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A B S T R A C T   

Developing multifunctional nanomaterials through environmentally friendly and efficient ap
proaches is a pivotal focus in nanotechnology. This study aimed to employ a biogenic method to 
synthesize multifunctional copper oxide nanoparticles (LI-CuO NPs) with diverse capabilities, 
including antibacterial, antioxidant, and seed priming properties, as well as photocatalytic 
organic dye degradation and wastewater treatment potentials using Lagerstroemia indica leaf 
extract. The synthesized LI-CuO NPs were extensively characterized using UV–vis spectroscopy, 
dynamic light scattering (DLS), X-ray diffraction (XRD), scanning electron microscopy with en
ergy dispersive X-ray spectroscopy (SEM-EDX), transmission electron microscopy (TEM), X-ray 
photoelectron spectroscopy (XPS), and Fourier transform-infrared spectroscopy (FT-IR). The 
colloid displayed surface plasmon resonance peaks at 320 nm, characteristic of LI-CuO NPs. DLS 
analysis revealed an average particle size of 93.5 nm and a negative zeta potential of − 20.3 mV. 
FTIR and XPS analyses demonstrated that LI-CuO NPs possessed abundant functional groups that 
acted as stabilizing agents. XRD analysis indicated pure crystalline and spherical LI-CuO NPs 
measuring 36 nm in size. Antibacterial tests exhibited significant differential activity of LI-CuO 
NPs against both gram-negative (Escherichia coli, Salmonella typhimurium) and gram-positive 
(Staphylococcus aureus and Listeria monocytogenes) bacteria. In antioxidant tests, the LI-CuO NPs 
demonstrated a remarkable radical scavenging activity of 97.6 % at a concentration of 400 μg 
mL− 1. These nanoparticles were also found to enhance mustard seed germination at low con
centrations. With a remarkable reusability, LI-CuO NPs exhibited excellent photocatalytic per
formance, with a degradation efficiency of 97.6 % at 150 μg/mL as well as a 95.6 % reduction in 
turbidity when applied to wastewater treatment. In conclusion, this study presents environ
mentally friendly method for the facile synthesis of LI-CuO NPs that could potentially offer 
promising applications in biomedicine, agriculture, and environmental remediation due to their 
multifunctional properties.   

1. Introduction 

The rapidly changing global climate and land degradation have posed significant challenges to sustainable agricultural production, 
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food safety, and the emergence of drug-resistant pathogens [1–4]. To address these multifaceted issues, the application of nano
technology has gained substantial importance [5]. Nanotechnology offers the potential to mitigate agricultural losses, enhance food 
safety, combat drug-resistant pathogens, and address environmental pollution through waste and water treatments [6–10]. The 
burgeoning enthusiasm for nanomaterials research is intricately tied to their distinct characteristics, such as heightened reactivity, 
exceptional durability, significant surface-area-to-volume ratio, vast biological activity, and a plethora of other attributes [3,4,7, 
11–15]. 

The synthesis and use of metal oxide nanoparticles such as ZnO, CoO, TiO2, Fe2O3, SnO2, Bi2O3 and CuO have been studied for their 
environmental, agricultural, and biomedical applications than their metallic form [7,14],[16-23]. Due to their wider range of ap
plications, there is a growing interest in the biofabrication of Copper oxide nanoparticles (CuO NPs). These applications encompass 
their efficacy as antimicrobial, antioxidant, and anticancer agents [7,14,16–18], as well as their utility in drug delivery mechanisms 
[7]. Additionally, CuO NPs play pivotal roles in waste treatment processes [15], pesticide formulations [13,14], and serve as integral 
components in nanosensor technology [24]. Furthermore, they exhibit prowess as photocatalysts [25], contributing significantly to 
thermal conductivity and energy storage systems [7,14,26]. Several physical and chemical methodologies have been documented for 
synthesizing CuO NPs [27–36]. However, these traditional synthesis methods are energy-intensive, expensive, and environmentally 
unfriendly [7,14,37]. To overcome these limitations, there exists a compelling need for adopting environmentally friendly and 
cost-effective synthesis approaches [4,37]. 

One promising avenue in green synthesis involves the use of natural materials including extracts from plants, microbes, and algae as 
potential reductant [6,37]. Plant extracts, in particular, provide an economically viable and environmentally friendly approach [4,37], 
harnessing the rich variety of phytomolecules including flavonoids, terpenes, alkaloids, vitamins, acids, tannins, phenols and many 
more metabolites they contain [4,6]. These phytochemicals demonstrate exceptional capabilities as reducing, stabilizing, and capping 
agents, facilitating precise control of nanoparticle size and shape [4,6,15,38]. CuO NPs have been successfully synthesized utilizing 
extracts sourced from diverse plant species such as Bauhinia tomentosa [7], Brassica oleracea [14], Calotropis procera [39], Azadirachta 
indica [40], Albizia lebbeck [41], Catha edulis [42]; Capparis spinosa [15], Psidium guajava [43], Drypetes sepiaria [44], Syzygium 
alternifolium [45], Populus ciliata [46], Ruellia tuberosa [43], and Nerium oleander [47]. While various plants have been employed for 
CuO NP synthesis, most studies have focused on single functionalities, overlooking the potential for multi-functional nanoparticles 
[48–50]. 

In this context, the Indian Crape myrtle (Lagerstroemia indica L.) is one of the most ecologically and ethnobotanically significant 
species endemic to China and introduced into other parts of the world [51,52]. The species is recognized for its substantial nutra
ceutical properties [53–56]. Nuclear magnetic resonance analysis showed that L. indica leaf contains a notable amount of gallic acid, 
3-O-methylgallate, tellimagrandin, isovitexin, luteolin, brevifolin, vitexin, iso-orientin, orientin, astragalin, nilocitin, catechin, epi
catechin, rutin, 2,3-hexahydroxydiphenic acid-α/β-glucoside, apigenin-7-O-4C1-β-D-glucoside, kaempferol, decarboxy ellagic acid 
and quercetin [53,56–58]. Thus, these diverse bioactive compounds make L. indica an ideal choice for nanoparticle synthesis. Several 
studies have examined the impact of biosynthesized silver nanoparticles on altering bacterial biofilms in both gram-negative and 
gram-positive bacteria [59], as well as investigating the anticancer, antimicrobial, and hemolytic properties of zinc oxide nanoparticles 
[60], using leaf extracts from L. indica. However, the potential of employing L. indica leaf extract in the synthesis of CuO NPs with 
multiple functionalities remains unexplored. 

This study aimed to synthesize multifunctional CuO NPs for versatile applications in agriculture, biology, and the environment. To 
achieve this objective, a novel and environmentally friendly synthesis of CuO NPs was conducted using L. indica leaf extracts. This 
marks the pioneering use of L. indica leaf extracts for this purpose, as the green-synthesized CuO NPs underwent thorough charac
terization, evaluating their size, stability, crystallinity, purity, morphology, structural features, and chemical composition. Various 
analytical techniques, including UV–Vis spectrometry, X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and 
scanning electron microscopy with energy dispersive x-ray spectroscopy (SEM-EDX) analysis, were employed for this purpose. The 
study also explored the antioxidant and antimicrobial properties, photocatalytic dye degradation and wastewater treatment and seed 
priming efficacies of the synthesized CuO NPs. The findings contribute profound insights into the multifaceted capabilities of the 
synthesized CuO NPs, underscoring their pivotal role in addressing challenges across agricultural, biological, and environmental 
domains. 

2. Materials and methods 

2.1. Plant and chemicals 

The leaves of Lagerstroemia indica were collected from the Prairie View A&M University (PVAMU) main campus, TX, USA in June 2, 
0222. Subsequently, the sample underwent identification by the plant systematist at PVAMU. The voucher plant specimen (LITXUS- 
1072022) was deposited. Copper sulfate pentahydrate (CuSO4⋅5H2O, 99.98 %), 1, 1-diphenyl-2-picryl hydrazyl (DPPH), ascorbic acid, 
methylene blue, methanol, ethanol, Trypticase Soy Broth (TSB) and Trypticase Soy Agar (TSA) were procured from Sigma–Aldrich (St. 
Louis, MO, USA). All chemicals, meticulously sourced as analytical grade, were used without additional purification. 

2.2. Preparation of Lagerstroemia indica leaf extract 

The aqueous leaf extract of L. indica was prepared with a slight modification of the method in our previous study [6]. Healthy leaves 
were first washed thoroughly with tap water to eliminate debris, followed by freeze-drying and grinding into powder using an 
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electrical blender. For aqueous extraction, 15 g of finely powdered sample was weighed and transferred to a 1L flask. Then 700 mL of 
distilled water was added and the mixture was sonicated under ultrasonic bath (Bransonic® MH-series, CPX-952-217R) for 90 min at 
55 ◦C. The mixture was shaked for 72 h with an orbital shaker (IKA Basic Variable-Speed Digital Orbital Shaker, model, 115V) set to 
300 rpm at 20 ◦C. The resulting solution was further filtered using polyvinylidene fluoride syringe filter with a pore size of 0.45 μm. 
The filtrate was stored at 4 ◦C pending the synthesis of CuO NPs. 

2.3. Biosynthesis of CuO nanoparticles 

Copper oxide nanoparticles (CuO NPs) were synthesized with slight modification of the method described by Alhalili [61]. In this 
approach, 10 mL of the pre-prepared leaf extract with a pH adjusted to 8.1 was combined with 90 mL of a 1 mM concentrated 
CuSO4⋅5H2O solution. The mixture, with its pH readjusted to 8.2, was stirred at 25 ◦C for 6 h until in a noticeable color change to black 
suspension observed. The mixture was then centrifuged at 20,000 rpm for 20 min, washed with deionized water, and dried at 80 ◦C for 
4 h in an oven. The dried pellet was subjected to calcination in a furnace at 500 ◦C for 3 h to achieve stable CuO NPs. Afterward, the 
dried powder was washed with ethanol and centrifuged at 10,000 rpm for 20 min three times and the pellet was dried. Finally, the 
synthesized nanoparticles designated as LI-CuO NPs were stored in a glass ampoule within a desiccator until further characterization. 

2.4. Characterization of biosynthesis of CuO NPs 

The reduction of copper ions to LI-CuO NPs was firstly evaluated visually by inspecting color change. UV–Vis spectrophotometer 
(SpectraMax® PLUS 384) was employed to further monitor and confirm the formation of LI-CuO NPs in the absorption spectra ranged 
from 200 to 800 nm. Dynamic light scattering (DLS) was employed to determine the average particle size and distribution, poly
dispersity index (PDI) and zeta potential of the biosynthesized LI-CuO NPs with Litesizer™ 500 (Anton Paar, Austria). The numbers of 
measurements for these parameters were evaluated and enhanced by the Kalliope 3.2.5 (Anton Paar, Austria). To characterize the 
functional groups of phytochemicals serving as reducing and stabilizing agents, FTIR spectra of LILE and LI-CuO NPs were acquired 
using a JASCO/FTIR-6300 spectrophotometer, covering the range of 4000–500 cm− 1 with a resolution of 4 cm− 1 via the KBr disc 
technique. The synthesized LI-CuO nanoparticles were characterized using scanning electron microscopy (SEM) coupled with energy- 
dispersive X-ray spectroscopy (EDX) to analyze their morphological and elemental composition. Additionally, transmission electron 
microscopy (TEM) analysis was performed using a JEOL-2100+ High-Resolution TEM equipped with selected area electron diffraction 
(SAED) at 200 kV. The chemical composition of LI-CuO NPs was analyzed by X-ray photoelectron spectroscopy XPS (PHI 5000Ver
saProbeII, ULVAC-PHI Inc.) analyzer. Moreover, the crystallinity of the nanoparticles was taken by a powder diffractometer (XRD- 
7000, Shimadzu, Japan), operating at 40 kV and 30 mA, with Kα radiation (λ = 1.54 Å) in the range of 2θ = 10◦ - 80◦. The average 
crystallite size (D) of LI-CuO NPs was computed using Debye-Scherrer’s formula [62] given by equation (1):  

D = k λ/ βCosθ                                                                                                                                                                         (1) 

where θ is Bragg angle, β is the full width at half maximum (FWHM), k is shape factor (k = 0.94 in this work) and λ is the wavelength of 
incident X-rays (λ = 1.54 nm). 

2.5. Antibacterial activity 

An in vitro antibacterial activity of the LI-CuO NPs was assessed against different pathogenic bacteria including Escherichia coli 
0157: H7, Salmonella typhimurium (ATCC 14028), Staphylococcus aureus (ATCC 12228), and Listeria monocytogenes (ATCC 19111) by 
the agar well diffusion method. The test microbes were cultured on TSB media and transferred to TSA plates, sub-cultured and 
incubated at 37 ± 2 ◦C for 24 h. Following the incubation, a colony was taken by sterilized swap and evenly smeared across the surface 
of TSA plate. The solid medium was softly punctured to make wells with diameter of 6 mm at equidistant. Then, 100 μL of 50, 75 and 
100 μgmL− 1 of synthesized LI-CuO NPs colloidal solutions and LILE (100 μgmL− 1) each were placed to wells and then incubated at 37 
± 2 ◦C for 24 h. The streptomycin (100 μgmL− 1) was used as a control. After incubation, inhibition zones (in millimeters) were 
measured using ProtoCOL3 (Synbiosis, Cambridge, UK). 

2.6. Determination of minimum inhibitory and bactericidal concentrations 

Initially, bacterial growth was adjusted to a density of 0.5 McFarland turbidity standard (A600 = 0.1), equivalent to 1 × 106 CFU/ 
mL through serial dilutions in TSB media. Different concentrations of LI-CuO NPs ranging from 30 to 160 μg mL− 1 in 10-unit intervals 
were prepared using sterilized water. Subsequently, bacterial culture (20 μL each strain) was mixed with each LI-CuO NP (80 μL) 
concentration and smeared on TSA plates. The plates were then incubated at 37 ± 2 ◦C for 24 h. For each dilution, a negative control 
comprising 80 μL of LI-CuO NPs and TSA (without bacterial inoculum) was used, while untreated bacteria in TSA medium served as the 
positive control. The minimum inhibitory concentration (MIC) was determined for each pathogenic bacterium as the lowest con
centration at which full inhibition of bacterial growth occurred without cell killing. Additionally, the minimum bactericidal con
centration (MBC) of LI-CuO NPs was assessed by subculturing bacteria with a concentration equal to or higher than MIC on TSA plates. 
The MBC value was defined as the lowest concentration at which no bacterial growth was observed. All experiments were conducted in 
triplicate. 
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2.7. Antioxidant activity of LI-CuO nanoparticles 

The 2, 2- diphenyl-1-picrylhydrazyl (DPPH) assay was used to evaluate the relative free radical scavenging activity of the LILE, LI- 
CuO NPs, and the standard (ascorbic acid) following the method by Geremew et al. [6]. About 30 μL of different concentrations (25, 50, 
100, 200, 300 and 400 μg mL− 1) of LILE, ascorbic acid and LI_CuO NPs each were mixed with 170 μL of DPPH radical solution (0.1 mM 
in methanol) in a 96-well microplate. After 30 min of incubation in darkness, absorbance was measured at 517 nm using a UV–Vis 
spectrophotometer (SpectraMax® PLUS 384), with negative control (DPPH methanol reagent without extract and LI-CuO NPs) and 
positive control (ascorbic acid with DPPH). Percentage inhibition was calculated following our previous protocol [6]. 

2.8. Seed germination experiment 

Mustard (Brassica juncea L. Czern) was selected as a model plant to assess the impact of LI-CuO NPs on germination rate. Seeds of 
B. juncea were obtained from Twilley Seed Company (Hodges, SC, USA), sterilized in 10 % (v/v) NaClO4 solution for 10 min, and 
thoroughly rinsed with sterilized deionized water. Once rinsed, seeds were immersed in LI-CuO NPs solution of varying concentrations 
(0, 50, 100, 150 and 200 mg L− 1) for 5 min. Twenty-five seeds were evenly placed onto each Petri dish lined with filter paper. Then 5 
mL of either deionized water (control) or the respective concentrations of LI-CuO NPs solution were poured into each dish. Each 
treatment was triplicated. The tightly sealed Petri dishes were kept at 25 ◦C until germination occurred. After 5 days, the seed 
germination rate (GR) was estimated by computing the proportion of seeds that had germinated. Also, relative seed germination 
inhibition (RGI) was calculated [63] using equation (2):  

RGI (%) = [(GRcontrol_GRtreat)/(GRcontrol)] X 100                                                                                                                           (2)  

2.9. Photocatalytic dye degradation efficiency of LI-CuO NPs and reusability 

The photocatalytic efficiency of biosynthesized LI-CuO NPs was assessed by degrading methylene blue (MB) in aqueous solution 
under sunlight, following methods adapted from Sukumar et al. [64]. MB solution (100 μg/mL) was prepared by dissolving 1 mg in 10 
mL of deionized water under aseptic conditions. Different concentrations of LI-CuO NPs (5, 10, 25, 50, 100 and 150 μg/mL) were 
prepared from a 500 μg/mL stock solution. From each concentration of the synthesized LI-CuO NPs 10 mL was added to 100 mL of MB 
samples. MB solution without the addition of LI-CuO NPs was used as control. To maintain the adsorption-desorption balance between 
LI-CuO NPs and MB, the mixture was stirred in dark for 5 min before irradiation. The reaction solution was then kept exposed to direct 
sunlight irradiation. During the course of photocatalysis 3 mL of sample solution were taken at the interval of 30 min and centrifuged at 
10, 000 RPM for 15 min. Then supernatants were obtained to determine rate and efficiency of MB degradation by measuring 
absorbance at 664 nm using UV–Vis spectrophotometer (SpectraMax® PLUS 384). The photocatalytic activity measurement period 
ranged from 0 to 150 min. Percent dye degradation was computed [65] as indicated in equation (3):  

Degradation (%) = [(C0-Ct)/(C0)] X 100                                                                                                                                        (3) 

where, C0 and Ct represent absorbances at the 0th and tth minutes, respectively. 
For further large-scale photocatalytic applications, the reusability of LI-CuO NPs was assessed over five cycles using a maximum 

concentration of LI-CuO NPs of 150 μg/mL employed in MB degradation. Following the first cycle, the nano-catalyst was washed three 
times with distilled water and then dried at 50 ◦C in an oven to eliminate any residual water prior to applying in the second cycle. 

2.10. Potential of LI-CuO NPs in wastewater treatment 

Wastewater samples released from the animal production site at Prairie View A&M University main campus, TX, USA were 
collected and homogenized following proper aseptic conditions. The initial turbidity of the wastewater was measured using a turbi
dimeter (Oakton T-100). Coagulation/flocculation/sedimentation (CFS) assay was conducted to assess the application of LI-CuO NPs 
in wastewater treatment. About 10 mL of LI-CuO NPs of different concentrations (10, 25, 50, 100 and 150 mg L− 1) were added to 100 
mL of the wastewater. Wastewater without LI-CuO NPs was used as a control. A combination of rapid mixing at 150 rpm for 4 min 
followed by slow mixing at 50 rpm for 15 min, and coupled with 90 min of sedimentation was carried out. After sedimentation, samples 
were taken from the supernatant for turbidity measurements using a turbidimeter (Oakton T-100). From the initial turbidity (TI) and 
final turbidity (TF) measurements, the turbid removal efficiency of LI-CuO NPs was estimated using equation (4):  

Turbidity removal (%) = [(TI- TF)/(TI)] x 100.                                                                                                                              (4)  

2.11. Statistical analysis 

Antioxidant, antimicrobial activities, relative germination inhibition, and dye degradation efficiency data across LI-CuO NPs 
concentrations underwent one-way ANOVA analysis using the agricolae package [66] in R v3.5 (http://www.R-project.org). Mean 
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differences between treatments were compared using Tukey’s test and a value p < 0.05 was regarded statistically significant. All 
graphs were generated using Sigma Plot Software (Version 14.5, Systat Software, Inc.). 

3. Results and discussion 

3.1. Characterization of LI-CuO nanoparticles 

Multifunctional LI-CuO NPs were synthesized via an environmentally benign bio-reduction method using LILE and metallic salt 
(CuSO4⋅5H2O). As the reduction proceeded, the color of the reaction mixture transformed from light blue to brownish-black attributed 
to the formation of LI-CuO NPs. The color change is caused by the interplay of phytochemicals in the LILE like phenols, saponin, and 
alkaloids that contributed to the synthesis of CuO NPs [4,6,37]. L. indica leaf extracts has been reported to have abundant active 
compounds [53,56–58]. Moreover, the optical properties of LI-CuO NPs synthesized was analyzed utilizing UV–vis absorption spec
troscopy. The fabrication of CuO NPs was validated by observing a characteristic absorption peak in the UV–vis spectrum within the 
range of 200–800 nm. Specifically, a strong absorbance peak at 320 nm was recorded, indicating the formation of LI-CuO NPs (Fig. 1) 
and associated to the surface plasmon resonance (SPR) of copper oxide particles [67]. This strong peak signifies the repulsion of free 
electrons on the surface of NPs [67]. The occurrence of SPR absorption is indicative of the size and morphology of nanoparticles [6]. 
Additionally, the absorption peak at 320 nm corresponds to the inter-band transition of core electrons within the copper metal present 
in CuO NPs [43]. Several factors including crystallinity, crystallite size, shape, precursor concentration, and aggregations can influence 
the SPR peak of NPs [68]. In this study, the appearance of a single SPR peak implies that LI-CuO NPs are spherical [6,69] and the 
broader absorbance peak is the feature of the wide size distribution [21]. 

The functional groups surfacing biosynthesized LI-CuO NPs were examined by FTIR spectroscopy. Fig. 2 displays the spectra of 
fabricated LI-CuO NP, highlighting key vibrational bands at 998, 1498, 1737, 2227, 2982, 3501, and 3953 cm− 1. The major functional 
bands in the spectrum of LI-CuO NPs were noted at 2982 cm− 1, representing medium stretching vibration of aliphatic –CH2 groups 
(alkane), whereas a strong peak at 2227 cm− 1 and weak peak at 1735 cm− 1 were found to be alkyne stretching (C–––C) and aldehyde 
(C––O) groups, respectively [70]. Hydroxyl groups (O–H), overlapping with NH stretching vibrations of amines, were detected be
tween 3501 and 3953 cm− 1 [71]. Furthermore, the strong peaks at 1364 cm− 1 and 1498 cm− 1 showed the presence of aliphatic ar
omatics (CH) and phenols [67]. With the slight shift in band compared to the LILE, LI-CuO NPs possessed bioactive phytochemicals 
dominantly present in the LILE indicating their role as reducing agents for Cu during biosynthesis as well as serving as capping ma
terials [67,72]. 

The average LI-CuO NPs were analyzed using DLS to determine their average size, size distribution, polydispersity index (PDI) and 
surface charge. In aqueous solution, the average size and zeta potential of LI-CuO NPs were 93.5 nm and − 20 mv, respectively (Fig. 3a 
and b). The higher negative zeta potential denoted the strong repulsion forces among particles, enhancing stability and quality [38,73]. 
Stability of nanoparticles is directly related to the magnitude of surface charge measured in terms of zeta potential [73]. In addition, 
the polydispersity index (PDI) of LI-CuO NPs was about 0.152 which signified a monodisperse distribution or homogeneity in colloidal 
solution. NPs with monodispersed size distribution and PDI value less than 1.0 have been regarded as having good colloidal stability 
[74]. 

The structural characterization of LI-CuO NPs was investigated using TEM and SEM coupled with EDX analyses. The SEM and TEM 
images revealed the spherical nanoparticles (Fig. 4a and b). Some aggregations in SEM images were observed compared to TEM 
analysis. The agglomeration of particles is likely due to the accumulation of different reducing agents from plant extract or their 
magnetic interactions [75,76]. SAED pattern revealed concentric rings, indicating the presence of numerous crystallites of agglom
erated LI-CuO NPs (Fig. 4c), facilitating their excellent dispersion in bio-reduced aqueous solution, even on the macroscopic scale. The 
aggregation of Cu may result from the thermodynamic stability of CuO blocking oxidation than Cu ions [77]. The EDX analysis 
confirmed elemental composition, showing copper (39.85 %), oxygen (30.93 %), carbon (25.57.8 %), potassium (0.55 %) and sulfur 
(3.74 %) (Fig. 4 b & d). Absorption peaks near 1.0 and 8.0 keV in the EDX spectrum correspond to Cu atoms. In EDX spectrum, C and S 

Fig. 1. UV–vis absorbance spectra of LI-CuO NPs in aqueous solution.  
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might be derived from phytochemicals (carbohydrates, flavonoids, phenols, saponins and tannins) from the leaf extract and CuSO4 
precursor [7,14]. 

XPS analysis results for the green-synthesized LI-CuO NPs is provided in Fig. 5. Occurrence of copper is confirmed by peaks of 
relative intensity Cu2p1, Cu2p3, Cu LMM and Cu 3p. Additionally, peaks corresponding to biomolecule-related elements such as O (1s 
and KL1), carbon (C1s and CKLL), and S (S2p and S2s) were observed, with C1s indicating the presence of carbon-containing functional 
groups [78]. The O1s major peak at 531.2 eV for O––C, O (Cu (II), C, H) [78] indicated the presence of Cu as +2 oxide in the syn
thesized LI-CuO NPs [71]. XRD analysis, shown in Fig. 6 revealed major Bragg’s diffraction peaks at 32.51◦, 35.53◦, 38.75◦, 46.31◦, 
48.76◦, 53.58◦, 58.31◦, 61.58◦, 66.24◦ and 68.08◦ corresponding to crystallographic planes of (110), (− 111), (111), (− 112), (− 202), 
(020), (202), (− 113), (− 311) and (220), respectively. The sharpness of the peaks indicated that the synthesized LI-CuO NPs are 
monoclinic and crystalline nature [79] with JCPDS-80-0076. Using the Scherrer formula, the average crystal size was estimated to be 

Fig. 2. Comparison of the FTIR spectra of the L. indica leaf extract and LI-CuO NPs. Each peak in the LI-CuO NPs indicates the functional group of 
the phytochemical involved in the reduction and stabilization leading to nanoparticle synthesis. Arrows pointing to the corresponding func
tional group. 

Fig. 3. Size distribution (a) and zeta potential (b) of LI-CuO NPs in aqueous suspension.  
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36 nm from the XRD spectrum’s peak width. 

3.2. Antimicrobial activity of LI-CuO nanoparticles 

Globally, the rise in antibiotic resistance and the prevalence of hospital-acquired infections have exacerbated the incidence and 
epidemics of pathogenic microbes [3,4]. To avert these issues there is great importance in biomedical applications of biosynthesized 
nanoparticles including CuO NPs. In the present study, we evaluated the antimicrobial potential efficacy of LI-CuO NPs against 
pathogenic Gram-negative (E. coli and S. typhimurium), and Gram-positive (S. aureus and L. monocytogenes) bacteria employing the agar 
well diffusion method. LI-CuO NPs demonstrated stronger antimicrobial activity than LILE in a concentration-dependent pattern 

Fig. 4. EDX spectra (a), SEM micrographs (b) TEM image (c) and weight element composition (d) of biosynthesized LI-CuO NPs. Inset in TEM image 
is SAED pattern of the particles. 

Fig. 5. XPS spectra of the synthesized LI-CuO NPs.  
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(Fig. 7, Table 1). Indeed, this aligns with other studies that reported the antibacterial activity of CuO NPs and other metallic oxide 
nanoparticles [16–20] increases with a rise in concentration [80]. However, the antimicrobial effect of nanoparticles relies on different 
factors including morphology, solubility and surface functional groups [67]. The antibacterial activity of LI-CuO NPs revealed greater 
susceptibility of Gram-negative bacteria, E. coli and S. typhimurium, with larger zone of inhibition (ZOI) diameters of 17.1 mm and 16.4 
mm, respectively, compared to Gram-positive bacteria L. monocytogenes and S. aureus with ZOI of 12.2 mm and 14.7 mm, respectively 
at 100 μg L− 1 (Fig. 7, Table 1). The MIC and MBC values also showed higher susceptibility of Gram-negative bacteria over 
Gram-positive bacteria than (Fig. 8). This discrepancy in sensitivity could stem from the unique and single peptidoglycan layer of 

Fig. 6. XRD pattern of the synthesized LI-CuO NPs along with JCPDS Data.  

Fig. 7. Agar well diffusion method for antimicrobial activity as zones of inhibition observed three LI-CuO NPs concentrations including 1(200 μg/ 
mL), 2 (100 μg/mL), 3 (50 μg/mL), 4 (LILE) and 5 (streptomycin) against gram-positive and gram-negative bacteria. 
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Gram-negative bacteria, contrasting with the thick peptidoglycan layer in Gram-positive bacteria [81]. While the highest MIC value of 
46.4 μg mL− 1was recorded for the Gram-positive bacterium, S. aureus the lowest MIC value of 32.4 μg mL− 1 was noted for the 
Gram-negative bacterium, E. coli. The highest MBC recorded for LI-CuO NPs was 95.6 μg mL− 1 for S. aureus while the lowest MBC value 
of 62.5 μg mL− 1 was observed for E. coli. Consistently, in a study by Andualem et al. [82], it was found that CuO NPs exhibited greater 
efficacy against Gram-negative bacterial strains. Electrostatic interactions between CuO NPs and bacterial cell walls, particularly 
Gram-negative bacteria like E. coli might significantly contributed to their antimicrobial efficacy compared to Gram-positive bacteria 
[83]. The bactericidal potential of LI-CuO NPs could also be explained by the bioactive molecules capping the NPs as highlighted in the 
FTIR analysis and their small size indicated in DLS analysis [21]. Moreover, the strong antibacterial activity of biosynthesized LI-CuO 
NPs may be linked to surface charge/zeta potential, which determines electrostatic interactions, adsorption and subsequent pene
tration of bacterial cells by the nanoparticles [84]. 

Copper oxide nanoparticles exhibit diverse antimicrobial mechanisms, disrupting RNA and DNA replication, ATP production, and 
stimulating oxidative stress through generating reactive free radicals and modulating signal transduction pathways, ultimately leading 
to bacterial cell membrane damage, lysis and death [67,85,86]. Furthermore, NPs can efficiently enter the cell through porins on the 
bacterial plasma membrane and possibly result in ionic imbalance and protein and enzyme leakage that eventually alters cell growth 
[6,7,21]. Studies have also suggested that CuO NPs’ release of Cu2+ ions in the media affects bacterial respiration and other important 
biochemical processes [85]. The Cu2+ ions released can bind to thiol groups in key bacterial enzymes and proteins, leading to their 
inactivation and bacterial death [85]. Additionally, the accumulation of Cu2+ ions can outcompete essential ions in the cells such as 
Fe2+, impeding proper cofactor binding to proteins and resulting in protein dysfunction [87,88]. 

3.3. Antioxidant activity of LI-CuO nanoparticles 

Cellular oxidation, leading to the generation of free radicals and reactive oxygen species (ROS), is implicated in various human 
disorders by damaging antioxidant systems and causing cell death [89]. However, antioxidant activity involves mechanisms such as 
hydrogen abstraction, termination of free radical-driven chain reactions, peroxide removal, metal ion chelation, and radical scav
enging [90]. Factors contributing to antioxidant activity include the absorption, neutralization of free radicals, and quenching of 
singlet and triplet oxygen [91]. In this study, we assessed the in vitro radical scavenging potential of LI-CuO NPs using the DPPH assay, 
comparing their activity with LILE and ascorbic acid, a standard antioxidant, as shown in Fig. 9. LI-CuO NPs exhibited significant 
variation in concentration-dependent radical scavenging activity (P < 0.05). The DPPH radical scavenging activities ranged from 7.25 
to 85.41 %, 25.26–93.3 % and 10.2–97.6 % for LILE, ascorbic acid and LI-CuO NPs, respectively. Notably, at 400 μg mL− 1, LI-CuO NPs 
displayed a scavenging activity of 97.6 %, surpassing that of the standard (93.3 %). In support of the FTIR analysis, the highest 
antioxidant properties of LI-CuO NPs might be associated with the presence of phytochemical functional groups from LILE acting as 
capping agents [85]. In addition, nuclear magnetic resonance characterization showed that LILE contains notable phytochemicals such 
as gallic acid, isovitexin, luteolin, vitexin, orientin, astragalin, catechin, rutin and quercetin with antioxidant properties [53,56–58]. 

Table 1 
Zone of inhibition (mm) of streptomycin, LILE and LI-CuO NPs against gram-negative and gram-positive foodborne pathogens. Values are given as 
Mean ± SD.  

Bacteria Streptomycin LILE LI-CuO NPs (μg/mL) 

100 100 100 75 50 

E. coli 10.5 ± 0.5 10.1 ± 0.3 17.1 ± 0.8 16.4 ± 0.4 11.3 ± 0.3 
S. typhimurium 21.2 ± 1.4 11.3 ± 0.5 16.4 ± 0.2 11.21 ± 0.6 11.4 ± 0.5 
S. aureus 20.5 ± 1.2 8.1 ± 0.7 14.7 ± 0.6 13.4 ± 0.9 8.2 ± 0.1 
L. monocytogenes 11.3 ± 0.4 6.8 ± 0.2 12.2 ± 0.7 11.5 ± 0.5 9.3 ± 0.3  

Fig. 8. Minimum inhibitory/bactericidal concentrations (MIC/MBC) of LI-CuO NPs against four foodborne pathogens. Values are presented as mean 
± SD. 
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Additionally, antioxidants such as phenols and flavonoids, due to their redox properties, play a crucial role in absorbing, neutralizing 
free radicals, and quenching singlet and triplet oxygen [83,92,93]. 

3.4. Effect of LI-CuO nanoparticles on seed germination 

Critical plant development stages, including seed germination and early seedling establishment are impacted by diverse biotic and 
abiotic factors [94,95]. Herein, to evaluate the phytotoxicity of biosynthesized LI-CuO NPs, we conducted seed germination tests as a 
direct and reliable method [96]. Results showed that LI-CuO NPs revealed an enhanced seed germination at lower concentrations (up 
to 100 mg L− 1) but inhibited it at higher concentrations (Fig. 10). Specifically, at the highest concentration (200 mg L− 1), only 12 % of 
seeds germinated. Maximum percent germination (96.52 %) was observed at 100 mg L− 1, comparable to the control (94.28 %). This 
inhibition at high concentrations underscores the potential toxicity of CuO NPs on mustard seeds [97]. Our findings align with existing 
studies on various plant species, demonstrating a pattern where seed germination is enhanced at lower concentrations of CuO NPs but 
significantly inhibited at higher concentrations [98–100]. Notably, CuO NPs have been reported to completely inhibit germination in 
species such as Cucumis sativus [101], Lactuca sativa [102], and Vigna radiata [37,103]. Conversely, in some instances, the germination 
of lettuce and carrot seeds remained unaffected by CuO NPs [104]. This variability suggests species-specific responses to CuO NPs, 
influenced by nanoparticles property, nature of the reducing and stabilizing agents used and synthesis methods [37,100]. However, the 
mechanistic effects of LI-CuO NPs on mustard germination at low concentrations require further investigation. 

3.5. Photocatalytic effect of LI-CuO NPs dye degradation and reusability 

The photocatalytic activity of the biofabricated LI-CuO NPs was evaluated for the degrading methylene blue (MB), a common dye 

Fig. 9. The antioxidant activity of LILE and LI-CuO NPs measured using DPPH radical scavenging assay. AA represents ascorbic acid. Different 
lower-case letters denote significant differences (p ≤ 0.05) among AA, LILE and LI-CuO NPs at a particular concentration, whereas uppercase letters 
denote significant differences across different concentrations for a particular antioxidant. 

Fig. 10. Effect LI-CuO NPs on mustard (Brassica juncea) seed germination characteristics.  
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used in textile and medicine that causes various environmental concerns [105] under sunlight irradiation. A distinctive UV–vis ab
sorption spectrum of MB solution degradation at 150 μg/mL across time is provided in Fig. 11a. The peak absorption bands were 
recorded between 400 and 800 nm at 0, 30, 60, 90, 120 and 150 min. The prominent peak was recorded at 664 nm, indicating the 
presence of MB dye. However, as time progressed, the intensity of this band became broad and weak, suggesting complete degradation 
of MB into its protonated form [105]. Complete degradation was achieved within 150 min using the highest LI-CuO NPs concentration 
(150 μg/mL) (Fig. 11 a-c) with a remarkable degradation efficiency of 97.6 %. In addition, MB degradation increased proportionally 
with the LI-CuO NPs concentration gradient (Fig. 11b). Specifically, degradation efficiencies of 19.31, 32.2, 51.3, 61.5, 79.7 and 97.6 
% were achieved when treated with 5, 10, 25, 50, 100 and 150 μg/mL of LI-CuO NPs, respectively. 

Several efforts have been made to unravel the mechanism behind the photodegradation of MB dye catalyzed by CuO NPs under 
sunlight irradiation [106–108]. Thammavongsy et al. [109] highlighted the role of metallic nanoparticles in modulating the redox 
potential, resulting the photocatalytic degradation of MB. Biosynthesized CuO NPs have been reported as effective redox catalysts 
owing to their electron transmission phenomenon [108]. The degradation of free or adsorbed MB molecules onto the LI-CuO NPs 
surface could be occurred through hydroxyl radicals that are formed from the reaction between the positive hole in the NPs and H2O 
[108]. Also, Sharma and Dutta [110] showed that hydroxyl radicals formed to take part in the degradation when applying CuO NPs as 
catalysts. Overall, compared to CuO NPs synthesized using other plant extracts [111–120], the biosynthesized LI-CuO NPs exhibited 
superior performance in degrading MB dye (Table 2). However, it’s noteworthy that the photocatalytic activity of metallic nano
particles is influenced by different factors including reaction time, concentration, morphology, shape and size of the particles [77,121, 
122]. In this study, the biosynthesized LI-CuO NPs demonstrated remarkably small particle sizes, align with their high photocatalytic 
efficiency. Moreover, the presence of phenol and flavonoid groups in the extract used for biosynthesis promoted electron transfer to the 
conduction band of CuO, enhancing the generation of superoxide radicals and thereby accelerating the photodegradation process 
catalyzed by LI-CuO NPs [108]. 

Reusability test of the synthesized CuO NPs for photocatalytic treatment across different cycles is a crucial step for large-scale 
applications [88,123]. In the present study, the reusability of LI-CuO NPs was assessed under maximum concentration (150 
μg/mL), where optimal catalytic activity was observed for 150 min. Initially, the activity of LI-CuO NPs in degrading MB was found to 
be 97.6 ± 0.9 %. However, over successive cycles, there was a gradual decrease to 95.2 ± 3.6 %, 91.7 ± 02.3 %, 88.4 ± 2.2 %, 86.5 ±
3.1 % and 83.2 ± 2.5 % after five cycles (Fig. 12). These reusability test results suggested the remarkable stability and robustness of 
LI-CuO NPs for MB degradation and elimination. This finding is consistent with previous studies that have investigated the catalytic 
activity and reusability of CuO NPs in MB degradation under light conditions [71,124]. These studies underscore the practical value of 
CuO NPs, emphasizing their robustness and suitability for repeated use in MB elimination processes. 

3.6. Potential of LI-CuO nanoparticles in wastewater treatment 

While the global demand for clean freshwater continues to rise, the pervasive issue of water pollution remains a significant 
impediment to its availability [125]. Addressing the challenges associated with treating industrial and agricultural wastewater, 
particularly in regions facing water scarcity, has become a paramount concern. Recycling and water conservation have been identified 
as potential solutions to mitigate this challenge, with wastewater treatment rendering a key role in curbing the toxic impact of 
pathogens and pollutants. Furthermore, incorporating active substances with antimicrobial properties can enhance the quality of 
treated wastewater. In this study, efficiency of different concentrations of LI-CuO NPs (10, 25, 50, 100 and 150 mg L− 1) in wastewater 
treatment was assessed. Coagulation with the application of LI-CuO NPs yielded a significant increase in turbidity removal with rising 
concentration (p < 0.05, Fig. 13). The efficiency of turbidity removal ranged from 23.2 % to 95.6 % across LI-CuO NPs concentrations 
of 10–150 mg L− 1. Notably, the lowest turbidity recorded was 7 NTU at 150 mg L− 1, meeting World Health Organization’s standards 
for drinking water. The application of plant seeds and leaves as natural coagulants has been well-studied [126–128]. Active coagulants 
present in plants, such as proteins and phytochemicals, are soluble and can be extracted using water [126,128] and have been reported 
to enhance turbidity removal [129,130]. FTIR analysis of LI-CuO NPs revealed various functional groups including carboxylic acid 
(C––O), hydroxyl (–OH), and aliphatic amines (N–H), suggesting the presence of positively and negatively charged species. This 
observation implies that these functional groups could enhance coagulation-flocculation by neutralizing pollutants in the wastewater 
[131]. However, for large-scale wastewater treatment and reusability, a more in-depth analysis of conditions affecting coagulation and 
the underlying mechanisms requires further investigation. 

4. Conclusions 

Employing an eco-friendly approach, we successfully synthesized multifunctional LI-CuO NPs utilizing an extract derived from 
L. indica leaves as both reducing and capping agent. The resulting nanoparticles demonstrated monodispersed, a spherical shape, 
crystalline structure, and high stability. Our investigation revealed that LI-CuO NPs exhibited significant inhibitory effects on a 
spectrum of pathogens, including E. coli, S. typhimurium, S. aureus, and L. monocytogenes. Additionally, these biofabricated nano
particles displayed noteworthy antioxidant activity and enhanced seed germination at lower concentrations. LI-CuO NPs exhibited 
excellent photocatalytic performance, with a degradation efficiency of 97.6 % and remarkable reusability. Furthermore, these 
nanoparticles showed promise in wastewater treatment by effectively reducing turbidity through coagulation. In conclusion, the 
biosynthesized LI-CuO NPs demonstrated a diverse range of properties, including antimicrobial, antioxidant, photocatalytic, and 
coagulation. These findings highlight the potential applications of LI-CuO NPs including seed priming, environmental remediation, 
and biomedical research. Despite these promising outcomes, further research is essential to fully unlock the potential of LI-CuO NPs 
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and optimize their properties tailored for specific applications. 
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Fig. 11. Photocatalytic degradation of methylene blue using LI-CuO NPs; (a) absorbance of methylene blue treated with 150 μg/mL LI-CuO NPs 
across different times; (b) degradation efficiency of different concentrations of LI-CuO NPs; (c)efficiency of degradation of methylene blue across 
time at 150 μg/mL LI-CuO NPs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Table 2 
Comparison of photocatalytic activity of CuO-NPs prepared from different plant extracts.  

Synthesis Method Time (min) Light Source Degradation (%) Ref 

L. indica 150 Sunlight 97.6 Present study 
Psidium guajava 12 Visible light 91 [112] 
Ocimum americanum 200 Sunlight 71.06 [113] 
Ferulago angulata 150 Sunlight 93 [114] 
Verbascum thapsus 120 Sunlight 99.3 [115] 
Bergenia ciliata 135 Sunlight 92.3 [116] 
Cymbopogon citratus 300 Sunlight 80 [117] 
Gloriosa superba 100 Sunlight 93 [118] 
Solanum lycopersicum 300 Sunlight 97 [119] 
Madhuca longifolia 120 Sunlight 77 [120]  

Fig. 12. Reusability of green-synthesized LI-CuO NPs for degradation of MB for several cycles. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 13. Turbid removal efficiency of LI-CuO NPs against wastewater.  
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