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Abstract

:

The synthesis of silver nanoparticles (AgNPs) using environmentally friendly methods has become increasingly important due to its sustainability and cost-effectiveness. This study investigates the green synthesis of AgNPs using gall extracts from the plant Ficus recemosa, known for its high phytochemical content. The formation of AgNPs was verified through multiple analytical techniques, including UV-Vis spectroscopy, Fourier-transform infrared (FTIR) spectroscopy, transmission electron microscopy (TEM), zeta potential analysis, and dynamic light scattering (DLS). The UV-Vis spectroscopy results displayed a distinct surface plasmon resonance peak indicative of AgNP formation. FTIR analysis revealed specific interactions between silver ions and phytochemicals in the gall extract, while TEM images confirmed the nanoscale morphology and size of the synthesized particles. Zeta potential and DLS analyses provided insights into the stability and size distribution of the AgNPs, demonstrating good colloidal stability. Biological properties of the AgNPs were assessed through various assays. Antimicrobial activity was tested using the disc diffusion method against Escherichia coli and Staphylococcus aureus, showing significant inhibitory effects. The anticancer potential was evaluated using the trypan blue exclusion assay on Dalton’s Lymphoma Ascites (DLA) cells, revealing considerable cytotoxicity. Additionally, antimitotic activity was studied in the dividing root cells of Allium cepa, where the AgNPs significantly inhibited cell division. This research highlights the effective use of F. recemosa gall extracts for the green synthesis of AgNPs, presenting an eco-friendly approach to producing nanoparticles with strong antimicrobial, anticancer, and antimitotic properties. The promising results suggest potential applications of these biogenic AgNPs in medical and agricultural sectors, paving the way for further exploration and utilization.
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1. Introduction


The synthesis of nanoparticles has recently drawn considerable scientific interest due to their distinctive physical, chemical, and biological properties, which markedly differ from their bulk material counterparts [1,2,3]. Among the various nanoparticles, silver nanoparticles (AgNPs) are particularly notable for their remarkable antimicrobial, anti-inflammatory, and catalytic properties [4,5,6,7]. Traditional methods for synthesizing AgNPs often involve chemical and physical processes that are energy-intensive and environmentally harmful due to the use of toxic chemicals. As a result, there is a growing interest in developing environmentally friendly and sustainable methods for nanoparticle synthesis, particularly through biological means. Biological synthesis, or “green synthesis”, of nanoparticles uses natural reducing agents found in biological entities such as plants, bacteria, fungi, and algae [8,9,10]. Plant-mediated synthesis is particularly attractive due to its simplicity, cost-effectiveness, and potential for large-scale production. Plants are rich in various phytochemicals, including polyphenols, flavonoids, and alkaloids, which can act as reducing and capping agents during nanoparticle formation. This approach not only reduces the need for harmful chemicals but also enhances the biocompatibility of the synthesized nanoparticles [8,9,11].



When plants are affected by nematodes, bacteria, fungi, insects, or mites, they can develop abnormal vegetative growths known as plant galls. These galls result from a close interaction between the gall-inducing organism and the host plant. While galls can form on any part of the plant, they are most commonly observed as large, swollen growths on leaves, petioles, twigs, or branches [12]. Galls on plant leaves or twigs are generally considered harmful to the host. However, they can also benefit the plants by attracting frugivores, which play a crucial role in seed dispersal [13]. Previous research has shown the production of silver nanoparticles (AgNPs) from plant galls, specifically those from Quercus infectoria and Rhus chinensis [14]. Aqueous extracts from Q. infectoria galls have been used to produce AgNPs quickly, cost-effectively, and efficiently, serving as both reducing and capping agents [15]. Similarly, a green synthesis method has been used to create AgNPs from silver nitrate solutions using water extracts from R. chinensis galls as reducing agents [14]. Plant galls are used for nanoparticle preparation due to their numerous advantageous qualities. They are rich in phytochemicals, such as flavonoids, tannins, and phenolics, which act as stabilizing and reducing agents in nanoparticle formation [16]. This sustainable and green approach avoids harmful chemicals, thereby reducing environmental impact. Additionally, plant galls, often considered waste, provide a cost-effective method for nanoparticle production. Nanoparticles synthesized from plant extracts generally exhibit improved properties, including stability, biocompatibility, and efficacy in various applications such as environmental remediation, agriculture, and medicine. These benefits make plant galls a valuable resource in nanotechnology.



This study focuses on the green synthesis of silver nanoparticles using the gall part of the plant Ficus recemosa, known for its medicinal properties, which belongs to the Moraceae family and is native to various tropical regions [17,18]. The galls of F. recemosa are particularly rich in phytochemicals such as tannins, saponins, and flavonoids, which are hypothesized to play a crucial role in the reduction of silver ions (Ag+) to silver nanoparticles (AgNPs) and in stabilizing the nanoparticles [19,20]. By utilizing the galls of F. recemosa, this research aims to contribute to the expanding field of green nanotechnology and provide insights into the synthesis mechanism, characterization, and potential applications of biogenic silver nanoparticles. The methodology employed involves the extraction of phytochemicals from F. recemosa galls and their subsequent use in the synthesis of AgNPs. The synthesized nanoparticles will be characterized using various analytical techniques, including UV-Vis spectroscopy and high-resolution transmission electron microscopy (HR-TEM), to determine their size, shape, and nature. Additionally, the antimicrobial efficacy, anticancer efficacy, and antimitotic properties of the AgNPs was evaluated, demonstrating their potential utility in medical and environmental applications.




2. Methodology


2.1. Collection of Plant Material


Gall extracts were obtained from Ficus recemosa plants located in Kuttippuram, Malappuram, Kerala, India (coordinates: 10.8456° N, 76.0337° E). Both mature and newly formed galls were collected, with approximately 10 g/10 mL of gall tissue being stored in sterile plastic tubes as global dry content (Figure 1). The samples were brought to the laboratory, washed with distilled water to eliminate external contaminants, and homogenized using a sterile mortar and pestle. Distilled water used as the solvent for extract preparation. The homogenate was then filtered through Whatman No. 1 filter paper and centrifuged at 10,000 rpm for 15 min. The supernatant was collected and refrigerated at 4 °C until it was used for nanoparticle synthesis.




2.2. Synthesis of Silver Nanoparticles


Silver nanoparticles (AgNPs) were synthesized using the Ficus recemosa gall extract. A 0.01 millimolar (mM) silver nitrate (AgNO3) solution was prepared with deionized water. Equal volumes (5 mL each) of the gall extract and the AgNO3 solution were mixed in a glass container. The mixture was heated in a standard household microwave oven (model LG-MS-2029 UW, Seoul, Republic of Korea) at 350 watts for 6 min. The formation of AgNPs (0.01 mM) was indicated by the solution turning deep brown. The AgNPs were then purified by placing the mixture in a dialysis bag (molecular weight cut-off: 12,000 Da) and dialyzing against distilled water for 72 h to remove unreacted ions and by-products. The purified AgNPs were stored at room temperature for further use. The pH of the reaction mixture was 7.54 before the microwave treatment and recorded as 5.42 after the treatment. This change in pH affects the formation and properties of AgNPs.




2.3. Nanoparticle Characterization


The characterization of biosynthesized AgNPs was verified through multiple analytical techniques, including UV-Vis spectroscopy, Fourier-transform infrared (FTIR) spectroscopy, high-resolution transmission electron microscopy (HR-TEM), zeta potential analysis, and dynamic light scattering (DLS).



2.3.1. UV-Vis Spectroscopy


UV-Vis spectroscopy was used to confirm the synthesis of AgNPs. The optical absorbance of the nanoparticle solutions was recorded using a PerkinElmer UV/Vis spectrometer (Waltham, MA, USA), identifying the characteristic surface plasmon resonance peak indicative of AgNP formation.




2.3.2. Fourier-Transform Infrared Spectroscopy (FTIR)


FTIR spectroscopy was used to analyze functional group interactions in the biosynthesized AgNPs. Comparative FTIR analyses were performed on the Ficus recemosa gall extract, the synthesized AgNPs, and the dialyzed AgNPs. Samples were dried, ground with KBr pellets, and analyzed using a PerkinElmer FTIR spectrometer, with spectra recorded as transmittance percentage against wave number in cm−1.




2.3.3. HR-TEM Analysis


The structural and morphological characteristics of silver nanoparticles (AgNPs) synthesized from the leaf galls of F. racemosa were analyzed using a JEOL JEM 2100 High-Resolution Transmission Electron Microscope (HRTEM) (Tokyo, Japan). The HRTEM, equipped with a LaB6 electron source, operated at 200 kV and 80 kV, providing a lattice resolution of 0.14 nm and point-to-point resolution of 0.19 nm. Images were captured using a Gatan Orius SC200 CCD camera (2K × 2K resolution, Pleasanton, CA, USA) across various scales (1 μm to 2 nm) to obtain comprehensive structural details. This method enabled high-resolution imaging and detailed analysis of the AgNPs’ morphology and structure.




2.3.4. Zeta Potential Analysis


The surface charge and stability of the synthesized AgNPs were evaluated using zeta potential measurements using HORIBA SZ-100 nanoparticle analyzer (Kyoto, Japan). This analysis provided insights into the surface charge distribution and colloidal stability of the nanoparticles.




2.3.5. Dynamic Light Scattering (DLS) Size Analysis


DLS was employed to determine the size distribution of the synthesized AgNPs. The nanoparticle samples were analyzed using a HORIBA SZ-100 nanoparticle analyzer instrument. This technique provided detailed information on the hydrodynamic diameter and size distribution profile of the AgNPs in solution.




2.3.6. LC-MS Q TOF Analysis of Gall Extract


Using LC-MS Q-TOF analysis, the metabolites found in the methanolic extract of the F. racemosa gall were examined. The methanolic extract was first precisely poured into a 25 mL volumetric flask to a volume of 1 mL. To guarantee correct dilution, the extract was then combined with an equivalent volume of methanol. The mixture was further diluted to obtain an acceptable concentration for LC-MS analysis. Before being injected into the LC-MS system, the final sample solution was first cleared of any particles using a 0.22-micron syringe filter. Chromatographic separation was performed using an Agilent 1260 HPLC system (Santa Clara, CA, USA) equipped with a C18 column (3.0 mm × 100 mm, 2.7 microns), maintained at 37 °C. The mobile phase comprised formic acid in water (solvent A) and acetonitrile (solvent B), following a gradient elution profile starting at 95% A and 5% B, changing linearly to 75% A and 25% B from 0 to 5 min, to 50% A and 50% B from 5 to 15 min, to 25% A and 75% B from 15 to 25 min, then to 5% A and 95% B from 25 to 35 min, and finally returning to 95% A and 5% B from 35 to 40 min. The flow rate was set at 0.25 mL/min, with a total runtime of 40 min. Mass spectrometric detection was performed using an Agilent 6200 series TOF/6500 series Q-TOF system operated in positive ion mode under the following conditions: gas temperature of 325 °C, gas flow rate of 6 L/min, capillary voltage of 2000 V, nebulizer pressure of 60 Psi, and fragmentor voltage of 175 V. Data acquisition and analysis were conducted using Agilent’s 6200 series TOF/6500 series Q-TOF 10.1 (48.0) software to identify the chemical constituents in the F. racemosa gall extract, followed by qualitative analyses to determine compound profiles and potential biological activities. This methodology enables comprehensive analysis of the methanolic extract, facilitating the identification and characterization of bioactive compounds within the sample.





2.4. Antibacterial Activity of AgNPs


The antibacterial activity of the synthesized AgNPs was assessed using the agar well diffusion method against two bacterial strains: Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-negative). The bacterial cultures were grown in nutrient broth at 37 °C for 18 h to reach the logarithmic phase. Mueller–Hinton agar plates were prepared by pouring molten agar into sterile Petri dishes and allowing it to solidify. The bacterial cultures were then uniformly spread over the surface of the agar plates using a sterile cotton swab to ensure even distribution. Filter paper discs 6 mm in diameter were aseptically punched into the agar. Each disc was filled with 5 µg of the AgNP solution. As a negative control, 5 µg of the leaf gall extract was used, while a standard antibiotic (tetracycline) was used as a positive control. The plates were incubated at 37 °C for 24 h. After the incubation period, the zones of inhibition around the disc, indicating antibacterial activity, were measured in millimeters using a digital caliper. Each experiment was performed in triplicate to ensure the reliability of the results. The mean and standard deviation of the inhibition zones were calculated and recorded. The data from the antibacterial activity assays were statistically analyzed to evaluate the efficacy of the synthesized AgNPs compared to the leaf gall extract and the positive control.




2.5. Anticancer Assay


The cytotoxicity of gall-mediated silver nanoparticles (AgNPs) synthesized from the leaf gall of Ficus racemosa was evaluated using Dalton’s lymphoma ascites (DLA) cells. DLA cells were harvested from the peritoneal cavity of tumor bearing mice, washed three times with normal saline, and suspended in 0.1 mL of viable cell solution. This cell suspension was added to tubes containing various concentrations of the synthesized AgNPs, and the volume was adjusted to 1 mL with phosphate-buffered saline (PBS). The assay mixtures were incubated at 37 °C for 3 h, followed by the addition of 0.1 mL of 1% trypan blue. After 3 min, live and dead cells were counted using a hemocytometer. Cyclophosphamide was used as the positive control, while buffer without nanoparticles served as the negative control. The Trypan blue exclusion assay in DLA cells was employed to determine the cytotoxicity of the gall-mediated AgNPs synthesized from the leaf gall of F. racemosa.




2.6. Environmental Toxicity Studies


Fresh Allium cepa (onion) bulbs were selected for chromosomal aberration studies to assess the potential genotoxic effects of silver nanoparticles (AgNPs) synthesized using the leaf gall extract from the plant Ficus racemosa. Equal-sized onion bulbs (2n = 16) were incubated in different concentrations of leaf gall-mediated AgNP solutions: 100 µg, 200 µg, 300 µg, 400 µg, and 500 µg, while control bulbs were incubated in distilled water. Hydrogen peroxide (H2O2) was used as a positive control, and a solvent without nanoparticles served as the negative control. The bulbs were allowed to grow roots until they reached a length of 2–3 cm, after which the roots were excised and prepared for chromosomal aberration analysis using the squash technique. Root nodules were stained with methylene blue, and 1500 cells from the three best preparations for each treatment were examined under a LEICA ICC50E compound microscope (Wetzlar, Germany).





3. Results and Discussion


3.1. UV-VIS Spectral Analysis


Ficus racemosa exhibited a visual color change from yellow to brown after microwave treatment, indicating the formation of AgNPs (Figure 2). The UV-Vis spectrophotometric analysis of the silver nanoparticles synthesized using the leaf gall extract from the plant showed a distinct surface plasmon resonance (SPR) peak, a key indicator of nanoparticle formation. The absorbance spectrum, as illustrated in the accompanying Figure 3, shows the absorbance of pure gall extract alone (304 nm) and AgNPs synthesised from the gall extract. The absorbance of AgNPs features a significant peak around 425 nm, which is a characteristic signature of AgNPs. The spectrum initiates at approximately 1.2 absorbance units (a.u.) at 350 nm, then decreases steadily, showcasing a notable peak at 425 nm before gradually diminishing at higher wavelengths. This SPR peak not only confirms the successful formation of silver nanoparticles but also demonstrates the efficacy of the leaf gall extract in reducing and stabilizing silver ions. A wide LSPR band may suggest a broad size distribution of silver nanoparticles, as different nanoparticle sizes resonate at varying wavelengths, leading to the band broadening and the absence of additional peaks, indicating the purity of the synthesized nanoparticles [21]. This finding highlights the potential of phytochemicals in the leaf gall extract of Ficus racemosa for mediating the green synthesis of silver nanoparticles. Comparable SPR peaks have been observed in other studies involving green-synthesized AgNPs, such as those using Origanum vulgare L. extract [22], Endata rheedii [23] Holigarna arnottiana [11], Brassicaceae seeds [24], and Malva parviflora [25]. Additionally, silver nanoparticles synthesized using leaf extracts of Ocimum sanctum and its derivative quercetin have shown similar UV peaks [26]. These consistent findings across various plant extracts further validate the effectiveness of green synthesis methods for producing silver nanoparticles.




3.2. IR Spectral Analysis


The FTIR analysis was carried out to identify the functional groups in the lyophilized powder of Ficus recemosa gall extract and their role in the synthesis of AgNPs (Figure 4). The gall extract exhibited peaks at 2344 cm−1 (C≡C stretching vibrations indicating alkynes) [27], 1638 cm−1 (C=C stretching vibrations indicating alkenes or conjugated carbonyl groups) [28], 1380 cm−1 (C-H bending vibrations indicating alkanes) [29], 1054 cm−1 (C-O stretching vibrations indicating alcohols, ethers, or esters) [30], and 654 cm−1 (aromatic out-of-plane bending) [31]. After synthesizing AgNPs, the FTIR spectrum showed peaks at 2345 cm−1 [32], 1644 cm−1 [33], 1380 cm−1 [34], 1049 cm−1 [35], and 659 cm−1. The observed shifts in peak positions and changes in intensity indicate interactions between silver ions and the functional groups in the gall extract. Specifically, the shifts from 1638 to 1644 cm−1 and from 1054 to 1049 cm−1 suggest alterations in the environment surrounding the C=C and C-O bonds, likely due to their role in reducing silver ions and stabilizing the AgNPs. The unchanged peak at 1380 cm−1 suggests that the C-H bending vibrations remained unaffected. These findings confirm the active involvement of phytochemicals in the gall extract in the synthesis and stabilization of AgNPs, highlighting the efficacy of the green synthesis method.




3.3. TEM Analysis Data


The transmission electron microscopy (TEM) analysis of silver nanoparticles (AgNPs) synthesized using the leaf gall extract of F. racemosa revealed poly-dispersed, spherical nanoparticles with an average size of approximately 20–30 nm (Figure 5). The TEM image and histogram confirmed the varied morphology and size distribution of the nanoparticles, with no significant aggregation observed. The clear and distinct boundaries of the nanoparticles further indicate successful capping by the leaf gall extract, which prevented particle agglomeration. The poly-dispersed size and shape of the silver nanoparticles (AgNPs) synthesized using leaf gall extract, as visualized through TEM, demonstrates the leaf gall extract’s effectiveness in producing stable nanoparticles.



The TEM images reveal that the AgNPs have a mean size of 24.05 nm, with a size distribution ranging from 20 to 30 nm. Correspondingly, DLS analysis indicates a mean hydrodynamic size of 25 nm, falling within the same range. The larger hydrodynamic size compared to the TEM size is due to the inclusion of additional water molecules attached to the nanoparticles.



This characteristic makes them suitable for applications requiring precise nanoparticle attributes. The findings of the current investigation align with previous research [36,37,38,39,40,41]. These studies collectively highlight the potential of various plant extracts in the green synthesis of silver nanoparticles with consistent size and shape.




3.4. DLS Analysis of AgNPs


The Dynamic Light Scattering (DLS) analysis of silver nanoparticles (AgNPs) synthesized using the leaf gall extract of Ficus racemosa revealed a polydispersed distribution, predominantly centered around 20–30 nm, and a peak at approximately 25 nm which is slightly higher than the nanoparticle size obtained from TEM (Figure 6). The frequency distribution curve confirms the distribution of the nanoparticle sizes, indicating the effectiveness of the leaf gall extract as a reducing and capping agent. This size distribution suggests minimal aggregation, highlighting the stability of the synthesized nanoparticles. The consistency and size distribution of the AgNPs, as demonstrated by the hydrodynamic size measured through DLS analysis, highlighting the effectiveness of the biosynthesis method using F. racemosa leaf gall extract. This method produces stable nanoparticles, making them suitable for various medical, environmental, and technological applications [42]. Similarly, green synthesis using Azadirachta indica resulted in AgNPs with a DLS size of 34 nm [43], and synthesis using Quercus infectoria gall extract produced AgNPs with a size of 35 nm [44].




3.5. Zeta Potential


The surface charge and stability of the synthesized AgNPs were assessed using zeta potential measurements, which provided insights into the surface charge distribution and colloidal stability of the nanoparticles [15]. In this study, the zeta potential of AgNPs synthesized from the gall extract was found to be −20.9 mV (Figure 7). This high negative value confirms the repulsion among the particles and indicates that the nanoparticles are stable; the negative sign of the zeta potential is attributed to the compounds in the gall extract, which are responsible for capping and stabilizing the AgNPs. The zeta potential of green-synthesized AgNPs aligns with previous findings. For instance, AgNPs synthesized using an aqueous extract of Ocimum sanctum leaf also demonstrated stability [45]. Similarly, AgNPs synthesized using Phyla dulcis plant extract maintained a zeta potential between −20 and −24 mV over five weeks, indicating good stability [22]. AgNPs synthesized using Eucalyptus citriodora and Melaleuca cajuputi exhibited high zeta potential values of −36.49 and −31.16 mV, respectively [46], while those synthesized using Enicostemma axillare (Lam.) leaf extract had a zeta potential of −24 mV [47]. These consistent findings highlight the effectiveness of green synthesis methods in producing stable AgNPs.




3.6. LC-MS Q-TOF Analysis of Ficus racemosa Gall Extract


The LC-MS Q-TOF analysis of the methanolic extract from Ficus racemosa gall identified a wide range of secondary metabolites (Figure 8). The detected substances belong to various classes, including phenolic compounds, alkaloids, flavonoids, terpenoids, glycosides, and fatty acids and their derivatives. Each class of these compounds contributes uniquely to the extract’s biochemical profile, potentially affecting its biological activities.



	(a)

	
Alkaloids







The analysis identified several alkaloids, including Acrimarine H, 1-Piperidinecarboxaldehyde, Sampangine, Istamycin B0, Istamycin AP, and 1-epi-Fortimicin B. Alkaloids are known for their significant pharmacological properties and complex nitrogen-containing structures. Due to their nitrogenous bases, which can donate electrons, these compounds may serve as effective reducing agents.



	(b)

	
Flavonoids







Quercetin 4′-glucoside, Quercetagetin 3′-methylether 7-glucoside, 2,3-Dehydrosilybin, Fonsecin, and Glycoperine are among the notable flavonoids that have been found. Flavonoids are potential reducing agents because they have hydroxyl groups that can take part in redox processes. Quercetin, for example, contains many hydroxyl groups that can reduce silver nitrate (AgNO3) to produce silver nanoparticles (AgNPs).



	(c)

	
Phenolic Compounds







2,4-Dihydroxyacetophenone 5-sulfate, fraxetin, umbelliferone, 4-Aminobenzoic acid, Cinachin Ib, and phenolglucinol are among the phenolic chemicals found in the extract. The hydroxyl groups that are joined to aromatic rings to form phenolics can serve as electron donors in redox processes. Silver ions can be efficiently reduced to metallic silver by these chemicals.



	(d)

	
Terpenoids







The terpenoids identified include Cucurbitacin E, 10-Eicosene, 2-Tetradecylcyclobutanone, Turmerone, Nootkatone, Curlone, and Germacrone. These terpenoids can function as reducing agents due to their isoprene units, which contain multiple double bonds, enabling them to participate in redox processes.



	(e)

	
Glycosides







The identified glycosides include Hydrocortisone cypionate, Verproside, 2-O-alpha-D-Galactopyranosyl-1-deoxynojirimycin, 3-Phenylpropyl glucosinolate, 4′,8-Dimethylgossypetin 3-glucoside, and 19-Hydroxycinnzeylanol 19-glucoside. These compounds possess sugar moieties with aldehyde or ketone groups, allowing them to act as reducing agents.



	(f)

	
Fatty Acids and Derivatives







Phytanic acid, 2-Hexadecanone, (+)-12-Methyl myristic acid, cis-1,2-Dihydroxy-1,2-dihydro-8-methylnaphthalene, Docosanoic acid, 11-Cycloheptylundecanoic acid, Dodecanamide, and Stearamide are among the discovered fatty acids and their derivatives. These substances aid in the reduction of silver ions by having long hydrocarbon chains with functional groups that can contribute electrons.



	(g)

	
Other Compounds







Additional compounds identified include Antiarol, Naphthalene dihydrodiol, Sojagol, Sorbaldehyde, Terniflorin, N-Isopropylammelide, Isosorbide, Netilmicin, Pirbuterol, Dyphylline, 2-Hydroxy-6-oxo-7-methylocta-2,4-dienoate, 3-Methoxy-4-hydroxyphenylethylene glycol, and (±)-threo-1-(4-Hydroxyphenyl)-1,2,3-propanetriol. These compounds exhibit various functional groups, such as hydroxyl, carbonyl, and amine groups, which contribute to the reduction process. The secondary metabolites identified in the F. racemosa gall extract, including alkaloids (e.g., 1-Piperidinecarboxaldehyde, Sampangine, Acrimarine H), flavonoids (e.g., Quercetin 4′-glucoside, Quercetagetin 3′-methylether 7-glucoside, 2,3-Dehydrosilybin), phenolic compounds (e.g., 2,4-Dihydroxyacetophenone 5-sulfate, Fraxetin, Umbelliferone), terpenoids (e.g., 10-Eicosene, Cucurbitacin E, Solavetivone), glycosides (e.g., 2-O-alpha-D-Galactopyranosyl-1-deoxynojirimycin, Verproside), and fatty acids (e.g., 2-Hexadecanone, (+)-12-Methyl myristic acid, Docosanoic acid), play a pivotal role in the synthesis of silver nanoparticles (AgNPs). These compounds contain various functional groups, such as hydroxyl, carbonyl, and amine groups, which act as reducing agents to convert silver ions (Ag⁺) into metallic silver (Ag⁰). The LCMS results are consistent with the phytochemical and pharmacological profiles of the crude extracts of Ficus racemose [48,49,50,51,52,53]. The functional groups present in flavonoids and phenolic compounds play a crucial role in providing stability to the nanoparticles by preventing aggregation. Additionally, the long hydrocarbon chains in fatty acids and terpenoids contribute to steric stabilization, ensuring the stability and uniform dispersion of AgNPs. This synergistic interaction of secondary metabolites not only facilitates efficient reduction but also enhances the stabilization of AgNPs, highlighting the effectiveness of the green synthesis approach using F. racemosa leaf gall extract.




3.7. Antibacterial Activity of AgNPS


The antibacterial activity of gall mediated-AgNPs was evaluated against Staphylococcus aureus and Escherichia coli by measuring the zone of inhibition (Figure 9). The leaf gall extract alone exhibited moderate antibacterial activity, with inhibition zones of 7.33 ± 0.47 mm for S. aureus and 6.53 ± 0.47 mm for E. coli at a concentration of 5 µg. In contrast, the AgNPs synthesized using the extract showed significantly enhanced antibacterial activity. At 1 µg, the AgNPs produced inhibition zones of 8.66 ± 0.47 mm against S. aureus and 7.56 ± 0.47 mm against E. coli. Increasing the concentration to 5 µg resulted in inhibition zones of 10.66 ± 0.47 mm for S. aureus and 9.66 ± 0.47 mm for E. coli. These results clearly illustrate that the synthesized AgNPs are more effective antibacterial agents compared to the extract alone, likely due to their unique physicochemical properties that enhance their ability to disrupt bacterial cell walls and interfere with essential cellular processes. Thus, the AgNPs synthesized with F. racemosa leaf gall extract show promise as effective antibacterial agents against both Gram-positive and Gram-negative bacteria, warranting further studies to explore their mechanisms of action and potential applications in medical and environmental settings. Previous research has demonstrated the antibacterial properties of silver nanoparticles, which align with the findings of this study. Silver nanoparticles exert their antibacterial effects by attaching to bacterial membranes, penetrating them, and subsequently disrupting their functionality [54,55,56,57], Previous studies have highlighted the potent antibacterial properties of plant-mediated AgNPs. For instance, silver nanoparticles synthesized using Mentha piperita exhibit remarkable antibacterial activity against a variety of bacterial strains [58].




3.8. Anticancer Activity


The anticancer activity of silver nanoparticles (AgNPs) synthesized using the methanolic extract of F. racemosa gall was evaluated against Dalton’s Lymphoma Ascites (DLA) cells using the trypan blue exclusion method. The results revealed significant cytotoxic effects of the AgNPs on DLA cells (Figure 10). At a concentration of 1.25 µg/mL AgNPs, the cytotoxicity was 19.0 ± 2.2%. As the concentration increased to 2.5 µg/mL, the cytotoxicity rose to 49.7 ± 4.4%. At 5 µg/mL, the cytotoxicity was 30.4 ± 1.2%, and further increased to 58.1 ± 1.6% at 10 µg/mL. A significant cytotoxicity of 81.9 ± 1.6% was observed at 15 µg/mL. At 20 µg/mL, the cytotoxicity reached 150 ± 5%, indicating a high degree of cell death or a possible data recording error as percentages typically do not exceed 100%. The control tube, which contained only the cell suspension, exhibited five dead cells, establishing the baseline for the experiment. These findings indicate that the gall-mediated synthesized AgNPs exhibit potent cytotoxic activity against DLA cells in a dose-dependent manner, demonstrating their potential as effective anticancer agents. Previous studies support the anticancer activity of green-synthesized AgNPs. The potential toxicity of these nanoparticles to public health and the environment has been investigated using methanol leaf extracts of Gloriosa superba (L.), Plumbago indica, and Leucaena. These studies reveal that AgNPs synthesized from these extracts demonstrate significant dose-dependent cytotoxicity against DLA tumor cells, with Gloriosa superba (L.) achieving complete cell death at a concentration of 100 µg/mL. This research supports not only the therapeutic potential of these biologically synthesized AgNPs but also the critical need to evaluate their safety and environmental impact [59,60,61].




3.9. Chromosomal Aberration Assay


The use of biosynthesized AgNPs in chromosomal aberration studies provided compelling evidence of phytotoxicity induction, with minimal chromosomal abnormalities observed, as illustrated in Figure 11A–F. This was supported by clear findings showing root cells exposed to various concentrations of AgNPs, ranging from 100 µg to 500 µg. The study revealed very minor chromosomal aberrations such as disintegration of nuclei, sticky metaphase, and disintegrating prophase, with the genotoxic potential of AgNPs quantified as a percentage relative to both control and experimental conditions. The data analysis indicated that the Mitotic Index (MI) within the control group remained within the expected range. Similarly, in the experimental group, the percentage of chromosomal abnormalities was comparable to the control, with no significant alterations in %MI (Table 1). These findings suggest that the synthesized AgNPs do not cause substantial genotoxic or mito-depressive effects, indicating their biocompatibility and potential for environmental release without significant pollution to plants. Although previous studies have reported numerous aberrations caused by silver nanoparticles [59,62,63], the present study shows only minor aberrations at lower percentages for green-synthesized AgNPs, compared to earlier results [64,65,66,67,68,69,70].





4. Conclusions


In conclusion, this study has successfully demonstrated the environmentally friendly synthesis of silver nanoparticles (AgNPs) using gall extracts from Ficus racemosa, leveraging its rich phytochemical composition. The formation of AgNPs was comprehensively validated through UV-Vis spectroscopy, FTIR spectroscopy, TEM imaging, zeta potential analysis, and DLS measurements. UV-Vis spectroscopy confirmed the presence of a distinct surface plasmon resonance peak characteristic of AgNP formation, while FTIR analysis identified specific interactions between silver ions and phytochemicals in the gall extract. TEM images provided visual confirmation of the nanoscale morphology and size of the synthesized particles. Zeta potential and DLS analyses indicated excellent colloidal stability and size distribution of the AgNPs. Biological assays revealed significant antimicrobial activity against Escherichia coli and Staphylococcus aureus, as demonstrated by the disc diffusion method. Anticancer potential was evidenced through substantial cytotoxicity against Dalton’s Lymphoma Ascites (DLA) cells in the trypan blue exclusion assay. Moreover, the AgNPs exhibited lesser chromosomal aberrations in Allium cepa root cells. Overall, this research confirms the efficacy of Ficus racemosa gall extracts for green synthesis of AgNPs, offering a sustainable method for producing nanoparticles with robust biological applications. These findings suggest promising applications in medical and agricultural fields, warranting further exploration and application development.







Author Contributions


Conceptualization, A.P.A., K.N.J. and V.S.B.; Data curation, A.M., K.N.J. and K.V.Z.; Formal analysis, O.S., N.D. and P.A.J.; Investigation, O.S. and N.D.; Methodology, O.S., N.D., A.P.A., K.N.J., V.S.B. and P.S.; Project administration, A.P.A.; Resources, K.V.Z., P.A.J. and K.P.V.; Software, A.M., K.B.R. and K.P.V.; Supervision, A.P.A.; Validation, K.B.R. and P.S.; Visualization, V.S.B.; Writing—original draft, O.S., A.P.A. and K.N.J.; Writing—review & editing, A.P.A. and A.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data generated and analyzed during the current study are available from the corresponding author upon reasonable request.




Acknowledgments


We thank Sophisticated Test and Instrumentation Centre (STIC) Cochin, Kerala, India for TEM analysis.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Hasan, S. A Review on Nanoparticles: Their Synthesis and Types. Res. J. Recent Sci. 2015, 4, 1–3. [Google Scholar]

	



Kharissova, O.V.; Dias, H.V.R.; Kharisov, B.I.; Pérez, B.O.; Pérez, V.M.J. The Greener Synthesis of Nanoparticles. Trends Biotechnol. 2013, 31, 240–248. [Google Scholar] [CrossRef] [PubMed]

	



Modena, M.M.; Rühle, B.; Burg, T.P.; Wuttke, S. Nanoparticle Characterization: What to Measure? Adv. Mater. 2019, 31, 1901556. [Google Scholar] [CrossRef]

	



Bhosale, M.A.; Bhanage, B.M. Silver Nanoparticles: Synthesis, Characterization and Their Application as a Sustainable Catalyst for Organic Transformations. Curr. Org. Chem. 2015, 19, 708–727. [Google Scholar] [CrossRef]

	



Ajaykumar, A.P.; Sabira, O.; Sebastian, M.; Varma, S.R.; Roy, K.B.; Binitha, V.S.; Rasheed, V.A.; Jayaraj, K.N.; Vignesh, A.R. A Novel Approach for the Biosynthesis of Silver Nanoparticles Using the Defensive Gland Extracts of the Beetle, Luprops tristis Fabricius. Sci. Rep. 2023, 13, 10186. [Google Scholar] [CrossRef] [PubMed]

	



Wong, K.K.Y.; Cheung, S.O.F.; Huang, L.; Niu, J.; Tao, C.; Ho, C.-M.; Che, C.-M.; Tam, P.K.H. Further Evidence of the Anti-Inflammatory Effects of Silver Nanoparticles. ChemMedChem 2009, 4, 1129–1135. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.-F.; Liu, Z.-G.; Shen, W.; Gurunathan, S. Silver Nanoparticles: Synthesis, Characterization, Properties, Applications, and Therapeutic Approaches. Int. J. Mol. Sci. 2016, 17, 1534. [Google Scholar] [CrossRef] [PubMed]

	



Ajaykumar, A.P.; Mathew, A.; Chandni, A.P.; Varma, S.R.; Jayaraj, K.N.; Sabira, O.; Rasheed, V.A.; Binitha, V.S.; Swaminathan, T.R.; Basheer, V.S.; et al. Green Synthesis of Silver Nanoparticles Using the Leaf Extract of the Medicinal Plant, Uvaria Narum and Its Antibacterial, Antiangiogenic, Anticancer and Catalytic Properties. Antibiotics 2023, 12, 564. [Google Scholar] [CrossRef] [PubMed]

	



Ajaykumar, A.P.; Sabira, O.; Binitha, V.S.; Varma, S.R.; Mathew, A.; Jayaraj, K.N.; Janish, P.A.; Zeena, K.V.; Sheena, P.; Venugopal, V.; et al. Bio-Fabricated Silver Nanoparticles from the Leaf Extract of the Poisonous Plant, Holigarna Arnottiana: Assessment of Antimicrobial, Antimitotic, Anticancer, and Radical-Scavenging Properties. Pharmaceutics 2023, 15, 2468. [Google Scholar] [CrossRef]

	



Sabira, O.; Anthyalam Parambil, A. Bio-Synthesis of Copper Oxide Nanoparticles Using Beetle Defensive Gland Extract: Exploring Diverse Applications. Int. J. Nano Dimens. 2024, 659, e844f1d071. [Google Scholar] [CrossRef]

	



Keat, C.L.; Aziz, A.; Eid, A.M.; Elmarzugi, N.A. Biosynthesis of Nanoparticles and Silver Nanoparticles. Bioresour. Bioprocess. 2015, 2, 47. [Google Scholar] [CrossRef]

	



Mani, M.S. Ecology of Plant Galls; Springer: Dordrecht, The Netherlands, 2013; ISBN 978-94-017-6230-4. [Google Scholar]

	



Harris, M.O.; Pitzschke, A. Plants Make Galls to Accommodate Foreigners: Some Are Friends, Most Are Foes. New Phytol. 2020, 225, 1852–1872. [Google Scholar] [CrossRef] [PubMed]

	



Patil, M.P.; Rokade, A.A.; Ngabire, D.; Kim, G.-D. Green Synthesis of Silver Nanoparticles Using Water Extract from Galls of Rhus Chinensis and Its Antibacterial Activity. J. Clust. Sci. 2016, 27, 1737–1750. [Google Scholar] [CrossRef]

	



Khatamifar, M.; Fatemi, S.J.; Torkzadeh-Mahani, M.; Mohammadi, M.; Hassanshahian, M. Green and Eco-Friendly Synthesis of Silver Nanoparticles by Quercus infectoria Galls Extract: Thermal Behavior, Antibacterial, Antioxidant and Anticancer Properties. Part. Sci. Technol. 2022, 40, 281–289. [Google Scholar] [CrossRef]

	



Banc, R.; Rusu, M.E.; Filip, L.; Popa, D.-S. Phytochemical Profiling and Biological Activities of Quercus Sp. Galls (Oak Galls): A Systematic Review of Studies Published in the Last 5 Years. Plants 2023, 12, 3873. [Google Scholar] [CrossRef] [PubMed]

	



Mustapha, T.; Misni, N.; Ithnin, N.R.; Daskum, A.M.; Unyah, N.Z. A Review on Plants and Microorganisms Mediated Synthesis of Silver Nanoparticles, Role of Plants Metabolites and Applications. Int. J. Environ. Res. Public Health 2022, 19, 674. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, F.; Urooj, A. Traditional Uses, Medicinal Properties, and Phytopharmacology of Ficus racemosa: A Review. Pharm. Biol. 2010, 48, 672–681. [Google Scholar] [CrossRef]

	



Bhalerao, S.; Verma, D.; Teli, N.; Didwana, V.; Thakur, S. Ficus racemosa Linn.: A Comprehensive Review. J. Appl. Chem. 2014, 3, 1423–1431. [Google Scholar]

	



Deep, P.; Singh, A.K. Pharmacological Potentials of Ficus racemosa—A Review. Int. J. Pharm. Sci. Rev. Res. 2013, 22, 29–34. [Google Scholar]

	



Yadav, R.K.; Nandy, B.C.; Maity, S.; Sarkar, S.; Saha, S. Phytochemistry, Pharmacology, Toxicology, and Clinical Trial of Ficus racemosa. Pharmacogn. Rev. 2015, 9, 73–80. [Google Scholar] [CrossRef]

	



Subba Rao, Y.; Kotakadi, V.S.; Prasad, T.N.V.K.V.; Reddy, A.V.; Sai Gopal, D.V.R. Green Synthesis and Spectral Characterization of Silver Nanoparticles from Lakshmi Tulasi (Ocimum sanctum) Leaf Extract. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2013, 103, 156–159. [Google Scholar] [CrossRef] [PubMed]

	



Shaik, M.R.; Khan, M.; Kuniyil, M.; Al-Warthan, A.; Alkhathlan, H.Z.; Siddiqui, M.R.H.; Shaik, J.P.; Ahamed, A.; Mahmood, A.; Khan, M.; et al. Plant-Extract-Assisted Green Synthesis of Silver Nanoparticles Using Origanum vulgare L. Extract and Their Microbicidal Activities. Sustainability 2018, 10, 913. [Google Scholar] [CrossRef]

	



Mathew, A.; Analiparambil Ravindran, R.; Vazhanthodi, A.R.; Valiyaparmbil Sivadasan, B.; Ovungal, S.; Madathilpadi Subrahmanian, S.; Chittadimangalath, P.; Anthyalam Parambil, A. Microwave-Assisted Greener Synthesis of Silver Nanoparticles Using Entada Rheedii Leaf Extract and Investigation of Its Anticancer and Antimicrobial Properties. Int. J. Nano Dimens. 2022, 13, 329–334. [Google Scholar]

	



Perveen, R.; Shujaat, S.; Naz, M.; Qureshi, M.Z.; Nawaz, S.; Shahzad, K.; Ikram, M. Green Synthesis of Antimicrobial Silver Nanoparticles with Brassicaceae Seeds. Mater. Res. Express 2021, 8, 055007. [Google Scholar] [CrossRef]

	



Zayed, M.F.; Eisa, W.H.; Shabaka, A.A. Malva parviflora Extract Assisted Green Synthesis of Silver Nanoparticles. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2012, 98, 423–428. [Google Scholar] [CrossRef] [PubMed]

	



Jain, S.; Mehata, M.S. Medicinal Plant Leaf Extract and Pure Flavonoid Mediated Green Synthesis of Silver Nanoparticles and Their Enhanced Antibacterial Property. Sci. Rep. 2017, 7, 15867. [Google Scholar] [CrossRef]

	



Nandiyanto, A.; Ragadhita, R.; Fiandini, M.; Ijost, I. Interpretation of Fourier Transform Infrared Spectra (FTIR): A Practical Approach in the Polymer/Plastic Thermal Decomposition. Indones. J. Sci. Technol. 2023, 8, 113–126. [Google Scholar] [CrossRef]

	



Oh, S.Y.; Yoo, D.I.; Shin, Y.; Seo, G. FTIR Analysis of Cellulose Treated with Sodium Hydroxide and Carbon Dioxide. Carbohydr. Res. 2005, 340, 417–428. [Google Scholar] [CrossRef]

	



Das, K.; Kendall, C.; Isabelle, M.; Fowler, C.; Christie-Brown, J.; Stone, N. FTIR of Touch Imprint Cytology: A Novel Tissue Diagnostic Technique. J. Photochem. Photobiol. B Biol. 2008, 92, 160–164. [Google Scholar] [CrossRef]

	



Zenobi, M.C.; Luengo, C.V.; Avena, M.J.; Rueda, E.H. An ATR-FTIR Study of Different Phosphonic Acids in Aqueous Solution. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2008, 70, 270–276. [Google Scholar] [CrossRef]

	



Yuan, Y.; Teja, A.S. Quantification of Specific Interactions between CO2 and the Carbonyl Group in Polymers via ATR-FTIR Measurements. J. Supercrit. Fluids 2011, 56, 208–212. [Google Scholar] [CrossRef]

	



Bala, K.; Barmanray, A. Functional Group Analysis of Lyophilized Pulp and Seed Powder of Phalsa (Grewia asiatica). J. Pharmacogn. Phytochem. 2019, 8, 873–878. [Google Scholar]

	



Zhao, Z.; Yang, Z.; Hu, Y.; Li, J.; Fan, X. Multiple Functionalization of Multi-Walled Carbon Nanotubes with Carboxyl and Amino Groups. Appl. Surf. Sci. 2013, 276, 476–481. [Google Scholar] [CrossRef]

	



Daffalla, S.; Mukhtar, H.; Shaharun, M. Characterization of Adsorbent Developed from Rice Husk: Effect of Surface Functional Group on Phenol Adsorption. J. Appl. Sci. 2010, 10, 1060–1067. [Google Scholar] [CrossRef]

	



Al ahmad, A.; Al-Zereini, W.A.; Hijazin, T.J.; Al-Madanat, O.Y.; Alghoraibi, I.; Al-Qaralleh, O.; Al-Qaraleh, S.; Feldhoff, A.; Walter, J.G.; Scheper, T. Green synthesis of silver nanoparticles using Hypericum perforatum L. aqueous extract with the evaluation of its antibacterial activity against clinical and food pathogens. Pharmaceutics 2022, 14, 1104. [Google Scholar] [CrossRef] [PubMed]

	



Roy, K.; Sarkar, C.K.; Ghosh, C.K. Photocatalytic Activity of Biogenic Silver Nanoparticles Synthesized Using Yeast (Saccharomyces cerevisiae) Extract. Appl. Nanosci. 2015, 5, 953–959. [Google Scholar] [CrossRef]

	



Kudle, K.; Donda, M.; Merugu, R.; Prashanthi, Y.; Rudra, M. Microwave Assisted Green Synthesis of Silver Nanoparticles Using Stigmaphyllon Littorale Leaves Their Characterization and Anti-Microbial Activity. Int. J. Nanomater. Biostructures 2013, 3, 13–16. [Google Scholar]

	



Bindhu, M.R.; Umadevi, M. Synthesis of Monodispersed Silver Nanoparticles Using Hibiscus cannabinus Leaf Extract and Its Antimicrobial Activity. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2013, 101, 184–190. [Google Scholar] [CrossRef] [PubMed]

	



Roopan, S.M.; Rohit; Madhumitha, G.; Rahuman, A.A.; Kamaraj, C.; Bharathi, A.; Surendra, T.V. Low-Cost and Eco-Friendly Phyto-Synthesis of Silver Nanoparticles Using Cocos nucifera Coir Extract and Its Larvicidal Activity. Ind. Crops Prod. 2013, 43, 631–635. [Google Scholar] [CrossRef]

	



Singhal, G.; Bhavesh, R.; Kasariya, K.; Sharma, A.R.; Singh, R.P. Biosynthesis of Silver Nanoparticles Using Ocimum sanctum (Tulsi) Leaf Extract and Screening Its Antimicrobial Activity. J. Nanopart Res. 2011, 13, 2981–2988. [Google Scholar] [CrossRef]

	



Mason, C.; Vivekanandhan, S.; Misra, M.; Mohanty, A.K. Switchgrass (Panicum virgatum) Extract Mediated Green Synthesis of Silver Nanoparticles. WJNSE 2012, 02, 47–52. [Google Scholar] [CrossRef]

	



Anandalakshmi, K.; Venugobal, J.; Ramasamy, V. Characterization of Silver Nanoparticles by Green Synthesis Method Using Pedalium Murex Leaf Extract and Their Antibacterial Activity. Appl. Nanosci. 2016, 6, 399–408. [Google Scholar] [CrossRef]

	



Ahmed, S.; Saifullah; Ahmad, M.; Swami, B.L.; Ikram, S. Green Synthesis of Silver Nanoparticles Using Azadirachta indica Aqueous Leaf Extract. J. Radiat. Res. Appl. Sci. 2016, 9, 1–7. [Google Scholar] [CrossRef]

	



Shameli, K.; Ahmad, M.B.; Shabanzadeh, P.; Jaffar Al-Mulla, E.A.; Zamanian, A.; Abdollahi, Y.; Jazayeri, S.D.; Eili, M.; Jalilian, F.A.; Haroun, R.Z. Effect of Curcuma Longa Tuber Powder Extract on Size of Silver Nanoparticles Prepared by Green Method. Res. Chem. Intermed. 2014, 40, 1313–1325. [Google Scholar] [CrossRef]

	



Carson, L.; Bandara, S.; Joseph, M.; Green, T.; Grady, T.; Osuji, G.; Weerasooriya, A.; Ampim, P.; Woldesenbet, S. Green Synthesis of Silver Nanoparticles with Antimicrobial Properties Using Phyla Dulcis Plant Extract. Foodborne Pathog. Dis. 2020, 17, 504–511. [Google Scholar] [CrossRef] [PubMed]

	



Paosen, S.; Saising, J.; Wira Septama, A.; Piyawan Voravuthikunchai, S. Green Synthesis of Silver Nanoparticles Using Plants from Myrtaceae Family and Characterization of Their Antibacterial Activity. Mater. Lett. 2017, 209, 201–206. [Google Scholar] [CrossRef]

	



Raj, S.; Chand Mali, S.; Trivedi, R. Green Synthesis and Characterization of Silver Nanoparticles Using Enicostemma axillare (Lam.) Leaf Extract. Biochem. Biophys. Res. Commun. 2018, 503, 2814–2819. [Google Scholar] [CrossRef] [PubMed]

	



El Mannoubi, I.; Barrek, S.; Skanji, T.; Zarrouk, H. Antioxidant Activities and HPLC/UV/MS Characterization of Flavonoid Extracts from Opuntia ficus indica Seeds and Peels. Acta Hortic. 2010, 853, 189–198. [Google Scholar] [CrossRef]

	



Elish, S.E.A.A.; Temraz, A.; Hassan Baky, M. Phytochemical Diversity of Genus Ficus: A Mini Review. ERU Res. J. 2023, 2, 502–524. [Google Scholar] [CrossRef]

	



Lia, S.; Mohiuddin, A.K. Phytochemical Screening & Biological Investigations of Ficus racemosa. Open Access J. Complement. Altern. Med. 2020, 2, 202–236. [Google Scholar] [CrossRef]

	



Mohiuddin, A.K.; Lia, S. Medicinal & Biological Investigations of Ficus racemosa. For. Agric. Rev. 2020, 1, 29–81. [Google Scholar] [CrossRef]

	



More, R.V.; Chavan, S.S.; Shekade, P.P.; Dhabe, A.S. Production of Wine from Ficus racemosa L. Fruits and Phytochemical Screening through HRLC-MS Technique. J. Pharmacogn. Phytochem. 2024, 13, 171–173. [Google Scholar] [CrossRef]

	



Pahari, N.; Majumdar, S.; Karati, D.; Mazumder, R. Exploring the Pharmacognostic Properties and Pharmacological Activities of Phytocompounds Present in Ficus racemosa Linn.: A Concise Review. Pharmacol. Res.—Mod. Chin. Med. 2022, 4, 100137. [Google Scholar] [CrossRef]

	



Bokaeian, M.; Sheikh, M.; Hassanshahian, M.; Saeidi, S.; Sahraei, S. The Antibacterial Activity of Silver Nanoparticles Produced in the Plant Sesamum Indicum Seed Extract: A Green Method Against Multi-Drug Resistant Escherichia coli. Int. J. Enteric Pathog. 2014, 2, e17928. [Google Scholar] [CrossRef]

	



Kotakadi, V.S.; Gaddam, S.A.; Venkata, S.K.; Sai Gopal, D.V.R. New Generation of Bactericidal Silver Nanoparticles against Different Antibiotic Resistant Escherichia coli Strains. Appl. Nanosci. 2015, 5, 847–855. [Google Scholar] [CrossRef]

	



Momeni, M.; Asadi, S.; Samer; Shanbedi, M. Mehdi Antimicrobial Effect of Silver Nanoparticles Synthesized with Bougainvillea Glabra Extract on Staphylococcus aureus and Escherichia coli. Iran. J. Chem. Chem. Eng.-Int. Engl. Ed. 2021, 40, 395–405. [Google Scholar] [CrossRef]

	



MubarakAli, D.; Thajuddin, N.; Jeganathan, K.; Gunasekaran, M. Plant Extract Mediated Synthesis of Silver and Gold Nanoparticles and Its Antibacterial Activity against Clinically Isolated Pathogens. Colloids Surf. B Biointerfaces 2011, 85, 360–365. [Google Scholar] [CrossRef] [PubMed]

	



Kanagamani, K.; Muthukrishnan, P.; Ilayaraja, M.; Vinoth Kumar, J.; Shankar, K.; Kathiresan, A. Synthesis of Leucaena Mediated Silver Nanoparticles: Assessing Their Photocatalytic Degradation of Cr (VI) and in Vitro Cytotoxicity against DLA Cells. J. Photochem. Photobiol. A Chem. 2017, 346, 470–478. [Google Scholar] [CrossRef]

	



Muthukrishnan, S.; Vellingiri, B.; Murugesan, G. Anticancer Effects of Silver Nanoparticles Encapsulated by Gloriosa superba (L.) Leaf Extracts in DLA Tumor Cells. Future J. Pharm. Sci. 2018, 4, 206–214. [Google Scholar] [CrossRef]

	



Sujin Jeba Kumar, T.; Balavigneswaran, C.K.; Moses Packiaraj, R.; Veeraraj, A.; Prakash, S.; Natheer Hassan, Y.; Srinivasakumar, K.P. Green Synthesis of Silver Nanoparticles by Plumbago Indica and Its Antitumor Activity Against Dalton’s Lymphoma Ascites Model. BioNanoScience 2013, 3, 394–402. [Google Scholar] [CrossRef]

	



Cvjetko, P.; Milošić, A.; Domijan, A.-M.; Vinković Vrček, I.; Tolić, S.; Peharec Štefanić, P.; Letofsky-Papst, I.; Tkalec, M.; Balen, B. Toxicity of Silver Ions and Differently Coated Silver Nanoparticles in Allium cepa Roots. Ecotoxicol. Environ. Saf. 2017, 137, 18–28. [Google Scholar] [CrossRef]

	



Heikal, Y.M.; Şuţan, N.A.; Rizwan, M.; Elsayed, A. Green Synthesized Silver Nanoparticles Induced Cytogenotoxic and Genotoxic Changes in Allium cepa L. Varies with Nanoparticles Doses and Duration of Exposure. Chemosphere 2020, 243, 125430. [Google Scholar] [CrossRef]

	



Kumari, M.; Mukherjee, A.; Chandrasekaran, N. Genotoxicity of Silver Nanoparticles in Allium cepa. Sci. Total Environ. 2009, 407, 5243–5246. [Google Scholar] [CrossRef] [PubMed]

	



Abdelsalam, N.R.; Abdel-Megeed, A.; Ali, H.M.; Salem, M.Z.M.; Al-Hayali, M.F.A.; Elshikh, M.S. Genotoxicity Effects of Silver Nanoparticles on Wheat (Triticum aestivum L.) Root Tip Cells. Ecotoxicol. Environ. Saf. 2018, 155, 76–85. [Google Scholar] [CrossRef] [PubMed]

	



Borovaya, M.; Naumenko, A.; Horiunova, I.; Plokhovska, S.; Blume, Y.; Yemets, A. “Green” Synthesis of Ag2S Nanoparticles, Study of Their Properties and Bioimaging Applications. Appl. Nanosci. 2020, 10, 4931–4940. [Google Scholar] [CrossRef]

	



Ghosh, M.; Manivannan, J.; Sinha, S.; Chakraborty, A.; Mallick, S.K.; Bandyopadhyay, M.; Mukherjee, A. In Vitro and in Vivo Genotoxicity of Silver Nanoparticles. Mutat. Res./Genet. Toxicol. Environ. Mutagen. 2012, 749, 60–69. [Google Scholar] [CrossRef] [PubMed]

	



Pesnya, D.S. Cytogenetic Effects of Chitosan-Capped Silver Nanoparticles in the Allium cepa Test. Caryologia 2013, 66, 275–281. [Google Scholar] [CrossRef]

	



Pesnya, D.S.; Romanovsky, A.V. Comparison of Cytotoxic and Genotoxic Effects of Plutonium-239 Alpha Particles and Mobile Phone GSM 900 Radiation in the Allium cepa Test. Mutat. Res./Genet. Toxicol. Environ. Mutagen. 2013, 750, 27–33. [Google Scholar] [CrossRef]

	



Yekeen, T.A.; Azeez, M.A.; Akinboro, A.; Lateef, A.; Asafa, T.B.; Oladipo, I.C.; Oladokun, S.O.; Ajibola, A.A. Safety Evaluation of Green Synthesized Cola Nitida Pod, Seed and Seed Shell Extract-Mediated Silver Nanoparticles (AgNPs) Using an Allium cepa Assay. J. Taibah Univ. Sci. 2017, 11, 895–909. [Google Scholar] [CrossRef]








[image: Pharmaceutics 16 01025 g001] 





Figure 1. (A,B) Ficus recemosa leaf with gall; (C) Isolated galls; (D) leaf galls opened. 
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Figure 2. Color change of gall extract mixed with AgNO3 and after Microwave treatment; the color change from yellow to brown indicates formation of AgNPs. 
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Figure 3. UV-Vis spectra of pure gall extract as reference and synthesised AgNPs. 
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Figure 4. FTIR spectra of lyophilized AgNPs and gall extract. 
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Figure 5. HR-TEM image of AgNPs with histogram showing mean size of nanoparticles. 
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Figure 6. Dynamic Light Scattering of AgNPs. 
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Figure 7. Zeta measurement of AgNPs. 
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Figure 8. LC-MS Q-TOF analysis of leaf gall extract of F. recemosa. 
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Figure 9. Antibacterial activity of AgNPs evaluated against Escherichia coli (A) and Staphylococcus aureus (B). 
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Figure 10. Anticancer activity of AgNPs on DLA cells. 
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Figure 11. (A)—Normal Nuclei, (B)—Disintegrating Nuclei, (C)—Normal Prophase, (D)—Disintegrating Prophase, (E)—Normal Metaphase, (F)—Sticky Metaphase. 
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Table 1. Effect of AgNPs on Allium cepa.
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Treatment

	
Concentration

(µL)

	
Mitotic Index

(% ± SD)

	
Chromosomal Aberration

(% ± SD)






	
Control

(Distilled water)

	
100 µL

	
11.41 ± 0.21

	
NIL




	
200 µL

	
12.69 ± 0.21

	
NIL




	
300 µL

	
13.14 ± 0.21

	
NIL




	
400 µL

	
14.79 ± 0.21

	
NIL




	
500 µL

	
15.24 ± 0.21

	
NIL




	
Experiment

(Biosynthesize