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Copper oxide nanoparticles (CuO-NPs) have piqued the interest of agricultural researchers due to their potential application as fungicides, insecticides, and fertilizers. The Serratia sp. ZTB29 strain, which has the NCBI accession number MK773873, was a novel isolate used in this investigation that produced CuO-NPs. This strain can survive concentrations of copper as high as 22.5 mM and can also remove copper by synthesizing pure CuO-NPs. UV-VIS spectroscopy, DLS, Zeta potential, FTIR, TEM, and XRD techniques were used to investigate the pure form of CuO-NPs. The synthesized CuO-NPs were crystalline in nature (average size of 22 nm) with a monoclinic phase according to the XRD pattern. CuO-NPs were found to be polydisperse, spherical, and agglomeration-free. According to TEM and DLS inspection, they ranged in size from 20 to 40 nm, with a typical particle size of 28 nm. CuO-NPs were extremely stable, as demonstrated by their zeta potential of −15.4 mV. The ester (C=O), carboxyl (C=O), amine (NH), thiol (S-H), hydroxyl (OH), alkyne (C-H), and aromatic amine (C-N) groups from bacterial secretion were primarily responsible for reduction and stabilization of CuO-NPs revealed in an FTIR analysis. CuO-NPs at concentrations of 50 μg mL−1 and 200 μg mL−1 displayed antibacterial and antifungal activity against the plant pathogenic bacteria Xanthomonas sp. and pathogenic fungus Alternaria sp., respectively. The results of this investigation support the claims that CuO-NPs can be used as an efficient antimicrobial agent and nano-fertilizer, since, compared to the control and higher concentrations of CuO-NPs (100 mg L−1) considerably improved the growth characteristics of maize plants.
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1 INTRODUCTION
Nanotechnology research is the most active research region in contemporary materials science (Singh et al., 2018; Rajput et al., 2021a; Bhavyasree and Xavier, 2022). Nanomaterials synthesis through conventional physical and chemical methods has several adverse features viz., critically high pressure and temperature conditions, utilization of expensive and hazardous chemicals, a longer reaction time and absorbance of toxic by-products on nanomaterial surface (Buazar et al., 2019; Sukumar et al., 2020). Properties of NPs determined by their size, shape, composition, crystalline, and structure (Sharma et al., 2020; Hidangmayum et al., 2022; Rajput et al., 2022). Recent years have seen a significant increase in the significance of green synthesis techniques for nanomaterials, making it one of the very popular methods in modern material sciences (Sukhwal et al., 2017; Mahboub et al., 2022).
Green synthesis has become one of the most preferred methods to overcome the adverse effects physical and chemical synthesis such as critical conditions of temperature and pressure, expensive and toxic chemicals, long reflux time of reaction, toxic by-products etc. (Sukhwal et al., 2017; Jain et al., 2020). Metal-tolerant bacteria are important nano-factories that not only accumulates and also detoxify heavy metals due to the various mechanism, i.e., reductase enzymes, EPS, etc., to reduce metal salts to nanomaterials (Jain et al., 2012; Jain et al., 2020; Garg et al., 2022). The nanomaterial synthesis using plant extracts may be easier than microbial synthesis however the microbial synthesis is more cost-effective and freer from any seasonal and plant growth stage variation.
Inorganic metal oxide NPs, viz., CuO, ZnO, MgO, TiO2, SiO2, etc., with significant antimicrobial features as well as their selective toxicity, point to potential applications of these materials in medical devices and diagnostics, therapeutics, and nanomedicine against human pathogens (Mohsen and Zahra, 2008; Sobha et al., 2010; Jain D. et al., 2022). These inorganic oxide NPs are beneficial as antibacterial agents because they are more effective against resistant pathogens. According to Makhluf et al. (2005), crystalline structure and particle shape of nanomaterials have relatively little effect on antibacterial behavior, but a high concentration of smaller-size nanoparticles with a higher surface area does.
The simplest copper compound in the family is copper oxide, which has a variety of possibly practical physical characteristics (Buazar et al., 2019). Copper oxide (CuO) has drawn more interest than other nanomaterials because of its distinctive qualities, which include stability, conductivity, catalytic activity, and anticancer and antibacterial activities. Copper oxide nanoparticles (CuO-NPs) are receiving more attention owing to their availability and lower cost when compared to more costly and noble metals like gold and silver, as well as their effective potential for application as microbial agents (Sankar et al., 2014). Among them, CuO-NPs has drawn a lot of attention in research areas including solar cells, biodiesel, photocatalysis, water pollutant removal, supercapacitors, and electrocatalysis owing to their desired qualities, such as cheap cost, non-toxicity, and ease of manufacturing (Grigore et al., 2016).
By preventing the growth of bacteria, fungi, viruses, and algae, CuO-NPs have important antimicrobial qualities (Amin et al., 2021; Bukhari et al., 2021). Furthermore, compared to other organic antimicrobials like silver and gold, nanoscale copper oxide has a longer shelf life. According to Keabadile et al. (2020) green synthesis of CuO-NPs with acceptable physio-chemical characteristics has previously been performed with several microbial precursors as reductants. However, very little study has been done on the synthesis of CuO-NPs employing bacteria that are copper-resistant. Hence, the current investigation was conducted to tackle this issue and build a bacteria-assisted synthesis of CuO-NPs and assessment of their antimicrobial and plant growth stimulating activities.
2 MATERIALS AND METHODS
2.1 Source, minimum inhibitory concentration, and molecular identification of copper-tolerant bacteria
The maximum copper tolerance concentration (MTC) was determined on LB agar medium (in triplicate) having an increased concentration of CuSO4 (2.5–25 mM), and the MTCs were noted from the concentration of CuSO4 at which the isolate failed to demonstrate growth. The different bacterial isolates were utilized in this study taken from our lab, which were isolated from Zn-Pb ore mine tailings areas of Zawar mines in Udaipur, Rajasthan, India (Jain et al., 2020). According to a previously illustrated method, the 16S rDNA region was amplified and sequenced to perform molecular characterization of copper-tolerant bacteria (Janda and Abbott, 2007).
2.2 Bacterial-assisted synthesis of copper oxide nanoparticles
The synthesis of CuO-NPs was borne out by using copper (Cu) tolerant bacterial isolate (ZTB29) with little modification technique of earlier published (John et al., 2021). The bacterial strain that showed the highest tolerance against copper ion, was inoculated in LB medium (100 mL) and incubated at 28°C with 150 rpm. After 24 h, 5 mM CuSO4.5H2O was dropped into the bacterial culture and incubated for 48 h at 28°C until the solution color changed from blue to green. This combination was then centrifuged at 4,000 rpm for 20 min at 4°C to separate the bacterial cell pellet, and the CuO-NPs were produced by centrifuging the residual supernatant at 14,000 rpm for 15 min at 4°C. The obtained CuO-NP pellet was washed twice with deionized water, dried at 80°C in an oven and used for further characterization. A control experiment without copper-tolerant bacteria was also done and upon inclusion of 5 mM CuSO4.5H2O, the color change was not seen which states no nanoparticles formation.
2.3 Characterization of CuO-NPs
CuO-NPs were primarily characterized using UV-Vis absorption scanning at 200–1,000 nm using a nanophotometer (Make: Implen, Germany) as the method outlined by Davaeifar et al. (2019). Dynamic Light Scattering (DLS) and Zeta potential were performed by the earlier described method (Rajput et al., 2021b) by using Malvern zeta-sizer nanoseries (United Kingdom). The FTIR spectroscopy (Perkin Elmer) was performed for Cuo-NPs (in KBr pellets) in the 4,100–400 cm−1 range (Garg et al., 2022). Around 10 µL of CuO-NPs dispersed in milli Q water were placed onto carbon-coated copper TEM grid for transmission electron microscopy (Tecnai G220 (FEI) S-Twin 200kv) (Sukhwal et al., 2017). The dried powder of CuO-NPs was further characterized by XRD (X’Pert Pro X-ray diffractometer, PAN analytical BV) with Cu Kα radiation set with 40 kV and 30 mA (Sukhwal et al., 2017).
2.4 Antimicrobial activities of CuO nanoparticles
Antibacterial activities of bacterial-assisted CuO-NPs were studied by both disc diffusion method and well diffusion using LB agar medium against plant pathogenic bacteria Xanthomonas sp. Briefly, 1 mL bacterial suspension (>107 CFU mL−1) was spread by spreader on LB agar Petri-plates, and in disc diffusion method, the sterile filter paper disk, dipped in a known concentration of CuO-NPs was placed on LB agar plates whereas, in well diffusion method, 5 mm wells (prepared by sterile cork-borer on LB agar Petri-plates) were loaded with CuO-NPs and incubated for inhibition zone development (Jain et al., 2020). The antifungal activities of CuO-NPs were investigated by using the poisoned food technique and spore germination test. The radial mycelia growth of test fungi Alternaria sp. was recorded on PDA containing different concentrations of CuO-NPs (50, 75, 100, 150, and 200 μg mL−1). PDA plates without CuO-NPs were used as a control. These plates were kept for incubation at 25°C until full radical growth was observed in the control. The different concentration of CuO-NPs was used as per the CRD design in triplicate and the significant difference among treatment were determined by Turkey–Kramer HSD test at p = 0.05.
2.5 In vitro studies of CuO-NPs on the growth of maize
The experimental pot was filled with agricultural soil supplemented with sterile planting mixture, seeded with maize seed (PRATAP-3), and placed inside the plant growth chamber (humidity: 60%, light intensity: 750 μmol/m2s with 15 h light and 9 h dark conditions at 25°C–20°C). Seven days old maize seedlings were treated with CuO-NPs concentrations viz.0, 25, 50, 75, 100, 200, and 300 mg L−1 (in Hoagland solution) as foliar spry. The shoot length (cm), root length (cm), chlorophyll content (SPAD-502 + Chlorophyll Meter, Spectrum Technologies, India), Copper content [atomic absorption spectroscopy (AAS), Make: Electronics co. India Ltd. Modal no. AAS4141] was studied in 21 days old seedlings (Garg et al., 2022).
3 RESULT
3.1 Source, screening of MTC against copper and molecular identification of potent copper-tolerant bacteria
The bacterial isolates ZTB15, ZTB24, ZTB28, and ZTB29 were tested for their maximum copper (CuSO4) tolerance levels in nutritional broth and observed Minimum inhibitory concentration (MIC). The bacterial isolate ZTB29 had a very maximum MIC of 22.5 mM copper in the medium and was able to withstand high doses of copper in the current experiment (Supplementary Table S1). A further selection of the ZTB29 strain was made for the bacterially aided synthesis of copper oxide CuO-NPs. The ZTB-29 isolate’s 16S rRNA gene was sequenced in its entirety and put into nucleotide-nucleotide BLAST analysis. The strains’ similarity and matches to previously published bacterial rDNA sequences allowed scientists to identify them as Serratia sp. (Figure 1). The ZTB29 nucleotide sequence was deposited to NCBI with the accession MK773873. The detailed biochemical, plant growth promoting and other physiological attributes of the ZTB29 strain were summarized in (Supplementary Table S2) which enables the ZTB29 strain to not only bioremediate excess copper but also to promote plant growth.
[image: Figure 1]FIGURE 1 | Neighbourhood joining tree showing the polygenetic relationship of copper tolerant bacterial strain ZTB29 Serratia sp. (NCBI Accession: MK773873).
3.2 ZTB29 assisted copper oxide nanoparticles synthesis and its confirmatory examination
The easily observed synthetic bacterial growth in the bottom of the flask demonstrated the reaction between the bacterium and copper sulfate, the precursor salt. The starting solution’s color changed from light blue to green when 5 mM copper sulfate was added drop by drop to the bacterial suspension, indicating the production of CuO-NPs. The greatest absorbance of 285 nm by using UV-visible spectroscopy was observed, indicating that copper sulfate (which does not produce any absorbance at 285 nm: Supplementary Figure S1), the starting material, was converted to CuO-NPs, as shown in (Figure 2).
[image: Figure 2]FIGURE 2 | UV-Vis absorption spectrum of biogenic CuO nanoparticles.
The surface charge, size distribution, and potential stability of the nanoparticles contained in a liquid were characterized using dynamic light scattering (DLS) and zeta potential, respectively. Particles in the solution ranged in size from 15 nm to 30 nm and were homogeneous in size. The average CuO-NPs particle size was 21 ± 5.4 nm which was created with a homogenous dispersion (Figure 3A). The TEM investigations provided strong support for the DLS findings. The presence of bacterial cell artifacts or the agglomeration of nanoparticles may be responsible for the second large-size distribution peak at about 1,000 nm. The zeta potential’s magnitude (−30 mV to +30 mV) determines the stability and primarily depends upon the surface charge of the generated nanomaterials. The produced nanoparticles have a Zeta potential of −15.4 mV, which demonstrates that they were quite stable at ambient temperature (Figure 3B). The similar zeta potential value was observed even after 1 year of synthesis with CuO-NPs suggesting CuO-NPs were stable for 1 year or more. Zeta potential with a negative value indicates a strong repelling force between the particles, which inhibits agglomeration.
[image: Figure 3]FIGURE 3 | (A) Particle size determination using dynamic light scattering (B) Zeta potential analysis of bacterial assisted CuO nanoparticles.
Fourier transform infrared spectroscopy (FTIR) technique was utilized to recognize the occurrence of different functional groups found in a sample. Depending on the infrared absorption range 600–4,000 cm−1 in FTIR analysis, the absorbance range 3,200–3,550 cm−1 is indicated for O-H stretching, 2,371 cm−1 observance for O=C=O stretching, 1,624 cm−1 observance for C=C stretching, 1,058 cm−1 observance for C-OH stretching, 1,377 cm−1 observance for the existence of CO2 when compared with the standard database. The 608 cm−1 vibration attributed to CuO formation confirms the synthesis of pure CuO nanostructures. FTIR study revealed that the carboxyl (C=O), hydroxyl (OH), amine (NH), alkyne (C-H), thiol (S-H), ester (C=O) and aromatic amine (C-N) groups from the bacterial secretion are responsible for the copper reduction and CuO-NPs stabilization (Figure 4). The details of the different FTIR peaks observed in bacteria assisted CuO-NPs and the bacterial extract used for CuO-NPs synthesis were described in the Supplementary Table S3 and Supplementary Figure S2. The CuO-NP’s size and shape were studied using TEM. TEM analysis revealed the formation of different shapes of copper oxide nanostructures (Figure 5). It was evident from TEM studies that CuO-NPs were polydisperse and spherical which were free from agglomeration. The particles were in the size range of 20–40 nm with 28 nm average particles size.
[image: Figure 4]FIGURE 4 | FTIR analysis of biogenic CuO nanoparticles.
[image: Figure 5]FIGURE 5 | TEM analysis of biogenic CuO nanoparticles.
X-ray diffraction (XRD) was performed to study the phase (structure) and purity (composition) of the biosynthesized CuO-NPs using copper-tolerant bacteria. The XRD pattern (Figure 6) depicted the creation of pure and crystalline CuO-NPs. The peaks at 2 = 32.548, 35.466, and 38.769 were assigned to the (110) (002) and (111) reflection lines of monoclinic CuO-NPs compared to JCPDS file No. 01-080-1268. The average crystallite size calculated based on the Scherrer technique for synthesized CuO-NP was 22 nm.
[image: Figure 6]FIGURE 6 | XRD analysis of bacterial assisted CuO nanoparticles.
3.3 Antimicrobial activities of CuO-NPs
The CuO-NPs (50 μg mL−1) showed significant antibacterial activity by generating an inhibition zone in well diffusion assay (Figure 7A). The disc contacting 50 μg mL−1 CuO-NPs demonstrated antibacterial activity against Xanthomonas sp. as it showed a clear inhibition zone (Figure 7B), which was higher compare to Neomycin (30 μg mL−1) and lower compare to Rifampicin (5 μg mL−1). The highest inhibition of 91% in fungal mycelia and 88% spore germination was detected at the 200 μg mL−1 CuO-NPs concentration (Table 1). The rate of mycelia inhibition and spore germination was proportional to CuO-NPs concentration (Figure 8). The results observed in the present study revealed CuO-NP scan be used as an efficient nano fungicide against soil-born fungus.
[image: Figure 7]FIGURE 7 | Antibacterial activities of biogenic CuO nanoparticles at 50 μg mL−1 the concentrationagainst (A) Xanthomonas Sp. (B) E. coli using (a) well diffusion method (b) disc diffusion method along with Rifampicin 5 μg mL−1 and Neomycin 30 μg mL−1.
TABLE 1 | Effect of varying concentrations of CuO nanoparticles on in vitro mycelial growth and spore germination of phytopathogenic fungi Alternaria sp.
[image: Table 1][image: Figure 8]FIGURE 8 | Antifungal activity of CuO nanoparticles against Alternariasp. on (A) mycelial growth inhibition by poisoned food technique (A) Control (B) 50 μg mL−1 (C) 75 μg mL−1 (D) 100 μg mL−1 (E) 150 μg mL−1 and (F) 200 μg mL−1CuO nanoparticles (B) Spore germination inhibition by (A)Pour plate technique C1 - Crude spore suspension and T1 - 200 μg mL−1CuO nanoparticles (B) Microscopic studies C2: Control, T2: 200 μg mL−1CuO nanoparticles.
3.4 Influence of CuO-NPs on maize seedling
The shoot and root length, plant biomass, total chlorophyll and copper content were considerably high in the maize plantlet (21 days old) compared to the untreated control plantlet (Table 2). The maximum shoot and root length, biomass and chlorophyll content were observed in 100 mg L−1 CuO-NPs application and contributed to plant growth significantly as efficient nano-fertilizers. The CuO-NPs (<100 mg L−1) caused significant toxicity to maize seedlings and resulted in decreased growth parameters.
TABLE 2 | In vitro studies on the effect of CuO-NPs on growth of maize seedling (Data are means of three replicates ±SD. Data are recorded after 21 days of germination).
[image: Table 2]4 DISCUSSIONS
The new study could pave the way for bioprospecting for metal-tolerant microorganisms for the quick and easy synthesis of nanoparticles with a variety of applications (Jain et al., 2012; Jain et al., 2020). John et al. (2021) investigated bacterial strain copper tolerance at various CuSO4 concentrations, and the bacterial strain Marinomonas, which tolerated 5 mM CuSO4, was employed to produce copper and CuO-NPs. Similar findings were found in the current investigation. Tiwari et al. (2016) synthesized CuO-NPs from a copper-resistant Bacillus cereus isolate that tolerated >10 mM of copper. The B. cereus isolate was able to and was identified as B. cereus using 16S rDNA amplification and sequencing. The change of color depends on the surface plasmon vibration of the nanoparticles (Abdulhameed et al., 2019). Shantkriti and Rani (2014) observed that the color of the reaction changed from blue to dark green when CuSO4 was added to the Pseudomonas fluorescens solution, which corroborated the findings. The bacteria-assisted green synthesis of metal and metal oxide nanoparticles is dependent on the bacteria’s ability to remediate harmful metal concentrations by reducing metal ions to nanoparticles (Jain et al., 2020). As a result, copper-tolerant bacteria produce copper and copper oxide nanomaterials by mimicking the natural biomineralization processes that these microbes have adapted to under dangerous copper concentrations (John et al., 2021).
UV-visible absorption spectroscopy can be used to characterize metallic nanoparticles based on surface plasmon resonance (SPR) (Upadhyay et al., 2023). UV-visible spectroscopy (wavelength scan between 200 and 1,000 nm) was used to observe the solution resulting from the bluish-to-greenish color alterations of copper-tolerant bacteria (Zhao et al., 2022). The spectra of CuO-NPs generated employing copper-tolerant bacteria showed pronounced absorption at 285 nm wavelength, confirming the conversion of the starting material (copper sulfate) to the final product (CuO nanoparticles) as shown in Figure 3. Tshireletso et al. (2021) revealed that the UV-VIS absorption spectra of green-produced CuO-NPs from citrus peel extracts resulted in a notable absorbance at 290 nm. Due to surface plasmon resonance, Sankar et al. (2014) found that the UV-Vis spectra of papaya leaf extract medicated CuO-NPs spanned between 250–300 nm. In contrast, the different experiments revealed distinct absorption peaks and spectrums, which could be attributable to different forms of copper and copper oxide nanomaterials and the technology employed for nanomaterial fabrication.
DLS confirmed that the produced CuO-NPs had a homogeneous particle size distribution (15 nm–30 nm) and an average particle size of 21 ± 5.4 nm (Figure 4A), which TEM investigations also validated. The CuO-NPs’ −15.4 mV zeta value clearly demonstrated their fairly stable character, as illustrated in Figure 4B. Nardella et al. (2022) conducted DLS investigations of biosynthesized CuO-NPs and reported a 24.4 nm Z-average diameter, while the zeta potential value, which frequently analyses the stability of nanoparticles, was found to be −16.1 mV, confirming the nanoparticles’ stability. Nagaraj et al. (2019) reported the Pterolobium hexapetalum leaf extract-mediated synthesized CuO-NPs and the synthesized nanoparticles were extensively distributed and highly dispersed in the 10–76 nm size range, however, the associated zeta potential was −27.6 mV attributed to moderate stability of nanoparticles.
FTIR study indicated the presence of different compounds from the bacterial secretion involved in the reduction and stabilization of CuO-NPs. Amin et al. (2021) observed the FTIR peaks at 518.4 and 600.1 cm−1 (formation of CuO nanostructure and Cu–O stretching), 1,021.14 and 800.58 cm−1 (assigned to C–O and C–H bending) and 1,412.3 and 1,636.4 cm−1(O–H bending and C=C stretching). John et al. (2021) studied FTIR spectroscopy of CuO-NPs synthesized from marine bacteria indicating the presence of -C=O, –OH, –NH, –CH2scissor vibrations of aliphatic compounds and C=C bonds inside the biomolecules suggesting the interaction of these biomolecules with CuO-NPs also observed in the present study.
TEM analysis revealed the formation of polydisperse and roughly spherical CuO-NPS which were free from agglomeration with the 20–40 nm size range (average particle size is 28 nm). The CuO-NPs as water suspension are slightly agglomerated due to their interaction with water and due to such inter-particle interactions viz. van der Waals, electrostatic and magnetic forces, etc. Previously, similar results of biogenic CuO-NPs were reported by several studies (Ida et al., 2010; Cheng and Walker, 2010; Chandra et al., 2014; Sagadevan and Koteeswari, 2015; Kimber et al., 2020; Singh et al., 2019) as observed in TEM. John et al. (2021) reported the TEM micrographs of CuO-NPs from marine bacteria and reported the synthesis of monodispersed, spherical/ovoidal NPs of 10 nm–70 nm size with ∼40 nm average size. The irregular shape can be attributed to bacterial metabolites on the surface of nanoparticles as stabilizing and reducing agents. Bukhari et al. (2021) reported the Streptomyces sp. mediated Cu-NPs synthesis of uniform and spherical nanoparticles (1.72–13.49 nm) in the TEM images. Krishna et al. (2020) synthesized CuO nanoparticles from Cinnamomum malabatrum aqueous leaf extract and the TEM revealed spherically shaped CuO-NPs with 11 nm–24 nm size range which was also in close agreement with the present study.
The XRD pattern revealed the pure CuO-NPs were crystalline in nature. Ali et al. (2021) performed XRD of CuO-NPs and the detected peaks in their study confirmed the monoclinic phase of CuO compared to JCPDS card 000021040 which was also seen in the present study. Further, the characteristic crystallite size measured using the Scherrer equation was found to be 24.7 nm also supports the finding of the present study. Buazaret al. (2019) reported that clear and sharp peaks in XRD can be ascribed to the highly crystalline structure of nanomaterials. Similar results of the crystallite size of CuO-NPs in the range of 9–23 nm were solely dependent on the precursor conditions (Tavakoli et al., 2019).
The CuO-NPs exhibited superior antimicrobial activities and have a significant potential to control phytopathogens. Krishna et al. (2020) reported significant antibacterial activities of CuO-NPs against human pathogenic bacteria viz., Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa and Proteus mirabilis using well diffusion method and similar results were also observed against plant pathogenic bacteria in the present study. Abboud et al. (2014) reported significant antimicrobial activities of CuO-NPs synthesized from the alga extract against Enterobacter aerogenes and S. aureus and the observed radial diameter of the inhibition zone was 14 and 16 mm, respectively. Bhavyasree and Xavier (2022) extensively reviewed the copper and CuO nanomaterial and their antimicrobial properties and demonstrated the mechanism of antibacterial action which includes mechanical damage, gene toxicity, and oxidative stress injury. The bio-molecules absorbed on the surface may also help in the antimicrobial activities of CuO-NPs.
The CuO-NPs (200 g mL−1 concentration) exhibited superior antifungal activities. Qamar et al. (2020) showed reasonable results for the antifungal activity of CuO-NPs against Trichophyton rubrum. Rabiee et al. (2020) synthesized Achillea millefolium extract-mediated CuO-NPs and reported significant in vitro antifungal activities against four different fungi. The biosynthesized CuO-NPs showed effective antifungal activities owing to the entering of CuO-NPs on fungal membranes and negatively effect the cell divisions via strong interaction on the respiratory chains.
The use of CuO-NPs (100 mg L−1) resulted in the improvement of plant growth attributes as copper-based nano-fertilizer. The specific doses of CuO-NPs can play a remarkable role in plant growth promotion are advocated by several researchers (Singh et al., 2018; Rajput et al., 2022) due to the increase bio-availability of Cu2+ which led to accelerating the mobilization of food reserves during germination, greater activation of copper enzymes such as cytochrome C oxidase, etc. CuO-NPs in the optimum dose can significantly influence the plant growth and act as efficient nano-fertilizers.
5 CONCLUSION
In conclusion, we present a straightforward, quick, and environmentally friendly method for producing CuO-NPs with exceptional antibacterial properties. Different approaches have been applied to clarify the size, shape, composition, and stability, and the findings demonstrate that the synthesized nanoparticles are very stable and monoclinic, with the largest particles falling within the size range of 28 nm in diameter. The CuO-NPs may function as a potent bactericide and fungicide that may be employed to combat plant infections as a result of the positive results. With the right toxicological information, the greenly produced CuO-NPs have a large potential and may be used for a variety of tasks, including food processing and control, biomedical forms, product packaging, and more. According to the observations of this study, CuO-NPs are a novel class of antimicrobial agents that may be developed and applied in sustainable agriculture.
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*Each value is mean of 3 replicates from 2 experiments. Mean + SE, followed by same letter in column of each treatment is not significant difference at p = 0.05 by Tukey-Kramer HSD, test, %
inhibition rate was calculated compared to the germination of the control (0%).
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