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Abstract

:

The leaf extract of Indigofera linnaei Ali, an Indian medicinal plant, was utilized in the synthesis of copper oxide nanoparticles (CuO-NPs). Green chemistry is a safe and cost-effective method for the synthesis of nanoparticles using plant extracts. The synthesis of CuO NPs was confirmed using ultraviolet–visible (UV-visible) spectrum λ-max data with two peaks at 269 and 337 nm. Different functional groups were identified using Fourier-transform infrared spectroscopy (FT-IR). X-ray diffraction (XRD) was used to confirm the crystalline structure of the CuO-nanoparticles. Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analyses were performed to examine the surface morphology and elemental composition of the biosynthesized CuO-NPs. Furthermore, the synthesized CuO-NPs exhibited antibacterial activity against Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, and Enterococcus faecalis. Additionally, they exhibited a good insecticidal effect on Culex quinquefasciatus larvae, with low LC50 55.716 µg/mL and LC90 123.657 µg/mL values. The CuO-NPs inhibited human breast cancer cells in a concentration-dependent manner, with an IC50 value of 63.13 µg/mL.
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1. Introduction


Nanotechnology is a transformative frontier in science and engineering that harnesses the unique attributes of nanoscale materials to create innovative solutions across multiple fields [1]. One of the most promising advancements in this field is the synthesis and application of nanomaterials, which, owing to their amplified surface area, stability, and conductivity, have diverse applications, ranging from engineering to biomedical instrumentation [2]. The potential hazards associated with chemical synthesis methods, coupled with increasing environmental concerns, have shifted the focus towards green and sustainable approaches to nanoparticle synthesis.



The use of biological materials, particularly plant extracts and microorganisms, presents a compelling case for developing ecofriendly, cost-effective, and safe alternatives [3,4]. Biological synthesis can be carried out using plant parts, secondary metabolites from plants, (leaf, root, stem, fruit, and flower secondary metabolites), and microbes and their secondary metabolites [5]. In recent years, metals such as copper (Cu), silver (Ag), zinc (Zn), iron (Fe), gold (Au), silicon (Si), nickel (Ni), and platinum (Pt) have been used in the green synthesis of nanoparticles for biomedical applications [6]. The potential hazards associated with chemical synthesis methods, coupled with increasing environmental concerns, have shifted the focus towards green and sustainable approaches to nanoparticle synthesis. This biological synthesis not only eliminates the need for toxic chemicals, high temperatures, and sophisticated instrumentation but also leverages the intrinsic bioactive compounds present in these natural resources to enhance the miniaturization and stabilization of nanoparticles. Copper (Cu) is an essential nutrient for plant growth, enzymes, photosynthesis, and RNA synthesis [7]. With regard to trade, Cu nanoparticles are extensively used to produce antimicrobial, larvicidal, anticancer, and antioxidant products [8]. Plants such as Caesalpinia bonducella [9], Punica granatum [10], Ocimums anctum [11] Saussurea lappa [12], and Ziziphus spina-christi [13] have been used for the synthesis of copper nanoparticles (CuO NPs). The synthesis of CuO NPs using plant extracts appears to be a favorable and environmentally friendly approach in the field of nanotechnology [14]. CuO NPs exhibit exceptional properties and a wide range of applications in numerous scientific and industrial domains, such as catalysis, electronics, energy storage, and biomedicine [15]. In recent years, the use of plant extracts as reducing and stabilizing agents for the green synthesis of nanoparticles has gained considerable attention due to its sustainable and eco-friendly nature [16].



Traditional methods of producing CuO nanoparticles frequently comprise the use of hazardous chemicals, high temperatures, and energy-intensive processes, which can have adverse environmental and health impacts [17]. In contrast, green synthesis methods employ natural plant extracts rich in bioactive compounds, such as phytochemicals, polyphenols, and flavonoids, to enable the size reduction and stabilization of CuO NPs. These plant-derived compounds act as both reducing and capping agents, making the corresponding synthesis method not only more sustainable but also safer for investigators and the environment [18]. The green synthesis of CuO NPs using plant extracts offers numerous advantages, comprising reduced environmental pollution, lower energy consumption, cost-effectiveness, and the potential for large-scale production. Additionally, the use of plant extracts adds a new dimension to nanoparticle synthesis, as different plant species and their extracts may convey exceptional properties and functionalities to the resulting CuO nanoparticles [19].



We hypothesize that CuO NPs hold vast potential for a wide range of biological applications. Additionally, the antimicrobial properties of CuO NPs suggest their effectiveness in combatting drug-resistant infections and designing supportive novel therapeutic approaches. We also assume that the controlled functionalization of CuO NPs will permit personalized solutions for precise biological challenges, further enhancing their potential impact on healthcare and life sciences. Through inclusive examination and investigation, we aimed to authenticate our hypothesis and enhance the growing body of knowledge concerning the usage of CuO NPs for biological applications. Our research will not only advance the understanding of these nanoparticles but also enable the development of innovative strategies that may eventually lead to improved patient care, more effective treatments, and enhanced diagnostic techniques in the realm of life sciences. Indigofera linnaei Ali is an annual herb with small trailing branches belonging to the Fabaceae family. It is dispersed throughout India, China, Nepal, Pakistan, Sri Lanka, and Australia, where it is used as an indigenous medicine to treat tumors, liver inflammation, arthritis, and rheumatism [20,21]. The juice of I. linnaei Ali is known for its diuretic and antiscorbutic properties [22]. In the current study, we applied the medicinal plant Indigofera linnaei Ali as both a bioreductant and stabilizing agent for the green synthesis of CuO NPs. Indigofera linnaei Ali possesses a rich content of phytochemicals such as glycosides, terpenoids, alkaloids, and flavonoids, which greatly support its feasible reducing ability. Hence, the leaf extract of I. linnaei Ali can be utilized for the synthesis of CuO NPs. The green-synthesized CuO NPs (Scheme 1) were characterized via several characterization techniques, such as UV–visible spectroscopy, FT-IR, XRD, SEM, EDX, etc. Moreover, the potential antimicrobial properties of the as-synthesized CuO NPs were evaluated against various bacterial strains, such as Escherichia coli, Pseudomonas aeruginosa, Enterococcus faecalis, and Staphylococcus aureus. The as-synthesized CuO nanoparticles are effective against the larvae of the mosquito Culex quinquefasciatus, and the cytotoxicity studies exposed the anticancer properties of the CuO NPs by revealing their outstanding growth rate inhibition in MCF-7 cancer cells.




2. Results


2.1. UV-Visible Spectrum Analysis


The CuO-NP-synthesized solution exhibited characteristic absorption peaks in the 200–700 nm wavelength range. Two prominent absorption peaks were observed at 269 and 337 nm (Figure 1). These peaks can be attributed to the Surface Plasmon Resonance (SPR) of Cu-NPs. The manifestation of the SPR band was a clear indication of the concentration of phytochemical reducing agents as well as the size and morphology of the nanoparticles. Additionally, the absorption peaks detected at 243 and 340 nm can be correlated with the core electrons of the copper within the Cu-NPs, as reported in a previous study [23]. Similarly, the CuO-NPs produced using an aqueous extract of Cardiospermum halicacabum leaves revealed absorption peaks at 264 and 333 nm. The synthesis of these nanoparticles is fascinating. The generated OH ions, which were derived from water molecules, interacted with copper sulfate, resulting in the formation of copper hydroxides. Subsequently, the decomposition of this nanoparticle conjugate ensued, eventually leading to the production of CuO-NPs [24]. The absorption peaks and patterns identified in our study are consistent with the findings of previous reports [25,26,27]. The similarities in the peak wavelengths provided consistent evidence regarding the properties and behavior of the CuO-NPs.




2.2. FT-IR Analysis


Fourier-transform infrared spectroscopy (FT-IR) was employed to analyze the functional groups of the plant metabolites present in the aqueous extract of I. linnaei Ali plants as well as to identify the functional groups present on the surfaces of the Cu-NPs. In the FT-IR spectra, pronounced peaks were detected at wavenumbers such as 3142, 2976, 2882, 1615, 1394, 1058, 803, 660, and 587 cm−1 (Figure 2). The absorption peak at 3142 cm−1 represents the N-H stretching of amines. The peak at 2976 represents -OH stretching vibrations, and the weak band at 2882 cm−1 can be assigned to -OH bending vibrations. The peak at 1058 cm−1 indicated strong C-O stretching. The other small, weak peaks at 1394 and 1615 cm−1 may indicate the presence of C=C and C=O bending vibration modes. A weak peak was observed at 660 cm−1 in the band that arose from the Cu-O stretching vibration, while similar peaks at 587 cm−1 and 803 cm−1 are associated with the vibration of C-H groups [28]. According to the FT-IR results, acids, polyphenols, proteins, alkaloids, and carboxylic acid functional groups could be found in the Cu-NPs [29].




2.3. XRD Analysis


The synthesis of the CuO NPs was confirmed via X-ray diffraction (XRD) analysis. The crystal size of the nanoparticles was 113 nm. The average crystalline structure size of the biosynthesized CuO NPs was calculated using Debye Scherrer’s equation [30], where k denotes the shape constant of the geometric factor (0.9), λ represents wavelength, β is the line broadening at half-maximum intensity, θ is the Bragg angle, and D is the average crystalline size of the nanoparticles. As shown in Figure 3, the major XRD 2θ value peaks of the biosynthesized CuO-NPs that appeared at 28.50, 25.90, 26.05, 28.49, 36.15, 39.98, 43.5, 44.97, 47.53, 50.31, 55.19, and 59 were ascribed to (002), (021), (021), (111), (002), (111), (200), (220), (−202), (200), (−311), and (202) miller index planes. The sharp peak at 2θ = 38.7 with the diffraction of the (111) plane corresponds to CuO NPs, indicating that the synthesized CuO NPs are crystalline and monoclinic in nature [9,31]. These unidentified peaks appeared because of the deposition of photo-molecules on the surfaces of the CuO-NPs during synthesis [32].


D = kλ/β ½ cos θ



(1)








2.4. SEM and EDX Analysis


Scanning electron microscopy (SEM) was used to assess the surface morphology of the biosynthesized CuO-NPs. The SEM images depicted in Figure 4a,b offer various resolutions, providing a detailed view of the CuO-NPs. Notably, these images reveal a mix of spherical and cuboidal morphologies, albeit with some degree of agglomeration, which is not uncommon in nanoparticle synthesis and can be attributed to various factors, such as high surface energy. Further insights into the composition of the nanoparticles were obtained using energy dispersive X-ray (EDX) spectroscopy. Figure 5a,b show the EDX spectra of the CuO-NPs. Dominantly, copper presented a substantial peak, accounting for 29.40% of the elemental composition. Additionally, carbon and oxygen were recorded to constitute 19.45% and 51.15%, respectively. The presence of carbon and oxygen is suggestive of organic molecules on the nanoparticle surface, likely stemming from phytochemicals in the green synthesis process. Phytochemicals have been postulated to function as both reducing and capping agents, facilitating the formation and stabilization of CuO-NPs [10].



Furthermore, the significant presence of copper confirms the successful synthesis of CuO-NPs, whereas the elevated oxygen level aligns with the oxidized nature of the nanoparticles. The detection of carbon signals, possibly associated with plant-derived compounds, aligns with prior research, where phytochemicals were implicated in nanoparticle synthesis, playing pivotal roles in reduction, stabilization, and capping. Collectively, these results underscore the intricate and multifaceted roles of phytochemicals in the green synthesis of CuO-NPs.




2.5. Antibacterial Activity


The biosynthesized CuO-NPs exhibited pronounced antibacterial efficacy against a range of bacterial pathogens. Significant zones of inhibition were observed for pathogens such as Staphylococcus aureus, Enterococcus faecalis, Escherichia coli, and Pseudomonas aeruginosa, as shown in Figure 6a [28]. In contrast, dimethyl sulfoxide (DMSO) was used as a negative control and did not demonstrate any inhibitory activity against bacterial cells, thereby underscoring the antibacterial ability of CuO-NPs [29].



A prominent mechanism through which CuO-NPs exert their antibacterial action is believed to be their interaction with bacterial cells, primarily occurring via the thiol groups present in bacterial proteins. This interaction synergistically amplifies the inherent antibacterial properties of CuO-NPs. Moreover, a concentration-dependent trend was observed, where the zone of inhibition expanded with increasing doses of CuO-NPs, suggesting a dose-dependent relationship between their antibacterial efficacies (Figure 6). In the broader spectrum of nanoparticle research, metal oxide nanoparticles such as CuO-NPs have been spotlighted for their potential in antimicrobial applications. Their mode of action, which involves the disruption of bacterial cell membranes or interference with essential cellular processes, provides an avenue for potential therapeutic applications, especially in an era in which antibiotic resistance is a rising concern [33,34].




2.6. Assay for the Determination of Minimum Inhibitory Concentration (MIC)


The antimicrobial potency of the biosynthesized CuO-NPs was evaluated across varying concentrations, namely, 150.0, 300.0, 450.0, and 600.0 µg/mL, to establish the minimum inhibitory concentration (MIC) values. As shown in Figure 7, as the concentration of CuO-NPs increased, there was an associated decrease in microbial growth. Specifically, the MIC value for Pseudomonas aeruginosa was determined to be 450.0 µg/mL.



In the current study, the Gram-positive bacteria demonstrated lower susceptibility to the biosynthesized CuO-NPs than their Gram-negative counterparts. This differential antibacterial activity can be attributed to electrostatic interactions between the bacterial cell membrane and the copper ions emanating from the nanoparticles. Given that peptidoglycans in bacterial cell walls are intrinsically negatively charged, they are naturally drawn to positively charged Cu2+ ions, especially when CuO-NPs are dispersed in a liquid growth medium [35]. To further elucidate the heightened antimicrobial efficacy observed, it was hypothesized that the negative charges of bacterial cell membranes are destabilized by positively charged copper ions. This interaction facilitates the release of nanoparticles into bacterial cells, culminating in protein denaturation and eventual bacterial cell death [36].




2.7. Larvicidal Activity


This section reveals the larvicidal efficacy of the biosynthesized CuO-NPs against the fourth-instar larvae of Culex quinquefasciatus. A marked mortality rate was observed with LC50 and LC90 values of 55.0 and 123.0 µg/mL, respectively, as shown in Table 1. In a related study by Vinothkanna et al. [37], CuO-NPs biosynthesized from Rubia cordifolia bark extract exhibited a 72% larvicidal effect against Culex quinquefasciatus larvae, further pointing toward the potent larvicidal capabilities of CuO-NPs. Based on these results, it was postulated that the mechanism underlying this lethal effect on mosquito larvae stems from the ability of nanoparticles to permeate the larval body. Once inside, these nanoparticles demolish the cellular structures, targeting enzymes and organelles. This interference leads to the destruction of cellular pathways and cell death [38,39].




2.8. Anticancer Activity


For comparison, previous research involving CuO-NPs synthesized from Dillenia indica ethanol leaf extract was reviewed. These nanoparticles, characterized by an average size of 5 nm, a spherical shape, and a zeta potential of −48.8mV, were evaluated for their anticancer properties against MCF-7 cell lines (Figure 8). Notably, the IC50 value for these biosynthesized CuO-NPs against MCF-7 cells was recorded at 120 µg/mL [40]. This suggests that the CuO-NPs derived from I. linneai Ali exhibited enhanced toxicity towards the MCF-7 cell line compared to the CuO-NPs biosynthesized from Dillenia indica. The CuO NPs demonstrated their special anticancer effects via various signaling routes, such as antioxidant activity, apoptosis, ROS generation, autophagy, and cell cycle arrest [41].



The cytotoxic effect of CuO-NPs on cancer cells can be attributed to a myriad of mechanisms. Several studies have documented that CuO-NPs exert anticancer effects through several cellular pathways, including the induction of oxidative stress, apoptosis, ROS generation, autophagy, and cell cycle arrest. Such multi-faceted modes of action make CuO-NPs potential candidates for targeted cancer therapeutics, highlighting the significance of ongoing research in this domain.





3. Materials and Methods


3.1. Collection and Substantiation of Plants


Indigofera linnaei Ali Plant samples were collected from the Biodiversity Garden located at Periyar University, Salem, India (11.7188° N, 78.0779° E). Plants were identified using a herbarium located at the Department of Botany, Periyar University, Tamil Nadu, India (Herbarium No: PU/BOT/AVN.657). The whole plant leaves were washed several times with sterile deionized water and dried for 15 days in the shade at room temperature. Subsequently, the completely dried plants were ground into a fine powder and stored for further experiments.




3.2. Preparation of CuO NPs Using Aqueous Extract of Indigofera linnaei Ali Plants


Copper Sulfate (CuSO4·5H2O) solution was prepared in deionized water and stored in brown bottles. One gram of plant powder was dissolved in 100 mL of deionized water and heated at 60 °C for 45 min. After cooling to room temperature, the plant extract was filtered through Whatman No. 1 filter paper. Approximately 80 mL of the plant extract was mixed with 20 mL of 10% (w/v) CuSO4·5H20 solution and boiled at 80 °C on a hot plate under stirring conditions to obtain the green-colored final product. The final product was stored in a hot air oven and heated at 400 °C for 2 h using a furnace. Finally, a black precipitate was obtained and ground using a mortar and pestle for further analyses [42].




3.3. Characterization of Synthesized Copper Nanoparticles


The initial characterization of copper nanoparticles was carried out using ultraviolet–visible (UV-Vis) spectroscopy (model: UV- 1800, Make: Shimadzu, Kyoto, Japan) in a scanning wavelength range of 200–800 nm as a preliminary confirmation of copper ion reduction. FT-IR (Shimadzu IR Spirit, Kyoto, Japan) was performed in the range from 500 to 5000 cm−1. This analysis was helpful for detecting the biomolecules of the whole-plant I. linnaei Ali extract in the aqueous extract of plants responsible for the formation of CuO-NPs. Scanning electron microscopy combined (ZEISS, Gemini SEM 360, Jane, Germany) with EDX (Carl Zeiss Microscopy Germany, model: EVO 18) was used to identify the surface morphology, size, and elemental composition of I. linnaei Ali whole-plant-extract-mediated CuO NPs.




3.4. Evaluation of the Antibacterial Activity Using Agar Well Plate Method


The antibacterial activities of CuO-NPs were evaluated, using an Agar well plate method, against four pathogenic bacteria, namely, Staphylococcus aureus (ATCC 25923), Enterococcus faecalis (ATCC 19433), Escherichia coli (ATCC 25922), and Pseudomonas aeruginosa (ATCC 25668), procured from the Applied Microbiology Laboratory, Department of Microbiology, Periyar University, Salem, India. Subsequently, 18 h bacterial culture was prepared in nutrient broth. The Muller Hinton agar (MHA) medium was prepared and poured into Petri dishes, and once solidified, an even spread of bacterial cultures was swabbed on the MHA plates with a sterile cotton swab; 6 mm wells were created on the MHA plates using a sterile cork borer. A stock solution of CuO-NPs was prepared by dissolving 500 mg of CuO-NPs in DMSO to achieve a concentration of 500 mg/mL. From the 500 mg/mL stock, 150.00, 300.00, 450.00, and 600.00 µg/mL concentrations were prepared. The exact volume (30 µL) required to achieve these concentrations was determined using the C1V1 = C2V2 formula. A total of 30 µL of each prepared CuO-NP concentration was transferred into each well on the MHA plates. Amoxicillin (AMX) and DMSO served as positive and negative controls, respectively. Afterward, all plates were incubated at 37 °C for 24 h. Following incubation, the inhibition zones that formed around the wells were measured. The assay was performed in triplicate to ensure reproducibility.




3.5. Determination of Minimum Inhibitory Concentration (MIC)


The same four pathogenic bacterial strains were used for MIC determination. A bacterial suspension was prepared in a sterile nutrient broth to attain a 0.5 McFarland standard (1 × 108 CFU/mL). A stock solution of CuO-NPs was prepared by dissolving 500 mg of CuO-NPs in DMSO to obtain a concentration of 500 mg/mL. Two-fold serial dilutions of CuO-NPs were prepared in Mueller–Hinton broth (MHB) in sterile test tubes. The highest concentration (600 µg/mL) was serially diluted to attain lower concentration (150 µg/mL). To each tube containing the CuO-NPs dilutions, equal volumes of bacterial suspension (100 µL) were added. A smooth control tube (MHB + bacterial suspension without CuO-NPs) and sterility control tube (MHB + CuO-NPs without bacterial strains) were also prepared. All tubes were labelled and incubated at 37 °C for 24 h. Following incubation, each tube was examined for turbidity (visible growth). The MIC was defined as the lowest concentration of CuO-NPs in the test tube that showed no visible bacterial growth compared with the control. The OD value was determined using a UV-Vis spectrophotometer (model: UV- 1800, Make: Shimadzu, Kyoto, Japan). The experiment was conducted in triplicate for accuracy.




3.6. Larvicidal Activity


Culex quinquefasciatus mosquito larvae were bred under laboratory conditions. The larvae were reared in plastic trays containing dechlorinated water and fed regularly until the experiment was performed. Different concentrations of CuO-NPs were prepared, ranging from 20 to 100 µg/mL. The 4th-instar larvae were used in the experiment. Individual containers were filled with 49 mL of dechlorinated water, and 1 mL of each concentration was added to the respective container and labeled. Subsequently, 10 larvae were introduced into each container at each concentration in all experiments. The experiments were conducted in standard climatic conditions, such as 12 h of light and 12 h of darkness, at 28 ± 1 °C. This experiment was undisturbed and observed for 24 h for a total period of 48 h, after which dead larvae were recorded. The mortality rate at each concentration was calculated using the following formula:


  %   o f   m o r t a l i t y =     n u m b e r   o f   d e a d   l a r v a e   t o t a l   l a r v a e   i n t r o d u c e d     × 100  












3.7. Anticancer Activity Determined via MTT Assay


The human breast cancer cell line (MCF-7) was purchased from the National Centre for Cell Science, Pune. The cell line was grown in Eagle’s essential media with 10% fetal bovine serum (FBS) and 1% streptomycin. These cells were maintained at 37 °C, with 5% carbon dioxide, 95% air, and 100% relative humidity. The MTT (3-4, 5-dimethylthiazol-2-y)-diphenyl tetrazolium bromide assay was carried out to determine the cytotoxicity of I. linnaei Ali-synthesized CuO NPs.



The MTT test was performed using seeded cells in 96 well plates at a density of 5000 cells per well, and the cells were left to attach for 24 h. Different concentrations of CuO-NPs (6.5, 12.5, 50.0, and 100.0 µg/mL) were prepared using DMSO and added to wells. For control wells, only DMSO, without CuO-NPs, was added. The plates were then incubated for a specific period of 24–48 h. After incubation, the media were removed from each well. Thereafter, 100 μL of fresh medium and 10 μL of MTT solution (5 mg/mL in PBS) were added to each well. The plates were incubated for another 4 h at 37 °C. Afterward, the medium was carefully withdrawn without disturbing the formazan crystals. A total of 100 μL of DMSO was added to each well to dissolve the formazan crystals. The absorbance was measured using a microplate reader at 560 nm. The percentage of cells that survived and the estimated concentration of CuO-NPs necessary to kill 50% of cancer cells were compared to those of the control. Later, the treated MCF-7 cell line was analyzed using confocal microscopic observation with 100 µm magnification (FV4000, Confocal Microscopy, Olympus, Bartlett, TN, USA). The percentage of cell inhibition was measured by plotting a bar graph with the concentration of CuO-NPs on the Y-axis and cell inhibition (%) on the X-axis. The IC50 value, which represents the concentration of CuO-NPs required to inhibit the experiments at 50% cell viability, was determined from the dose–response curve. A concentration with a lower IC50 value was indicative of higher anticancer activity. The experiment was conducted three times, and statistical analysis was performed using One-Way ANOVA to interpret significant differences [43,44].


  C e l l   v i a b i l i t y   %   =     A b s o r b a n c e   o f   t r e a t e d c e l l s   A b s o r b a n c e   o f   c o n t r o l     × 100  













4. Conclusions


The current study demonstrates the potential of the leaf extract from the Indian medicinal plant I. linnaei Ali in the green synthesis of CuO-NPs. The effective formation of CuO-NPs was evident from the UV-vis results, which presented distinctive λ-max peaks at 267 and 337 nm. FT-IR was used to determine the presence of specific functional groups in the synthesized CuO-NPs. The crystalline nature of the synthesized CuO-NPs was confirmed via XRD. Additionally, SEM and EDX analyses revealed the morphology and elemental composition of the nanoparticles. A remarkable aspect of our research is the biomedical potential of the green-synthesized CuO-NPs, which exhibited significant antibacterial competence against pathogenic bacteria, including Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, and Enterococcus faecalis. Regarding vector control, these CuO-NPs demonstrated promising insecticidal activity, especially against the Culex quinquefasciatus larvae, and showed low LC50 (55.716 µg/mL) and LC90 (123.657 µg/mL) values. Furthermore, the potential therapeutic efficacy of these nanoparticles was evident from their selective cytotoxicity towards the human breast cancer cell line (LC50—63.13 µg/mL), suggesting their potential as a candidate for cancer therapy. Overall, the results from this study not only uphold the efficacious use of I. linnaei Ali-mediated nanoparticle synthesis but also highlight the multifaceted biomedical applications of CuO-NPs, laying a basis for further research and potential therapeutic interventions in the medical field.
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Scheme 1. Graphical representation of green synthesis of CuO NPs using Indigofera linnaei Ali plant extract and its biological activity. 






Scheme 1. Graphical representation of green synthesis of CuO NPs using Indigofera linnaei Ali plant extract and its biological activity.



[image: Inorganics 11 00462 sch001]







[image: Inorganics 11 00462 g001] 





Figure 1. UV-Vis spectrum results of CuO NPs. 
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Figure 2. FTIR spectrum of biosynthesized CuO-NPs. 
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Figure 3. XRD analysis of CuO-NPs. 
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Figure 4. SEM images of biosynthesized CuO-NPs: (a) 20 µm and (b) 10 µm. 
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Figure 5. (a) EDX spectrum of biosynthesized CuO-NPs and (b) elemental mapping analysis of CuO-NPs. 
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Figure 6. (a) Antibacterial activity of CuO-NPs exerted via agar well diffusion and (b) zone of inhibition with bacterial pathogens. 
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Figure 7. MIC values of CuO-NPs against bacterial pathogens. 
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Figure 8. (a) % of cell inhibition toward MCF-7. (b) Confocal microscopy images of control and CuO-NPs against breast cancer cell line MCF-7; (i) control, (ii) 6.5 µg/mL, (iii) 12.5 µg/mL, (iv) 25 µg/mL, (v) 50 µg/mL, and (vi) 100 µg/mL (under 100 µm). 
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Table 1. Larvicidal activity of aqueous extract of I. linneai Ali-synthesized CuO-NPs against Culex quinquefasciatus.
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Insect

	
Con.

(µg/mL)

	
Mortality

(%)

	
LC50 (LCL-UCL) * (µg/mL)

	
LC90 (LCL-UCL) (µg/mL)

	
χ2

	
df






	
C. quinquefasciatus

	
Control

	
00.00 ± 00

	
55.716

(50.200–61.710)

	
123.657

(104.960–156.663)

	
11.587

	
13




	
20

	
10.00 ± 1.00




	
40

	
21.66 ± 0.57




	
60

	
48.33 ± 0.57




	
80

	
71.66 ± 0.57




	
100

	
90.00 ± 1.00








* LCL—lower control limit, UCL—upper control limit, and df—degrees of freedom.
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