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A B S T R A C T   

Storage pests, particularly bruchids, are major biotic constraints causing significant storage losses 
in pulses. Conventional control methods relying on insecticides and fumigants often lead to food 
contamination due to toxic pesticide residues and a rapid decline in seed germination. In this 
investigation, through green nano-technological application, a promising and sustainable alter-
native for pest management is developed. Silver and copper nanoparticles were synthesized 
through ocimum leaf extract. The characterization of silver and copper nanoparticles was carried 
out by UV-spectroscopy, particle size analyzer, scanning electron microscopy, X-ray diffraction, 
and Fourier-transform infrared. Both the nanoparticles were spherical and crystalline in nature. 
Greengram seeds were primed with standardized silver and copper nanoparticles at different 
concentrations (1000, 1500, and 2000 ppm) and compared with castor-treated, deltamethrin- 
treated, and untreated control seeds for seed quality, growth, and yield. After one month of 
storage, all the pulse beetles released in different treatments exhibited 100 % mortality, whereas 
in control, the insects multiplied. At the end of nine months, the control seeds had shown 72 % 
damage and 39.67 % germination. In contrast, silver nanoparticles at 1000 ppm showed no seed 
damage and achieved 81.67 % germination, which was on par with copper nanoparticles at 1000 
ppm with 79.33 % germination. Seed priming of silver and copper nanoparticles at 1000 ppm also 
demonstrated superior performance in all the seed quality and biochemical parameters (alpha 
amylase and catalase) throughout the storage period. Whereas, in the greenhouse experiment, 
enhanced growth (35.96 cm, 46.48 cm, and 53.00 cm at 30, 60 DAS, and at harvest, respectively) 
and yield per plant (3.75 g) were significantly higher in plants that were given foliar application 
with silver nanoparticles at 1000 ppm. Furthermore, foliar application of these nanoparticles at 
all concentrations (1000, 1500, and 2000 ppm) did not exhibit any adverse effects on soil mi-
crobial organisms, as assessed by dehydrogenase enzyme activity. Hence, this research highlights 
the potential use of silver and copper nanoparticles at 1000 ppm as effective tools for storage pest 
management and contributing to improved agricultural productivity and sustainability.  
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1. Introduction 

Technology has been evolving since its inception by mankind. It has transformed to satisfy the most imminent necessities of human 
life. Every day perpetually adds more mouths to our population demanding an unhindered supply of food. Today, food security stands 
alongside every nation’s national security, and it cannot be overlooked. Predictions show that food demand is likely to rise from 59 to 
98 % for the world population, reaching 9 billion by 2050 [1]. Despite an increase in the world population, particularly in developing 
countries, the global food supply is interrupted by the expenditure of bio-resources for the production of energy, manufacturing 
chemicals, high post-farming losses, less value addition, inefficient distribution and marketing systems, and other factors [2]. We are 
experiencing “technology fatigue” in agriculture, which means we need to upgrade. It is high time that we seek the evolution of 
technology to strengthen our backbone, i.e., agriculture. 

One of the extremely promising 21st-century technologies that can potentially meet the demands of agriculture is nanotechnology, 
or nanotech in brief. It would be worth mentioning here that the European Commission has revered this technology as one of six “key 
enabling technologies” for sustainability in different areas [3]. Nanotechnology can play an important role in transforming agriculture 
by creating innovative solutions for sustainable food production. Nanotechnology has the potential to transform agriculture by 
creating innovative solutions that are more sustainable, efficient, and effective. However, it is important to ensure that the use of 
nanotechnology in agriculture is safe and environmentally friendly. 

“Tiny is beautiful and tiny is potential” holds well in the case of nanoparticles. Nanoparticles, generally considered as particles with 
a size of up to 100 nm, exhibit completely new or improved properties as compared to the larger particles of the bulk material. In recent 
years, noble metal nanoparticles have become increasingly favored among researchers due to their significant physicochemical and 
biological attributes. Currently, various types of metal nanomaterials, including iron, silver, zinc, gold, copper, potassium, magnesium, 
alginate, and titanium, are being synthesized owing to their distinctive intrinsic properties and versatile applications in diverse fields 
such as biomedicine, environmental remediation, organic photovoltaics, sensors, optical imaging, and therapeutic agents. Further-
more, they find extensive use as catalysts in numerous chemical reactions [4]. 

Nanoparticles are synthesized using different techniques and, more commonly using the chemical reduction methods [5]. Since 
applications of nanoparticles (NPs) in agriculture need to be economical, eco-friendly, biocompatible, and non-toxic, the biological 
approach for the synthesis of nanoparticles becomes imperative [6]. Nanoparticle synthesis from biological sources like microor-
ganisms, plant extracts, and enzymes is considered effective and provides eco-friendly alternatives to physical and chemical reduction 
methods. There are no harsh chemicals or media involved in the plant-mediated synthesis, making it virtually green. The NPs as 
synthesized also bear substantial inherent stability due to great dispersion [7]. Plant extracts are used for the bioreduction of metal ions 
to form nanoparticles. It has been demonstrated that plant metabolites like sugars, terpenoids, polyphenols, alkaloids, phenolic acids, 
and proteins play an important role in the reduction of metal ions into nanoparticles and support their subsequent stability. 

According to the FAO, approximately 10–25 % of harvested food worldwide is destroyed annually by insects and rodent pests [8]. 
Grain damage arising from direct feeding of insects on grain endosperm and embryos increases the exposure of grain to rot, and fissures 
on seed lead to unpleasant odors that are not fit for human and animal consumption. Greengram (Vigna radiata L.) is the third most 
important pulse crop in India, covering an area of 4.74 m ha with a total production of 2.62 m tonnes and a productivity of 553 kg/ha 
[9]. Greengram serves as a cash crop for farmers and is an excellent source of digestible protein with low flatulence. Greengram 
contains about 24 per cent protein, which is comparatively rich in lysine, an amino acid deficient in cereal grains. So, a diet combining 
greengram and cereal grains forms a balanced amino acid diet [10]. The existing level of greengram production is lower than its 
potential. This is because it suffers both qualitative and quantitative losses due to the attack of storage pests. Due to inappropriate and 
inefficient storage methods, there is a substantial quantitative loss of around 7.5 per cent during storage [11]. 

Among the storage pests, bruchids are known to cause considerable loss. The genus Callosobruchus includes a number of 
economically significant species that attack stored pulses throughout the world. But Callosobruchus maculatus (Fabricus), Calloso-
bruchus chinensis (Linnaeus), and Callosobruchus analis (Fabricus) are common species in India. Among them, Callosobruchus chinensis 
(L.) (pulse beetle) is the most common pest of greengram. Due to its short life cycle and high degree of reproductive cycles, losses 
caused by this beetle to the pulses have been estimated to the tune of 30–40 per cent in storage [12]. The control of stored grain pests 
relies mostly on broad-spectrum insecticides and fumigants. Unfortunately, this leads to the contamination of food with toxic residues 
and a rapid decline in germination [13]. Hence, the present study was designed with a novel, rapid, and cost-effective route for the 
synthesis of AgNPs and CuNPs using Ocimum leaf extract. Tulasi leaves have been traditionally used for the treatment of many in-
fections. Its antibacterial activity has been reported to be the result of bioactive components, mostly eugenols. Silver nanoparticles 
(AgNPs) received much interest because of their strong surface plasmon resonance (SPR) property. Due to their antimicrobial and 
antioxidant properties, AgNPs were used in the coating for seed enhancement [14]. Copper nanoparticles (CuNPs) exhibited fungicidal 
and insecticidal activity against the pests of crop plants [15]. Several studies have reported the successful synthesis of silver (Ag) and 
copper (Cu) nanoparticles utilizing Ocimum leaf extract as a reducing and stabilizing agent [16,17]. These studies have highlighted the 
effectiveness of Ocimum leaf extract in producing nanoparticles with desired characteristics, including uniform size distribution and 
stability. 

The synthesized AgNPs and CuNPs obtained by the green method were evaluated for their effect against pulse beetles in storage, 
quality, and yield aspects of greengram. 
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2. Materials and methods 

2.1. Green synthesis of silver nanoparticles through ocimum leaf extract 

Fresh leaves of ocimum were thoroughly washed under tap water to remove the dust, then washed with distilled water twice and 
dried at room temperature to remove moisture from the leaves. 25 g of ocimum leaves with 500 ml of distilled water were boiled for 30 
min at 60 ◦C in a 1000 ml beaker. Leaf extract was cooled to room temperature and filtered with Whatman filter paper no. 1 and the 
filtrate was refrigerated at 4 ◦C for further use [18]. 2 g of silver nitrate (AgNO3) was dissolved in 1000 ml of distilled water to get 2000 
ppm of silver nitrate (AgNO3) stock solution. For the synthesis of silver nanoparticles, freshly prepared 50 ml of AgNO3 stock solution 
was added dropwise to 50 ml of ocimum leaf extract in a 1:1 ratio by continuous stirring on a magnetic stirrer at 60 ◦C for about 30 min. 
To confirm the formation of the AgNPs, bio-reduction of the silver ions in the medium was monitored by observing grey-black color 
(Fig. 1a). Later, the silver nanosolution was centrifuged at 10,000 rpm for 30 min at 4 ◦C. The supernatant was discarded, and pellets 
collected at the bottom of conical tubes were poured into the watch glass and placed in a hot air oven at 70 ◦C for 8 h. Later, powder 
from the watch glass was scraped and stored in vials under airtight condition for further use (Fig. 1b). 

2.2. Green synthesis of copper nanoparticles through ocimum leaf extract 

20 g of ocimum leaves with 200 ml of distilled water were boiled for 30 min at 60 ◦C in a 500 ml beaker. Leaf extract was cooled to 
room temperature and filtered with Whatman filter paper no. 1 and the filtrate was refrigerated at 4 ◦C for further use. 2.5 g of copper 
sulphate (CuSO4⋅5H2O) was dissolved in 1 L of distilled water to get 2500 ppm of copper sulphate (CuSO4⋅5H2O) stock solution. For the 
synthesis of copper nanoparticles, 10 ml of ocimum leaf extract was added dropwise to the freshly prepared 100 ml of CuSO4⋅5H2O 
stock solution in a 1:10 ratio by continuous stirring on a magnetic stirrer at 60 ◦C till there was change in color from light green to dark 
green (Fig. 2a). This color change indicates the formation of copper nanoparticles. Later, the copper nanosolution was centrifuged at 
10000 rpm for 30 min at 4 ◦C. The supernatant was discarded, and pellets collected at the bottom of conical tubes were poured into the 
watch glass and placed in a hot air oven at 70 ◦C for 8 h. Later, powder from the watch glass was scraped and stored in vials under 
airtight condition for further use (Fig. 2b). 

2.3. Characterization of green synthesized silver and copper nanoparticles 

Green-synthesized silver and copper nanoparticles were characterized using a variety of analytical techniques. The confirmation of 
the reduction of Ag+ and Cu2+ ions to Ag and Cu nanoparticles was achieved through UV–Vis spectrophotometry using a spectro-
photometer (SP-UV 500DB, Germany). The wavelength range of 200–800 nm was scanned to identify the optical absorbance peak. To 
determine the average particle size, dynamic light scattering (DLS) was employed. This was conducted using a high-performance 
particle-size analyzer (model Z3000, Nicomp, USA). The subsequent step involved analyzing the surface morphology of the silver 

Fig. 1a. Standardization of the protocol for green synthesis of silver nanoparticles from ocimum leaf extract. (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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and copper nanoparticles using scanning electron microscopy (SEM) from Carl Zeiss, Germany. The presence of Ag+ and Cu2+ ions was 
further validated using energy-dispersive X-ray spectroscopy (EDS), which was attached to the EVO 18 scanning electron microscope. 
To understand the crystalline structure, the reduced silver and copper nanoparticles were subjected to X-ray diffraction (XRD) analysis. 
This analysis was performed using the Rigaku TTR (Tokyo, Japan) at specific parameters. Functional groups in the samples were 
identified through Fourier-transform infrared (FTIR) analysis. The synthesized nanoparticles (AgNPs and CuNPs) powder was used for 
this purpose. FTIR spectrometry was conducted using a Thermo Nicolet Model 6700 spectrometer (Thermo Scientific, Waltham, MA, 

Fig. 1b. Conversion of silver nanosolution into nanopowder.  

Fig. 2a. Standardization of the protocol for green synthesis of copper nanoparticles from ocimum leaf extract. (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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USA). 

2.4. Seed priming and insect release 

Seeds of the DGGV-2 greengram variety were subjected to priming with Ag and CuNPs solutions (at concentrations of 1000, 1500, 
and 2000 ppm). The priming process involved a seed-to-synthesized nanoparticles solution ratio of 1:2. In the case of AgNPs treatment, 
the priming duration was set at 3 h, while for CuNPs treatments, the priming time was 1 h, as previously determined by a preliminary 
experiment (based on seed quality test). The seeds were also treated with castor oil (10 ml/kg seed) and deltamethrin (0.04 ml/kg). 
Following this, the seeds were shade dried to bring down to safe moisture content. Later, 500 g of seeds for each replication were 
transferred to cloth bags of size 25 cm × 20 cm. In the laboratory, pulse beetles were reared on greengram within a glass jar. The jar 
was covered with a piece of muslin cloth and maintained at ambient temperature and relative humidity. Ten pairs of freshly emerged 
male and female pulse beetle adults collected from a well-maintained culture were released into the seed storage bags and kept for 
storage under ambient conditions. Observations on seed quality parameters and insect infestation parameters were recorded at 
monthly intervals up to nine months. 

2.5. Greenhouse experiment 

In greenhouse, the stored seeds were planted in pots, and foliar application with Ag and Cu nanoparticles was given at the 
vegetative and reproductive stages to study their effect on plant growth, yield, and seed quality of greengram. 

2.6. Observations recorded in the lab during storage study 

2.6.1. Seed quality parameters 

2.6.1.1. Seed germination. The number of normal seedlings in each replication was counted at the end of 7th day, and the germination 
percentage was calculated and expressed in percentage as given by ISTA [19]. 

Normal seedlings (%)=
Number of normal seedlings

Total number of seeds
X 100  

2.6.1.2. Root length. From the germination test, ten normal seedlings were selected randomly in each treatment from each replication 
on the 7th day. The root length was measured from the tip of the primary root to the base of hypocotyl, and mean root length was 
expressed in centimeters. 

2.6.1.3. Shoot length. From the germination test, ten normal seedlings were selected randomly in each treatment from each replication 

Fig. 2b. Conversion of copper nanosolution into nanopowder.  
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on 7th day. The shoot length was measured from the base of the primary leaf to base of hypocotyl, and mean shoot length was 
expressed in centimeters. 

2.6.1.4. Seedling vigour index (SVI). Vigour index was computed by using the following formula and expressed in number [20]. 
Seedling vigour index = germination% × [shoot length (cm) + root length (cm)]. 

2.6.1.5. Seed infestation percentage. Three hundred seeds in each replication are taken at random from each treatment. The seeds were 
separated into damaged and undamaged categories. The damaged seeds were counted. Percentage seed damage was calculated as 
described by Ref. [21]. 

Seed infestation %=
No. of pulse beetle damaged seeds

Total no. of seeds observed
× 100 

Morphological variations in insects collected from seeds treated with nanoparticles were observed under a stereomicroscope and 
compared with insects collected from control seeds. 

2.6.2. Bio-chemical parameters in seed 

2.6.2.1. Catalase activity. 0.5 g of greengram seeds were ground into fine powder in a pre-chilled mortar and pestle using ice cubes and 
homogenized in 2.0 ml of ice-cold extraction buffer of specific pH and molarity for each enzyme [22]. Catalase (CAT) was extracted in 
0.05 M sodium phosphate buffer with a pH of 7.0. The enzyme homogenate was centrifuged at 14000 rpm for 20 min at 4 ◦C, and the 
supernatant maintained at 4 ◦C was used as enzyme source in the assay. The reaction mixture in the test cuvette contained 2.98 ml of 
0.051 % substrate (hydrogen peroxide) in 50 mM, pH 7.0 phosphate buffer. It was read against a control cuvette containing 2.98 ml of 
H2O2 free phosphate buffer, 50 mM, pH 7.0 (Substrate blank was used because the enzyme extract absorbed strongly at 240 nm. Hence, 
to nullify the absorbance of the extract, it was introduced in both cuvettes). Buffer and substrate solutions were brought to 25 ◦C before 
assay. Control and test cuvettes were placed in a UV–Visible spectrophotometer and monitored at A240 for 5 min for stabilization, after 
which 0.02 ml of enzyme extract was added to both blank and test solutions. The solutions were mixed immediately by inversion. The 
decrease in absorbance was measured at 240 nm for up to 8 min. This procedure was standardized using a pure catalase enzyme from 
bovine liver (procured from Sigma Aldrich India) according to the method suggested by Beers and Sizer [23]. 

2.6.2.2. Alpha amylase activity. The activity of the α-amylase enzyme was estimated as per the procedure suggested by Lide and David 
[24], with minor modifications. A blank solution was prepared by adding 0.5 ml of substrate and 0.5 ml of phosphate buffer. The test 
solution was prepared by adding 0.5 ml of substrate and 0.5 ml of enzyme. The test and the blank solution were incubated for 5 min and 
1 ml of DNSA was added to stop the reaction. The enzyme (0.5 ml) was added to the blank, and both the test and the blank were kept in 
a boiling water bath for 5 min. The volume was made up to 10 ml with distilled water, and the absorbance was recorded at 540 nm. By 
finding out the amount of maltose produced during the enzymatic reaction using a maltose calibration curve, the enzyme activity was 
calculated. The protein content of the enzyme source was calculated by FCR method. The specific activity of α-amylase was expressed 
as μg of maltose produced per minute per mg of protein. 

2.7. Observations recorded in greenhouse conditions 

2.7.1. Plant height (cm) 
The height of five plants was measured from the base of the plant to tip of the plant, and average height of the plant was calculated 

on 30, 60 days, and at harvesting and expressed in centimeters. 

2.7.2. Number of branches per plant 
The number of primary and secondary branches was counted on 30, 60 days, and at harvesting period, and the total number of 

branches was counted from five randomly selected plants, and their mean was recorded as the number of branches per plant. 

2.7.3. Days to 50 % flowering 
The number of days taken for 50 % of plants in a pot to flower was recorded by counting the days from sowing to the date on which 

the 50 % of plants flower in the pot. 

2.7.4. Number of pods per plant 
The total number of pods produced per plant was counted among five randomly selected plants, and the average pods per plant 

were worked out. 

2.7.5. Seed yield per plant (g plant− 1) 
The pods from five randomly selected plants were harvested, threshed, and weighed separately, and the average seed yield per 

plant was expressed in grams. 
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2.7.6. Dehydrogenase activity in soil 
Dehydrogenase activity in the soil samples was determined as per the procedure described by Casida et al. [25]. Ten grams of soil 

and 0.2 g of CaCO3 were thoroughly mixed and dispensed in test tubes. To each tube, one ml of a 3 per cent aqueous solution of 2,3, 
5-triphenyl tetrazolium chloride (TTC), one ml of one per cent glucose solution, and eight ml of distilled water were added, which was 
sufficient to leave a thin film of water above the soil layer. The tubes were stoppered with rubber cork and incubated at 30 

◦

C for 24 h. 
At the end of incubation, the contents of the tube were rinsed down into a small beaker, and a slurry was made by adding 10 ml of 
methanol. The slurry was filtered through Whatman No. 50 filter paper. Repeated rinsing of the soil with one ml of methanol was 
continued till the filtrate ran free of red color. The filtrate was pooled and made up to 50 ml with methanol in a volumetric flask. The 
intensity of the red color was measured at 485 nm against a methanol blank using a spectrophotometer. The concentration of formazan 
in soil samples was determined by reference to a standard curve prepared by using graded concentrations of formazan. The results were 
expressed as triphenyl formazan (TPF) formed g− 1 soil. 

3. Results 

3.1. Characterization of green synthesized silver and copper nanoparticles 

The formation of nanoparticles was primarily indicated by a noticeable change in color. The confirmation of synthesized silver 
nanoparticles was based on the observation of a grey-black color, while the synthesis of copper nanoparticles was validated through 
the emergence of a dark green color. 

3.1.1. UV–Visible spectroscopy 
The utilization of ocimum leaves for the biosynthesis of silver nanoparticles, exhibited a prominent absorption peak at 475 nm 

(Fig. 3). Similarly, the biosynthesis of copper nanoparticles using ocimum leaves yielded a maximum absorption peak at 322 nm 
(Fig. 4). 

3.1.2. Particle size analyzer (PSA) 
The mean diameter of the synthesized AgNPs from ocimum leaf extract was 54.1 nm (Fig. 5). Whereas, 25 per cent of the mean 

diameter distribution was below 32.1 nm. Similarly, the mean diameter of the synthesized CuNPs from ocimum leaf extract was 74.9 
nm (Fig. 6). Whereas, 25 per cent of the mean diameter distribution was below 42.9 nm. 

3.1.3. Scanning electron microscope (SEM) and energy dispersive X-ray (EDX) 
Examination of the silver nanoparticles synthesized using ocimum leaf extract, through SEM and EDX analysis, revealed their 

morphology as predominantly round to spherical (Fig. 7). The EDS spectral images displayed a distinct peak at 3 keV (Lα), which 
affirmed the presence of elemental silver (Ag). The pronounced peaks in the EDX data indicated that silver constituted 83.58 % of the 
composition (Fig. 8), serving as additional confirmation for the generation of pure silver nanoparticles. Similarly, the characterization 
of copper nanoparticles synthesized using ocimum leaf extract, employing SEM and EDX techniques, revealed their structure to be 
spherical (Fig. 9). Further EDX examination of the copper nanoparticles displayed a characteristic signal attributed to both copper and 
oxygen. The chemical composition analysis determined that copper accounted for 81.36 % of the material (Fig. 10), thus providing 
supplementary support for the creation of pure copper nanoparticles. 

3.1.4. X-Ray diffraction (XRD) 
AgNPs showed five main peaks of 32.23◦, 38.10◦, 44.34◦, 64.58◦, and 76.76◦ corresponding to (101), (111), (200), (220), and (311) 

lattice planes, respectively (Fig. 11). Whereas, the major peak positions at 2θ values of 35.61◦ (111) and 38.79◦ (200) in the high angle 

Fig. 3. Characterization of synthesized AgNPs from tulasi leaf extract by UV-Vis spectrophotometer.  
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XRD of copper nanoparticles indicate the existence of cubic centered crystalline nature of nanoparticles (Fig. 12). The mean crystallite 
size in case of AgNPs and CuNPs biosynthesized using ocimum leaf extract was calculated to be 25.67 nm and 34.83 nm respectively. 
The range of crystalline size for AgNPs was 14.68–47.09 nm and for CuNPs, the range was 20.45–55.17 nm. The sharp peaks in AgNPs 
and CuNPs sturdily designated the face centered cubic (fcc) symmetry and crystallinity. 

3.1.5. Fourier transform infrared spectroscopy (FTIR) 
FTIR analysis of silver nanoparticles biosynthesized through ocimum leaf extract revealed absorption peaks occurring at 3849, 

3745, and 3676 corresponding to the hydroxyl (OH) groups, The peaks at 3047 cm− 1, 2839 cm− 1, and 2619 cm− 1 correspond to 
symmetric CH2 stretching and C–H aldehyde groups, respectively. The presence of nitrile and P–H ester stretching is indicated by the 

Fig. 4. Characterization of synthesized CuNPs from tulasi leaf extract by UV-Vis spectrophotometer.  

Fig. 5. Characterization of synthesized AgNPs from tulasi leaf extract by particle size analyzer (PSA).  

Fig. 6. Characterization of synthesized CuNPs from tulasi leaf extract by particle size analyzer (PSA).  
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peak at 2337 cm− 1. The peak at 2083 cm− 1 corresponds to C–N stretching vibration. The peak at 1882 cm− 1 indicates an aromatic 
group, while the peaks at 1581 cm− 1 and 1342 cm− 1 are attributed to C––N and C–N stretching of aromatic amine groups, respectively. 
The peaks at 1226 cm− 1 and 1022 cm− 1 correspond to C–N stretching of amines and -C-O-C- stretching, respectively. The peak at 802 
cm− 1 corresponds to aromatics, and the peak at 505 cm− 1 indicates -C-I- stretching (alkyl halide) (Fig. 13). Similarly, FTIR analysis of 
copper nanoparticles biosynthesized through ocimum leaf extract revealed absorption peaks occurring at 1593 cm− 1, which is 
indicative of the presence of the C––N functional group. The peak at 1519 cm− 1 can be attributed to the N–H bond bending 

Fig. 7. Surface morphology of silver nanoparticles by scanning electron microscope.  

Fig. 8. Elemental peaks and distribution of silver nanoparticles with energy-dispersive X-ray spectroscopy (EDX).  

Fig. 9. Surface morphology of copper nanoparticles by scanning electron microscope.  
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characteristic of an amine group. The appearance of the peak at 1427 cm− 1 is associated with the C–C stretching of an aromatic ring 
structure. Peaks at 1361 cm− 1 and 1354 cm− 1 are related to the C–N stretching of amide functional groups. The presence of the peak at 
1072 cm− 1 signifies C–N stretching vibrations of aliphatic amines. The peak at 771 cm− 1 indicates C–H stretching. Additionally, the 
peak at 597 cm− 1 corresponds to bending modes of vibrations involving the C–H bond, and the peak at 459 cm− 1 corresponds to the 
C–Cl functional group (Fig. 14). 

Fig. 10. Elemental peaks and distribution of silver nanoparticles with energy-dispersive X-ray spectroscopy (EDX).  

Fig. 11. Diffraction pattern of biosynthesized silver nanoparticles by X-ray diffraction (XRD).  

Fig. 12. Diffraction pattern of biosynthesized silver nanoparticles by X-ray diffraction (XRD).  
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3.2. Influence of biosynthesized silver and copper nanoparticles against pulse beetles and on seed quality parameters of greengram during 
storage under lab conditions 

3.2.1. Seed germination 
The results, as influenced by the nanopriming with silver and copper nanoparticles biosynthesized using ocimum leaf extract, on 

the seed germination of greengram seeds at different months of storage, are presented in Table 1. 
In the initial month of storage, the higher germination percentage was significantly observed in seeds primed with AgNPs at 1000 

ppm (T1-96.00 %) when compared to rest of the treatments, but was on par with the results of CuNPs at 1000 ppm (T4-94.67 %) and 
AgNPs at 1500 ppm (T2-94.33 %). Conversely, control (T9-88.33 %) exhibited significantly the lower germination percentage, which 
was on par with CuNPs at 2000 ppm (T6-89.33 %). At the end of the ninth month, significantly higher seed germination was observed 
in seeds primed with AgNPs at 1000 ppm (T1-81.67 %), on par with CuNPs at 1000 ppm (T4-79.33 %). While significantly lower 
germination percentage was recorded in control (T9-39.67 %). Seeds primed with AgNPs at a concentration of 1000 ppm exhibited the 
least reduction in germination percentage, recording only 14.93 % over the period from the first month to nine months of storage, in 
comparison to the other treatments. 

3.2.2. Root length 
The data on root length of greengram seeds as affected by nanopriming with silver and copper nanoparticles, synthesized using 

ocimum leaf extract, at various months of storage are given in Table 2. 
During the initial month of storage, root length as influenced by the seeds nanoprimed with AgNPs varied significantly at a 

concentration of 1000 ppm (T1-15.50 cm), which was on par with CuNPs at 1000 ppm (T4-15.43 cm) and AgNPs at 1500 ppm (T2- 
15.37 cm). Conversely, the control group (T9) and seeds primed with CuNPs at 2000 ppm (T6) displayed the least root length, with 
values of 14.63 cm and 14.83 cm, respectively. At the end of ninth month, significantly superior root length was observed in seeds 
primed with AgNPs at 1000 ppm (T1-12.97 cm), which was on par with CuNPs at 1000 ppm (T4-12.77 cm) and the lower root length 
was significantly recorded in control (T9-8.67 cm). 

Fig. 13. Fourier transform infrared spectroscopy (FTIR) images of biosynthesized silver nanoparticles.  

Fig. 14. Fourier transform infrared spectroscopy (FTIR) images of biosynthesized copper nanoparticles.  
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3.2.3. Shoot length 
The results depicting the impact of nanopriming with silver and copper nanoparticles, synthesized using ocimum leaf extract on the 

shoot length of greengram seeds at various months of storage are presented in Table 3. 
Significant variation on shoot length was recorded in seeds primed with AgNPs at 1000 ppm (T1-25.47 cm), on par with CuNPs at 

1000 ppm (T4-25.40 cm) and AgNPs at 1500 ppm (T2-25.33 cm), whereas control seeds (T9-24.37 cm) exhibited significantly the least 
shoot length when compared to all the treatments but had shown on par with the seeds primed with CuNPs at 2000 ppm (T6-24.40 cm) 
at the end of the first month of storage. At the end of the ninth month, significantly higher shoot length was observed in seeds primed 
with AgNPs at 1000 ppm (T1-21.87 cm), which was on par with CuNPs at 1000 ppm (T4-21.63 cm). The lower shoot length with a 
significant decline was recorded in control (T9-16.87 cm). 

Table 1 
Effect of seed priming with AgNPs and CuNPs on germination (%) of greengram cv. DGGV-2 assessed at various post storage conditions under ambient 
environment.  

Treatments Months after storage % Reduction over 
1st month 

1 2 3 4 5 6 7 8 9 

T1 96.00 
(78.52) 

95.00 
(77.12) 

93.67 
(75.23) 

92.33 
(73.95) 

91.67 
(73.23) 

89.00 
(70.67) 

86.33 
(68.34) 

83.00 
(65.66) 

81.67 
(64.66) 

14.93 

T2 94.33 
(76.31) 

93.33 
(75.05) 

91.33 
(72.88) 

89.00 
(70.63) 

88.00 
(69.73) 

85.33 
(67.48) 

82.33 
(65.15) 

79.33 
(62.96) 

77.67 
(61.80) 

17.66 

T3 91.33 
(72.88) 

89.00 
(70.67) 

87.33 
(69.17) 

83.67 
(66.17) 

82.00 
(64.91) 

80.33 
(63.68) 

76.00 
(60.68) 

72.67 
(58.48) 

70.33 
(57.00) 

22.99 

T4 94.67 
(76.70) 

94.33 
(76.31) 

92.67 
(74.30) 

91.00 
(72.56) 

90.00 
(71.57) 

87.67 
(69.44) 

85.00 
(67.22) 

81.00 
(64.16) 

79.33 
(62.97) 

16.20 

T5 91.00 
(72.56) 

88.33 
(70.03) 

87.00 
(68.90) 

84.33 
(66.69) 

81.33 
(64.41) 

78.00 
(62.03) 

75.33 
(60.22) 

72.33 
(58.27) 

69.33 
(56.37) 

23.81 

T6 89.33 
(70.94) 

87.33 
(69.15) 

85.00 
(67.22) 

82.00 
(64.90) 

79.67 
(63.22) 

75.67 
(60.46) 

71.67 
(57.84) 

68.00 
(55.55) 

64.33 
(53.33) 

27.99 

T7 91.67 
(73.25) 

90.00 
(71.58) 

88.67 
(70.33) 

85.67 
(67.79) 

83.00 
(65.66) 

80.33 
(63.69) 

77.33 
(61.57) 

73.33 
(58.92) 

71.00 
(57.42) 

22.55 

T8 93.00 
(74.66) 

91.67 
(73.23) 

90.00 
(71.58) 

87.33 
(69.19) 

86.67 
(68.60) 

84.00 
(66.44) 

81.33 
(64.42) 

77.33 
(61.60) 

75.33 
(60.23) 

19.00 

T9 88.33 
(70.03) 

85.67 
(67.76) 

84.33 
(66.54) 

79.00 
(62.73) 

74.33 
(59.57) 

69.33 
(56.39) 

60.67 
(51.16) 

51.00 
(45.57) 

39.67 
(39.03) 

55.09 

S.Em (±) 0.54 0.55 0.58 0.61 0.59 0.62 0.68 0.60 0.65 – 
C.D (1 %) 2.22 2.25 2.35 2.49 2.40 2.54 2.78 2.45 2.64 – 
C.V. 1.27 1.32 1.41 1.55 1.53 1.68 1.91 1.76 1.98 – 

*Figures in the parentheses indicate arcsine root transformed values. 
Treatment details: 
T1: AgNPs at 1000 ppm T4: CuNPs at 1000 ppm T7: Castor oil @ 10 ml/kg. 
T2: AgNPs at 1500 ppm T5: CuNPs at 1500 ppm T8: Deltamethrin @ 0.04 ml/kg. 
T3: AgNPs at 2000 ppm T6: CuNPs at 2000 ppm T9: Control (untreated). 

Table 2 
Effect of seed priming with AgNPs and CuNPs on root length (cm) of greengram cv. DGGV-2 assessed at various post storage conditions under ambient 
environment.  

Treatments Months after storage 

1 2 3 4 5 6 7 8 9 

T1 15.50 15.43 15.33 14.87 14.63 14.20 13.93 13.57 12.97 
T2 15.37 15.30 15.20 14.43 14.07 13.43 13.13 12.63 11.87 
T3 15.07 14.73 14.53 13.87 13.23 12.40 12.03 11.50 10.63 
T4 15.43 15.40 15.27 14.77 14.47 14.00 13.77 13.40 12.77 
T5 15.00 14.73 14.60 13.83 13.20 12.10 11.97 11.47 10.60 
T6 14.83 14.60 14.47 13.57 12.87 11.73 11.23 10.53 9.63 
T7 15.10 14.97 14.80 14.00 13.33 12.53 12.13 11.53 10.73 
T8 15.17 15.07 14.93 14.30 13.90 13.23 12.90 12.47 11.80 
T9 14.63 14.40 14.20 13.20 12.40 11.07 10.47 9.60 8.67 
S.Em (±) 0.06 0.08 0.08 0.09 0.11 0.15 0.17 0.23 0.23 
C.D (1 %) 0.26 0.32 0.31 0.36 0.43 0.63 0.69 0.92 0.94 
C.V. 0.73 0.91 0.89 1.08 1.35 2.10 2.38 3.29 3.63 

Treatment details: 
T1: AgNPs at 1000 ppm T4: CuNPs at 1000 ppm T7: Castor oil @ 10 ml/kg. 
T2: AgNPs at 1500 ppm T5: CuNPs at 1500 ppm T8: Deltamethrin @ 0.04 ml/kg. 
T3: AgNPs at 2000 ppm T6: CuNPs at 2000 ppm T9: Control (untreated). 
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3.2.4. Seedling vigour index-I 
The influence on seedling vigour index-I of greengram seeds by nanopriming with silver and copper nanoparticles, synthesized 

using ocimum leaf extract, at various months of storage is given in Table 4. 
Significant effect on seedling vigour index-I was observed in seeds nanoprimed with AgNPs at a concentration of 1000 ppm (T1- 

3933) which was on par with CuNPs at 1000 ppm (T4-3866) and AgNPs at 1500 ppm (T2-3840) and significantly superior to all other 
treatments. In contrast, the significantly lower seedling vigour index-I was reported in the control group (T9-3445) and it was on par 
with the seeds primed with CuNPs at 2000 ppm (T6-3505) during the first month of storage. By the end of the ninth month, seeds 
primed with AgNPs at 1000 ppm (T1-2845) exhibited a significantly higher seedling vigour index-I, which was on par with CuNPs at 
1000 ppm (T4-2729), while the control (T9-1013) recorded lower seedling vigour index-I with significant variance. The per cent 
reduction of SVI-I from first month to nine months of storage was found to be lower (27.66 %) in seeds primed with AgNPs at 1000 
ppm. 

3.2.5. Seed infestation percentage 
The impact on seed infestation in greengram seeds at different months of storage is affected by nanopriming with silver and copper 

nanoparticles, synthesized using ocimum leaf extract, as presented in Table 5. 
A significant decrease in seed infestation was observed in the seeds primed with AgNPs and CuNPs at all concentrations (1000, 

1500, and 2000 ppm) compared to the control group. Throughout the storage period, seeds nanoprimed with AgNPs and CuNPs 
showed no seed infestation. In contrast, the control group exhibited a gradual increase in mean seed infestation as the storage period 
advanced. 

Table 3 
Effect of seed priming with AgNPs and CuNPs on shoot length (cm) of greengram cv. DGGV-2 assessed at various post storage conditions under 
ambient environment.  

Treatments Months after storage 

1 2 3 4 5 6 7 8 9 

T1 25.47 25.40 25.33 25.20 24.97 23.97 23.03 22.93 21.87 
T2 25.33 25.27 25.13 24.47 24.20 23.13 22.13 21.87 20.77 
T3 24.83 24.40 23.97 23.53 23.00 21.97 20.97 20.67 19.23 
T4 25.40 25.33 25.23 25.00 24.70 23.80 22.90 22.80 21.63 
T5 24.83 24.40 23.93 23.43 22.93 21.87 20.93 20.60 19.10 
T6 24.40 24.20 23.77 23.00 22.40 21.17 20.03 19.57 18.00 
T7 24.87 24.73 24.50 23.73 23.17 22.10 21.10 20.73 19.37 
T8 25.00 24.87 24.60 24.27 23.93 22.93 22.00 21.77 20.53 
T9 24.37 23.93 23.30 22.26 21.63 20.37 19.17 18.53 16.87 
S.Em (±) 0.11 0.11 0.15 0.17 0.18 0.19 0.20 0.24 0.26 
C.D (1 %) 0.44 0.45 0.60 0.70 0.72 0.78 0.83 0.99 1.08 
C.V. 0.74 0.78 1.04 1.26 1.30 1.48 1.64 2.00 2.32 

Treatment details: 
T1: AgNPs at 1000 ppm T4: CuNPs at 1000 ppm T7: Castor oil @ 10 ml/kg. 
T2: AgNPs at 1500 ppm T5: CuNPs at 1500 ppm T8: Deltamethrin @ 0.04 ml/kg. 
T3: AgNPs at 2000 ppm T6: CuNPs at 2000 ppm T9: Control (untreated). 

Table 4 
Effect of seed priming with AgNPs and CuNPs on seedling vigour index-I of greengram cv. DGGV-2 assessed at various post storage conditions under 
ambient environment.  

Treatments Months after storage % Reduction over 1st month 

1 2 3 4 5 6 7 8 9 

T1 3933 3879 3809 3700 3630 3397 3193 3030 2845 27.66 
T2 3840 3786 3684 3462 3367 3121 2904 2737 2534 34.01 
T3 3644 3483 3363 3129 2971 2761 2508 2338 2101 42.34 
T4 3866 3842 3753 3619 3525 3314 3117 2932 2729 29.41 
T5 3625 3457 3353 3143 2939 2649 2479 2319 2059 43.20 
T6 3505 3388 3250 2998 2810 2490 2241 2047 1777 49.30 
T7 3664 3573 3485 3233 3030 2782 2570 2366 2137 41.68 
T8 3736 3661 3558 3368 3279 3038 2838 2648 2435 34.82 
T9 3445 3284 3163 2801 2530 2179 1798 1436 1013 70.60 
S.Em (±) 34.38 35.02 39.62 42.25 43.69 47.83 53.40 55.10 55.83 – 
C.D (1 %) 140 143 161 172 178 195 217 224 227 – 
C.V. 1.61 1.69 1.97 2.24 2.43 2.90 3.52 3.93 4.43 – 

Treatment details: 
T1: AgNPs at 1000 ppm T4: CuNPs at 1000 ppm T7: Castor oil @ 10 ml/kg. 
T2: AgNPs at 1500 ppm T5: CuNPs at 1500 ppm T8: Deltamethrin @ 0.04 ml/kg. 
T3: AgNPs at 2000 ppm T6: CuNPs at 2000 ppm T9: Control (untreated). 
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During the first month of storage, the control group (T9-3.67 %) had the higher seed infestation percentage compared to all other 
treatments, while all treatments involving seeds primed with AgNPs and CuNPs (1000, 1500, and 2000 ppm), as well as seeds treated 
with castor oil at 10 ml/kg and deltamethrin at 0.04 ml/kg, showed no seed infestation (nil). This pattern persisted throughout the 
storage period. At the end of the nine-month storage period, the control group (T9-72 %) exhibited the higher seed infestation with 
significant variation. On the other hand, all other treatments resulted in minimal seed infestation, with zero per cent damage to the 
seeds by the end of the storage study. 

3.2.6. Catalase activity (μ mol of H2O2 decomposed/min/mg of protein) 
The observations on the catalase activity of greengram seeds at different months of storage, as affected by nanopriming with silver 

and copper nanoparticles, synthesized using ocimum leaf extract, are presented in Table 6. 
In the initial month of storage, seeds primed with AgNPs at 1000 ppm (T1-0.864 μ mol of H2O2 decomposed/min/mg of protein) 

exhibited the higher catalase activity, which was significantly higher than the other treatments. But, CuNPs at 1000 ppm (T4-0.853 μ 
mol of H2O2 decomposed/min/mg of protein) and AgNPs at 1500 ppm (T2-0.846 μ mol of H2O2 decomposed/min/mg of protein) 
showed on par with AgNPs at 1000 ppm. In contrast, the control (T9-0.782 μ mol of H2O2 decomposed/min/mg of protein) displayed 
significantly lower catalase activity, which was on par with CuNPs at 2000 ppm (T6-0.799 μ mol of H2O2 decomposed/min/mg of 
protein). At the end of the ninth month, significantly higher catalase activity was observed in seeds primed with AgNPs at 1000 ppm 
(T1-0.682 μ mol of H2O2 decomposed/min/mg of protein), on par with CuNPs at 1000 ppm (T4-0.665 μ mol of H2O2 decomposed/min/ 
mg of protein) and found significant to rest of all the treatments. While the significantly lower catalase activity was recorded in control 

Table 5 
Effect of seed priming with AgNPs and CuNPs on seed damage percentage (%) of greengram cv. DGGV-2 assessed at various post storage conditions 
under ambient environment.  

Treatments Months after storage 

1 2 3 4 5 6 7 8 9 

T1 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 
T2 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 
T3 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 
T4 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 
T5 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 
T6 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 
T7 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 
T8 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 0.00 (0.71) 
T9 3.67 (2.04) 7.00 (2.73) 13.33 (3.72) 19.67 (4.49) 27.33 (5.27) 38.67 (6.26) 49.00 (7.03) 61.67 (7.88) 72.00 (8.51) 
S.Em (±) 0.03 0.04 0.04 0.04 0.05 0.04 0.06 0.05 0.05 
C.D (1 %) 0.11 0.14 0.16 0.18 0.19 0.18 0.25 0.20 0.21 
C.V. 5.64 6.54 6.53 6.79 6.53 5.75 5.88 5.66 5.47 

*Figures in the parentheses indicate square root transformed values. 
Treatment details: 
T1: AgNPs at 1000 ppm T4: CuNPs at 1000 ppm T7: Castor oil @ 10 ml/kg. 
T2: AgNPs at 1500 ppm T5: CuNPs at 1500 ppm T8: Deltamethrin @ 0.04 ml/kg. 
T3: AgNPs at 2000 ppm T6: CuNPs at 2000 ppm T9: Control (untreated). 

Table 6 
Effect of seed priming with AgNPs and CuNPs on catalase activity (μ mol of H2O2 decomposed/min/mg of protein) assessed at various post storage 
conditions under ambient environment.  

Treatments Months after storage % Reduction over 1st month 

1 2 3 4 5 6 7 8 9 

T1 0.864 0.837 0.806 0.786 0.765 0.735 0.727 0.700 0.682 21.06 
T2 0.846 0.818 0.783 0.748 0.727 0.697 0.687 0.657 0.632 25.30 
T3 0.818 0.772 0.738 0.701 0.668 0.625 0.613 0.582 0.556 32.03 
T4 0.853 0.825 0.795 0.770 0.755 0.713 0.704 0.685 0.665 22.04 
T5 0.815 0.775 0.737 0.690 0.655 0.617 0.606 0.576 0.548 32.76 
T6 0.799 0.764 0.726 0.678 0.640 0.586 0.566 0.532 0.500 37.42 
T7 0.822 0.791 0.754 0.713 0.678 0.636 0.624 0.599 0.568 30.90 
T8 0.835 0.799 0.767 0.735 0.717 0.674 0.664 0.641 0.617 26.11 
T9 0.782 0.748 0.710 0.644 0.601 0.547 0.525 0.489 0.451 42.33 
S.Em (±) 0.005 0.006 0.006 0.008 0.009 0.009 0.010 0.010 0.012 – 
C.D (1 %) 0.020 0.023 0.026 0.034 0.035 0.037 0.039 0.041 0.047 – 
C.V. 1.05 1.24 1.46 2.01 2.15 2.43 2.62 2.87 3.48 – 

Treatment details: 
T1: AgNPs at 1000 ppm T4: CuNPs at 1000 ppm T7: Castor oil @ 10 ml/kg. 
T2: AgNPs at 1500 ppm T5: CuNPs at 1500 ppm T8: Deltamethrin @ 0.04 ml/kg. 
T3: AgNPs at 2000 ppm T6: CuNPs at 2000 ppm T9: Control (untreated). 
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(T9-0.451 μ mol of H2O2 decomposed/min/mg of protein). 

3.2.7. α-Amylase activity (μ mol/min/mg of protein) 
The data representing the α-amylase activity of greengram seeds at various storage periods, influenced by nanopriming with silver 

and copper nanoparticles synthesized using ocimum leaf extract, can be observed in Fig. 16. 
In the initial month of storage, seeds primed with AgNPs at 1000 ppm (T1-0.0168 μ mol/min/mg of protein) exhibited the higher 

α-amylase activity, which was on par with CuNPs at 1000 ppm (T4-0.0165 μ mol/min/mg of protein) and AgNPs at 1500 ppm (T2- 
0.0164 μ mol/min/mg of protein). In contrast, the control (T9-0.0149 μ mol/min/mg of protein) displayed significantly lower 
α-amylase activity, which was on par with CuNPs at 2000 ppm (T6-0.0151 μ mol/min/mg of protein). At the end of the ninth month, 
seeds primed with AgNPs at 1000 ppm (T1-0.0125 μ mol/min/mg of protein) showed significantly higher α-amylase activity, on par 
with CuNPs at 1000 ppm (T4-0.0121 μ mol/min/mg of protein). While significantly lower α-amylase activity was recorded in control 
(T9-0.0063 μ mol/min/mg of protein). 

A decline in all the seed quality parameters and biochemical parameters with increasing concentrations of AgNPs and CuNPs was 
observed. AgNPs at 2000 ppm, CuNPs at 1500 ppm, and CuNPs at 2000 ppm showed lower germination percentage, shoot length, root 
length, seedling vigour index-I, catalase activity, and alpha amylase activity throughout the storage period compared to their lower 
concentrations, as well as compared to the seeds treated with castor oil and deltamethrin. 

3.3. Influence of biosynthesized silver and copper nanoparticles on plant growth and seed yield of greengram under protected conditions 

The primed seeds with AgNPs and CuNPs, as well as the seeds treated with castor and deltamethrin that were previously subjected 
to storage and used in the previous experiment, were transferred to pots. Foliar applications of AgNPs and CuNPs were given at the 
vegetative and flowering stages and evaluated for their impact on plant growth, yield, and seed quality under protected conditions. 
However, during the storage study, the control seeds experienced severe infestation, rendering them unusable. Therefore, stored 
untreated seeds were used as a substitute to serve as the control group. 

3.3.1. Plant height (cm) 
The mean data on plant height at 30, 60 DAS (days after sowing), and at harvest, as influenced by nanopriming and foliar 

application with silver and copper nanoparticles synthesized using ocimum leaf extract, is reported in Table 7. 
Throughout various stages of plant growth, significant differences in plant height were consistently observed among the different 

treatments. Seeds that underwent nanopriming and foliar spraying with AgNPs at a concentration of 1000 ppm displayed the higher 
plant height, regardless of the plant’s age (30, 60 DAS, and at harvest) (T1-35.96 cm, 46.48 cm, and 53.00 cm, respectively), followed 
by seeds that were primed and foliar sprayed with CuNPs at 1000 ppm (T4-34.78 cm, 44.00 cm, and 50.10 cm, respectively). On the 
other hand, the control group had significantly lower plant height at 30, 60 DAS, and at harvest (T9-30.56 cm, 34.67 cm, and 39.00 cm, 
respectively). 

Fig. 15a. Stereomicroscopic images of pulse beetles in control treatment.  
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3.3.2. Number of branches per plant 
The data representing the effect of nanopriming and foliar application with silver and copper nanoparticles, synthesized using 

ocimum leaf extract, on the average number of branches in greengram plants at 30, 60 DAS (days after sowing), and harvest stages is 
observed in Table 8. 

Significant differences in the number of branches were observed among the different treatments at all stages of the plant (30, 60 
DAS, and at harvest). At the harvest stage, the number of branches remained consistent with the count observed at 60 DAS, regardless 

Fig. 15b. Morphological variations observed in pulse beetle due to AgNPs and CuNPs treatment in seeds.  

Fig. 16. Effect of seed priming with AgNPs and CuNPs on α-amylase activity (μ mol/min/mg of protein) in greengram cv. DGGV-2 assessed at 
various post storage conditions under ambient environment. 

Table 7 
Synergistic effect of nanoprimed seeds that are stored for nine months and foliar application with AgNPs and CuNPs on plant height (cm) in 
greengram.  

Treatments 30 DAS 60 DAS At harvest 

T1: Primed seeds of AgNPs at 1000 ppm + Foliar application of AgNPs at 1000 ppm 35.96 46.48 53.00 
T2: Primed seeds of AgNPs at 1500 ppm + Foliar application of AgNPs at 1500 ppm 34.57 43.24 49.52 
T3: Primed seeds of AgNPs at 2000 ppm + Foliar application of AgNPs at 2000 ppm 32.17 38.55 43.21 
T4: Primed seeds of CuNPs at 1000 ppm + Foliar application of CuNPs at 1000 ppm 34.78 44.00 50.10 
T5: Primed seeds of CuNPs at 1500 ppm + Foliar application of CuNPs at 1500 ppm 31.87 37.76 42.94 
T6: Primed seeds of CuNPs at 2000 ppm + Foliar application of CuNPs at 2000 ppm 30.73 35.32 40.12 
T7: Castor (no foliar spay) 32.21 38.80 43.79 
T8: Deltamethrin (no foliar spray) 33.38 41.00 46.80 
T9: Control (untreated + no foliar spray) 30.56 34.67 39.00 
S.Em (±) 0.27 0.53 0.65 
C.D (1 %) 1.11 2.17 2.66 
C.V. 1.44 2.31 2.49  
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of the treatment. 
Seeds that underwent nanopriming and foliar spraying with AgNPs at a concentration of 1000 ppm exhibited the significantly 

higher number of branches, regardless of the plant age (30, 60 DAS, and at harvest) (T1-4.65 plant− 1, 5.61 plant− 1, and 5.61 plant− 1, 
respectively), followed by seeds that were nanoprimed and foliar sprayed with CuNPs at 1000 ppm (T4-4.34 plant− 1, 5.32 plant− 1, and 
5.32 plant− 1, respectively). In contrast, the control had significantly fewer branches at 30, 60 DAS and at harvest (T9-3.27 plant− 1, 4.20 
plant− 1, and 4.20 plant− 1 respectively) which were on par to the number of branches in seeds that were primed and foliar sprayed with 
CuNPs at 2000 ppm at 30, 60 DAS, and at harvest (T6-3.33 plant− 1, 4.26 plant− 1, and 4.26 plant− 1, respectively). 

3.3.3. Days to 50 % flowering 
The average number of days taken for 50 % flowering in greengram plants, influenced by nanopriming and foliar application with 

silver and copper nanoparticles synthesized using ocimum leaf extract, is presented in Table 9. 
There were no significant differences observed in the number of days taken for 50 % flowering between seeds that underwent 

priming and foliar application with AgNPs and CuNPs, seeds treated with castor oil and deltamethrin without foliar spray, and the 
control group. Numerically, the control group exhibited mean 50 % flowering on 40.33 days after sowing, while seeds that were 
primed and foliar sprayed with AgNPs at 1000 ppm showed mean 50 % flowering on 38.33 days after sowing. Here, days to 50 % 
flowering occurred two days earlier compared to the control group. 

3.3.4. Number of pods per plant 
Data recorded on the number of pods per plant in greengram affected by nanopriming and foliar application using silver and copper 

nanoparticles synthesized with ocimum leaf extract is presented in Table 9. The study found significant differences in the number of 
pods per plant among the different treatments. 

The higher number of pods per plant was observed in plants derived from seeds that were primed and given foliar application with 
AgNPs at a concentration of 1000 ppm (T1-13.83), which was statistically significant compared to other treatments. Followed by the 
seeds that were primed and foliar sprayed with CuNPs at 1000 ppm (T4-12.70). In contrast, the control had significantly fewer pods per 
plant (T9-9.00), which was on par with the number of pods per plant in seeds that were primed and foliar sprayed with CuNPs at 2000 
ppm (T6-9.11). 

3.3.5. Seed yield per plant (g plant− 1) 
Table 9 provides data on the seed weight per plant in greengram influenced by nanopriming and foliar application with silver and 

copper nanoparticles synthesized using ocimum leaf extract. The study observed significant differences in seed weight per plant among 
the different treatments. 

The higher seed yield per plant was recorded in plants derived from seeds that were nanoprimed and foliar sprayed with AgNPs at a 
concentration of 1000 ppm (T1-3.75 g), which was statistically significant compared to other treatments. This was followed by the 
seeds that were primed and foliar sprayed with CuNPs at 1000 ppm (T4-3.44 g). On the other hand, control seeds had significantly 
lower seed weight per plant (T9-2.21 g), which was on par with the seed weight per plant in seeds that were primed and foliar sprayed 
with CuNPs at 2000 ppm (T6-2.26 g). 

3.3.6. Dehydrogenase activity (μg TPF g− 1 soil day− 1) 
The data on the dehydrogenase activity in the soil of greengram crop, as influenced by nanopriming and foliar application with 

silver and copper nanoparticles synthesized using ocimum leaf extract, is mentioned in Fig. 17. The study observed non-significant 
variations in the dehydrogenase activity of soil among the different treatments. 

4. Discussion 

Seeds play a critical role in agriculture as they serve as the primary source of new plant life. Seeds under storage are susceptible to 

Table 8 
Synergistic effect of nanoprimed seeds that are stored for nine months and foliar application with AgNPs and CuNPs on number of branches plant− 1 in 
greengram.  

Treatments 30 DAS 60 DAS At harvest 

T1: Primed seeds of AgNPs at 1000 ppm + Foliar application of AgNPs at 1000 ppm 4.65 5.61 5.61 
T2: Primed seeds of AgNPs at 1500 ppm + Foliar application of AgNPs at 1500 ppm 4.31 5.30 5.30 
T3: Primed seeds of AgNPs at 2000 ppm + Foliar application of AgNPs at 2000 ppm 3.63 4.60 4.60 
T4: Primed seeds of CuNPs at 1000 ppm + Foliar application of CuNPs at 1000 ppm 4.34 5.32 5.32 
T5: Primed seeds of CuNPs at 1500 ppm + Foliar application of CuNPs at 1500 ppm 3.60 4.58 4.58 
T6: Primed seeds of CuNPs at 2000 ppm + Foliar application of CuNPs at 2000 ppm 3.33 4.26 4.26 
T7: Castor (no foliar spay) 3.76 4.69 4.69 
T8: Deltamethrin (no foliar spray) 4.03 5.00 5.00 
T9: Control (untreated + no foliar spray) 3.27 4.20 4.20 
S.Em (±) 0.05 0.07 0.07 
C.D (1 %) 0.22 0.27 0.27 
C.V. 2.39 2.35 2.35  
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pest infestations, leading to a detrimental impact on seed quality, vigour, and ultimately, crop productivity. While conventional in-
secticides and fumigants have been used to mitigate pest damage, their application often results in a rapid decline in seed germination 
rates. Furthermore, these chemical interventions pose environmental risks. As a result, there is a growing need for alternative and eco- 
friendly approaches to protect stored seeds from pests while preserving seed viability and reducing environmental harm. In recent 
decades, nanotechnology has emerged as a promising and versatile field, finding applications in diverse sectors, including agriculture. 
Among the cutting-edge applications, nanopriming has gained significant importance for enhancing seed performance and overall crop 
productivity. 

4.1. Biosynthesis of silver and copper nanoparticles using ocimum leaf extract 

Conventionally, nanomaterials were synthesized using chemical or physical methods [26]. However, these conventional tech-
niques have been found to be capital-intensive and inefficient in terms of materials and energy usage [27]. In contrast, the biological 
method emerges as a promising substitute due to its non-toxic, cost-effective, and eco-friendly nature, eliminating the need for haz-
ardous chemicals [28,29]. Biological synthesis involves nanoparticles’ production without the use of reducing agents and stabilizers; 
instead, molecules produced by living organisms such as bacteria, fungi, yeast, algae, and plants act as natural nanofactories. Among 
the biological methods, green synthesis utilizing plant leaf extracts holds numerous advantages over chemical and physical ap-
proaches. Moreover, plant-mediated synthesis proves to be rapid, flexible, and well-suited for large-scale nanoparticle production 
[30]. The utilization of plant biodiversity has become widely recognized for synthesizing metal and metal oxide nanoparticles, owing 
to the abundance of effective phytochemicals found in various plant extracts, particularly leaves. These phytochemicals encompass a 
diverse range of compounds, including ketones, aldehydes, flavones, amides, terpenoids, carboxylic acids, phenols, and ascorbic acids 
[31]. Remarkably, these components possess the capacity to efficiently reduce metal salts, thereby facilitating the synthesis of metal 
nanoparticles. Consequently, for the present study, ocimum leaves were specifically chosen as the source for biosynthesizing silver and 
copper nanoparticles. 

The reduction of Ag + to Ag0 was visually monitored by observing the grey-black color, indicative of successful bio-reduction, 
consistent with previous studies [32,33]. The color of the AgNP colloid produced depends on the concentration of the added 
AgNO3 solution [34]. The color change is attributed to the surface plasmon resonance of AgNPs in the visible region [35], and surface 

Table 9 
Synergistic effect of nanoprimed seeds that are stored for nine months and foliar application with AgNPs and CuNPs on days to 50 % flowering, no. of 
pods plant− 1 and seed yield per plant (g plant− 1) in greengram.  

Treatments 50 % flowering No. of pods plant− 1 Seed Yield (g plant− 1) 

T1: Primed seeds of AgNPs at 1000 ppm + Foliar application of AgNPs at 1000 ppm 38.33 13.83 3.75 
T2: Primed seeds of AgNPs at 1500 ppm + Foliar application of AgNPs at 1500 ppm 38.67 12.63 3.39 
T3: Primed seeds of AgNPs at 2000 ppm + Foliar application of AgNPs at 2000 ppm 40.00 10.37 2.69 
T4: Primed seeds of CuNPs at 1000 ppm + Foliar application of CuNPs at 1000 ppm 38.67 12.70 3.44 
T5: Primed seeds of CuNPs at 1500 ppm + Foliar application of CuNPs at 1500 ppm 39.67 10.25 2.60 
T6: Primed seeds of CuNPs at 2000 ppm + Foliar application of CuNPs at 2000 ppm 40.00 9.11 2.26 
T7: Castor (no foliar spay) 39.67 10.42 2.78 
T8: Deltamethrin (no foliar spray) 39.67 11.52 3.10 
T9: Control (untreated + no foliar spray) 40.33 9.00 2.21 
S.Em (±) 0.75 0.25 0.05 
C.D (1 %) NS 1.03 0.21 
C.V. 3.31 3.94 3.13  

Fig. 17. Synergistic effect of nanoprimed seeds that are stored for nine months and foliar application with AgNPs and CuNPs on dehydrogenase 
activity (μg TPF g− 1 soil day− 1) in greengram. 
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active molecules present in the leaf extract, such as carbohydrates, flavonoids, and polyphenols, which also act as stabilizing agents 
during the synthesis [36,37]. Similarly, for CuNPs synthesis, the change in color from light green to dark green indicated the successful 
formation of copper nanoparticles, in line with previous studies [38–42]. The active molecules in the ocimum leaf extract acted as 
reducing and capping agents during the synthesis process. These standardized methods provide a reliable and environmentally friendly 
approach for the synthesis of AgNPs and CuNPs from ocimum leaf extract, offering a sustainable and efficient means for nanoparticle 
production. 

4.2. Characterization of synthesized silver and copper nanoparticles 

4.2.1. UV–Visible spectroscopy 
The surface plasmon resonance (SPR) phenomenon arises when metallic nanoparticles (NPs) interact with light, leading to the 

coherent oscillation of conduction electrons in the metal. In the UV–Vis spectra recorded for the reaction solution of reduced silver 
nitrate using ocimum leaf extract, the silver nanoparticles exhibited a prominent absorption peak at 475 nm. This absorption maximum 
in the range of 400–500 nm is a characteristic feature of AgNPs due to their surface plasmon resonance [43,44]. Similar studies by 
Banerjee et al. [45], Krithiga et al. [46], and Pirtarighat et al. [47] also reported absorption maxima in the range of 425–475 nm for 
AgNPs synthesized using various plant leaf extracts. Overall, UV–Visible spectroscopy provided valuable insights into the successful 
synthesis of silver nanoparticles using ocimum leaf extract, and the observed SPR peak confirmed the presence of nanoparticles with 
specific optical properties. 

In the case of copper nanoparticles biosynthesized through ocimum leaf extract, a strong SPR was observed at 322 nm due to the 
absorption of light by the NPs. These experimental findings are consistent with previous research by Fatma et al. [48] and Makvana 
et al. [49]. Joshi and Prakash [50] studied tulasi (Ocimum tenuiflorum) leaves and reported elevated peaks at 285 and 330 nm, while 
Shende et al. [51] achieved the biosynthesis of stable copper nanoparticles using Ocimum sanctum leaf extract, with UV–Vis spec-
troscopy showing absorption at 345 nm. It is noteworthy that the SPR of metallic compounds can vary with the size and shape of the 
nanoparticles [52,53]. Therefore, the specific SPR observed in the UV–Vis spectra of copper nanoparticles synthesized with ocimum 
leaf extract provides valuable insights into the size and properties of the nanoparticles, aiding in their characterization and under-
standing of their optical behavior. 

4.2.2. Particle size analyzer (PSA) 
The PSA instrument characterized the size distribution of AgNPs produced by ocimum leaf extract, with a mean diameter of 54.1 

nm and 25 % of the distribution falling below 32.1 nm, confirming that the synthesized silver nanoparticles were in the nanoscale 
range. Lalitha et al. [54] reported a size range of 21.07 nm for the synthesized silver nanoparticles. Asmita et al. [55] conducted a study 
using neem leaves and found that the size of the silver nanoparticles was approximately 43 nm. The results obtained from PSA analysis 
by Iftikhar et al. [56] indicated a size range of 50–75 nm. Alqahtani et al. [57] also observed similar results, with a mean diameter of 
52.8 nm reported by PSA. 

For CuNPs, the mean diameter obtained from ocimum leaf extract was 74.9 nm, with 25 % of the distribution below 42.9 nm. Bai 
et al. [58] reported that the biosynthesized CuO NPs from Moringa oleifera exhibited a particle size range of 90 nm–250 nm, with over 
50 % of frequencies falling between 130 nm and 170 nm. Kathad and Gajera [59] conducted a biological synthesis of copper nano-
particles from Nag champa and found the average particle size to be 135 nm. On the other hand, Iliger et al. [60] performed PSA 
analysis on CuNPs synthesized from Eucalyptus leaves and observed a size range of 60–75 nm, with an average size of 65 nm. The 
results from Zetasizer analysis by Usha et al. [41] revealed an average size of 37.61 nm for the biosynthesized copper nanoparticles. 

Additionally, DLS provides valuable insights into the uniformity or heterogeneity of the particle size distribution, as described by 
the Polydispersity Index (PDI). The PDI offers a comprehensive view of the size distribution of scattered nanoparticles in the solution 
phase. An ideal nanoparticle PDI value is less than 0.5, indicating a relatively uniform size distribution. Conversely, higher PDI values 
suggest a more diverse range of particle sizes, leading to non-uniformity in the nanoparticle population [61]. In the case of silver and 
copper nanoparticles produced through bio-reduction using ocimum leaf extract, the polydispersity index values were found to be 
0.419 and 0.466, respectively. These results indicate that the size distribution of the synthesized nanoparticles is relatively more 
homogeneous, as evidenced by the PDI values being less than 0.5. This uniformity in size distribution enhances the stability and 
performance of the nanoparticles. 

4.2.3. Scanning electron microscope (SEM) 
Characterization through SEM and EDX of silver nanoparticles biosynthesized through ocimum leaf extract revealed the shape of 

the nanoparticles to be round to spherical, and the EDX captured higher peaks that marked the presence of Ag as 83.58 per cent. The 
findings of this study are consistent with those of Rautela and Rani [62], who observed oval and spherical shapes for silver nano-
particles (AgNPs) using Field-Emission Scanning Electron Microscopy (FESEM). Elemental mapping of AgNPs by FESEM-EDX revealed 
the presence of 94 % silver and 6 % oxides, with a strong signal peak observed at 3 keV. Balkrishna et al. [63] also reported the 
formation of high-density, mostly spherical AgNPs in their study using SEM images, and EDX spectra showed strong signals for silver 
metal at 3 keV, along with other low-intensity peaks, possibly corresponding to carbon and oxygen, which could represent plant 
phytochemicals or biomass involved in stabilizing the AgNPs synthesized using the plant extract. 

Characterization of copper nanoparticles synthesized through ocimum leaf extract using SEM and EDX revealed their spherical 
shape. Further analysis of the CuNPs through EDX profiling confirmed the presence of characteristic signals for copper and oxygen, 
with the chemical composition of copper being 81.36 %. These findings align with similar observations reported by Saranyaadevi et al. 
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[64], Hariprasad et al. [65], Usha et al. [41] and Kolahalam et al. [66], where copper nanoparticles were also found to be spherical in 
shape. Regarding the stabilization process of CuO nanoparticles, Sharma et al. [67] suggested that the peaks observed near 0 keV in the 
EDX spectra could be attributed to carbon and oxygen compounds present in the plant extract, which might be involved in stabilizing 
the CuO nanoparticles. Moreover, Saranyaadevi et al. [64], also reported that the copper nanoparticles exhibited absorption peaks of 
higher counts due to surface plasmon resonance in their study. 

4.2.4. X-Ray diffraction (XRD) 
The sharp and distinct peaks in AgNPs indicated the presence of face-centered cubic (fcc) symmetry and crystallinity. Similar 

diffraction patterns were reported by Hanna et al. [68], who synthesized silver nanoparticles from Desertifilum tharense, showing the 
same five main peaks corresponding to (101), (111), (200), (220), and (311) lattice planes. 

The appearance of extra peaks in the XRD pattern can be attributed to the presence of phytochemical compounds in the leaf extracts 
used for nanoparticle synthesis. However, the stronger planes observed in the XRD pattern confirmed silver as a major constituent in 
the biosynthesis, consistent with findings by Kumar and Yadav [69] and Anandalakshmi et al. [70]. Bindhani and Panigrahi [71] also 
confirmed the presence of silver nanoparticles in the form of nanocrystals based on the peak positions at 2θ values of 38.28◦, 44.04◦, 
64.34◦, and 77.28◦ corresponding to (111), (200), (220), and (311) Bragg reflections, respectively, in accordance with the 
face-centered cubic structure of silver. These results align with previous studies conducted by Khan et al. [72], Tailor et al. [36], 
Melkamu et al. [73], and Balkrishna et al. [63], further supporting the crystalline nature and structural properties of the synthesized 
silver nanoparticles. 

The high-angle peaks in the XRD analysis of CuNPs indicate the existence of a cubic-centered crystalline nature of the nanoparticles. 
These results are consistent with findings reported by Sumitha et al. [74], where major peak positions at 2θ values of 35.5◦ and 38.64◦

in the high-angle XRD of copper oxide nanoparticles synthesized from Ocimum tenuiflorum also confirmed the presence of a crystalline 
nature of the nanoparticles. The major peak positions closely matched the Joint Committee for Powdered X-ray Diffraction Standard 
(JCPDS no 02-1225). Similarly, Dagar et al. [42] reported the formation of copper nanoparticles with peaks in the range of 20◦–40◦, 
further confirming the crystalline nature of the nanoparticles. These findings are in line with other studies by Annapurna et al. [75], 
Amaliyah et al. [76], Nirmala et al. [30], and Ragunath et al. [77], which have consistently reported the crystalline nature of copper 
nanoparticles synthesized from various plant extracts. 

4.2.5. Fourier transform infrared spectroscopy (FTIR) 
FTIR spectrum of the silver nanoparticles displayed absorption peaks at specific wavenumbers. The peaks at 3849 cm− 1, 3745 

cm− 1, and 3676 cm− 1 are attributed to hydroxyl (OH) groups. This observation aligns with similar findings by Rani et al. [78]. The 
peaks at 3047 cm− 1, 2839 cm− 1, and 2619 cm− 1 correspond to symmetric CH2 stretching and C–H aldehydes groups, respectively [79]. 
The presence of nitrile and P–H ester stretching is indicated by the peak at 2337 cm− 1 [80]. The peak at 2083 cm− 1 corresponds to C–N 
stretching vibration [81]. The peak at 1882 cm− 1 indicates an aromatic group, while the peaks at 1581 cm− 1and 1342 cm− 1 are 
attributed to C––N and C–N stretching of aromatic amine groups, respectively [63,82]. The peaks at 1226 cm− 1 and 1022 cm− 1 

correspond to C–N stretching of amines and -C-O-C- stretching, respectively [45,83]. The peak at 802 cm− 1 corresponds to aromatics, 
and the peak at 505 cm− 1 indicates -C-I- stretching (alkyl halide) [84,85]. Overall, the FTIR spectrum exhibits distinctive peaks 
associated with hydroxyl, carbonyl, C––C, amide, and amine groups, characteristic of polyphenols, alkaloids, flavonoids, fatty acids, 
amino acids, and enzymes/proteins [86], thereby indicating the presence of a capping agent with the nanoparticles. 

The FTIR analysis of copper nanoparticles resulted in peaks at 1593 cm− 1 is indicative of the presence of the C––N functional group. 
Similarly, the peak at 459 cm− 1 corresponds to the C–Cl functional group, as reported by Ghosh et al., [87]. The peak at 1519 cm− 1 can 
be attributed to the N–H bond bending characteristic of an amine group, consistent with findings from Kolahalam et al. [66], and 
Kulkarni and Kulkarni [88]. The appearance of the peak at 1427 cm− 1 is associated with the C–C stretching of an aromatic ring 
structure, as well as scissoring and bending vibrations of alkanes, as previously discussed by Shende et al., [51]. Peaks at 1361 cm− 1 

and 1354 cm− 1 are related to the C–N stretching of amide functional groups. Additionally, the peak at 597 cm− 1 corresponds to 
bending modes of vibrations involving the C–H bond, as noted in studies by Murthy et al., [89]. The presence of the peak at 1072 cm− 1 

signifies C–N stretching vibrations of aliphatic amines, with similar banding patterns observed at 852 cm− 1 and 771 cm− 1, as docu-
mented in the copper nanoparticle synthesis study conducted by Melkamu et al., [73]. The peak at 771 cm− 1 indicates C–H stretching, 
consistent with observations reported by Hariprasad et al., [65]. The FTIR spectrum of the copper nanoparticles suggests an interaction 
between functional groups within the plant extract and copper ions, leading to processes such as bio-reduction, formation, and sta-
bilization of the synthesized copper nanoparticles. 

Moreover, it is anticipated that the successful biofabrication of green-synthesized nanoparticles most likely occur through a donor- 
acceptor mechanism. This mechanism results from the interaction between the oxygen atoms of biofunctional groups (such as hy-
droxyl) present in tulasi leaf extract and the salt precursors (AgNO3 and CuSO4⋅5H2O). The biosynthesis process for Tulasi leaf extract- 
mediated AgNPs and CuNPs could involve three phases: activation, growth, and termination. In the initial activation phase, Ag and Cu 
cations are extracted from silver nitrate and copper sulphate salt precursors, respectively, when dissolved in water. In the presence of 
biofunctional groups derived from tulasi, Ag and Cu cations undergo reduction to their metallic forms. Subsequently, during the 
growth and termination phases, the accumulation and stabilization of Ag and Cu nanoparticles are facilitated by the metabolites 
present in tulasi leaves. This results are in compliance with several reports indicating the biogenic synthesis of nanoparticles such as 
ZnO NPs [90] and Al2O3 NPs [91]. 
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4.3. Influence of biosynthesized silver and copper nanoparticles against pulse beetles and on seed quality parameters of greengram during 
storage under lab conditions 

In nanopriming, such as with AgNPs and CuNPs, a significant portion of nanomaterials adhere to the seed surface as coatings. This 
process allows for controlled water uptake and reduced gas permeability, contributing to more stable seed storage [92]. In the present 
study, greengram seeds were primed with AgNPs and CuNPs at various concentrations (1000, 1500, and 2000 ppm) and subjected to 
nine months of storage to assess their effects on seed quality and biochemical parameters, as well as seed infestation. 

The results of the study revealed a gradual decline in seed quality attributes, including germination percentage, root length, shoot 
length, and vigour index during the entire storage period. This decline in seed quality can be attributed to the irreversible aging 
characteristics that affect living biological organisms, leading to deteriorative changes in the physical, physiological, and biochemical 
characteristics of seeds [20,93]. 

4.3.1. Germination percentage, root length, shoot length and seedling vigour index 
The insecticidal properties of silver and copper nanoparticles proved effective in inhibiting pulse beetle multiplication, which 

significantly reduced seed damage and contributed to the enhanced germination rates compared to the control. Arumugam et al. [94] 
conducted a similar study and observed that silica nanotreated seeds at 1000 ppm of greengram showed complete retardation of pulse 
beetle growth. However, there was no negative effect on seed growth, as indicated by normal seed germination and the growth rate of 
root and shoot. Similarly, Wazid et al. [95] also conducted a study using copper nanoparticles, where seeds treated with copper 
nanoparticles at 1500 ppm demonstrated the higher seed germination rates, dehydrogenase enzyme activity, and the highest reduction 
in seed damage percentage compared to the control group. In the control group, the combination of seed damage and deterioration 
caused by insects led to more abnormal seedlings, resulting in decreased germination (39.67 %) by the end of the storage period. The 
current findings are also consistent with those of Parmar and Patel [96], who discovered mung bean susceptibility to Callosobruchus 
chinensis L. during storage. After six months of storage, C. chinensis exhibited a 29.97–65 per cent reduction in germination. 

Even the germination rates of castor and deltamethrin treated seeds were found to be higher compared to the control group. 
However, the germination percentage of seeds treated with castor and deltamethrin was found to be significantly lower compared to 
seeds primed with AgNPs and CuNPs (1000 ppm) throughout the storage period. This observation indicates that nanoparticles play a 
vital role in enhancing the viability of seeds by offering protection. The enhanced germination can be attributed to the nanosized 
particles, allowing them to easily penetrate the seed coat and facilitate better absorption and utilization by the seeds [97]. Another 
study conducted on onion storage by Anandaraj and Natarajan [98] revealed that nanoparticles have a beneficial effect on improving 
seed quality. This effect may be attributed to nanoparticles inducing oxidation-reduction reactions via the superoxide ion radical 
during germination, resulting in the quenching of free radicals in germinating seeds. Moreover, Vashisth and Nagarajan [99] reported 
in maize that treating seeds with nanoparticles reversed the extent of deterioration caused by ageing, resulting in higher germination 
percentages. 

From this study, it was also evident that higher concentrations of AgNPs (2000 ppm) and CuNPs (1500 ppm and 2000 ppm) resulted 
in lower germination rates compared to other treatments, except for the control. These findings align with the research conducted by 
Thuesombat et al. [100], who discovered that increased concentrations of AgNPs in jasmine rice led to reduced seed germination and 
subsequent seedling growth. The decreased germination observed at higher nanoparticle concentrations could be attributed to the 
increased absorption and accumulation of nanoparticles, both in the extracellular space and within the cells of the seeds. This 
accumulation may result in a reduction in cell division and cell elongation, as well as inhibition of the hydrolytic enzymes involved in 
food mobilization during the process of seed germination [101]. 

AgNPs and CuNPs (1000 ppm) consistently promoted the seedling growth characteristics of greengram throughout the storage 
period, outperforming the control. One main reason for this improvement is the decrease in seed infestation by insects, but the 
nanoparticles also demonstrated better performance compared to castor-treated and deltamethrin-treated seeds, even in cases where 
infestation was reduced. This enhancement in seedling length can be attributed to the activation of various metabolic pathways 
essential for seed germination, root and shoot growth, triggered by the nanoparticles accumulated within the seeds. Additionally, the 
effective mobilization of available food reserves in the seeds resulted in early emergence and growth of the seedlings, contributing to 
the increase in seedling growth [102]. In my findings, with an increase in concentrations of AgNPs and CuNPs, there was a decrease in 
seedling length. Previous studies have shown that the effect of AgNPs on seed germination and seedling growth can be positive or 
negative, depending on the size, properties, and concentration of the nanoparticles, the test plant, and the application method [103]. 
Another study reported a dose-dependent inhibitory effect of CuNPs on wheat root and shoot length has been evaluated, which 
supports the results of the current study. The reduction in root and shoot length may be due to changes in nitrate regulated auxin 
transport and cell death, resulting in the reduction of root development as well as shoot development [104]. 

4.3.2. Seed infestation percentage 
Nanoparticles have been explored as a potential tool for integrated pest management (IPM) of stored grain pests, such as 

C. maculatus, as highlighted by Yang and Watts [105]. In the present study, all treatments exhibited a notable reduction in seed 
infestation percentage, throughout the nine-month storage period, except for the control group. Notably, seeds primed with AgNPs and 
CuNPs at concentrations of 1000, 1500, and 2000 ppm showed complete inhibition of insect multiplication, resulting in 100 % 
mortality of insects within the first month of storage. This impressive insecticidal effect can be attributed to the strong properties of 
AgNPs and CuNPs, which encompass insecticidal, bactericidal, antifungal, and antiviral activities [106,107], making them a promising 
candidate against insect pests. The absence of insect multiplication in nanoprimed seeds is likely due to the prevention of egg laying by 
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insects. A similar study by Arumugam et al. [94] also reported a drastic reduction in the fecundity of C. maculatus when exposed to 
silica nanoparticles, potentially due to desiccation and spiracular blockage. The reduced fecundity of insects could be attributed to the 
attachment of nanoparticles to the body of adult beetles, leading to suffering and the potential prevention of mating. Similar obser-
vations were made by Wazid et al. [95], who found that treatment with higher concentrations of biosynthesized CuNPs, specifically 
1500 ppm and 1250 ppm, resulted in the highest adult mortality of 100 % and 0 % seed damage after 30 days of storage in chickpea 
seeds. Pavitra et al. [108] demonstrated that zinc oxide and copper nanoparticles, tested at various concentrations, exhibited a sig-
nificant increase in mealybug mortality with a concentration of 2000 ppm. 

On the contrary, the control group displayed a notable rise in the average count of both live and dead adult insects as the storage 
period advanced, primarily attributed to the rapid proliferation of insects. Consequently, this escalation in insect activity led to an 
amplified level of seed damage, intensifying as the storage duration increased. Similarly, seeds subjected to treatment with castor oil 
and deltamethrin also demonstrated effective control over seed damage, resulting in the absence of both live and deceased insects by 
the end of the initial month. This protective response persisted consistently throughout the entire nine-month storage duration, 
mirroring the behavior observed in seeds primed with nanoparticles. Nevertheless, despite this shared outcome in insect control, seeds 
primed with AgNPs and CuNPs (1000 ppm) displayed notable improvements in seed quality and biochemical parameters. 

Only a limited number of studies have delved into the toxicokinetics or toxicodynamics of nanopesticides against storage grain 
insect pests, as these materials are relatively novel and remain subjects of ongoing exploration [109]. In my own study, noteworthy 
morphological variations were observed under a stereomicroscope in insects collected from seeds treated with AgNPs and CuNPs. 
Conversely, insects collected from the control seeds did not exhibit any such morphological variations (Fig. 15a and b). The observed 
morphological changes in insects found in seeds primed with nanoparticles included leg stretching, body twisting, and hind wing 
extension. These alterations could stem from sub-lethal effects incurred due to exposure to Ag and Cu nanoparticles. Sub-lethal effects 
encompass outcomes that may not result in immediate fatality but can profoundly influence the physiology, behavior, and develop-
ment of the exposed organisms. Various factors might account for these morphological variations, such as neurotoxic impacts, 
disruption of growth and development, hormonal imbalances, oxidative stress, or disruptions in feeding behavior and reproductive 
success in pulse beetles. 

Our study’s findings parallel those of other research, wherein larvae of Spodoptera litura treated with nanoparticles displayed 
notable insecticidal activity and underwent significant developmental changes, as demonstrated by Vivekanandhan et al. [110]. 
Detailed scanning electron microscopic examinations of insects introduced to nanosilica-treated seeds clearly depicted nanoparticles 
adhering across the bodies of bruchid beetles, accompanied by scratches and splits on their cuticles. This phenomenon subsequently 
resulted in water loss due to dehydration, attributable to damage to the protective wax coating on the insect cuticle. Such damage 
could stem from both sorption and abrasion. This physical mode of action, hypothesized to underlie the observed effects, strengthens 
the viability of nanocides for storage pest management. Consequently, it is postulated that this mode of action of nanocides, primarily 
influencing behavior rather than genetic or physiological factors, could minimize the likelihood of genetic resistance or physiological 
adaptations, as elaborated by Arumugam et al. [94]. 

4.3.3. Biochemical parameters in seed 
The excessive buildup of reactive oxygen species (ROS) leads to oxidative stress, posing a significant threat to seed viability during 

prolonged storage periods. Therefore, the presence of an efficient antioxidant system becomes essential to counteract the deleterious 
reactions that contribute to seed deterioration, as highlighted by Kaur et al. [111]. In the context of my investigation, an intriguing 
observation emerged during the initial month of storage: seeds that underwent priming with AgNPs and CuNPs (1000 ppm) exhibited 
the higher levels of catalase activity, and alpha-amylase content. As the storage duration progressed, a consistent downward trend was 
witnessed across all measured biochemical parameters, encompassing catalase activity and alpha-amylase concentration within 
greengram seeds. Remarkably, seeds subjected to priming with AgNPs and CuNPs (1000 ppm) exhibited a comparatively slower rate of 
decline in these pivotal biochemical indicators in contrast to all other treatments. Another investigation revealed a declining trend in 
catalase activity with prolonged storage, yet notably, seeds primed with TiO2 @40 ppm exhibited the higher catalase activity [112]. 
Nano-primed seeds exhibit an elevated presence of antioxidant enzymes due to the stimulation induced by AgNPs-generated reactive 
oxygen species (ROS), which play a pivotal role in triggering seed germination [113]. Feizi et al. [114], reported the concept of 
oxidative windows, aligning with greater germination rates and accelerated seedling growth in nano-primed seeds when compared to 
both unprimed and traditionally primed seeds. The heightened α-amylase activity resulting from nano-priming treatment induces swift 
starch degradation during seed germination, indirectly contributing to an accelerated germination rate and enhanced seedling vigor 
[115]. 

Upon reaching the end of the nine-month storage period, a rapid decline in the biochemical parameters was notably observed in the 
control seeds. This phenomenon can be primarily attributed to enhanced insect infestation and the consequent seed damage, triggering 
the release of reactive oxygen species (ROS) and inducing oxidative stress. This heightened oxidative stress likely leads to an increased 
demand for catalase, aimed at mitigating the detrimental effects of ROS, consequently resulting in a reduction of catalase levels. 
Similar reductions in catalase activity due to insect feeding have been documented in various crop studies [116,117]. Insect infestation 
and the resulting damage can trigger stress responses within the seeds, diverting energy and resources away from normal metabolic 
processes. This diversion of resources may lead to decreased alpha amylase activity, affecting the breakdown of starch and conse-
quently resulting in reduced levels of this enzyme. This decline in alpha amylase activity contributed to decreased germination in 
control seeds. The overall combination of reduced catalase activity and alpha amylase activity in control seeds accelerates their loss of 
vigor during storage, enhancing their susceptibility to rapid deterioration. 
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4.4. Influence of biosynthesized silver and copper nanoparticles on plant growth and seed yield of greengram under greenhouse conditions 

Recognizing the benefits of foliar application involving nanoparticles, we conducted an experiment applying AgNPs and CuNPs 
through foliar means. In storage studies, it became evident that seeds primed with AgNPs and CuNPs at a concentration of 1000 ppm 
exhibited superior performance across all assessed parameters. However, within the controlled environment of the greenhouse, a 
distinct pattern emerged. Notably, plants derived from stored seeds that had undergone nanopriming with AgNPs at 1000 ppm and 
subsequently received foliar applications of AgNPs at the same concentration displayed the most noteworthy results. These plants 
demonstrated significant enhancements in critical growth and yield attributes, encompassing plant height, number of branches (at 30, 
60, and harvest stages), as well as the number of pods and seed yield per plant. As foliar application concentrations increased, a parallel 
trend emerged akin to the findings observed with seed priming. Specifically, escalated concentrations of foliar application led to a 
decrease in plant growth and yield. Notably, the application of CuNPs at 2000 ppm to plants derived from stored seeds that had 
previously undergone nanopriming with CuNPs at 2000 ppm yielded results comparable to the control across all growth and yield 
parameters. This intriguing pattern underscores a key observation: when compared to AgNPs at higher concentrations, CuNPs at 
elevated levels demonstrate comparatively less plant growth and yield within the context of greengram plants. It was also observed 
that foliar application of AgNPs at 1000 ppm decreased the incidence of cercospora disease as well as leaf minor damage. 

Supporting evidence for this experiment stems from previous research. For instance, Wang et al. [118] elucidated that AgNPs 
promote shoot length, root length, and plant height by stimulating cell division and elongation processes. Another contributing factor 
to the augmented growth observed with AgNPs could be the enhancement of chemical energy production in photosynthetic systems. 
The augmentation in photosynthetic pigments—comprising chlorophyll a, chlorophyll b, and carotenoids—has been identified as a 
catalyst for increased photosynthesis rates, culminating in heightened plant growth and weight. This mechanism was underscored by 
Govorov and Carmeli [119]. Further endorsement of the growth-enhancing effects of AgNPs can be found in Ansari et al. [120], 
findings, where the green synthesis of silver nanoparticles positively influenced tomato plant growth, development, productivity, and 
even resilience against pathogens when administered as a foliar spray. The enhancement in both yield and its components resulting 
from the foliar application of AgNPs can be attributed to several factors, including the amplification of growth parameters, photo-
synthetic pigments, and indole-3-acetic acid (IAA), as highlighted by Sadak, [121]. The escalation in plant growth attributed to varied 
concentrations of AgNPs is particularly tied to their influence on impeding ethylene signaling and augmenting electron exchange 
efficiency. This dual impact subsequently contributes to an overall increase in yield. This concept is echoed in the findings of Rezvani 
et al. [122] and Mehmood and Murtaza [123]. 

The outcomes of my investigation also revealed that the foliar application of AgNPs and CuNPs during the vegetative and foliar 
stages of greengram cultivation had no detrimental impact on soil microorganisms (Fig. 17). This evaluation was conducted by 
assessing the activity of the dehydrogenase enzyme with soil samples collected on the 45th day after sowing (DAS). The results 
indicated a non-significant variation compared to the control group, underscoring the absence of negative effects on soil microor-
ganisms. These findings align with parallel studies. For instance, Arumugam et al. [94] reported that the application of silica nano-
particles to pulse seeds did not induce any discernible impact on soil microflora, as measured through colony forming units. 

5. Conclusions 

The properties of ocimum leaf extract, such as its reduction potential, capping and stabilizing abilities, and safety profile, make it a 
valuable and efficient natural agent in the green synthesis of silver and copper nanoparticles. The characterization process validated 
the synthesis, spherical morphology, presence of organic groups, and crystalline nature of both AgNPs and CuNPs. Additionally, the 
particle sizes fell comfortably within the Gaussian distribution, with an average size of 54.1 nm for AgNPs and 74.9 nm for CuNPs. The 
utilization of green-synthesized silver and copper nanoparticles (1000 ppm) through ocimum leaf extract offers a highly effective and 
environmentally friendly strategy for managing storage pests in pulses. AgNPs and CuNPs (1000 ppm) demonstrated strong anti- 
insecticidal (100 % mortality of bruchids) and antifungal properties, leading to substantial reductions in post-harvest losses and 
improved seed quality by enhancing catalase activity (0.682, 0.665 μ mol of H2O2 decomposed/min/mg of protein) and alpha amylase 
activity in storage. Silver nanoparticle foliar application at 1000 ppm not only ensured superior growth (35.96, 46.48 and 53.00 cm at 
30, 60 DAS and at harvest respectively), yield (3.75 g plant− 1), and seed quality but also showed no adverse impact on soil microbial 
organisms, thus making them a promising and sustainable solution for the agricultural industry. In case of controlling the pulse beetles, 
both the nanoparticles have attributed to great antiinsecticidal nature. However, in improving seed quality throughout the storage 
period, AgNPs at 1000 ppm was found to be more effective. Also, when given foliar application of AgNPs at 1000 ppm to greengram 
plants grown from the stored seeds primed with AgNPs at 1000 ppm, superiority in terms of the growth, yield and quality were 
observed when compared to those with CuNPs. 
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