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Electrolyzed Silver Nanoparticles from Aegle marmelos Leaf Extract: A Comparative Study of Antibacterial Potential


ABSTRACT
Aims: To synthesise and characterise silver nanoparticles (AgNPs) using Aegle marmelos leaf extract and evaluate their antibacterial efficacy against selected pathogenic bacteria.
Study Design: Experimental laboratory-based comparative study.
Place and Duration of Study: Department of Biotechnology, Dr D.Y. Patil College of Arts, Commerce and Science, Pimpri, Pune, India, conducted between January 2024 and June 2025.
Methodology: AgNPs were synthesised via green synthesis using Aegle marmelos leaf extract, followed by electrolysis to enhance nanoparticle stability and antibacterial activity. Characterisation was performed using UV-Visible spectroscopy, Fourier-transform infrared spectroscopy (FTIR), and zeta potential analysis. Antibacterial efficacy was assessed using the disc diffusion method against Escherichia coli. Zone of inhibition was measured and compared across treatments, including AgNPs, electrolysed AgNPs (EAgNPs), silver nitrate (AgNO₃), and standard antibiotics.
Results: Electrolysed AgNPs showed significantly enhanced antibacterial activity compared to non-electrolysed AgNPs and AgNO₃. Maximum inhibition zones were observed against E. coli (20 mm), followed by S. aureus (18 mm) and Bacillus spp. (16 mm). UV-Visual spectra confirmed nanoparticle formation with a peak at 423 nm. FTIR analysis indicated the presence of functional groups responsible for reduction and stabilisation. Zeta potential values indicated good stability of EAgNPs (−32.5 mV), suggesting reduced agglomeration and increased surface reactivity.
Conclusion: Electrolysis significantly improves the antibacterial efficacy and stability of green-synthesised AgNPs. The study demonstrates the potential of Aegle marmelos-based nanoparticle synthesis as an eco-friendly alternative to conventional antibiotics, contributing to the fight against antimicrobial resistance.
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1. INTRODUCTION 
The emergence of antimicrobial resistance (AMR) has become a pressing global health concern, as conventional antibiotics are increasingly ineffective against bacterial infections ((Solanki et al. 2022). Since the discovery of penicillin in 1928, antibiotics have been the cornerstone of infection management(Tan and Tatsumura 2015).However, as reported by the World Health Organization (WHO), drug-resistant infections are now responsible for thousands of deaths each year and contribute to prolonged hospitalisations, escalating healthcare costs, and increased mortality. Such infections lead to prolonged hospitalisations, increased healthcare costs, and higher mortality rates(Allel et al. 2024). Furthermore, global mortality associated with antibiotic-resistant infections is projected to rise significantly in the coming years, posing a major threat to public health worldwide (Chinemerem Nwobodo et al. 2022). 
Bacteria employ multiple mechanisms to develop resistance. Spontaneous mutations may alter antibiotic target sites, thereby reducing drug efficacy (Mancuso et al. 2021). In addition, bacteria readily acquire resistance genes through horizontal gene transfer mechanisms such as plasmids, transposons, and bacteriophages, which facilitate the rapid dissemination of resistance traits within microbial communities(Tao et al. 2022). Efflux pumps provide another defence strategy by actively expelling antibiotics from the cell, lowering intracellular drug concentrations, and contributing to multidrug resistance(Gaurav et al. 2023). Furthermore, many bacteria form biofilms—complex, self-produced extracellular matrices—that act as protective barriers against both antimicrobial agents and host immune responses. (Sinha, Aggarwal, and Singh 2024). Collectively, these adaptive mechanisms enhance bacterial survival under antibiotic pressure and accelerate the global crisis of antimicrobial resistance.
Nanotechnology has gained prominence as a promising approach to overcoming AMR. Nanoparticles possess unique physicochemical properties—small size, high surface area, and enhanced reactivity—that make them effective antimicrobial agents. Among these, silver nanoparticles (AgNPs) are especially noteworthy for their broad-spectrum antibacterial activity, mediated through multiple mechanisms such as membrane disruption, protein denaturation, and reactive oxygen species (ROS) generation (Habibi-Pirkoohi and Soleimani 2016; Yin et al. 2020). These diverse modes of action make it difficult for bacteria to develop resistance against AgNPs. Furthermore, AgNPs can act synergistically with conventional antibiotics, allowing lower drug dosages while maintaining strong antibacterial efficacy (Vazquez-Muñoz et al. 2019)
Despite these advantages, challenges remain. Conventional chemical methods for nanoparticle synthesis often involve toxic reagents and generate environmental concerns. To address this, green synthesis using plant extracts has emerged as a sustainable alternative, providing both reducing and stabilising agents for nanoparticle formation(Vanlalveni et al. 2021) . Aegle marmelos (Bael), a medicinal plant with known antimicrobial properties, represents an attractive candidate for eco-friendly nanoparticle production(Rama et al. 2023). However, green-synthesised nanoparticles may still face limitations in terms of stability and uniformity(Saxena et al. 2025). 
Electrolysis has been introduced as an additional step to overcome these drawbacks. By enhancing surface charge and purity, electrolysis reduces agglomeration and improves nanoparticle stability, which in turn enhances antibacterial activity (Raisanen et al. 2022). This dual approach—combining green synthesis with electrolysis—offers an effective and environmentally friendly strategy for developing potent antimicrobial agents.
The present study, therefore, aimed to synthesise AgNPs using Aegle marmelos leaf extract and subsequently enhance their stability and activity through electrolysis. A comparative evaluation was carried out between electrolyzed AgNPs and conventionally synthesized AgNPs to assess differences in their antibacterial efficacy against selected pathogenic bacteria. By integrating green synthesis with electrochemical processing, this work highlights a sustainable and effective approach for developing nanomaterials with superior antimicrobial properties to address the growing challenge of AMR.
2. MATERIALS AND METHODS
2.1 Preparation of Plant Extract
Fresh Aegle marmelos leaves were collected locally, washed thoroughly with distilled water to remove surface impurities, and chopped into small pieces. Approximately 10 g of the leaves were boiled in 100 mL of distilled water for 10 minutes. The extract was filtered using Whatman No. 1 filter paper and stored at 4°C for further use.
2.2 Synthesis of Silver Nanoparticles
A 1 mM aqueous solution of silver nitrate (AgNO₃) was prepared and heated to 70°C using a magnetic stirrer. The prepared Aegle marmelos leaf extract was added dropwise to the AgNO₃ solution under continuous stirring. A visible color change from transparent to yellowish-brown indicated the formation of silver nanoparticles (AgNPs). The solution was cooled and stored in amber bottles for characterization.
2.3 Electrolysis of Silver Nanoparticles
To enhance the stability and surface activity of the synthesized AgNPs, electrolysis was performed using a standard electrolysis unit with graphite electrodes. The nanoparticle solution was subjected to electrolysis for 5, 10, and 20 minutes. Samples were collected at each interval and labelled accordingly as EAgNPs (Electrolyzed AgNPs). These were stored at 4°C until further analysis.
2.4 Characterization of Nanoparticles
UV–Visible spectrophotometry was employed to monitor the synthesis of silver nanoparticles (AgNPs) and electrolyzed silver nanoparticles (EAgNPs). The nanoparticle solutions were scanned using a UV–Visible spectrophotometer across the wavelength range of 300–700 nm. Spectral data were recorded to detect the characteristic Surface Plasmon Resonance (SPR) band, which serves as an indicator of nanoparticle formation. All measurements were performed under ambient conditions, and the spectra were analyzed to confirm the optical properties of the synthesized nanoparticles.
2.4.2 Zeta Potential and Particle Size Analysis
The colloidal stability and size distribution of the synthesized nanoparticles were evaluated using a zeta potential and particle size analyzer. Samples of electrolyzed silver nanoparticles (EAgNPs) were prepared and introduced into the instrument following standard protocols. Zeta potential measurements were recorded to determine the surface charge and predict the dispersion behavior of the nanoparticles. Particle size analysis was conducted to assess the uniformity and average diameter of the nanoparticle population.
2.4.3 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectroscopy was employed to identify the functional groups involved in the reduction and stabilization of silver nanoparticles. Dried samples of AgNPs were mixed with potassium bromide (KBr) and pressed into pellets. Spectral data were collected in the range of 4000–400 cm⁻¹ using an FTIR spectrometer. The resulting spectra were analyzed to detect characteristic peaks corresponding to phytochemical constituents from the *Aegle marmelos* leaf extract, which act as reducing and capping agents during nanoparticle synthesis.
2.5.1 Preparation of Bacterial Cultures
Bacterial strains including Escherichia coli, Bacillus spp., and Staphylococcus aureus were obtained from laboratory stock cultures. These were grown in nutrient broth and incubated at 37°C for 24 hours. The cultures were adjusted to 0.5 McFarland standard (≈1.5 × 10⁸ CFU/mL) for uniformity.
2.5.2 Disc Diffusion Method
Mueller–Hinton Agar plates were prepared and inoculated with bacterial suspensions using sterile cotton swabs. Sterile paper discs (6 mm diameter) were impregnated with 20 µL of AgNPs, EAgNPs, AgNO₃ solution, and standard antibiotics. The discs were placed on the agar surface and incubated at 37°C for 24 hours. Zones of inhibition were measured in millimeters to evaluate antibacterial efficacy.
2.5.3 Comparative Analysis
The antibacterial activity of EAgNPs was compared with that of non-electrolyzed AgNPs, AgNO₃, and standard antibiotics. All experiments were conducted in triplicate to ensure reproducibility and statistical reliability.

3.0 Results and Discussion
3.1 Synthesis and Visual Observation
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AI-generated content may be incorrect.]The synthesis of silver nanoparticles (AgNPs) was visually confirmed by a distinct color change of the AgNO₃ solution from pale yellow to brown upon addition of Aegle marmelos leaf extract, which is characteristic of nanoparticle formation due to surface plasmon resonance (SPR). Electrolyzed AgNPs (EAgNPs) displayed a darker, more stable dispersion, suggesting improved uniformity and stability of the colloid.






Figure 1: AgNPs synthesized from Aegle marmelos 
3.2 UV–Visible Spectroscopy
[image: A screen with a graph on it

AI-generated content may be incorrect.]UV–Visible spectra revealed a prominent band at 423 nm, confirming the formation of AgNPs. The narrow peak indicates relatively monodispersed particles. Electrolyzed samples showed sharper and more intense peaks, reflecting improved crystallinity and reduced agglomeration. These findings are in agreement with earlier reports, where Aegle marmelos-derived AgNPs displayed SPR peaks between 420–450 nm (Rama et al., 2023). The observed peak position also aligns with other green-synthesized AgNPs, where SPR typically appears in the 400–450 nm range depending on particle size and capping agents (Vanlalveni et al., 2021). The sharper peaks in our electrolyzed samples indicate a beneficial effect of electrolysis, as electrochemical processing has been reported to improve nanoparticle purity and optical properties (Raisanen et al., 2022).






Figure 2: UV–Vis absorption spectrum of silver nanoparticles (AgNPs) synthesized using Aegle marmelos
3.3 Zeta Potential and Particle Size Analysis
[image: ]Dynamic light scattering (DLS) and zeta potential measurements further supported the effect of electrolysis on nanoparticle stability (Table 1). Non-electrolyzed AgNPs showed an average size of ~67 nm with zeta potentials around −20 to −25 mV, reflecting moderate stability. In contrast, electrolyzed AgNPs displayed mean sizes of ~71–81 nm with more negative zeta potentials (−26 to −28 mV), indicating improved electrostatic repulsion and reduced aggregation. The AgNO₃ control, in comparison, exhibited a much larger particle size (~157 nm) and nearly neutral zeta potential (−7.4 mV), confirming its instability.














Figure 3: Size and zeta potential of A) AgNO3, B) Electrolyzed AgNO3, C) AgNP, D) Electrolzyed AgNP

Such values are comparable to other reports of plant-mediated AgNPs, which generally fall in the 10–150 nm range with zeta potentials between −20 and −30 mV (Vanlalveni et al., 2021). Importantly, our electrolyzed samples consistently showed greater stability than non-electrolyzed AgNPs, supporting earlier studies where electrochemical treatments increased nanoparticle surface charge and stability (Raisanen et al., 2022). Since more negative zeta values (>25 mV) are considered a threshold for good colloidal stability, the results confirm that electrolysis contributes significantly to improved dispersion and shelf-life.


	Sample
	Mean Size (nm)
	Zeta Potential (mV)

	AgNO₃ (control)
	~157
	−7.4

	AgNPs
	~67
	−20 to −25

	EAgNPs (5 min)
	~71
	−26.7

	EAgNPs (10 min)
	~81
	−27.5









Table 1: Size and Zeta potential of different samples
3.4 Fourier Transform Infrared (FTIR) Spectroscopy
FTIR analysis revealed functional groups from Aegle marmelos extract that acted as reducing and stabilizing agents. A broad band between 3657–3524 cm⁻¹ corresponded to O–H stretching vibrations of polyphenols and hydroxyl-bearing compounds. Strong peaks in the 1706–1603 cm⁻¹ region (amide I, C=O stretching) and the 1550–1507 cm⁻¹ region (amide II, N–H bending and C–N stretching) indicated the role of proteins and carbonyl compounds in capping the nanoparticles. Peaks near 1380 cm⁻¹ and 1217–1242 cm⁻¹ were associated with C–N and C–O stretching from phenolics and amines. Finally, sharp signals below 700 cm⁻¹ (686, 473, 457, 443, 418, and 410 cm⁻¹) were assigned to Ag–O and Ag–N vibrations, directly confirming the interaction of silver with plant-derived ligands.
[image: ]
Figure 4: FTIR spectra of AgNPs and Electrolyzed AgNP
These are consistent with previous studies on Aegle marmelos-derived AgNPs, where FTIR confirmed hydroxyl, carbonyl, and amine groups as key biomolecules in nanoparticle stabilization (Rama et al., 2023). Electrolyzed samples showed sharper, better-defined bands in the fingerprint region, indicating stronger binding and cleaner surfaces — similar to reports that electrochemical treatments enhance nanoparticle surface interactions and stability (Raisanen et al., 2022)
3.5 Antibacterial Activity
The antibacterial efficacy of the synthesized silver nanoparticles (AgNPs), their electrolyzed forms (E-AgNPs and E-AgNO₃), and a standard antibiotic was quantitatively assessed by measuring the zones of inhibition against the test bacteria. The results are summarized in Table 2 and Table 3.
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Figure 5: Zone of inhibition of AgNps and Electrolzyed AgNPs
[bookmark: _GoBack]
	Sample 
	+10 min
	-10 min
	+20 min
	-20 min

	E-AgNPs
	20
	15
	20
	18

	E-AgNO₃
	16
	15
	20
	17


Table 2: Zone of Inhibition (in mm) of Electrolyzed silver nanoparticles and electrolyzed silver nitrate
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Figure 6: Zone of Inhibition (in mm) against E.coli, Ab- Antibiotic, EAgNp- Electrolyzed Silver nanoparticle, EAgNO3- Electrolyzed silver nitrate
The data revealed that all silver-based formulations exhibited measurable antibacterial activity. However, significant differences were observed between the treatments. The standard antibiotic (Ab) consistently produced the largest inhibition zones, averaging 26 mm across replicates. The combination of the antibiotic with electrolyzed AgNPs (Ab + E-AgNPs) showed a nearly identical average zone of 26 mm, indicating no antagonistic effects.
Among the silver-based treatments, the electrolyzed AgNP solution (E-AgNPs) demonstrated the strongest antibacterial activity, with a maximum zone of 12 mm. This was followed by the conventionally synthesized AgNPs and the electrolyzed silver nitrate solution (E-AgNO₃), which showed comparable effectiveness, with zones ranging from 9-11 mm. The non-electrolyzed AgNO₃ solution was the least effective among the silver treatments, with zones as small as 7 mm.
A key finding was that the simple electrolysis of silver nitrate (E-AgNO₃) produced an antibacterial agent with effectiveness equivalent to the traditionally synthesized AgNPs. This is clearly demonstrated in Replicates 2 and 4, where the zones for E-AgNO₃ (11 mm and 9 mm, respectively) were comparable to those of the synthesized AgNPs (11 mm each).
Furthermore, the stability test over time (Table 1) indicated that the antibacterial activity of the electrolyzed solutions (both E-AgNPs and E-AgNO₃) remained stable, with only minor variations in zone size when measured at different time points.
Conclusions 
The combined results confirm that green synthesis using Aegle marmelos extract successfully produces AgNPs with properties consistent with previous reports, while the addition of an electrolysis step significantly improves stability and antibacterial efficacy. The UV–Vis, DLS/zeta, FTIR, and antibacterial results all align with earlier green-synthesis studies, but the novelty of this work lies in demonstrating that electrolysis enhances nanoparticle quality and biological performance. This dual strategy of plant-mediated reduction followed by electrochemical stabilization offers a sustainable and effective approach to developing next-generation antimicrobial agents.
Characterization confirmed uniform particle formation, the involvement of phytochemicals in capping and stabilization, and improved surface interactions after electrolysis. Importantly, electrolyzed AgNPs (EAgNPs) exhibited superior antibacterial activity compared to non-electrolyzed AgNPs and AgNO₃, with inhibition zones comparable to or greater than standard antibiotics. The enhanced efficacy is attributed to their smaller size, higher negative surface charge, and stronger biomolecule–metal interactions, which enable membrane disruption, oxidative stress induction, and interference with microbial metabolism.
By combining green chemistry principles with electrochemical processing, this approach provides an environmentally friendly and biologically potent route for nanoparticle production. While further investigation on cytotoxicity, mechanistic pathways, and in vivo validation is necessary, the present findings establish a strong foundation for using electrolyzed silver nanoparticles in applications ranging from wound healing and coatings to drug delivery and infection control.
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