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					ABSTRACT  

					ARTICLE INFO  

					Cowpea (Vigna unguiculata L. Walp.) is an important legume cultivated throughout sub-Saharan  

					Africa, yet substantial postharvest losses occur due to infestation by the cowpea weevil  

					(Callosobruchus maculatus). This research investigated the effectiveness of silver nanoparticles,  

					biosynthesized using extracts of Azadirachta indica (neem) and Moringa oleifera (moringa), to  

					suppress C. maculatus in stored cowpea. The experiment applied a completely randomized design  

					featuring treatments of silver nanoneem, silver nanomoringa, and a nanoneem-moringa mixture  

					at four dosages (0 ml, 2.5 ml, 5.0 ml, and 7.5 ml). The study measured effects on egg-laying, larval  

					and pupal emergence, adult mortality, and subsequent seed germination. All treatments  

					significantly (p < 0.05) reduced oviposition and immature stages while increasing adult mortality  

					relative to controls. The most pronounced effects were observed with silver nanomoringa at 5.0  
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					suppression. Importantly, nanoparticle treatments did not impair seed germination; in several  

					cases, germination rates improved. These results demonstrate that silver–botanical  

					nanocomposites, particularly silver nanomoringa, provide an effective and eco-friendly alternative  

					to synthetic pesticides for managing cowpea storage pests.  

					Keywords: Silver nanoparticles, Cowpea weevils (Callosobruchus maculatus), Botanical  

					insecticides (Neem and Moringa extracts), Post-harvest Pest Management, Seed Germination  

					Viability, Eco-friendly Pest Control.  

					Botanical biopesticides derived from Azadirachta indica (neem) and  

					Moringa oleifera (moringa) are celebrated for their insecticidal,  

					Introduction  

					antifeedant, and growth-inhibiting effects. 10 - 11 Active compounds such  

					as azadirachtin and moringin disrupt insect endocrine functions,  

					molting, and reproduction, targeting pests while sparing beneficial  

					organisms.12 Nevertheless, plant extracts often suffer from rapid  

					volatilization, low residual activity, and degradation during storage,  

					limiting their long-term efficacy.13, 1 Nanotechnology offers a way to  

					overcome these limitations by enhancing the stability, bioavailability,  

					Cowpea (Vigna unguiculata L. Walp.) is an indispensable  

					legume cultivated widely across sub-Saharan Africa, particularly in  

					Nigeria, because of its high nutritional value and tolerance to drought.  

					Despite these advantages, cowpea storage is highly susceptible to attack  

					by the cowpea weevil (Callosobruchus maculatus), which can inflict  

					losses exceeding 60% within months under inadequate storage  

					conditions.1 This pest initiates infestation in the field and intensifies  

					2

					–

					3

					14  

					-

					16  

					during storage, posing a significant threat to food security.  

					and controlled release of plant-derived actives.  

					Among  

					Historically, farmers have relied predominantly on chemical pesticides,  

					nanomaterials, silver nanoparticles (AgNPs) have attracted attention for  

					their robust insecticidal properties, particularly when synthesized via  

					eco-friendly, plant-mediated routes.17-18 AgNPs exert their effects  

					through multiple pathways, including cell membrane disruption,  

					generation of oxidative stress, and inhibition of essential insect  

					enzymes.5,18. Multiple studies have confirmed the potential of AgNPs to  

					control key storage pests such as Sitophilus oryzae, Tribolium  

					including dichlorvos, deltamethrin, and phosphine to limit these  

					4

					postharvest losses.  

					Such heavy reliance has raised alarm over  

					environmental pollution, human health hazards, development of  

					5-6  

					resistance among pests, and harmful residues in food supplies.  

					Consequently, the demand for greener, safer, and more sustainable pest-  

					control measures has grown urgent. 7 – 9  

					-

					23  

					castaneum, and Callosobruchus maculatus.20  

					When AgNPs are  
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					combined with botanical extracts, insect mortality is heightened,  

					oviposition declines, and the duration of grain protection is extended.24-  

					25 Laboratory trials with green-synthesized composites from neem and  
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					moringa specifically have demonstrated potent larvicidal, pupicidal,  

					26-28  

					and ovicidal activity.  

					Beyond silver, other nanoparticulate  

					formulations such as nano-silica, nano-alumina, and copper oxide have  

					shown broad-spectrum efficacy against storage pests while presenting  

					minimal environmental risk.29-31 For example, neem-based  

					nanoemulsions outperform conventional neem products by improving  

					adhesion to grain surfaces, increasing penetration, and providing  

					sustained release of active ingredients.32-33 Rising resistance to  

					conventional insecticides and increased consumer demand for residue-  

					free food products underscore the need for next-generation  

					biopesticides that combine potent activity with ecological safety.34-36  

					Nano-enabled pesticides represent a promising frontier, enhancing the  
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					performance of botanical actives while minimizing non-target impacts  

					and environmental residues.37-39  

					bands (Universal, China), hand lens (Celestron, USA), trays (Nasco,  

					USA), and microscopes (Olympus CX23, Japan). The experiment was  

					conducted between March and June 2025, corresponding to the early  

					rainy season in southeastern Nigeria, and lasted for approximately 12  

					weeks, covering oviposition, larval and pupal emergence, adult  

					mortality, and seed germination assessments.  

					In this context, the present study examines silver nanoparticles  

					synthesized with extracts from Azadirachta indica and Moringa  

					oleifera as a sustainable approach to managing Callosobruchus  

					maculatus in stored cowpea. It evaluates their influence on oviposition  

					suppression, larval and pupal emergence, adult mortality, and seed  

					germination, aiming to develop a cost-effective and eco-friendly  

					protectant for resource-limited farmers. Unlike previous studies that  

					explored plant extracts or synthetic pesticides in isolation, this research  

					demonstrates the combined use of silver nanoparticles synthesized with  

					neem and moringa extracts for cowpea protection. This integrated  

					nanobiopesticide approach is novel in its eco-friendly synthesis, its dual  

					efficacy against storage pests, and its potential to enhance seed viability,  

					making it a pioneering contribution to sustainable postharvest pest  

					management.  

					Materials and Methods  

					Research Design  

					This study utilized an experimental research design, which is  

					appropriate for determining causal relationships under controlled  

					conditions. Specifically, the research adopted a completely randomized  

					design (CRD) with three replications. Experimental design facilitates  

					the manipulation of variables within comparable groups in a controlled  

					environment to assess the impact of specific treatments.40 In this  

					context, the design allowed for the assessment of the effectiveness of  

					bio-synthesized silver nanoparticle solutions blended with neem and  

					moringa leaf powders in managing Callosobruchus maculatus, a key  

					pest of stored cowpea (Vigna unguiculata). The inclusion of control and  

					experimental groups enabled rigorous comparisons aligned with the  

					principles of true experimentation40  

					Figure 1: Map showing the study area.  

					Sample Size and Sampling Approach  

					Given the modest scale of the experiment and manageable sample size,  

					the entire population was included without further sampling. A total of  

					720 adult weevils and 2.85 kg of cowpea seeds were divided into 30  

					treatment units comprising 10 distinct treatments, each replicated three  

					times. This approach ensured adequate coverage of the treatments under  

					controlled experimental conditions.  

					Study Location  

					The study was conducted in Nsukka Local Government Area (LGA),  

					Enugu State, southeastern Nigeria. Nsukka LGA is strategically located  

					in the northern senatorial zone of Enugu State, bordered by Kogi State  

					to the north, Udenu LGA to the northeast, Igbo-Eze South and Igbo-Eze  

					North LGAs to the northwest, and Isi-Uzo LGA to the east. The area  

					lies within coordinates approximately 6°51'30"N, 7°24'30"E as seen in  

					the map in Fig 1. The experimental procedures were carried out in  

					laboratory facilities within the Department of Agricultural Education,  

					Faculty of Vocational and Technical Education, with technical support  

					from the Department of Crop Science, Faculty of Agriculture,  

					University of Nigeria, Nsukka. The selection of Nsukka was informed  

					by its significance in cowpea trade and storage, as well as concerns over  

					pesticide use in the region. The area, located in Enugu State,  

					experiences substantial postharvest challenges, including pest  

					infestations and reliance on synthetic chemicals, which necessitate the  

					exploration of alternative, eco-friendly pest management strategies.  

					Experimental Procedure  

					Insect Rearing and Culture Conditions  

					The parental generation of weevils was obtained from cowpea grains  

					already infested in local markets. Cultures were maintained under  

					ambient conditions (28ꢀ±ꢀ5°C, relative humidity ~66.6%).  

					experimental procedures involving insects were conducted in  

					compliance with institutional ethical standards and approved under the  

					ethical clearance number UNN-AE-ETH-2025-019. Cowpea grains  

					used for the cultures were fumigated with phostoxin in airtight  

					containers for 24 hours to eliminate residual insect activity.12 The seeds  

					were aerated for two days to remove traces of the fumigant and  

					subsequently sieved to exclude debris and dead insects. These  

					disinfected seeds served as the medium for insect propagation.  

					23  

					-

					25  

					All  

					Preparation of Botanical and Nanoparticle Treatments  

					Fresh neem (Azadirachta indica) and moringa (Moringa oleifera)  

					leaves were air-dried in shaded conditions for three days and milled into  

					fine powders. Silver nitrate (0.85 g) was dissolved in 500 ml of distilled  

					water to form a precursor solution. Separately, 4 g of each leaf powder  

					was mixed with 250 ml of distilled water and allowed to stand for 24  

					hours. Subsequently, 50 ml of the silver nitrate solution was added to  

					each botanical extract (neem, moringa, and neem-moringa mixture),  

					forming 100 ml of each nanoparticle solution. The mixtures were then  

					heated for 60 minutes to induce the displacement of nitrogen and  

					promote nanoparticle synthesis. After cooling, the solutions were  

					filtered using Whatman No. 1 paper and centrifuged at 2500 rpm for 15  

					minutes.26 The supernatant was discarded, and the resulting solutions of  

					silver-neem, silver-moringa, and silver-neem-moringa were retained for  

					application.  

					Identification and Authentication of Plant Materials  

					Fresh leaves of Azadirachta indica (neem) and Moringa oleifera  

					(moringa) were collected from Obollo-Afor in Udenu Local  

					Government Area, Enugu State, in March 2025. Dr. Ekenechukwu  

					Mboji, a qualified plant taxonomist from the Department of Crop  

					Science, Faculty of Agriculture, University of Nigeria, Nsukka,  

					authenticated the specimens. Voucher specimens were assigned the  

					code UNH/AE/2025/011 and deposited at the Department of  

					Agricultural Education Herbarium, University of Nigeria, Nsukka, to  

					serve as reference material.  

					Materials and Tools  

					The biological materials included 2.85 kg of dry cowpea seeds and 720  

					adult cowpea weevils (C. maculatus), sourced from naturally infested  

					grains collected from local markets. The experimental tools comprised  

					a grinding machine (Kenwood, UK), precision weighing scale (Ohaus,  

					USA), transparent perforated plastic containers (Rubbermaid, USA),  

					muslin cloth (TexLab, India), 2 mm sieves (Endecotts, UK), syringes of  

					5 mL and 10 mL (BD Plastipak, USA), and standard petri dishes (Pyrex,  

					USA). Additional materials included beakers (Pyrex, USA), rubber  

					Bioassay for Oviposition Inhibition  

					In assessing the deterrent effects of the bio-nanopesticides on egg-  

					laying, 95 g of clean cowpea grains were introduced into each of the 30  

					experimental containers.30 Twenty-four active adult weevils were  

					released into each container. The containers were sealed with muslin  
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					cloth to allow ventilation and prevent insect escape. Silver nanoparticle  

					formulations were applied at concentrations of 0 ml (control), 2.5 ml,  

					5.0 ml, and 7.5 ml. Egg deposition was monitored and recorded daily  

					over a five-day period. The experiment followed a 3 × 4 factorial CRD,  

					with three replications per treatment combination.  

					When comparing treated batches against the untreated control, all  

					formulations containing silver nanoneem, silver nanomoringa, or their  

					blend significantly inhibited egg laying by Callosobruchus maculatus.  

					Silver nanomoringa produced the most pronounced reduction in  

					oviposition at every concentration level tested. This observation  

					echoes4, who reported that botanicals rich in secondary metabolites can  

					serve as effective oviposition deterrents. Likewise,10 found that  

					powders from Bersama abyssinica and Aristolochia elegans sharply  

					curtailed egg deposition, attributing the effect to the compounds’  

					repellent and phytotoxic properties. Moreover, research suggests that  

					nanoformulations boost the performance of plant-based insecticides by  

					improving compound stability and enhancing interactions with insect  

					physiology.22-25 Together, these results affirm the potential of  

					nanoparticle-enhanced plant extracts to suppress pest reproduction and  

					limit crop damage.  

					Assessment of Larval Emergence  

					To evaluate larval development post-treatment, nanopesticide solutions  

					were applied before oviposition. Nine days after initial exposure, larval  

					emergence was documented. Each treatment level comprising three  

					nanoparticle solutions at four concentrations was replicated thrice. This  

					design enabled the isolation of treatment effects on early insect  

					development. 26  

					Monitoring of Pupal Development  

					Twelve days after treatment application, pupal emergence was  

					observed. As pupation generally follows larval development after  

					approximately three days, the timing allowed for optimal observation.  

					The same factorial layout and replications were used as in previous  

					stages, ensuring consistency across developmental stages. 29  

					Table 2 provides a summary of the ANOVA results evaluating the  

					influence of silver nanoneem, silver nanomoringa, and their  

					combination on cowpea weevil oviposition. The analysis revealed a  

					statistically significant effect. The data satisfied the sphericity  

					assumption, allowing interpretation from the top row (Sphericity  

					Assumed). An F-value of 37.623 was recorded, which was statistically  

					significant, with a p-value of .000, well below the threshold of .05. This  

					outcome indicates that there were meaningful differences in the average  

					number of eggs laid across the different treatment groups over time. As  

					a result, the null hypothesis suggesting no significant variation in mean  

					oviposition among silver nanoneem, silver nanomoringa, and their  

					mixture was rejected. The analysis confirms that the treatments had  

					significantly different impacts on the reproductive behavior of  

					Callosobruchus maculatus.  

					Mortality Analysis  

					Mortality effects of the treatments were assessed by exposing adult  

					weevils to treated cowpea grains. Twenty-four weevils were introduced  

					into each of the 30 containers, and silver-based treatments were applied  

					at 0 ml, 2.5 ml, 5.0 ml, and 7.5 ml concentrations. Mortality was  

					recorded daily for five days. Containers were sealed to prevent insect  

					escape. Treatment efficacy was evaluated through comparative analysis  

					of mortality rates among treated and untreated groups. 36  

					Seed Germination Viability Test  

					To assess any phytotoxic effects of the treatments, germination tests  

					were conducted. Fifteen seeds from each treatment container were  

					placed on moist filter paper within petri dishes, which served as a  

					germination medium. Silver nanoparticle treatments were applied in  

					line with earlier experimental concentrations.22 -23 Observations were  

					made four days post-sowing. As in prior stages, the experiment adopted  

					a 3 × 4 factorial CRD with three replications.  

					Table 3 presents the larval emergence results for both the control and  

					treatment groups, each repeated in three replicates (R1, R2, and R3).  

					The total number of larvae that emerged at the cluster level across all  

					groups were: 827.2 for the control group (T0); 456.9, 433.3, and 488.8  

					for AgN at 2.5 ml, 5.0 ml, and 7.5 ml, respectively; 469.4, 388.8, and  

					370.8 for AgM at 2.5 ml, 5.0 ml, and 7.5 ml, respectively; and 511.6,  

					481.9, and 401.3 for AgN-M at 2.5 ml, 5.0 ml, and 7.5 ml, respectively.  

					The average larval emergence (AVG) for each treatment group was  

					recorded as follows: 198.3 for the control, 109.6, 104.0, and 117.3 for  

					AgN treatments; 112.6, 93.3, and 89.0 for AgM treatments; and 121.3,  

					115.6, and 96.3 for AgN-M treatments. These findings clearly indicate  

					that larval emergence was considerably higher in the control group  

					compared to all treatment groups, reflecting the suppressive effect of  

					the silver nanoparticle-based treatments on Callosobruchus maculatus  

					development.  

					Statistical Analysis  

					Data were processed using both descriptive and inferential statistical  

					techniques. Means, percentages, and frequency counts were used to  

					describe patterns in egg laying, hatching, mortality, and seed  

					germination. Analysis of variance (ANOVA) was employed to identify  

					statistically significant differences among treatment groups at a 5%  

					significance level. All statistical analyses were performed using SPSS  

					version 23.  

					Results and Discussion  

					Analysis of larval emergence demonstrated a marked decline in the  

					treated groups compared to controls, with silver nanomoringa again  

					delivering the strongest inhibitory effect. While untreated grains  

					showed abundant larval outbreaks, all nanoparticle treatments  

					significantly curtailed infestation levels. This reduction likely stems  

					from the enhanced larvicidal activity of plant-derived phytochemicals  

					when delivered via nanocarriers. 29 similarly documented that botanical  

					Table 1 presents the oviposition outcomes for both the control and  

					treatment groups, each assessed in triplicate (replicates R1, R2, and R3).  

					At the cluster level, the cumulative oviposition totals (CTO) observed  

					across the various treatments were as follows: 973.6 for the control  

					group (0 ml), followed by 631.6, 548.3, 471.3 for the silver neem (AgN)  

					treatments; 618.0, 311.0, and 470.0 for the silver moringa (AgM)  

					treatments; and 318.3, 417.3, and 448.0 for the combined silver neem-  

					moringa (AgN-M) treatments. Correspondingly, the average number of  

					eggs laid by Callosobruchus maculatus under each condition were:  

					194.5 (control), 126.1 (AgN at 2.5 ml), 109.6 (AgN at 5.0 ml), and 94.2  

					(AgN at 7.5 ml); 123.2 (AgM at 2.5 ml), 62.2 (AgM at 5.0 ml), and 94.0  

					(AgM at 7.5 ml); and 63.6 (AgN-M at 2.5 ml), 83.4 (AgN-M at 5.0 ml),  

					and 90.1 (AgN-M at 7.5 ml). These results clearly suggest that all  

					nanoparticle treatments, regardless of concentration or botanical  

					combination, were effective in suppressing oviposition compared to the  

					untreated control. Notably, the lowest oviposition counts were recorded  

					among the AgM and AgN-M groups, particularly at higher  

					concentrations, indicating a dose-dependent efficacy of the nanoparticle  

					bioformulations in reducing reproductive activity in cowpea weevils.  

					34  

					dusts can effectively arrest larval growth in C. maculatus. further  

					noted that larval movement often intensifies under resource depletion,  

					implying that our treatments modified the storage environment to the  

					larvae’s disadvantage. Moreover, nanostructures are known to increase  

					active ingredient bioavailability, permitting sustained and deeper tissue  

					penetration.37-38  

					Table 4 summarizes the ANOVA results assessing the impact of silver  

					nanoneem, silver nanomoringa, and their combination on the larval  

					emergence of cowpea weevils in stored grains. The findings indicated  

					statistically significant effects. The data met the assumption of  

					sphericity, which implies that interpretation can be made from the top  

					row labeled "Sphericity Assumed."  

					Table 1: Effects of Silver Nanoneem, Silver Nanomoringa, and Silver Nanoneem-Moringa Leaf Powder on Oviposition of Cowpea  

					Weevils  
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					Groups  

					C

					AgN  

					T2  

					AgM  

					T2  

					AgN-M  

					T1  

					T3  

					T1  

					T3  

					T1  

					T2  

					T3  

					GN2.5  

					ml  

					GN5.0  

					GN7.5m GM2.5  

					GM5.  

					0ml  

					299  

					GM7.5  

					ml  

					GN/M2. GN/M5. GN/M7.  

					ml  

					l

					ml  

					5ml  

					304  

					0ml  

					392  

					5ml  

					434  

					86.8  

					444  

					90.4  

					466  

					93.2  

					448  

					90.1  

					TO (F)  

					AVG  

					964  

					614  

					594  

					484  

					96.8  

					455  

					91  

					591  

					448  

					89.6  

					441  

					88.2  

					521  

					104.2  

					470  

					94  

					R1  

					R2  

					192.8  

					954  

					122.8  

					646  

					118.8  

					513  

					118.2  

					605  

					59.8  

					307  

					60.8  

					318  

					78.4  

					422  

					TO (F)  

					AVG  

					190.2  

					1003  

					200.6  

					973.6  

					194.5  

					129.2  

					632  

					102.6  

					538  

					121  

					61.4  

					327  

					63.6  

					333  

					84.4  

					438  

					R3  

					TO (F)  

					AVG  

					475  

					95  

					653  

					126.4  

					631.6  

					126.1  

					107.6  

					548.3  

					109.6  

					130.6  

					618  

					65.4  

					311  

					66.6  

					318.3  

					63.6  

					87.6  

					417.3  

					83.4  

					Cluster  

					Value  

					CTO (F)  

					AVG  

					471.3  

					94.2  

					123.2  

					62.2  

					Keys: R1 –Replication 1; R2- Replication 2; R3- Replication 3; T1- 2.5ml; T2- 5.0ml; T3- 7.5ml AgN- Silver Neem; AgM- Silver Moringa; AgN/M- Silver  

					Neem-Moringa F –Frequency; TO-Total Number of Oviposition; CTO-Cluster Total Oviposition of the 3 Replicates. AVG-Average oviposition; C =  

					Control  

					Table 2: Test of Ho 1: ANOVA on the Effects of Silver Nanoneem, Silver Nanomoringa, and Silver  

					Nanoneem-Moringa on Oviposition (Within-Subjects)  

					Type III Sum of  

					Source  

					Squares  

					216614.733  

					Df  

					Mean Square  

					19692.248  

					F

					Sig.  

					Rates (moles)  

					Sphericity Assumed  

					Greenhouse-Geisser  

					Huynh-Feldt  

					11  

					2.098  

					2.476  

					1.000  

					154  

					37.623  

					.000  

					.000  

					.000  

					.000  

					216614.733  

					216614.733  

					216614.733  

					80606.100  

					80606.100  

					80606.100  

					80606.100  

					103251.163  

					87486.952  

					216614.733  

					523.416  

					37.623  

					37.623  

					37.623  

					Lower-bound  

					Error(moles)  

					Sphericity Assumed  

					Greenhouse-Geisser  

					Huynh-Feldt  

					29.371  

					34.664  

					14.000  

					2744.396  

					2325.387  

					5757.579  

					Lower-bound  

					Pupal emergence was also greatly suppressed in all treated samples  

					compared to the untreated control. The most pronounced reductions  

					appeared in AgN at 7.5 ml, AgM at 5.0 ml, and the merged AgN-M at  

					7.5 ml, highlighting the dose-dependent potency of these  

					nanobiopesticides. In contrast, control grains supported unrestricted  

					pupal development due to the lack of any protective agent. 22 similarly  

					reported significant decreases in pupation when botanical extracts were  

					An F-value of 79.899 was obtained, with a p-value of .000, well below  

					the standard alpha level of .05. This confirms that the average larval  

					emergence varied significantly across the treatment groups over time.  

					Therefore, the null hypothesis, which proposed no significant variation  

					in the mean effects of silver nanoneem, silver nanomoringa, and their  

					combined application on larval emergence, is rejected. The result  

					implies a notable difference in how each bio-pesticide treatment  

					influenced larval development of cowpea weevils in storage.  

					26  

					applied. further demonstrated that certain plant-derived compounds  

					29  

					can effectively prevent pupal formation in C. maculatus. validated  

					that neem and moringa extracts hinder metamorphosis at the pupal  

					stage. Overall, these findings underscore that nano-delivered botanicals  

					disrupt insect development via combined mechanical obstruction and  

					biochemical interference. Table 6 presents the ANOVA summary on  

					how silver nanoneem, silver nanomoringa, and the combined silver  

					nanoneem/moringa influence pupal emergence in cowpea weevils  

					infesting stored grains. The analysis revealed significant treatment  

					effects. The dataset satisfied the assumption of sphericity, allowing  

					interpretation from the top row labeled "Sphericity Assumed." The F-  

					statistic was 34.368 with a p-value of .000, which falls below the .05  

					significance threshold.  

					Table 5 displays the data on pupal emergence for both control and  

					treatment groups, each repeated in three replicates (R1, R2, and R3).  

					The total number of pupae recorded at the cluster level were 433.3 for  

					the control (T0); 352.7, 218.0, and 205.5 for AgN at 2.5 ml, 5.0 ml, and  

					7.5 ml, respectively; 320.8, 206.9, and 218.0 for AgM at 2.5 ml, 5.0 ml,  

					and 7.5 ml, respectively; and 304.0, 249.9, and 236.0 for AgN-M at 2.5  

					ml, 5.0 ml, and 7.5 ml, respectively. The corresponding average values  

					were 104.0 for the control group; 84.6, 52.3, and 49.3 for AgN  

					treatments; 77.0, 49.6, and 52.3 for AgM treatments; and 73.0, 60.0, and  

					56.6 for AgN-M treatments. These results indicate that pupal emergence  

					was markedly higher in the untreated control group than in all treated  

					groups, highlighting the suppressive effects of the silver-based  

					nanopesticides on pupal development.  
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					Table 3: Effects of Silver Nanoneem, Silver Nanomoringa, and Silver Nanoneem-Moringa Leaf Powder on Larval Emergence  

					Groups  

					C

					AgN  

					T2  

					AgM  

					AgN-M  

					T2  

					T1  

					T3  

					T1  

					T2  

					T3  

					T1  

					T3  

					GN2.5  

					ml  

					GN5.0  

					GN7.5  

					ml  

					GM2.5  

					ml  

					GM5.0  

					ml  

					GM7.5  

					ml  

					GN/M2. GN/M5. GN/M7.  

					ml  

					5ml  

					0ml  

					5ml  

					98  

					R1  

					R2  

					R3  

					TEL (F)  

					AVG  

					198  

					103  

					112  

					131  

					112  

					94  

					86  

					120  

					110  

					825  

					429.1  

					114  

					466.6  

					101  

					545.8  

					120  

					466.6  

					115  

					391.6  

					89  

					358.3  

					92  

					516.6  

					120  

					458.3  

					120  

					408.3  

					101  

					TEL (F)  

					AVG  

					206  

					858.3  

					191  

					475  

					420.8  

					99  

					500  

					479.1  

					111  

					370.8  

					97  

					383.3  

					89  

					500  

					500  

					420.8  

					90  

					TEL (F)  

					AVG  

					112  

					101  

					124  

					117  

					795.8  

					827.2  

					198.3  

					466.6  

					456.9  

					109.6  

					412.5  

					433.3  

					104  

					420.8  

					488.8  

					117.3  

					462.5  

					469.4  

					112.6  

					404.1  

					388.8  

					93.3  

					370.8  

					370.8  

					89  

					516.6  

					511.6  

					121.3  

					487.5  

					481.9  

					115.6  

					375  

					Cluster  

					Value  

					CTEL (F)  

					AVG  

					401.3  

					96.3  

					Keys: R1 –Replication 1; R2- Replication 2; R3- Replication 3; T1- 2.5ml; T2- 5.0ml; T3- 7.5ml. AgN- Silver Neem; AgM- Silver Moringa; AgN/M- Silver  

					Neem-Moringa %- Percentage EL- Emerged larval; CTEL-Cluster Total Emerged Larva; AVG- Average Emerged Larva; C = Control  

					Table 4: Test of Ho 2: ANOVA on the Effects of Silver Nanoneem, Silver Nanomoringa, and Silver Nanoneem-Moringa  

					on Larval Emergence (Within-Subjects)  

					Type III Sum of  

					Source  

					factor1  

					Squares  

					64762.306  

					Df  

					Mean Square  

					5887.482  

					F

					Sig.  

					Sphericity Assumed  

					Greenhouse-Geisser  

					Huynh-Feldt  

					11  

					1.319  

					2.873  

					1.000  

					22  

					79.899  

					.000  

					.005  

					.000  

					.012  

					64762.306  

					64762.306  

					64762.306  

					1621.111  

					1621.111  

					1621.111  

					1621.111  

					49103.274  

					22542.859  

					64762.306  

					73.687  

					79.899  

					79.899  

					79.899  

					Lower-bound  

					Error(factor1)  

					Sphericity Assumed  

					Greenhouse-Geisser  

					Huynh-Feldt  

					2.638  

					5.746  

					2.000  

					614.569  

					282.143  

					Lower-bound  

					810.556  

					Table 5: Effects of Silver Nanoneem, Silver Nanomoringa, and Silver Nanoneem-Moringa Leaf Powder on Pupal Emergence  

					Groups  

					C

					AgN  

					T2  

					AgM  

					T2  

					AgN-M  

					T2  

					T1  

					T3  

					T1  

					T3  

					T1  

					T3  

					GN2.5  

					ml  

					GN5.0  

					GN7.5  

					ml  

					GM2.5  

					ml  

					GM5.0  

					ml  

					GM7.5  

					ml  

					GN/M2. GN/M5. GN/M7.  

					ml  

					5ml  

					58  

					0ml  

					52  

					5ml  

					58  

					R1  

					R2  

					R3  

					TEP (F)  

					AVG  

					99  

					81  

					54  

					51  

					72  

					49  

					49  

					412.5  

					115  

					337.5  

					89  

					225  

					50  

					212.5  

					49  

					300  

					80  

					204.1  

					52  

					204.1  

					48  

					241.6  

					89  

					216.6  

					60  

					241.6  

					64  

					TEP (F)  

					AVG  

					479.1  

					98  

					370.8  

					84  

					208.3  

					53  

					204.1  

					48  

					333.3  

					79  

					216.6  

					48  

					200  

					60  

					370.8  

					72  

					250  

					68  

					266.6  

					48  

					TEP (F)  

					AVG  

					408.3  

					433.3  

					104  

					350  

					352.7  

					84.6  

					220.8  

					218  

					52.3  

					200  

					205.5  

					49.3  

					329.1  

					320.8  

					77  

					200  

					250  

					218  

					52.3  

					300  

					304  

					73  

					283.3  

					249.9  

					60  

					200  

					236  

					56.6  

					Cluster  

					Value  

					CTEP (F)  

					AVG  

					206.9  

					49.6  

					Keys: R1 –Replication 1; R2- Replication 2; R3- Replication 3; T1 -2.5ml; T2 -5.0ml; T3-7.5ml. AgN- Silver Neem; AgM- Silver Moringa; AgN/M- Silver  

					Neem-Moringa %- Percentage EP- Emerged pupal CTEP-cluster Total emerged Pupa AVG-Average Emerged Pupa; C = Control  
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					Table 6: Test of Ho 3: ANOVA on the Effects of Silver Nanoneem, Silver Nanomoringa, and Silver  

					Nanoneem-Moringa on Pupal Emergence (Within-Subjects)  

					Type III Sum of  

					Source  

					factor1  

					Squares  

					Df  

					Mean Square  

					1401.725  

					F

					Sig.  

					Sphericity Assumed  

					Greenhouse-Geisser  

					Huynh-Feldt  

					15418.972  

					11  

					34.368  

					.000  

					.005  

					.000  

					.028  

					15418.972  

					15418.972  

					15418.972  

					897.278  

					1.816  

					8490.817  

					1401.725  

					15418.972  

					40.785  

					34.368  

					34.368  

					34.368  

					11.000  

					1.000  

					22  

					Lower-bound  

					Error(factor1)  

					Sphericity Assumed  

					Greenhouse-Geisser  

					Huynh-Feldt  

					897.278  

					3.632  

					22.000  

					2.000  

					247.053  

					40.785  

					897.278  

					Lower-bound  

					897.278  

					448.639  

					This indicates that the mean pupal emergence significantly varied  

					across the different treatment levels over time. As a result, the null  

					hypothesis proposing no significant differences in mean outcomes  

					among the three nanopesticide treatments is rejected. The conclusion  

					drawn from the data is that silver nanoneem, silver nanomoringa, and  

					their combined application have significantly distinct effects on the  

					pupal emergence of cowpea weevils in stored cowpea grains. Table 7  

					displays the mortality results for both the control and treatment groups,  

					each evaluated in three replicates (R1, R2, and R3). The total mortality  

					(CTM) across the cluster level was recorded as follows: 1.66 for the  

					control group (T0); 9.66, 70.6, and 67.6 for AgN at 2.5 ml, 5.0 ml, and  

					7.5 ml respectively; 9.0, 94.0, and 85.3 for AgM at 2.5 ml, 5.0 ml, and  

					7.5 ml; and 11.3, 85.0, and 86.0 for AgN-M at 2.5 ml, 5.0 ml, and 7.5  

					ml. The respective average mortality (AVG) values were: 0.3 for the  

					control, 1.93, 14.1, and 13.5 for AgN; 1.8, 18.8, and 17.0 for AgM; and  

					2.26, 17.0, and 17.2 for AgN-M. Among the treatments, AgM at 5.0 ml  

					had the highest mortality effect (CTM = 94; AVG = 18.8), followed by  

					AgN-M at 7.5 ml (CTM = 86; AVG = 17.2), and then AgM at 7.5 ml  

					(CTM = 85.3; AVG = 17.0). In all treatment levels, higher  

					concentrations resulted in greater weevil mortality over time. The  

					control (0 ml) consistently showed the least mortality, indicating that  

					silver nanoneem, silver nanomoringa, and their combination effectively  

					increased weevil mortality.  

					Table 7: Effects of Silver Nanoneem, Silver Nanomoringa, and Silver Nanoneem-Moringa Leaf Powder on Mortality Rate of Cowpea  

					Weevils  

					Groups  

					C

					AgN  

					T2  

					AgM  

					AgN-M  

					T2  

					T1  

					T3  

					T1  

					T2  

					T3  

					T1  

					T3  

					GN2.5 GN5.0 GN7.5 GM2.  

					GM5.  

					0ml  

					103  

					20.6  

					91  

					GM7.  

					5ml  

					93  

					GN/M2. GN/M5. GN/M7.  

					ml  

					11  

					ml  

					ml  

					5ml  

					9

					5ml  

					8

					0ml  

					98  

					5ml  

					97  

					R1  

					R2  

					R3  

					TM (F)  

					AVG  

					3

					74  

					72  

					0.6  

					2

					2.2  

					7

					14.8  

					80  

					14.4  

					64  

					1.8  

					8

					18.6  

					82  

					1.6  

					17  

					19.6  

					70  

					19.4  

					71  

					TM (F)  

					AVG  

					0.5  

					0

					1.4  

					11  

					16  

					12.8  

					67  

					1.6  

					10  

					2

					18.2  

					88  

					16.4  

					81  

					3.4  

					9

					14  

					14.2  

					90  

					TM (F)  

					AVG  

					58  

					87  

					0

					2.2  

					9.66  

					1.93  

					11.5  

					70.6  

					14.1  

					13.4  

					67.6  

					13.5  

					17.6  

					94  

					16.2  

					85.3  

					17.0  

					1.8  

					11.3  

					2.26  

					17.4  

					85  

					18  

					Cluster Value CTM (F)  

					AVG  

					1.66  

					0.36  

					9

					86  

					1.8  

					18.8  

					17  

					17.2  

					Keys: R1 –Replication 1; R2- Replication 2; R3- Replication 3; T1-2.5ml; T2- 5.0ml; T3- 7.5ml AgN- Silver Neem; AgM- Silver Moringa; AgN/M- Silver  

					Neem-Moringa F –Frequency; CTM- Cluster Total Mortality of the 3 Replicates; AVG-Average Mortality; C = Control  

					Weevil mortality increased significantly in all nanoparticle-treated  

					groups versus the control, which showed minimal insect death. AgM at  

					5.0 ml produced the highest mortality, closely followed by the 7.5 ml  

					doses of AgN-M and AgM, confirming a positive dose-response  

					relationship. The insecticidal efficacy of AgNPs likely stems from their  

					disruption of cellular membranes and interference with key metabolic  

					Table 8 presents the ANOVA summary on how silver nanoneem, silver  

					nanomoringa, and their combination influenced the mortality rate of  

					cowpea weevils. The analysis indicated a statistically significant effect.  

					The data met the assumption of sphericity, allowing direct interpretation  

					from the top row labeled "Sphericity Assumed." The F-value obtained  

					was 645.861 with degrees of freedom of 11 and 154, and a p-value of  

					.000, which is well below the .05 threshold for significance. This  

					indicates a meaningful difference in mortality outcomes across the  

					various treatment levels over time. Based on this, the null hypothesis  

					suggesting no significant variation in the mean mortality rate between  

					silver nanoneem, silver nanomoringa, and their combined treatment is  

					rejected.  

					enzymes. 22 Similarly,28 observed higher mortality rates when botanical  

					35  

					powders were deployed, particularly in combination.  

					also noted  

					increased weevil deaths with plant-based treatments, and 38 highlighted  

					the potent insecticidal properties of these extracts against C. maculatus.  

					These results reinforce the value of integrating nanotechnology with  

					botanical insecticides within holistic pest management frameworks.  
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					Table 8: Test of Ho 4: ANOVA on the Effects of Silver Nanoneem, Silver Nanomoringa, and Silver  

					Nanoneem-Moringa on Mortality Rate (Within-Subjects)  

					Type III Sum of  

					Source  

					factor1  

					Squares  

					10828.933  

					Df  

					Mean Square  

					984.448  

					F

					Sig.  

					Sphericity Assumed  

					Greenhouse-Geisser  

					Huynh-Feldt  

					11  

					1.928  

					2.230  

					1.000  

					154  

					645.861  

					645.861  

					645.861  

					645.861  

					.000  

					.000  

					.000  

					.000  

					10828.933  

					10828.933  

					10828.933  

					234.733  

					5617.324  

					4856.827  

					10828.933  

					1.524  

					Lower-bound  

					Error(factor1)  

					Sphericity Assumed  

					Greenhouse-Geisser  

					Huynh-Feldt  

					234.733  

					26.989  

					31.215  

					14.000  

					8.697  

					234.733  

					7.520  

					Lower-bound  

					234.733  

					16.767  

					Therefore, the conclusion is that all three nanoparticle formulations had  

					significantly different effects on the mortality rate of Callosobruchus  

					maculatus. Table 9 contains the seed germination data for both control  

					and treated groups, with results replicated three times (R1, R2, and R3).  

					The average germination percentages recorded across the groups were:  

					64.4 for the control group (0 ml), 75.5, 100, and 86.4 for AgN at 2.5 ml,  

					5.0 ml, and 7.5 ml; 97.6, 97.6, and 100 for AgM at 2.5 ml, 5.0 ml, and  

					7.5 ml; and 79.9, 88.6, and 86.5 for AgN-M at 2.5 ml, 5.0 ml, and 7.5  

					ml. These results indicate that the control (0 ml) group had the lowest  

					germination rate (64.4%) compared to several treatment groups,  

					particularly AgN at 5.0 ml, AgM at 2.5 ml, 5.0 ml, and 7.5 ml, and AgN-  

					M at 5.0 ml, which all showed higher germination rates (100%, 97.6%,  

					97.6%, 100%, and 88.6% respectively). This suggests that applying  

					silver nanoneem, silver nanomoringa, and their combination at 2.5 ml,  

					5.0 ml, and 7.5 ml levels improved seed viability and promoted better  

					germination outcomes than untreated seeds.  

					Table 9: Effects of Silver Nanoneem, Silver Nanomoringa, and Silver Nanoneem-Moringa Leaf Powder on Germination Viability of  

					Cowpea Seeds  

					Groups  

					C

					AgN  

					GM2.5  

					ml  

					AgM  

					T2  

					AgN-M  

					T2  

					T1  

					T3  

					T1  

					T3  

					T1  

					T3  

					GN2.5  

					ml  

					GN5.0  

					ml  

					GN7.5  

					ml  

					GM2.5m GM5.0m  

					GM7.5  

					ml  

					GN/M2.  

					5ml  

					12  

					GN/M5. GN/M7  

					l

					l

					0ml  

					12  

					.5ml  

					10  

					R1  

					R2  

					NSG  

					%

					10  

					11  

					15  

					11  

					15  

					14  

					15  

					66.6  

					8

					73.3  

					12  

					100  

					15  

					73.3  

					14  

					100  

					15  

					93  

					100  

					15  

					80  

					80  

					66.6  

					15  

					NSG  

					%

					15  

					11  

					14  

					53.3  

					11  

					80  

					100  

					15  

					93  

					100  

					14  

					100  

					15  

					100  

					15  

					73.3  

					13  

					93  

					100  

					14  

					R3  

					NSG  

					%

					11  

					14  

					14  

					Cluster  

					Value  

					73.3  

					64.4  

					73.3  

					75.5  

					100  

					100  

					93  

					93  

					100  

					97.6  

					100  

					100  

					86.6  

					79.9  

					93  

					93  

					AV%  

					86.4  

					79.6  

					88.6  

					86.5  

					Keys: R1 –Replication 1; R2- Replication 2; R3- Replication 3; T1-2.25ml; T2-5.0ml; T3- 7.5ml AgN- Silver Neem; AgM- Silver Moringa; AgN/M- Silver  

					Neem-Moringa AV%- AveragePercentage NSP- Number of Seeds Planted (15 seeds in control and treatment each) EG – Experimental Group; CG-  

					Control Group NSG – Number of Seeds Germinated; C = Control  

					Table 10 presents the results of the repeated measures ANOVA on the  

					mean germination viability of cowpea seeds exposed to silver  

					Cowpea seed germination remained unaffected across all nanoparticle  

					treatments, with no evidence of phytotoxicity. Some treatment groups  

					even exhibited higher germination percentages than the control,  

					demonstrating that 2.5 ml, 5.0 ml, and 7.5 ml applications maintained  

					or enhanced viability. This observation agrees with 28, who found that  

					botanical pesticides do not harm seed germination. Similarly,36 reported  

					no negative impact of plant extract treatments on grain germination. The  

					absence of adverse effects likely stems from the biodegradable and  

					environmentally benign composition of these formulations.  

					Nanocarriers allow precise delivery of active agents without leaving  

					harmful residues, thus preserving seed health.37  

					nanoneem, silver nanomoringa, and their combined formulation. The  

					analysis revealed statistically significant differences. The dataset  

					satisfied the sphericity assumption, allowing for direct interpretation  

					from the top row labeled "Sphericity Assumed." An F-ratio of 10.921  

					was recorded, with degrees of freedom of 11 and 154, and a  

					corresponding p-value of .000—well below the .05 threshold. These  

					results indicate that germination viability varied significantly among the  

					different treatments over time. As a result, we reject the null hypothesis  

					that no differences existed in germination viability among the three  

					nanoparticle formulations. Inference from the data shows that silver  

					nanoneem, silver nanomoringa, and their combination each had distinct  

					impacts on the germination success of cowpea seeds.  
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					Table 10: Test of Ho 5: ANOVA on the Effects of Silver Nanoneem, Silver Nanomoringa, and Silver  

					Nanoneem-Moringa on Germination Viability (Within-Subjects)  

					Type III Sum of  

					Source  

					factor1  

					Squares  

					168.972  

					Df  

					Mean Square  

					1536.1  

					F

					Sig.  

					Sphericity Assumed  

					Greenhouse-Geisser  

					Huynh-Feldt  

					11  

					1.537  

					5.639  

					1.000  

					22  

					10.921  

					.000  

					.042  

					.000  

					.081  

					168.972  

					168.972  

					168.972  

					30.944  

					30.944  

					30.944  

					30.944  

					109.936  

					29.963  

					168.972  

					1.407  

					10.921  

					10.921  

					10.921  

					Lower-bound  

					Error(factor1)  

					Sphericity Assumed  

					Greenhouse-Geisser  

					Huynh-Feldt  

					3.074  

					10.066  

					2.744  

					11.279  

					2.000  

					Lower-bound  

					15.472  

					5. Benelli G. Mode of action of nanoparticles against insects.  

					Environ Sci Pollut Res. 2018; 25(13):12329-12341.  

					doi:10.1007/s11356-018-1850-4  

					6. Walker GW, Kookana RS, Smith NE, Kah M, Doolette CL,  

					Reeves PT, Navarro DA. Ecological risk assessment of nano-  

					enabled pesticides: A perspective on problem formulation. J  

					Conclusion  

					The study demonstrated that silver nanoparticles synthesized with  

					Azadirachta indica and Moringa oleifera extracts effectively reduced  

					oviposition, larval and pupal emergence, and increased adult mortality  

					of Callosobruchus maculatus without impairing seed germination.  

					These findings indicate that silver–botanical nanocomposites provide  

					an eco-friendly and potent alternative to synthetic pesticides for  

					managing cowpea storage pests. However, this study only focused  

					exclusively on neem and moringa, leaving unexplored other botanicals  

					with pesticidal promise. Further studies should broaden investigations  

					to include additional medicinal plants such as ginger and guava to  

					evaluate their performance when combined with silver nanoparticles.  
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