


Eco-Friendly Synthesis of CuO Nanoparticles from electronic waste mediated by Mesosphaerum suaveolens and their antibacterial efficacy against fish pathogen
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The increasing accumulation of electronic waste (e-waste) and the developing demand for sustainable nanomaterials have propelled the development of eco-friendly synthesis practices. In this current study, copper oxide nanoparticles (CuO NPs) were synthesized using copper derived from e-waste (sim card) in combination with plant extract from Mesosphaerum suaveolens through a green synthesis pathway. Characterization of the synthesized nanoparticles was showed using UV–Visible spectroscopy, Fourier Transform Infrared (FTIR) spectroscopy, Scanning Electron Microscopy (SEM), and X-ray Diffraction (XRD) analysis. The UV–Vis analysis showed a characteristic absorption peak in the range of 220–240 nm, thereby confirming the formation of nanoparticles. FTIR results suggested the involvement of phytochemicals, including phenolics, proteins, and flavonoids, in both the reduction and stabilization of CuO NPs, with a distinct Cu–O stretching band recognized at 600–450 cm⁻¹. SEM analysis shown irregular, agglomerated nanostructures with mixed morphologies, comprising rod-like and flake-like shapes, and exhibiting particle sizes between 80 and 200 nm. The XRD patterns verified the formation of highly crystalline, monoclinic CuO nanoparticles with an average crystallite size of 15–35 nm and high phase purity. The antibacterial activity of the synthesized CuO NPs was measured against the fish pathogen Streptococcus agalactiae. The nanoparticles demonstrated significant antibacterial activity in a dose-dependent manner, with the highest zone of inhibition recorded at 100 µg/kg concentration, while no inhibition was noted in the control group. This study underscores a sustainable approach to transforming e-waste into value-added nanomaterials and proves the potential use of green-synthesized CuO nanoparticles as active antimicrobial agents in aquaculture.
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1. Introduction
The express development of electronic technologies and the subsequent rise in electronic waste (e-waste) have emerged as significant global environmental issues (Hossain et al., 2015). E-waste comprises various hazardous and valuable materials, including heavy metals such as copper, lead, cadmium, and mercury, which pose considerable ecological and health risks if not managed properly (Saxena and Chaudhary, 2025). Among these metals, copper is particularly prevalent and economically significant within printed circuit boards and other electronic components. Traditional methods for metal recovery from e-waste often involve energy-intensive and environmentally detrimental processes, resulting in secondary pollution (Dutta et al., 2023). Consequently, the pursuit of sustainable, eco-friendly, and cost-effective strategies for metal recovery and utilization has garnered substantial interest in recent years.
Nanotechnology has emerged as a promising field, providing innovative solutions for environmental remediation and biomedical applications (Laxmi et al., 2023). Specifically, copper oxide nanoparticles (CuO NPs) have gained considerable attention due to their distinctive physicochemical properties, which include a high surface area, catalytic efficiency, and significant antimicrobial activity (Cuarán-Rosero et al., 2024). CuO nanoparticles find applications across various domains, including sensors, catalysts, energy storage devices, and antimicrobial agents (Mishra and Ahmaruzzaman, 2022). Nevertheless, conventional methods of nanoparticle synthesis, encompassing chemical and physical approaches, frequently necessitate toxic reagents, high energy inputs, and the generation of hazardous by-products. These challenges have led to an increasing interest in green synthesis methods that leverage biological resources as reducing and stabilizing agents.
The green synthesis of nanoparticles utilizing plant extracts has emerged as an environmentally friendly and sustainable alternative to traditional methods (Khan et al., 2022). The plant-mediated synthesis is favored due to its simplicity, cost-effectiveness, and the presence of various bioactive compounds such as flavonoids, phenolics, alkaloids, and terpenoids, which facilitate the reduction of metal ions and the stabilization of nanoparticles (Rani et al., 2023). Mesosphaerum suaveolens, commonly referred to as wild basil, is a medicinal plant that is widely found in tropical and subtropical regions (Mohanta et al., 2023). It is rich in phytochemicals and has been conventionally utilized for its antimicrobial, anti-inflammatory, and antioxidant properties (Almeida-Bezerra et al., 2022). The availability of these bioactive components renders it an appropriate candidate for the green synthesis of metal oxide nanoparticles. In recent years, the amalgamation of e-waste recycling with green nanotechnology has introduced new pathways for sustainable material synthesis (Bhoi et al., 2024). The use of e-waste as a source of copper for the synthesis of nanoparticles not only addresses waste management challenges but also contributes to resource recovery and circular economy practices (Chakraborty et al., 2025). The integration of plant-mediated synthesis with metals derived from e-waste offers an innovative and environmentally conscious approach to producing functional nanomaterials with improved biological activities. 
Aquaculture is a rapidly expanding global sector that significantly contributes to food security and economic development (Dewali et al., 2022). However, the intensification of aquaculture practices has led to a rise in the incidence of infectious diseases, particularly those caused by bacterial pathogens such as Aeromonas hydrophila, Vibrio harveyi, and Pseudomonas fluorescens (Irshath et al., 2023). These pathogens cause substantial economic losses in fish farming due to high mortality rates (Erkinharju et al., 2021). The extensive use of antibiotics to manage these infections has led to the emergence of antibiotic-resistant strains, which pose a significant threat to aquatic ecosystems and human health (Ramesh et al., 2018). Consequently, there is an urgent need to develop alternative antimicrobial agents that are effective, environmentally friendly, and sustainable. 
Copper oxide nanoparticles have shown considerable antibacterial activity against a variety of Gram-positive and Gram-negative bacteria (Khairy et al., 2024). The antimicrobial mechanism of CuO nanoparticles is primarily linked to the generation of reactive oxygen species (ROS), disruption of bacterial cell membranes, and interference with cellular metabolic processes (Murugesan et al., 2025). When synthesized using green methods, these nanoparticles may exhibit enhanced biocompatibility and reduced toxicity, rendering them suitable for applications in the management of aquaculture diseases. In this context, the current study focuses on the synthesis of copper oxide nanoparticles using e-waste as a source of copper and the plant extract of Mesosphaerum suaveolens as a reducing and stabilizing agent. Furthermore, the study assesses the antibacterial activity of the synthesized nanoparticles against selected fish pathogens. This approach not only fosters sustainable waste management and green synthesis but also examines the potential application of CuO nanoparticles as alternative antimicrobial agents in aquaculture.
2. Materials and methods
2.1 Preparation of aqueous extract of M. suaveolens 
		Fresh leaves of Mesosphaerum suaveolens were collected from the university campus in Chumoukedima, Nagaland, India, in April 2023. Identification and authentication of the plant were conducted by an expert in the Department of Botany at St. Joseph University, Nagaland. The collected leaves were thoroughly washed and air-dried at room temperature for a period of 24 to 48 hours. Later, the dried leaves were ground into a fine powder utilizing an electric blender. A 100 grams of the dried leaf powder were heated with 500 mL of distilled water at a temperature of 50 °C for three hours (Dakhli et al., 2025). The resulting extract was filtered using Whatman No. 1 filter paper and stored at 4 °C for until use.
2.2 Green synthesis of copper nanoparticles 
		Initially, the waste SIM cards were collected from local mobile shops in Dimpur, Nagaland, India, and subsequently washed with distilled water. The metal components were detached from the plastic parts and weighed using an analytical balance. The metal components were then crushed into smaller fragments. Following the washing process, the SIM cards underwent leaching with an acid mixture comprised of a 1:1 ratio of concentrated nitric acid (Con.HNO3) and concentrated hydrochloric acid (Con.HCl) (Rajkumar et al., 2020). After a few hours, several drops of an alkaline solution (2 M NaOH) were added, and the mixture was stirred for several hours before being filtered through Whatman No. 41 paper to remove any suspended and undissolved impurities. Subsequently, 100 mL of an aqueous leaf extract was added, and the mixture was placed on a magnetic stirrer for overnight stirring. The resulting black precipitate was then collected, filtered, and purified using an ethanol-water mixture. The final product was subjected to calcination at 450°C for 6 hours and was designated as CuO NPs.
2.3 Characterization of M. suaveolens CuO NPs
2.3.1 UV-Visible Spectroscopy  
The initial synthesis of the nanoparticles was established using a UV-visible spectrophotometer (Perkin Elmer, Lambda 365), covering the wavelength range of 200–800 nm (Muthalagu et al., 2025).
2.3.2 Fourier transform infrared spectroscopy (FTIR)  
This technique was employed to detect the functional groups present in the synthesized copper oxide nanoparticles, as each chemical bond exhibits a specific energy absorption band. This method facilitates the investigation of the structural and bonding characteristics of the compounds, allowing for an analysis of bonding types and their strengths (Nzilu et al., 2023). The FTIR spectra of the synthesized samples were acquired using the KBr pellet method, spanning the range of 4000–400 cm−1 with a resolution of 4 cm−1 (Perkin Elmer  Model : Spectrum TWO).
2.3.3 X-Ray Diffraction Analysis (XRD)  
The synthesis of CuO nanoparticles (CuO-NPs) was verified using an X-ray diffractometer, employing CuKα radiation with a wavelength of 1.5406 Å. The XRD analysis was conducted within a 2θ range of 30–70 degrees to examine the crystalline structure and phase of copper oxide (Nzilu et al., 2023).
2.3.4 Scanning Electron Microscopy Analysis (SEM)  
The structural morphology, shape, and size of the synthesized copper oxide nanoparticles were measured through scanning electron microscopy (Carl Ziess, EVO 18) (Muthalagu et al., 2025).
2.4 Antibacterial activity
2.4.1 Test microbes
Virulent Streptococcus agalactiae was sourced from the Rajiv Gandhi Centre for Aquaculture located in Sirkali, Tamil Nadu, India. The bacterium was cultured in Brain Heart Infusion (BHI, Himedia) medium at a temperature of 35°C for a duration of one night. A stock culture of the bacterium was preserved at -20°C in a solution comprising 20% glycerol and 0.85% saline until required. For the infection trials, 100 mL of BHI was inoculated with 50 µL of the frozen isolate. The broth underwent incubation in a shaker at 35°C for 24 hours, followed by centrifugation at a speed of 5000 rpm for 20 minutes at a temperature of 10°C (Zheng et al., 2020).
2.4.2 Invitro antimicrobial activity  
The antibacterial activity was assessed using a modified Agar well diffusion method (Wen et al., 2023). Inoculums were prepared from fresh bacterial cultures in peptone water, and the turbidity of the bacterial suspension was adjusted to 0.5 McFarland units (approximately 108 CFU/ml). A volume of 0.1 ml of the inoculums was evenly spread on fresh nutrient agar plates using a sterile L-shaped spreader. Wells measuring 6mm were created with a sterile cutter. Each well was filled with 50 µL of nanoparticles (NPs) at varying concentrations (25, 50, 75, and 100 µg/mL) to evaluate their antibacterial potential. The plates were incubated for 24 hours at 37º C. The clear zones around each well were measured using a HiAntibiotic ZoneScaleTM -C ruler (HiMedia).
2.5 Statistical analysis 
All experiments were conducted in triplicate, with results presented as mean ± standard error (SE). Statistical analysis was undertaken to assess the significance of differences between the control and treated groups. Data from antibacterial activity assays, including the zone of inhibition (ZOI), were analyzed using one-way analysis of variance (ANOVA). In cases where significant differences were identified, Duncan's Multiple Range Test (DMRT) was employed to facilitate pairwise comparisons between groups. A p-value of less than 0.05 (p < 0.05) was deemed statistically significant. Statistical analyses were conducted using SPSS (version 21.0).
3. Results
3.1 UV analysis of CuO NPs
		The spectrum exhibited a prominent absorption band in the ultraviolet region, with a maximum absorbance observed approximately around 220–240 nm. Following this peak, the absorbance showed a sharp decline and gradually stabilized across the visible and near-infrared regions (300–1100 nm), displaying a broad and featureless absorption tail. The appearance of a strong absorption peak in the UV region confirms the successful formation of copper oxide nanoparticles (Fig 1). 
3.2 FTIR analysis of green synthesis of CuO NPs 
The FTIR spectrum was recorded in the range of 4000–400 cm⁻¹, and the obtained spectrum is presented in Figure 2. Hydroxyl and Amine Groups (~3400–3500 cm⁻¹). A broad and intense absorption band observed around 3400–3500 cm⁻¹ is attributed to: O–H stretching vibrations of hydroxyl groups, N–H stretching of amines or amide groups. This indicates the presence of phenolic compounds, alcohols, and proteins, which play a crucial role in: Reduction of Cu²⁺ ions, Stabilization of formed nanoparticles. The broadness of the peak suggests strong hydrogen bonding interactions, confirming the involvement of biomolecules. Aliphatic C–H Stretching (~2920–2850 cm⁻¹).  The peaks observed near 2920 and 2850 cm⁻¹ correspond to: C–H stretching vibrations of alkanes. These bands indicate the presence of organic residues, likely from plant metabolites such as lipids or secondary metabolites, which contribute to surface capping of nanoparticles. Carbonyl and Amide Bands (~1650–1600 cm⁻¹). A strong peak around 1650–1600 cm⁻¹ is assigned to: C=O stretching (amide I band). C=C stretching of aromatic rings. This suggests the involvement of: Proteins and enzymes, Polyphenolic compounds. These biomolecules act as both reducing and capping agents, preventing nanoparticle aggregation. C–N and C–O Vibrations (~1400–1300 cm⁻¹). Absorption bands in the range of 1400–1300 cm⁻¹ are attributed to: C–N stretching of aromatic amines, O–H bending of phenols. These functional groups further confirm the role of plant-derived biomolecules in nanoparticle synthesis. C–O–C and C–O Stretching (~1100–1000 cm⁻¹). The peaks observed around 1100–1000 cm⁻¹ correspond to: C–O stretching vibrations, C–O–C ether linkages. These are typically associated with: Polysaccharides, Flavonoids, Glycosidic compounds. Such compounds are known to enhance stability and dispersion of nanoparticles. Metal–Oxygen (Cu–O) Vibrations (~600–450 cm⁻¹). The most significant feature confirming nanoparticle formation is the presence of peaks in the region: ~600–450 cm⁻¹. These bands are assigned to: Cu–O stretching vibrations. This region is considered a fingerprint for copper oxide nanoparticles, confirming the successful formation of CuO. The presence of these peaks clearly distinguishes CuO nanoparticles from precursor salts and organic components.
	3.3 Scanning electron microscope (SEM) analysis 
		The SEM micrographs at different magnifications are presented in Figure 3. The SEM images reveal that the synthesized CuO nanoparticles exhibit: Irregular, heterogeneous morphology, Agglomerated nanostructures forming clustered assemblies, Presence of rod-like, flake-like, and granular structures, Non-uniform particle distribution across the surface. Particle size estimation from the SEM images indicates that: Individual nanoparticle sizes range approximately between ~80 nm to 200 nm, larger aggregates extend up to micron scale (1–2 µm). 
3.4 XRD analysis of synthesized CuO NPs
		The crystalline structure of the synthesized copper oxide (CuO) nanoparticles was analyzed X-ray diffraction (XRD). The diffraction pattern exhibited distinct and well defined peaks at 2θ values of approximately 18.3º, 32.5º, 38.5º, 48.8º, 53.4º, 61.5º, 66.2º, 72.4º, which correspond to the crystallographic planes of (110), (-111), (111), (-202), (020), (202), (-113), (022), (220), (222) and (311) respectively. These diffraction peaks are in good agreement with the standard data for monoclinic CuO NPs, confirming successful formation of crystalline copper oxide (Fig 4). 
3.5 Invitro antibacterial activity 
	In the group treated with CuO NPs, the highest zone of inhibition also occurred at the 100 µg/kg concentration, similar to the pattern observed with 50 µg/kg CuO NPs treatment. No zone of inhibition was detected in the control group, which used double-distilled water (Fig 5 and 6).
4. Discussion
The present study presents an biologically sustainable method for synthesizing copper oxide nanoparticles (CuO NPs) by utilizing copper derived from electronic waste and a plant extract from M. suaveolens as a reducing and stabilizing agent. A thorough evaluation of the physicochemical properties and biological activity of the synthesized nanoparticles was conducted using UV–Visible spectroscopy, FTIR, SEM, and XRD analyses, alongside antibacterial testing against S. agalactiae. The findings align with earlier acknowledged plant-mediated CuO nanoparticle systems and also highlight notable advantages regarding sustainability, purity, and biological efficacy.
The UV–Visible absorption spectrum of the synthesized CuO nanoparticles displayed a characteristic absorption peak within the range of 220–240 nm, attributed to charge transfer transitions between O²⁻ and Cu²⁺ ions. This finding confirms the formation of CuO nanostructures and corresponds with prior research involving plant extracts such as Azadirachta indica (Naven Kumar et al., 2024), Aloe vera (Jabeen et al., 2024), and Ocimum sanctum (Kolahalam et al., 2022), which typically reported absorption peaks between 230–300 nm. The gradual decrease in absorbance beyond the UV region and the presence of a broad tail extending into the visible and near-infrared regions indicate stable nanoparticle dispersion. Similar spectral characteristics have been observed in CuO nanoparticles synthesized from extracts of Camellia sinensis (Sundar et al., 2023) and Moringa oleifera (El-Tanbouly et al., 2025), where plant biomolecules played a role in enhancing colloidal stability. The moderate absorbance intensity (0.05–0.25 AU) noted in this study implies an optimal concentration of nanoparticles, minimizing excessive aggregation, which is essential for sustaining bioactivity.
FTIR analysis provided valuable insights into the role of phytochemicals present in M. suaveolens extract during the synthesis of nanoparticles. The broad absorption band observed around 3400–3500 cm⁻¹ corresponds to O–H and N–H stretching vibrations, indicating the presence of phenolic compounds and proteins. These functional groups are recognized for facilitating the reduction of Cu²⁺ ions and stabilizing the formed nanoparticles through hydrogen bonding and electrostatic interactions. Similar findings have been documented in studies employing Azadirachta indica (Naven Kumar et al., 2024) and Hibiscus rosa-sinensis (Sivaranjini et al., 2024), where hydroxyl-rich phytochemicals significantly contributed to nanoparticle formation. The strong absorption band detected at 1650–1600 cm⁻¹, attributed to amide I (C=O stretching) and aromatic C=C vibrations, suggests the participation of proteins and polyphenolic compounds in the synthesis of nanoparticles. These biomolecules not only facilitate the reduction of metal ions but also serve as capping agents, thus regulating particle size and morphology. Comparable FTIR signatures have been extensively reported in plant-mediated CuO nanoparticle synthesis, indicating a common mechanism involving protein–polyphenol complexes. Further confirmation of phytochemical involvement is supported by the peaks within the range of 1400–1300 cm⁻¹ and 1100–1000 cm⁻¹, which correspond to C–N, C–O, and C–O–C stretching vibrations. These functional groups are typically associated with flavonoids, polysaccharides, and glycosidic compounds, contributing to enhanced nanoparticle stability. Similar observations have been documented in CuO nanoparticles synthesized using Punica granatum peel extract, where polysaccharides aided in improved dispersion (Siddiqui et al., 2021).
SEM analysis demonstrated that the synthesized CuO nanoparticles displayed irregular and heterogeneous morphology, characterized by agglomerated clusters including rod-like, flake-like, and granular structures. Such morphological diversity is frequently observed in plant-mediated synthesis, attributed to complex interactions between metal ions and phytochemicals. Analogous structural features have been noted in CuO nanoparticles synthesized using Ocimum basilicum (Kumar et al., 2025) and Calotropis gigantean (Sivalingam et al., 2025), where nanoparticles exhibited mixed morphologies encompassing nanorods and nanosheets. Research involving Moringa oleifera (El-Tanbouly et al., 2025) and Aloe vera (Jabeen et al., 2024) extracts has similarly reported agglomerated nanoparticle structures despite nanoscale crystallite sizes.
XRD analysis confirmed the crystalline nature of the synthesized CuO nanoparticles, with diffraction peaks corresponding to the monoclinic phase of CuO. The observed diffraction peaks align with those documented in other plant-mediated CuO nanoparticle studies, including those utilizing Azadirachta indica (Naven Kumar et al., 2024) and Camellia sinensis (Sundar et al., 2023). The sharp and intense peaks indicate a high degree of crystallinity, which is crucial for maintaining the functional properties of nanoparticles. The calculated crystallite size, ranging from 15 to 35 nm, is comparable to values reported in the literature for green-synthesized CuO nanoparticles. For example, CuO nanoparticles synthesized using Moringa oleifera (El-Tanbouly et al., 2025) extract have been noted to exhibit crystallite sizes of approximately 20–40 nm.

The antibacterial activity of synthesized CuO nanoparticles against Streptococcus agalactiae exhibited a pronounced dose-dependent response, with the most significant zone of inhibition recorded at a concentration of 100 µg/kg. This observation aligns with existing literature on plant-mediated CuO nanoparticles, which indicates that an increase in nanoparticle concentration correlates with enhanced antibacterial activity. For instance, CuO nanoparticles produced using Azadirachta indica extract have demonstrated considerable inhibition against Gram-positive bacteria at elevated concentrations (Naven Kumar et al., 2024). The mechanism underlying the antibacterial action of CuO nanoparticles is largely attributed to the generation of reactive oxygen species (ROS), the release of Cu²⁺ ions, and the disruption of bacterial cell membranes (Murugesan et al., 2025). In the case of Gram-positive bacteria such as S. agalactiae, the dense peptidoglycan layer does not impede nanoparticle penetration, thereby allowing CuO nanoparticles to engage directly with cellular components. Comparable mechanisms have been documented in studies involving CuO nanoparticles synthesized from Aloe vera (Jabeen et al., 2024) and Ocimum sanctum (Kolahalam et al., 2022), where nanoparticles induced membrane damage and oxidative stress in bacterial cells. 
The inherent properties of CuO are potentially augmented by the presence of phytochemical capping agents, which may enhance antibacterial activity through synergistic effects. Compounds derived from plants, such as flavonoids and phenolics, exhibit intrinsic antimicrobial properties that may bolster the overall efficacy of the nanoparticles (Rasheed et al., 2024). This synergistic effect has also been noted in investigations utilizing Hibiscus rosa-sinensis (Sivaranjini et al., 2024) and Punica granatum (Siddiqui et al., 2021), where green-synthesized nanoparticles demonstrated enhanced antibacterial activity relative to their chemically synthesized counterparts. The current study effectively illustrates that CuO nanoparticles synthesized from M. suaveolens extract and e-waste-derived copper possess advantageous physicochemical and biological attributes. In comparison to other plant-mediated synthesis methodologies, the findings are consistent and, in certain aspects, superior, particularly regarding purity and antibacterial efficacy. The amalgamation of green synthesis with e-waste recycling not only promotes the sustainability of nanoparticle production but also represents a valuable strategy for environmental management and biomedical applications.
5. Conclusion
The current study presents a sustainable and environmentally friendly method for synthesizing copper oxide nanoparticles (CuO NPs) by utilizing electronic waste as a copper source and plant extract from Mesosphaerum suaveolens as a natural reducing and stabilizing agent. This integrated approach addresses the increasing environmental issues related to electronic waste while offering a cost-effective means of producing functional nanomaterials. Antibacterial assessments against Streptococcus agalactiae revealed significant dose-dependent inhibitory effects, with peak efficacy noted at elevated nanoparticle concentrations. The antimicrobial properties are believed to arise from several mechanisms, including the generation of reactive oxygen species, disruption of bacterial cell membranes, and the release of Cu²⁺ ions, in addition to potential synergistic effects from phytochemical capping agents. The lack of activity in the control group underscores the specificity and efficacy of the synthesized nanoparticles.
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Fig 1. UV-visible absorption spectrum of green synthesis of CuO NPs

[image: ]Fig 2. FTIR analysis of CuO NPs






			 



Fig 3 SEM images of CuO NPs 
[image: ]
Fig 4 XRD pattern of CuO NPs 










Fig 5. Efficacy of antibacterial activity of green synthesis of CuO NPs against S. alagcitae bacteria
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Fig 6. invitro Antibacterial activity of green synthesis of CuO NPs against S. alagcitae bacteria
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