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Abstract
The present study explores a green and eco-friendly approach for the synthesis of copper nanoparticles (CuNPs) using Amaranthus dubius leaf extract and evaluates their antimicrobial efficacy against Bacillus subtilis and Salmonella typhi. The extracellular biogenic synthesis of CuNPs using A. dubius is a novel approach, as this plant has not been previously employed for nanoparticle synthesis. Phytochemicals in the leaf extract facilitated the reduction of Cu²⁺ ions, leading to the formation of well-defined CuNPs. The synthesized CuNPs were tested for their antimicrobial activity using the agar well diffusion method. The results demonstrated that S. typhi exhibited higher susceptibility to CuNPs, showing a prominent zone of inhibition across all tested concentrations, whereas B. subtilis displayed resistance at lower concentrations but showed significant inhibition at higher CuNP concentrations. This study confirms the potential of green-synthesized CuNPs as effective antimicrobial agents, highlighting their promising applications in pharmaceuticals, biomedical research, and nanotechnology-based therapeutics.
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Introduction
Nanotechnology is emerging as a dynamic field of research in modern agriculture and related disciplines. Nanoparticles exhibit unique or enhanced properties due to their specific characteristics, including morphology, size, and distribution. Among nanomaterials, metallic nanoparticles are gaining prominence for their distinct physicochemical and biological properties compared to their macro-scale counterparts. Nanotechnology research is currently one of the most active areas in materials science. However, traditional physical and chemical synthesis methods for nanomaterials have significant drawbacks, such as high-pressure and high-temperature requirements, the use of expensive and hazardous chemicals, long reaction times, and the presence of toxic by-products on nanoparticle surfaces.
The properties of nanoparticles are influenced by their size, shape, composition, and structure. In recent years, there has been a growing interest in green synthesis techniques for nanomaterials, making them one of the most popular approaches in modern material sciences. Nanotechnology involves studying particles at a scale ranging from 10⁻⁷ to 10⁻⁹ meters and has broad applications in pharmaceuticals, electronics, environmental sciences, biotechnology, applied microbiology, medicine, drug and gene delivery systems, quantum dots, surface-enhanced Raman scattering (SERS), chemistry, space exploration, the chemical industry, energy science, mechanics, optics, and optoelectronic devices. Nanoparticles, which range in size from 1 to 100 nm in at least one dimension, are increasingly being used in biotechnology due to their compatibility with biomolecules and their tunable properties based on the biosynthesis method used.
Copper nanoparticles (CuNPs) are among the most widely used nanoparticles in medicine. These can be synthesized through both physical and chemical methods. However, physical methods often yield low nanoparticle production and require significant energy to maintain high temperatures and pressures. Chemical methods, on the other hand, rely on toxic precursor chemicals, produce hazardous by-products, and use harmful solvents.
Various chemical synthesis techniques, such as chemical reduction (Prakash et al., 2009), electrochemical reduction (Zhang, 2008), chemical vapor deposition (Rao et al., 2006), thermal decomposition (Kim et al., 2006), and solvothermal reduction (Tang et al., 2006), have successfully produced metallic nanoparticles. However, these methods are energy-intensive, generate toxic by-products, and involve hazardous chemicals. Consequently, there is a growing demand for cost-effective, environmentally friendly, and sustainable nanoparticle synthesis methods. This has led researchers to explore biological alternatives for nanoparticle production. Scientists have increasingly utilized biological organisms, including plants, algae, fungi, bacteria, and viruses, as eco-friendly and efficient alternatives for synthesizing non-toxic metallic nanoparticles. Several plant species, such as Azadirachta indica (Neem) (Shankar et al., 2004), Emblica officinalis (Amla) (Ankamwar et al., 2005), Mangosteen leaf (Veerasamy et al., 2011), and Chenopodium album (Dwivedi and Gopal, 2010), have been used in nanoparticle synthesis. Studies suggest that biomolecules like proteins, phenols, and flavonoids play a crucial role in reducing ions to the nanoscale and stabilizing nanoparticles (Arya, 2010).
Biological synthesis of copper nanoparticles is considered a bottom-up approach, utilizing bacteria, algae, fungi, plants, and plant-based products, where oxidation or reduction reactions drive nanoparticle formation. Phytochemical-based synthesis of nanoparticles is particularly promising as it is both environmentally and biologically safe. Biosynthesized inorganic nanoparticles present a potential solution to the rise of multidrug-resistant microbes. They can serve as substitutes for conventional organic antimicrobial agents, which have limitations due to their high decomposition rates and low heat resistance. CuNPs, in particular, stand out due to their unique chemical and physical properties, cost-effective preparation, high surface-area-to-volume ratio, and low toxicity. These attributes make CuNPs highly effective as gas sensors, photocatalysts, dye absorbents, antioxidants, and antimicrobial, antimalarial, and antitumor agents, surpassing gold, zinc, iron, and silver nanoparticles in various applications.
Green synthesis has become the preferred method for overcoming the challenges associated with physical and chemical nanoparticle synthesis, such as extreme temperature and pressure requirements, expensive and hazardous chemicals, long reaction times, and toxic by-products. This method offers an eco-friendly and cost-effective alternative by utilizing biological entities ranging from simple prokaryotic bacteria to complex eukaryotic plants. Unlike chemical and physical methods, green synthesis does not involve toxic chemicals and supports large-scale production without requiring additional energy input. Furthermore, chemical and physical methods may result in toxic chemicals adhering to nanoparticle surfaces, which can cause adverse reactions in medical applications. Green synthesis enables the production of stable and well-characterized nanoparticles by carefully selecting organisms, optimizing reaction conditions, and employing advanced characterization techniques. The choice of the best plant species for green synthesis depends on its ability to detoxify heavy metals and accumulate them efficiently, along with optimized reaction conditions such as pH and temperature. Metal-tolerant bacteria play a crucial role in nanoparticle synthesis as they not only accumulate but also detoxify heavy metals through mechanisms involving reductase enzymes and extracellular polymeric substances (EPS).
Copper has been used as an antimicrobial agent for over two centuries, with reports indicating that it can reduce microbial concentrations by 99.9% (Krithiga et al., 2013; Subhankari and Nayak, 2013). Numerous studies have demonstrated that copper nanoparticles exhibit broad-spectrum antimicrobial activity against bacteria, fungi, viruses, and algae. Compared to conventional organic antimicrobials, nanoscale copper has a longer shelf life and is more effective against antibiotic-resistant pathogens. According to Makhluf et al. (2005), while the crystalline structure and particle shape of nanomaterials have minimal impact on their antibacterial efficacy, smaller nanoparticles with higher surface areas exhibit stronger antimicrobial properties.
Plants are rich sources of flavonoids, which provide numerous health benefits, including coronary heart disease prevention, free radical scavenging, anticancer properties, and anti-HIV activity. They also serve as chemotaxonomic markers and antimicrobial agents. Additionally, plants play a vital role in maintaining the water cycle, balancing ecosystems, producing oxygen, and supplying chemicals for drug discovery. Increasingly, plants are being explored for their potential in nanotechnology, particularly for their phytochemical content, which aids in nanoparticle synthesis. Several plant species, such as Aloe vera, Asparagus adscendens, Allium sativum, Dodonaea viscosa, Citrus medica, Punica granatum, and Eclipta prostrata, have been successfully used for CuNP synthesis. Copper nanoparticles are gaining preference over gold and silver nanoparticles due to their high oxidation resistance, superior electrical conductivity, low electrochemical migration, small size, high surface-area-to-volume ratio, and cost-effective production.
This study focuses on bio-nanotechnology, specifically the green synthesis of copper nanoparticles using Amaranthus dubius leaf extract. Amaranthus dubius, commonly known as edible amaranth, is a member of the Amaranthaceae family. This plant is widely cultivated for its ornamental and culinary value and is used as a leafy vegetable in various regions, including Africa, China, Japan, India, Korea, and the Caribbean. Besides its culinary uses, A. dubius has medicinal properties, with traditional applications in treating hemorrhage, improving vision, strengthening the liver, and serving as an astringent and diuretic. Prior studies have reported its antimicrobial, hypolipidemic, insecticidal, and anthelmintic activities.


Although various pharmacological properties and toxicity studies of A. dubius extracts have been documented, there is no existing research on the synthesis of CuNPs from this plant and their antimicrobial potential. This study, therefore, investigates, for the first time, the synthesis of CuNPs using Amaranthus dubius leaf extract and evaluates their antimicrobial efficacy against Escherichia coli and Staphylococcus aureus.
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Figure 1: Diagrammatic representation of green synthesis mechanism and utilization of copper nanoparticles.

The in vitro synthesis of nanoparticles from plant extracts involves three primary phases: (1) Nucleation, where proton activation reduces metallic ions and leads to the formation of reactive oxygen species (ROS); (2) Ostwald Ripening, or Aggregation, where nanoparticles grow by forming different shapes such as nanoprisms, nanotubes, and nanorods; and (3) Bio-reduction, which stabilizes nanoparticles through interactions with plant biomolecules. Factors such as light, temperature, pH, metal concentration, and enzymatic activity influence nanoparticle morphology and size. Green-synthesized nanoparticles can be characterized using techniques such as X-ray diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, UV-visible spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM).











Materials and Methods
Green synthesis of copper nanoparticles
Preparation of leaf extract:
Fifty grams of Amaranthus dubius leaves were thoroughly washed with tap water and air-dried. The dried leaves were finely chopped using a sterile knife and transferred to a large beaker containing 500 ml of distilled water. The mixture was heated in a water bath at 80°C for one hour. After cooling, the extract was filtered to obtain phytochemicals. The filtered extract was stored in a clean beaker, sealed with aluminium foil, labelled, and refrigerated.
Preparation of chemical solutions:
To prepare a 1-liter solution of 0.1M CuSO₄ · 5H₂O, 24.9685 g of Copper (II) Sulfate Pentahydrate (100% purity) was dissolved in 1000 ml of distilled water. The solution was transferred to a clean, dry conical flask, covered with aluminum foil, and labeled. For the preparation of 100 ml of 5M NaOH solution, 20 g of Sodium Hydroxide pellets was dissolved in 100 ml of distilled water. The prepared solution was stored in a clean, dry conical flask, covered with aluminum foil, and labeled.
Extraction of copper nanoparticles:
Leaf extract volumes of 10 ml, 15 ml, 20 ml, 25 ml, and 30 ml were measured into five separate conical flasks. Each flask received 200 ml of 0.1M CuSO₄ · 5H₂O solution and was subjected to magnetic stirring at 80°C for 1.5 hours. At 15-minute intervals, 3 ml of 5M NaOH solution was added until a blackish-brown precipitate was formed.
Washing step:
The supernatant was removed by pipetting from all five flasks, and the precipitate was transferred into Falcon tubes containing 20 ml of 70% ethanol. The suspension was centrifuged at 2000 rpm for 10 minutes using a benchtop centrifuge. The washing step was repeated three times to eliminate impurities, replacing the supernatant with fresh 70% ethanol each time.
Drying step:
The final pellet was collected in five separate Petri plates and completely dried in a hot air oven to obtain powdered copper nanoparticles. The weight of the nanoparticles from each extract was determined using a physical balance and stored in zip-lock pouches.
Anti-microbial assay
Five stock solutions of 10 mg/ml were prepared by dissolving 10 mg of each CuNP powder in 1 ml of crude ethanol. Seven working solutions of different concentrations were prepared from the stock solutions, maintaining a total volume of 1 ml.





Table 1: Quantity of Solvents Used in Working Solution Preparation
	Working Solution Concentration (mg/ml)
	Stock Volume Used (μl)
	Volume of Crude Ethanol (μl)

	0.01
	1
	999

	0.05
	5
	995

	0.1
	10
	990

	0.2
	20
	980

	0.4
	40
	960

	0.6
	60
	940

	0.8
	80
	920


Twenty millilitres of nutrient broth were prepared and divided into two test tubes, one for Bacillus subtilis and one for Salmonella typhi. The broth was autoclaved and allowed to cool. Each tube was inoculated with bacterial culture and incubated at 37°C for 24 hours. Cultures were stored in a refrigerator for further use. A total of 500 ml of nutrient agar was prepared in a large conical flask. The flask and 20 Petri plates were autoclaved. The molten agar was poured into sterile Petri plates and left undisturbed until solidified.
Using a sterile cotton swab, B. subtilis and S. typhi cultures were spread onto 10 nutrient agar plates each and incubated for 10 minutes. Each plate was divided into four quadrants, and uniform wells of 8 mm diameter were created using a gel puncture. Each well was marked with the respective sample concentration and a negative control. For CuNPs synthesized from 10 ml of leaf extract, two plates were used for B. subtilis and two for S. typhi, with eight wells per bacterium: seven for different CuNP concentrations and one for control. The prepared working solutions were loaded into each well using a micropipette, while crude ethanol was added to control wells. After 24 hours of incubation, antimicrobial activity was assessed by measuring the diameter of the inhibition zones, including controls.
Determination of optical density:
A total of 10 μl of CuNP sample was taken from each of the five stock solutions. To each sample, 990 μl of crude ethanol was added, resulting in a 100-fold dilution, and the solution was vortexed. Ethanol was used as a blank in a spectrophotometer, and the instrument was set to zero absorbance at 560 nm. Each sample was analyzed individually, and absorbance at 560 nm was recorded. Three absorbance readings were taken per sample, and the average was calculated.

Results and Discussion

The antibacterial efficacy of copper nanoparticles (CuNPs) synthesized using Amaranthus dubius leaf extract was evaluated against Bacillus subtilis and Salmonella typhi through the agar well diffusion method. The results demonstrated a differential inhibition pattern based on the volume of leaf extract used in the nanoparticle synthesis.




For CuNPs synthesized with 10 mL of A. dubius leaf extract, no zone of inhibition was observed against Bacillus subtilis in any of the working solutions. However, a clear inhibition zone was evident for Salmonella typhi at stock volumes of 10 μL and above.
In the case of CuNPs synthesized using 15 mL of A. dubius leaf extract, Bacillus subtilis exhibited no inhibition zones at any stock volume. Conversely, Salmonella typhi showed a clear inhibition zone at stock volumes of 5 μL and above.
For CuNPs prepared with 45 mL of A. dubius leaf extract, no inhibitory effect was observed against Bacillus subtilis across all working solutions. However, a clear inhibition zone was recorded for Salmonella typhi at 5 μL and higher stock volumes.
CuNPs synthesized with 25 mL of A. dubius leaf extract displayed a clear inhibition zone against Bacillus subtilis at stock volumes of 40 μL and above, while Salmonella typhi exhibited a prominent inhibition zone across all tested working solutions.
For CuNPs derived from 30 mL of A. dubius leaf extract, Bacillus subtilis demonstrated clear inhibition zones at 1 μL and 20 μL onwards, whereas no inhibition was observed at 5 μL and 10 μL stock volumes. In contrast, Salmonella typhi exhibited a prominent inhibition zone for all tested working solutions.
These findings suggest that the antibacterial activity of CuNPs is influenced by the volume of A. dubius leaf extract used in the synthesis process, with Salmonella typhi displaying higher susceptibility compared to Bacillus subtilis.
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Figure 2: A. Well diffusion susceptibility test of Bacillus subtilis for copper nanoparticles prepared using 10 ml leaf extract B. Well diffusion susceptibility test of Salmonella typhi for copper nanoparticles prepared using 10 ml leaf extract C. Well diffusion susceptibility test of Bacillus subtilis for copper nanoparticles prepared using 15 ml leaf extract D. Well diffusion susceptibility test of Salmonella typhi for copper nanoparticles prepared using 15 ml leaf extract E. Well diffusion susceptibility test of Bacillus subtilis for copper nanoparticles prepared using 20 ml leaf extract F. Well diffusion susceptibility test of Salmonella typhi for copper nanoparticles prepared using 20 ml leaf extract G. Well diffusion susceptibility test of Bacillus subtilis for copper nanoparticles prepared using 25 ml leaf extract H. Well diffusion susceptibility test of Salmonella typhi for copper nanoparticles prepared using 25 ml leaf extract I. Well diffusion susceptibility test of Bacillus subtilis for copper nanoparticles prepared using 30 ml leaf extract J. Well diffusion susceptibility test of Salmonella typhi for copper nanoparticles prepared using 30 ml leaf extract

Conclusion
This study successfully demonstrated a simple, eco-friendly, and efficient green synthesis approach for copper nanoparticles (CuNPs) using Amaranthus dubius (Laal Shak) leaf extract. The extracellular biogenic synthesis of CuNPs from this plant is a novel aspect, as it has not been previously explored for nanoparticle synthesis. Phytochemicals present in the leaf extract facilitated the reduction of metal ions, leading to the formation of well-defined CuNPs.
The antimicrobial efficacy of the synthesized CuNPs was evaluated at different concentrations against Bacillus subtilis and Salmonella typhi. The results revealed that CuNPs exhibited significant inhibitory effects on S. typhi, while B. subtilis showed resistance at lower concentrations. At concentrations exceeding 0.1 mg/mL, CuNPs effectively inhibited B. subtilis, demonstrating dose-dependent antimicrobial activity. Furthermore, all CuNP samples displayed superior antibacterial performance compared to crude ethanol, which served as the positive control.

This green synthesis approach offers a sustainable, non-toxic, rapid, and cost-effective alternative to conventional nanoparticle synthesis methods, eliminating the need for hazardous chemical reducing agents. Given their strong antimicrobial properties, CuNPs synthesized using A. dubius hold great potential for applications in pharmaceuticals, drug delivery systems, and biomedical research. The findings of this study provide a promising foundation for further exploration of CuNPs in various biomedical and industrial applications, which will be elaborated in future studies.
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FIG 65: WELL DIFFUSION SUSCEPTIBILITY TEST OF E. coli FOR COPPER
'NANOPARTICLES PREPARED USING 20 mi LEAF EXTRACT
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FIG 67: WELL DIFFUSION SUSCEPTIBILITY TEST OF E. coli FOR COPPER
'NANOPARTICLES PREPARED USING 25 mi LEAF EXTRACT

‘FIG 68: WELL DIFFUSION SUSCEPTIBILITY TEST OF S aureus FOR COPPER
'NANOPARTICLES PREPARED USING 25 mi LEAF EXTRACT
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FIG 69: WELL DIFFUSION SUSCEPTIBILITY TEST OF E. coli FOR COPPER
'NANOPARTICLES PREPARED USING 30 mi LEAF EXTRACT
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‘FIG 70: WELL DIFFUSION SUSCEPTIBILITY TEST OF S aureus FOR COPPER
'NANOPARTICLES PREPARED USING 30 mi LEAF EXTRACT
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FIG 61: WELL DIFFUSION SUSCEPTIBILITY TEST OF £ coli FOR COPPER
'NANOPARTICLES PREPARED USING 10 mi LEAF EXTRACT

‘FIG 62: WELL DIFFUSION SUSCEPTIBILITY TEST OF S aureus FOR COPPER
'NANOPARTICLES PREPARED USING 10 mi LEAF EXTRACT
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For CyNPs prepared using 15 ml of Amarangus tricolor leaf extract, there is o zone of inhibition
observed for any of the working solutions in case of . coli. However, clear zone of inhibition has
been observed for stack volume of 5 } onwards used in the preparation of working solutions in case
of S, aureus.
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FIG 63: WELL DIFFUSION SUSCEPTIBILITY TEST OF E. coli FOR COPPER
'NANOPARTICLES PREPARED USING 15 mi LEAF EXTRACT

‘FIG 64: WELL DIFFUSION SUSCEPTIBILITY TEST OF S aureus FOR COPPER
'NANOPARTICLES PREPARED USING 15 mi LEAF EXTRACT
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