., 2013). Phytochemical investigations of M. annua have revealed the presence of diverse bioactive constituents including alkaloids, flavonoids, phenolics, tannins, saponins and glycosides and these are known to contribute to antioxidant, antimicrobial and therapeutic activities (Dhingra et al., 2013). Recent studies have reported qualitative phytochemical screening and in-vitro antioxidant evaluation of M. annua leaves collected from Rajasthan, confirming significant free-radical scavenging activity (Sharma et al., 2025a).
In recent years researchers have investigated the use of M. annua extracts for the green synthesis of various nanomaterials. Studies by Thangapushbam et al. (2022) reported the synthesis of AgNPs using aqueous root extract of M. annua with significant antioxidant and antidiabetic activities. Similarly, Duraisamy et al., (2022) synthesized chitosan nanoparticles using the leaf extract demonstrating potent antibacterial effects. Thangapushbam et al., (2024) developed MnO₂ nanoparticles using M. annua extract have also shown promising antioxidant and anti-inflammatory potential. developed silver nanoparticles from root extract (MAR-AgNPs) and carbon dots (MA-CDs) from leaf extract both exhibiting antioxidant, antidiabetic and neuroprotective effects. Moreover, M. annua derived carbon dots (Abbigeri et al. 2025 a) and silver nanoparticles from root extract (Abbigeri et al. 2025 b) both exhibiting antioxidant, antidiabetic and neuroprotective effects. Despite the growing body of research, the use of M. annua fruit extract specifically for nanoparticle synthesis remains largely unexplored. Fruits are known to contain a distinct phytochemical composition compared to roots and leaves often characterized by varying concentrations and profiles of phenolics, flavonoids and other bioactive metabolites (Arshad et al., 2017). The recent evaluation of fruit extracts demonstrated significantly higher antioxidant potential compared to flower and leaf extracts, indicating organ-specific variation in secondary metabolite richness (Sharma et al.,2025b). Such phytochemical variability across plant organs can substantially influence the reducing efficiency, stabilization potential and surface functionalization of biosynthesized silver nanoparticles.  Exploring the fruit extract for AgNPs synthesis can thus provide insights into its untapped pharmacological potential.
The present study focuses on the green synthesis of silver nanoparticles using the fruit extract of M. annua followed by characterization using UV–visible spectroscopy, Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and scanning electron microscopy (SEM). The synthesized silver nanoparticles of M. annua fruit extract (MAF-AgNPs) were evaluated for their in-vitro antioxidant activity using DPPH, ABTS and FRAP assays as well as for antimicrobial activity against Gram-negative (Escherichia coli and Pseudomonas aeruginosa) and Gram-positive (Bacillus subtilis) bacteria using the Kirby Bauer disc diffusion method. This study contributes to the field of green nanobiotechnology by highlighting a novel part of M. annua for nanoparticle synthesis and establishing its relevance in multifunctional potential in antioxidant, antimicrobial and biomedical applications (Figure 1).
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Figure1: Overview of the study including synthesis, characterization, in-vitro antioxidant activity and antibacterial activity of MAF-AgNPs. Created with https://BioRender.com

2. Materials and methods:
2.1. Chemicals and Reagents:
All chemicals and reagents used in the present study were of analytical grade and were procured from HiMedia Laboratories (India) and Merck (India). Silver nitrate (AgNO₃, ≥99% purity), dimethyl sulfoxide (DMSO), ciprofloxacin, DPPH (2,2-diphenyl-1-picrylhydrazyl), FRAP (ferric ion reducing antioxidant power), ABTS (2,2-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid) and methanol were used without further purification. All solutions were freshly prepared using double-distilled water and stored in the dark to prevent photochemical degradation. Glassware employed in the experiments was thoroughly washed with acetone, rinsed with double-distilled water and dried prior to use.


2.2. Plant material:
Fresh fruits of M. annua L. were collected from in and around Jaipur city (Latitude: 27.019447° N, Longitude: 75.878333° E) during the fruiting season (Figure 2A). The plant material was taxonomically authenticated by the Herbarium, Department of Botany, University of Rajasthan, Jaipur, India and a voucher specimen was deposited under accession number RUBL No. 211763. The collected fruits (Figure 2B) were thoroughly washed with tap water followed by double-distilled water to remove adhering soil and debris before further experimental use. 
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Figure 2: (A) M. annua L. plant showing its natural growth habit with erect stem, broad lobed leaves and clusters of fruits at different developmental stages under field conditions (Plant accession number RUBL No. 211763). (B) Dried mature fruits of M. annua L. exhibiting characteristic curved, horn-like morphology.
2.3 Preparation of Fruit Extract:
The collected fruits were thoroughly washed with distilled water shade dried at room temperature for 10–12 days and subsequently ground into a fine powder. Extract of the fruits was prepared using Soxhlet extraction with a 3:1 methanol-to-water solvent system under at 40-45◦C for 48 hrs. (according to CG-04 protocol, WHO, 1983). The solvent was evaporated to concentrate the M. annua fruit extract (MAF), which was then dried and stored in an airtight container at room temperature for further analysis.

2.4. Green Synthesis of Silver Nano particles (AgNPs):
To synthesize the silver nanoparticles 0.1ml of 1mg/ml solution of MAF was added to 10 ml of 1 mM AgNO₃ solution and mix solutions with the help of magnetic stirrer at 50oC and 500 revolutions per minute (RPM) for 3 hours. This reaction mixture was incubated in the dark to avoid photo reduction. Following completion of the reaction the reaction mixture was concentrated using a rota vapour under reduced pressure to remove excess solvent. The concentrated suspension was then subjected to centrifugation at 6000 rpm for 15 minutes to pellet the synthesized MAF-AgNPs. The resulting pellet was washed repeatedly with ethanol to remove unreacted silver ions and residual phytochemicals. After washing, the purified MAF-AgNPs were dried in a hot air oven at 30-35°C until a constant weight was achieved. The dried MAF-AgNPs powder was carefully collected and stored in airtight containers at room temperature in the dark for further physicochemical characterization and biological assays (Iravani et al., 2011).

2.5. Characterization of Synthesized MAF-AgNPs:
2.5.1 UV–Visible Spectroscopy:
The formation of MAF-AgNPs was initially confirmed by UV–Visible spectrophotometry (Thermo Scientific Multiskan GO spectrophotometer). The fruit extract of M. annua served as a reducing and stabilizing agent. Distilled water was used as a blank reference. The absorbance spectrum was recorded in the range of 300–700 nm using a spectrophotometer to detect the characteristic surface plasmon resonance (SPR) band of MAF-AgNPs (Chaudhuri et al., 2016).

2.5.2 Fourier-Transform Infrared Spectroscopy (FTIR):
FTIR spectroscopy was performed to identify the functional biomolecules of M. annua fruit extract responsible for the reduction, capping and stabilization of MAF-AgNPs. The biosynthesized MAF-AgNPs were dried at 37 °C using a hot air oven and mixed with KBr to form pellets by compression under a hydraulic press. FTIR spectrometer (Perkin Elmer Spectrum version 10.4.00) in the range of 4000–400 cm⁻¹ with a resolution of 4 cm⁻¹. The spectra were recorded in KBr pellet mode over the wavenumber range of 4000–450 cm⁻¹.

2.5.3 X-ray Diffraction (XRD):
To investigate the distribution of molecules within the crystalline structure the XRD technique was used. The dried samples were carefully prepared for structural characterization of MAF-AgNPs following the protocol used by Ahmed et al., (2016). The crystalline nature of the synthesized MAF-AgNPs were examined using a PANalytical X’pert PRO X-ray diffractometer system. The measurements were performed with a Cu-Kα radiation source (λ = 1.5406 Å) at an operating voltage of 40 kV and current of 40 mA. Diffraction patterns were recorded in the 2θ range of 20° to 80° with a scanning step size of 0.02° and a counting time of 1 s per step ensuring high resolution phase identification and lattice structure determination. The obtained XRD patterns were analyzed to confirm the crystalline phases and calculate the average crystallite size by the Debye Scherrer equation with the diffraction peaks compared against standard reference data from the Joint Committee on Powder Diffraction Standards (JCPDS) database.
2.5.4 Field Emission Scanning Electron Microscopy (FE-SEM):
The surface morphology and particle size of the synthesized MAF-AgNPs were analyzed using FE-SEM (JEOL JSM-7610F Plus). A thin layer of the dried sample was mounted on an aluminum stub and coated with a 5 nm gold layer by sputter coating to enhance conductivity. The instrument was operated at an accelerating voltage of 5 kV. Images were captured at different magnifications to evaluate the shape, size and surface characteristics of MAF-AgNPs. 

2.6. In-vitro Antioxidant Activity:
2.6.1 DPPH Radical Scavenging Assay:
The antioxidant activity of synthesized MAF-AgNPs were evaluated using the DPPH assay as described by Braca et al. (2001) with minor modifications. 1 mL of 0.1 mM DPPH solution in methanol was mixed with 1 mL of MAF-AgNPs solution at various concentrations (25–200 µg/mL). The mixture was incubated in the dark at room temperature for 30 minutes and absorbance was measured at 517 nm using a UV–Visible spectrophotometer (Thermo Scientific Multiscan Go, Finland). Ascorbic acid was used as a positive control. Percentage scavenging activity was calculated using the formula:
Percentage scavenging activity (%) =
Where is the absorbance of the Ascorbic acid and is the absorbance of MAF-AgNPs solution.

2.6.2 ABTS Radical Cation Decolorization Assay:
The antioxidant activity of synthesized MAF-AgNPs were further evaluated using the ABTS assay as described by Re et al., (1999) with minor modifications. The ABTS•⁺ (ABTS radical cation) working solution was prepared by mixing equal volumes of 7.0 mM ABTS stock solution and 2.45 mM potassium persulfate followed by incubation in the dark at room temperature for 12–16 hr to generate the radical cation. Prior the use ABTS•⁺ solution was diluted with 0.1 M phosphate buffer (pH 7.4) to obtain an absorbance of 0.700 ± 0.020 at 734 nm. For the assay, 3.0 mL of ABTS•⁺ working solution was mixed with 30–60 µL of MAF-AgNPs solution at various concentrations (25–200 µg/mL) and incubated in the dark at room temperature for 6 min. The absorbance was recorded at 734 nm using a UV–Visible spectrophotometer (Thermo Scientific Multiscan Go, Finland). Ascorbic acid was used as the control antioxidant. Percentage scavenging activity was calculated using the formula:
Percentage scavenging activity (%) =
Where is the absorbance of the Ascorbic acid and is the absorbance of MAF-AgNPs solution.

2.6.3 Ferric Reducing Antioxidant Power (FRAP) Assay:
The ferric reducing antioxidant power (FRAP) assay was performed according to the modified method described by Pulido et al., (2000). The FRAP reagent was freshly prepared by mixing 300 mM acetate buffer (pH 3.6), 10 mM TPTZ solution, and 20 mM FeCl₃·6H₂O in a 10:1:1 ratio. 100 µL of MAF-AgNPs sample was added to 3 mL of FRAP reagent and incubated at 37 °C for 30 minutes. Absorbance was measured at 593 nm using a UV–Visible spectrophotometer (Thermo Scientific Multiscan Go, Finland). Higher absorbance indicates higher reducing power. Trolox was used as the controlantioxidant and a reagent blank containing FRAP reagent with methanol was used for baseline correction. FRAP activity was expressed as percentage reducing power using the following formula:
Percentage scavenging activity (%) =
Where is the absorbance of the Trolox and is the absorbance of MAF-AgNPs solution.

2.7. In-vitro Antibacterial Activity:
Antibacterial activity of the synthesized MAF-AgNPs were evaluated using the agar disc diffusion method (Kirby–Bauer method) was carried out as per Christenson et al., (2018). Mueller–Hinton agar (MHA) plates were prepared and uniformly inoculated by spreading 100 µL of freshly grown bacterial suspension over the agar surface. The bacterial strains used in this study included Escherichia coli, Pseudomonas aeruginosa (Gram-negative) and Bacillus subtilis (Gram-positive). The inoculum for each strain was standardized to 0.5 McFarland turbidity, corresponding to an approximate cell density of 1.5 × 10⁸ CFU/mL, prepared from Mueller–Hinton broth. Sterile paper discs were impregnated with 5 µL of MAF-AgNPs suspension at different concentrations (0–200 mg/mL) and placed aseptically on the inoculated agar plates. Discs loaded with solvent alone served as the vehicle control, while a ciprofloxacin disc (4 µg) was used as the positive control. All plates were incubated at 37 °C for 24 h under aerobic conditions. After incubation, the zones of inhibition formed around the discs were measured in millimetres and recorded as an indicator of antibacterial activity.

[bookmark: _GoBack]3. Results:
3.1. Yield of MAF Extract and Synthesized MAF-AgNPs:
The yield of MAF obtained after Soxhlet extraction using a methanol: water (3:1, v/v) solvent system was observed to be 6.21 ± 0.28 gm and that indicates efficient extraction of phytoconstituents from the plant material. The yield of MAF-AgNPs were determined following purification by centrifugation, repeated washing and drying. From a 10 mL reaction mixture containing 1 mM AgNO₃, the dried nanoparticles yielded 2.9 ± 0.2 mg, suggesting efficient bio reduction of silver ions. The consistency in nanoparticle yield reflects good reproducibility of the synthesis process. 
The yield of MAF-AgNPs were determined after purification by centrifugation, washing, and drying. From a 10 mL reaction mixture containing 1 mM AgNO₃, the dried MAF-AgNPs yielded 2.9 ± 0.2 mg, indicating good reproducibility and efficient bio reduction of silver ions mediated by phytochemicals present in the fruit extract.

3.2. UV–Visible Spectral Analysis
During the synthesis process a distinct colour change of the reaction mixture was observed, shifting from milky white to light brown and gradually intensifying to a darker brown with time. This progressive colour change reflects the reduction of Ag⁺ ions to metallic Ag⁰ nanoparticles. UV–Visible spectrophotometric analysis performed in the wavelength range of 350–700 nm revealed a characteristic surface plasmon resonance (SPR) band between 410 and 450 nm with a prominent absorption peak (λmax) at 432 nm further supporting the formation of MAF-AgNPs (Figure 3). 
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Figure 3: UV–visible absorption spectrum of synthesized MAF-AgNPs showing a characteristic surface plasmon resonance peak around 431–432 nm indicates the formation of nanoparticles.
3.3 Fourier Transform Infrared (FTIR) Analysis
The FTIR spectroscopy was performed to identify the functional groups and chemical interactions involved in the synthesis of MAF-AgNPs. The biomolecules present in the extract were responsible for the reduction of Ag⁺ ions to form stable MAF-AgNPs. The FTIR spectra of both the MAF and the synthesized MAF-AgNPs showed several prominent absorption bands at different wavelengths, corresponding to the presence of functional groups such as hydroxyl (-OH), carbonyl (C=O), alkane (C–H), alkene (C=C) and halo compounds. The shifts in peak positions between the MAF and MAF-AgNPs confirmed the active participation of phytochemicals in the reduction, stabilization, and capping of MAF-AgNPs. Various bands are prominently visible in FTIR spectra of M. annua fruit extract (Figure 5A) at which corresponds to different vibrations of alcoholic O–H stretching, alkane C–H stretching, aromatic compound C-H bending , amine N-H bending, nitro compound N-O stretching, alkene C=C stretching, aldehyde C-H bending, amine C-N stretching,  alcohol O-H bending, fluoro compound C-F stretching, alkene C=C bending and  halo compound C-X stretching indicating the presence of bioactive phytochemicals responsible for reduction and stabilization (Figure 4A). 
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Figure 4(A): FTIR spectrum of synthesized M. annua fruit extract showing characteristic functional groups of bioactive phytochemicals involved in MAF-AgNPs synthesis.
In the spectra of MAF-AgNPs (Figure 4B), a noticeable shift and intensity variation in characteristic peaks were recorded, confirming nanoparticle formation. A broad O–H stretching band was observed at 3426.82 cm-1, signifying the involvement of hydroxyl groups in capping  along with a medium conjugated Alkane C-H stretching band at 2923.66 cm-1,  alkane C-H stretching band at C-H stretching, Alkene C=C stretching band at 1632.07cm-1,  Aldehyde C-H bending band at 1382.69 cm-1, Amine C-N stretching  band at 1069.58 cm-1, Alkene C=C bending band at 829.06 cm-1. Additionally, a prominent alkene C=C stretching band was detected at 695.63 cm⁻¹ (Figure 4B).
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Figure 4(B): FTIR spectrum of synthesized MAF-AgNPs showing characteristic functional groups of bioactive phytochemicals involved in MAF-AgNPs synthesis.
3.4. X-Ray Diffraction (XRD) Analysis
The crystalline structure of synthesized MAF-AgNPs were confirmed by XRD analysis. The diffractogram showed a prominent diffraction peak at 2θ = 32.54°, corresponding to a d-spacing of 2.749 Å, which indicates the formation of crystalline silver nanoparticles. The high-intensity peak suggests a well-defined crystalline nature of the MAF-AgNPs. These results are consistent with the face-centered cubic (FCC) structure of metallic silver, which agrees with previously reported standard JCPDS data (Card No. 04-0783). The sharp and intense peaks further confirm the successful bio reduction of silver ions into stable nanoparticles by phytochemicals present in the fruit extract. The narrow Full Width at Half Maximum (FWHM = 1.152°) indicates the formation of small monodispersed nanoparticles. Using the Debye–Scherrer equation D=0.9λ/βCosθ Where D is the crystallite size, λ= 1.5406 Å is the wavelength of X-ray, β is the full width half maximums (FWHM) of the peak in radians, and θ is the Bragg angle, the crystallite size of the synthesized MAF-AgNPs were approximately 7.2 nm observed (Figure 5).
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Figure 5: XRD pattern of synthesized MAF-AgNPs showing characteristic diffraction peaks indicative of their crystalline nature.

3.5. Field Emission Scanning Electron Microscopy (FE-SEM) Analysis
 FE-SEM was performed to investigate the morphology and surface characteristics of the synthesized MAF-AgNPs (Figure 5). The micrographs revealed that the MAF-AgNPs were predominantly spherical with a uniform size distribution and minimal aggregation suggesting effective stabilization by phytochemical capping agents present in the extract.
The slight aggregation observed indicates the presence of residual surface charges, which is commonly reported in green-synthesized nanoparticles. Furthermore, the FE-SEM images confirmed a crystalline morphology, consistent with the structural properties typically associated with biologically synthesized MAF-AgNPs. The measured particle size ranged between 15.0 nm and 51.91 nm, with the majority of particles below 100 nm (Figure 6).
[image: ]
Figure 6: FE-SEM micrograph of synthesized MAF-AgNPs showing predominantly spherical nanoparticles with sizes in the range of approximately 15–50 nm.
3.6. DPPH Radical Scavenging Activity
The in-vitro antioxidant activity of MAF-AgNPs were as calculated by the DPPH free radical scavenging assay with ascorbic acid employed as the control. The MAF-AgNPs demonstrated a clear concentration-dependent increase in radical scavenging activity across the tested concentration range (Figure 7). The percentage inhibition increased from 43.18 ± 6.29% at 200 µg/ml to 82.91 ± 5.18% at 1000 µg/ml that was indicating strong dose dependent antioxidant potential. In comparison the control ascorbic acid showed consistently higher scavenging activity at all corresponding concentrations with inhibition values increasing from 67.64 ± 2.12% at 200 µg/ml to 93.40 ± 4.071% at 1000 µg/ml. Although the scavenging efficiency of MAF-AgNPs were lower than that of the control the nanoparticles indicated moderate antioxidant potential compared to the control ascorbic acid. 
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Figure 7: DPPH Radical scavenging activity expressed as % inhibition by MAF-AgNPs at 1 mg/ml concentration compared with ascorbic acid.

3.7. ABTS Radical Scavenging Activity
The ABTS radical cation scavenging assay further confirmed the antioxidant potential of MAF-AgNPs. The nanoparticles exhibited a gradual, concentration-dependent increase in ABTS radical scavenging activity over the tested concentration range (Figure 8). The percentage inhibition increased from 25.42± 3.80 % at 20 µg/ml to 57.23± 1.68 % at 100 µg/ml, indicating a moderate but consistent enhancement in radical scavenging capacity with increasing concentration. In comparison the control ascorbic acid showed markedly higher ABTS scavenging activity at all corresponding concentrations with percent inhibition values rising from 57.47± 2.39% at 20 µg/ml to 92.69± 1.67 % at 100 µg/ml. Although the scavenging efficiency of MAF-AgNPs were lower than that of the control antioxidant the observed activity confirms the ability of the biosynthesized nanoparticles to effectively neutralize ABTS radicals in a concentration dependent manner.
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Figure 8: ABTS Radical scavenging activity expressed as % inhibition by MAF-AgNPs at 1 mg/ml concentration compared with ascorbic acid.

3.8. Ferric Reducing Antioxidant Power (FRAP) Assay
The reducing power of MAF-AgNPs were assessed using the FRAP assay over a concentration range of 20–100 µg/ml. The nanoparticles demonstrated a gradual increase in ferric reducing activity with increasing concentration with percentage inhibition increasing from 42.29 ± 2.24% at 20 µg/ml to 51.42 ± 1.68% at 100 µg/ml. This increase in antioxidant activity was accompanied by a corresponding decrease in absorbance values indicating enhanced electron-donating ability. The control antioxidant showed significantly higher FRAP activity across the same concentration range with inhibition values ranging from 57.82 ± 2.12% to 86.26 ± 0.77% (Figure 9).

Figure 9: FRAP Radical scavenging activity expressed as % inhibition by MAF-AgNPs at 1 mg/ml concentration compared with trolox.

3.9. In vitro antibacterial test:
Green-synthesized MAF-AgNPs exhibited broad-spectrum antibacterial activity against both Gram negative (Escherichia coli and Pseudomonas aeruginosa) and Gram positive (Bacillus subtilis) bacteria as assessed by the Kirby Bauer disc diffusion assay. At an effective dose of 20.0 mm, 13.33 mm and 12.0 mm against E. coli, P. aeruginosa and B. subtilis respectively while ciprofloxacin (3–4 µg) showed larger inhibition zones (23–28 mm), validating the assay (Figure10 &11). No inhibitory effect was observed with the solvent control. Overall, Gram negative bacteria were more susceptible to MAF-AgNPs than Gram positive bacteria indicating enhanced nanoparticle cell wall interactions. These findings confirm the potent dose dependent antibacterial efficacy of synthesized MAF-AgNPs and highlight their potential as eco-friendly antimicrobial agents.
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Figure 10: Image of clear inhibition zone produced by MAF-AgNPs against Gram negative (E. coli and P. aeruginosa) and Gram positive (B. subtilis) bacteria (A) E. coli, (B) P. aeruginosa, (C) B. subtilis. Ciprofloxacin (3–4 µg/disc) served as the positive control represented by (+), while the solvent control showed no inhibitory effect.
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Figure 11: Dose-dependent antibacterial activity of MAF-AgNPs against E. coli, P. aeruginosa and B. subtilis. Ciprofloxacin (3–4 µg/disc) served as the positive control (PC), while the solvent control showed no inhibitory effect.


4. Discussion:
The present study demonstrates the successful green synthesis of silver nanoparticles using M. annua fruit extract (MAF-AgNPs) as evidenced by the visible colour change and the characteristic surface plasmon resonance peak at 431–432 nm confirming the reduction of Ag⁺ ions to metallic Ag⁰ nanoparticles (Ahmed et al., 2016). The efficiency of M. annua fruit extract as a reducing and stabilizing agent can be attributed to its high phytochemical content particularly phenolics and flavonoids which act as electron donors and facilitate rapid nucleation and stabilization of nanoparticles (Gupta & Deogadde, 2018; Sharma et al., 2025b). FTIR analysis confirmed the involvement of hydroxyl, carbonyl and amine functional groups in reduction and capping while peak shifts indicated strong coordination between silver ions and biomolecules enhancing colloidal stability. The XRD analysis revealed a crystalline face-centred cubic (FCC) structure with an average crystallite size of 7.2 nm while FE-SEM showed particle sizes ranging from 15 to 52 nm. The discrepancy between crystallite size and particle size suggests the formation of polycrystalline aggregates which is commonly reported in green synthesized nanoparticles. The nanoscale size distribution significantly increases surface area-to-volume ratio thereby enhancing interaction with biological systems and contributing to improved bioactivity (Albanese et al., 2012). Minimal aggregation observed in SEM images further supports effective phytochemical capping, ensuring stability and reproducibility of the synthesis process (Eker et al., 2025). 
The antioxidant potential of MAF-AgNPs demonstrated a clear concentration-dependent response with DPPH scavenging increasing from 43% to 83%, ABTS from 25% to 57%, and FRAP from 42% to 51%. At the molecular level this activity can be attributed to the combined effect of nanoparticle surface reactivity and retained phytochemicals which enhance electron transfer and hydrogen donation processes. The higher efficiency observed in the DPPH assay suggests a dominant role of hydrogen atom transfer (HAT) mechanisms while ABTS and FRAP assays indicate electron transfer (ET)-based redox activity. Such dual antioxidant mechanisms have been widely reported in plant-mediated AgNPs systems and reflect synergistic interactions between nano silver and bioactive compounds (Khan et al., 2025). 
The antibacterial activity of MAF-AgNPs showed significant inhibition zones of 20.0 mm against E. coli, 13.33 mm against P. aeruginosa and 12.0 mm against Bacillus subtilis indicating strong broad-spectrum efficacy. The higher susceptibility of Gram-negative bacteria can be explained by their thinner peptidoglycan layer which facilitates nanoparticle penetration. At the cellular level AgNPs exert antibacterial effects through multiple pathways including disruption of cell membrane integrity, generation of reactive oxygen species (ROS) interaction with thiol groups of enzymes and interference with DNA replication. The enhanced activity observed may also result from increased surface interaction and sustained release of Ag⁺ ions from the nanoparticle surface (Zhou et al., 2012; Christenson et al., 2018). Thus, the use of M. annua fruit extract expands the scope of plant-based nanoparticle synthesis beyond conventional plant parts such as leaves and roots highlighting its potential as a novel phytochemical source for the development of biologically active and therapeutically relevant nanoparticles.

5. Conclusion:
The study concludes the green synthesis of MAF-AgNPs an underexplored plant resource for nanoparticles synthesis. Comprehensive physicochemical characterization confirmed the formation of stable, crystalline and predominantly spherical silver nanoparticles effectively capped by fruit derived phytochemicals. The biosynthesized MAF-AgNPs exhibited concentration dependent in-vitro antioxidant activity in DPPH, ABTS and FRAP assays indicating their ability to scavenge free radicals and exert reducing power. In addition, the MAF-AgNPs showed pronounced broad spectrum antibacterial activity against both Gram-negative and Gram-positive bacteria with greater efficacy observed against Gram-negative strains. These results provide the potential of MAF-AgNPs as eco-friendly, multifunctional nanoparticles and underscore their relevance for future applications in antioxidant therapy, antimicrobial formulations and biomedical research.
6. Limitations of the Study:
The present study has certain limitations that should be acknowledged. The biological activities of MAF-AgNPs were evaluated only through in-vitro antioxidant and antibacterial assays and in-vivo assay is required to confirm their therapeutic efficacy and safety. Furthermore, the exact molecular mechanisms underlying the observed biological effects were not investigated. The study was limited to a few bacterial strains, which may not fully represent the broad-spectrum antimicrobial potential of the synthesized nanoparticles. Also, cytotoxicity and biocompatibility assessments on normal cell lines were not performed. Moreover, long-term stability, pharmacokinetics and clinical applicability of the nanoparticles were not evaluated which are essential for their potential biomedical use.
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