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Abstract: This work was carried out to evaluate the insecticidal effect of mono, bi and trimetallic nanoparticles (NPs) from leaf extract of habanero pepper (Capsicum chinense Jacq.) on the red flour beetle (Tribolium castaneum herbst.) and cotton mealybug (Phenacoccus solenopsis Tinsley). The results showed that Cu NPs, Cu/Mn NPs and Zn/Cu NPs had high insecticidal effect against T. castaneum (63%–80% mortality after 96 h). The Cu NPs and Zn/Cu NPs showed also insecticidal effect against P. solenopsis, but to a lesser extent (20%–28% after 96 h). With regards to the physicochemical characterization, Cu NPs had a zeta potential of 21.1 mV, whereas Cu/Mn NPs and Zn/Cu NPs exhibited zeta potentials of 200 mV. The polydispersity index (PDI) values for Cu NPs, Cu/Mn NPs, and Zn/Cu NPs were 10.1, 29.16, and 14.34, respectively. The TF-IR spectra of the NPs varied from 600 to 4000 cm−1. The EDX weight percentages showed the presence of Cu (0.29%–2.4%), Mn (1.4%), and Zn (2.6%) in Cu/Mn NPs and Zn/Cu NPs, respectively.
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1  Introduction

Pepper (Capsicum spp.) is cultivated in temperate and warm climate zones around the world. Pepper fruits are rich in phytochemicals such as vitamins, capsaicinoids, carotenoids, and polyphenols, highly valued in human nutrition and the food industry [1,2]. Approximately 35 species have been reported in the genus Capsicum, but only Capsicum baccatum, C. chinense, C. frutescens, C. pubescens, and C. annuum have been cultivated [3,4]. Habanero pepper (C. chinense) was domesticated in South America and the Caribbean, where it is currently one of the most important pepper species [5,6]. This pepper is consumed directly or industrialized as powder, paste and sauce. In addition, its bioactive compounds and natural ingredients are also used for the agro-food, cosmetic and pharma industry [7–9].

Fruit extracts of C. chinense have important properties for plant protection. Fruit extracts are toxic to a wide variety of phytopathogenic fungi and phytophagous insects. The antifungal activities of fruit extracts include the inhibition of growth of the phytopathogenic fungi Sclerotinia sclerotiorum, Rhizopus stolonifer, Colletotrichum gloeosporioides, Fusarium andiyazi, and Cochliobollus spp. [10–12]. Purified metabolites from fruit extracts have also demonstrated high antifungal activity against a wide range of fungi. For example, peptide fractions have activity against Fusarium oxysporum, Fusarium solani, Fusarium lateritium, Colletotrichum lindemuthianum, and Colletotrichum gloeosporioides [13,14]. Fruit extracts of C. chinense have been also shown to be effective against insect pests, such as Aphis cytisorum, Aphis craccivora, various biotypes of Bemisia tabaci, Trichopulsia ni, and Sitophilus zeamais [15–18].

In contrast to the study of fruit extracts of C. chinense, research on leaf extracts is limited, but there is evidence of antifungal effects against Botrytis spp. [19]. Leaf extracts of other species of Capsicum, mainly C. annuum, are effective against various species of phytopathogenic fungi, such as Alternaria alternata, Rhizoctonia solani, Sclerotinia minor and Verticillium dahliae [20,21]. In addition, high effects against phytophagous insects, such as Spodoptera littoralis, Callosobruchus maculatus, and Callosobruchus chinensis [22,23]. The activity of Capsicum spp. leaf extracts may be attributed to alkaloids, flavonoids, terpenoids, resins, phenols, steroids and tannins, which are the predominant metabolites in Capsicum spp. leaves [24–26].

The use of pepper leaves as a subproduct is a feasible option as in commercial pepper production, only the fruit is traded, while the rest of the plant is considered agricultural waste [27]. The dry weight of the leaves could be 50% approximate of the total weight of the plant [28], so the use of the leaves can be an option as a source of botanical pesticides in agriculture [29]. To increase the effectiveness of plant-derived extracts on plant pests, one of the alternatives is the green synthesis of phytonanoparticles from metal ions, where the metabolites of the plant extracts serve as reducing agents. In the present study, we synthesized phytonanoparticles (NPs) using mono, bi, and trimetallic ions and aqueous leaf extracts of C. chinense as a reductor agent. The insecticidal effects of NPs on T. castaneum and P. solenopsis were evaluated, and the most active NPs characterized.

2  Materials and Methods

2.1 Preparation of Plant Extracts

The leaves of C. chinense were collected in Conkal, Yucatan, Mexico, located at 21°04′24″N and 89°31′15″W and elevation of 10 m above sea level. Leaves of plants in fruiting stage (120 days after transplant) were rinsed with neutral detergent and afterwards with deionized distilled water. Leaves were dried in an oven for 6 days at 60°C and subsequently ground in a laboratory mill Wiley Thomas Scientific 4. The aqueous extract was prepared using 30 g of dried leaves in 300 ml of distilled water, heated at 50°C for 20 min and left stirring for 24 h at 28°C. Then, the extract was centrifuged at 5,000 g for 10 min to remove impurities and obtain a clear solution. This solution was stored at 4°C until use.

2.2 Nanoparticle Biosynthesis

For the synthesis of metallic nanoparticles, the metallic salt copper sulfate, zinc sulfate and manganese sulfate were used for Cu, Zn and Mn NPs, respectively. The procedure was performed as follows: an aliquot of 10 mL aqueous extract of C. chinense leaves was mixed with 50 mL of distilled water that contained 10 mM of the metallic, bimetallic or trimetallic salt in 100 mL Erlenmeyer flask and heated at 60°C for 30 min. The bioreduction of metals and the formation of NPs were visually determined by observing the color change of the aqueous extract.

2.3 Insecticidal Effect of Nanoparticles

For bioassays, NPs were considered as the experimental treatments. For positive control and blank control the pure aqueous leaf extract and distilled water were used, respectively. To evaluate the insecticidal activity of the NPs, newly emerged female adults of P. solenopsis were collected from infected plants of C. chinense in the Mexicalli Valley located in the state of Baja California Mexico. A colony of T. castaneum were raised in wheat flour at the biotechnology laboratory of the Institute of Agricultural Sciences of the Autonomous University of Baja California at Mexicali. For bioassay, newly emerged adults were used. Both insect species were placed in Petri dishes (60 mm by 15 mm) and kept in the aforementioned laboratory, where 2 mL of a solution containing phytonanoparticles or distilled water (control) was then sprayed by hand using a 10 mL hand atomizer (Varienvases, Mexico). For P. solenopsis and T. castaneum, a completely randomized design with three and five replications was used, respectively, with the experimental unit consisting of a Petri dish containing 10 and 5 adult individuals, respectively. All Petri dishes were placed in a growth room at 27 ± 3°C and 16 h of light. The number of survivors of P. solenopsis and T. castaneum was reported up to 96 h after the initial application. On the basis of the muscle response of the insects to a modest needle prick, the insects’ mortality was determined.

2.4 Physicochemical Characterization of Selected Nanoparticles

The most effective NPs of the insecticide evaluations (Cu NPs, Cu/Mn NPs and Zn/Cu NPs) were selected for physicochemical characterization. The morphological characterization and elemental composition were carried out by scanning electron microscopy—energy dispersive spectra (SEM-EDS) in a JEOL-6010LA (MA, EU). The particle size distribution and the Z–potential of NPs in solution were analyzed by dynamic light scattering (DLS) in a Nanotrac Wave Instrument (PA, EU). Fourier transform infrared (FT-IR) spectrum measurements were performed to identify the molecules responsible for reducing and stabilizing the NPs, and energy-dispersive X–ray spectroscopy (EDX) was used to determine the chemical composition of NPs.

2.5 Statistic Analysis

As the insect mortality data did not meet the conditions for conducting an analysis of variance, these data were analyzed by generalized linear models, using the Poisson family for all treatments with the sqrt link function. The Bonferroni test was used for the comparison of means.

3  Results

3.1 Insecticidal Activity

The analysis of mortality showed that T. castaneum was found to be more sensitive than P. solenopsis to C. chinense NPs. In T. castaneum, the highest mortality (X2(13, 28) = 96.15, p < 0.01) was observed when applied Cu NPs, Cu/Mn NPs and Zn/Cu NPs. Insects treated with Cu NPs, Cu/Mn NPs, and Zn/Cu NPs displayed 63% to 80% mortality after 96 h of treatment. The crude extract caused 53.3% mortality (Fig. 1A). In P. solenopsis, the highest mortality (X2(13, 56) = 58.78, p < 0.01) was caused by Cu NPs and Zn/Cu NPs. Insects treated with Cu NPs and Zn/Cu NPs displayed 20% to 28% mortality after 96 h of treatment. The pure extract did not have insecticide activity (Fig. 1B).
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Figure 1: Percentage mortality of (A) T. castaneum and (B) P. solenopsis caused by NPs synthesized from C. chinense leaf extract at 96 h after application. The bars are means ± standard error. Different letters above the bars indicate statistically significant difference (GML, p < 0.01)

3.2 Physical Characterization of Nanoparticles

The particle size distribution in colloidal solution and the Z potential of NPs were determined using dynamic light scattering (DLS) analysis for treatments (Cu NPs, Cu/Mn NPs and Zn/Cu NPs) that had the largest insecticide effect. The DLS results showed Z potentials of 21.1 for Cu NPs, and 200 mV for Cu/Mn NPs and Zn/Cu NPs (Fig. 2). Regarding the hydrodynamic size, Cu NPs, Cu/Mn NPs, and Zn/Cu NPs had polydispersity index (PDI) values of 10.1, 29.16 and 14.34, respectively, with size ranges of 28.1 to 4190 nm, 85.8 to 3110 nm and 17.74 to 5830 nm, respectively.
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Figure 2: Particle size distribution in colloidal solution and Z potential of NPs using dynamic light scattering (DLS) in (A) Cu NPs; (B) Cu/Mn NPs, and (C) Zn/Cu NPs

The TF–IR spectra of the NPs ranged from 600 to 4000 cm−1 (Fig. 3). The infrared spectrum of pure C. chinense leaf extract revealed bands at 3743.7, 3291.84, 2930.3, 1625.65, 1396.5, 1121.1, and 616.96 cm−1 that corresponded to free alcohols, O–H stretching (alcohols/phenols), C–H stretching (alkanes), C=C stretching (alkenes), C=C stretching (aromatic rings), C–N stretching, and C–H bending (Fig. 3). All infrared spectra of NPs were comparable to that observed by the pure leaf extract; however, a new band corresponding to the C–N stretch appeared between 2319.8 and 2322.4 cm−1. Cu NPs and Zn/Cu NPs exhibited irregular shapes with sizes ranging from 1.3 to 1.9 µm, whereas Cu/Mn NPs exhibited an oval shape with diameters ranging from 1 to 1.9 µm (Fig. 4).
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Figure 3: Infrared spectra (TF-IR) of (A) Crude leaf extract of Capsicum chinense; (B) Cu NPs; (C) Cu/Mn NPs; (D) Zn/Cu NPs
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Figure 4: Analysis of scanning electron microscopy (SEM) of the NPs of (A) Cu NPs; (B) Cu/Mn NPs; (C) Zn/Cu NPs

The EDX analysis confirmed the presence of Cu in the three analyzed NPs (0.29%–2.4%), as well as Mn (1.4%) and Zn (2.65%) for Cu/Mn NPs and Zn/Cu NPs, respectively (Figs. 5A–5C). Si (46.76%–66.29%), O (11.42%–13.61%), Cl (0.93%–4.16%), and Mg (0.22%–0.55%) were the main elements in the three analyzed NPs. There was also presence of C in Cu NPs and Cu/Mn NPs, S in Cu NPs and Zn/Cu NPs, Na in Cu NPs, and Zn in Cu/Mn NPs.

[image: images]

Figure 5: Chemical composition of the selected metallic NPs synthesized from C. chinense leaf extract. The analysis was performed by energy dispersive X–ray spectroscopy (EDX) on (A) Cu NPs; (B) Cu/Mn NPs and (C) Zn/Cu NPs

4  Discussion

4.1 Insecticidal Activity

Ours results showed that T. castaneum was more susceptible than P. solenopsis when exposed to metallic nanoparticles from C. chinense leaf extract. This difference may be the result of the wax layer covering the body of P. solenopsis, which prevents the penetration of xenobiotics trough the cuticle [30]. In other studies, NPs have had differential effects, for example, the Cu/Zn NPs from leaf extract of Crotalaria longirostrata produced 65% mortality of P. solenopsis [31], whereas the Cu NPs from leaf extract of Prosopis juliflora and Pluchea sericea caused 14% and 20% mortality, respectively [32]. This suggests that the effects of the NPs from plant leaves depend on the plant species and the metallic salt used for the synthesis. In the present study, the EDX analysis showed that Cu was present within the NPs of the most effective treatments against both, T. castaneum and P. solenopsis. This is well known that Cu salts and derived products have effects against plant pathogens and phytophagous arthropods such as mites. The mode of action of Cu has been related to permeabilization and disruption of the plasma membrane, alteration of enzymatic active sites and interference with the energy transport system [33,34]. This is important to note that the effect of the Cu NPs in this case depended also on the number of metal ions in the synthesis. We observed a trend of higher insecticidal activity of mono- and bimetallic NPs compared to that of trimetallic NPs, suggesting that there were no synergistic effects of the metal ions on the bioactivity of the plant metabolites as observed against other target organisms [35–37]. Bimetallic and trimetallic nanoparticles have gained great attention from a toxicological point of view. Synergistic effects of two metals in bimetallic and three metal ions in trimetallic nanoparticles enable certain functions which are otherwise not possible with monometallic nanoparticles alone. Bimetallic and trimetallic nanoparticles may show different properties and consequently biological applications due to their peculiar mixing patterns [38,39].

4.2 Characterization of Nanoparticles

The most effective NPs in the insecticidal evaluation (Cu NPs, Cu/Mn NPs and Zn/Cu NPs) were selected for physicochemical characterization. The Z-potential is an analytical technique that predicts the stability of the NPs in colloidal solution by their surface charge. The Z-potential calculated for the selected NPs showed that the Cu/Mn NPs and Zn/Cu NPs were highly stable (200 mV), whereas the Cu NPs had low stability (21.1 mV). NPs with Z-potential values of ±30 mV have high repulsive forces that prevent their aggregation [40]. In addition, the polydispersity index (PDI) was high in all NPs, with values of 10–30. In this sense, values higher to 1 indicate high polydispersity [41]. Taken together, these results suggest that the Cu/Mn NPs and Zn/Cu NPs were highly stable. The stability of the NPs is given in part by the biomolecules present in the plant extract, which serve as reducing agents at the time of synthesis, in addition to the interaction of the extract metabolites with the metal ions, where it is suggested that a better stability is usually achieved when two different metals are combined [42,43]. Our results are lined up with this finding as the bimetallic NPs presented higher stability (200 mV) than the monometallic one (21 mV).

Fourier transform infrared spectroscopy (FT-IR) analysis was performed to identify the active functional groups responsible for stabilizing the NPs synthesized. For pure leaf extract and the NPs, clear visible peaks showed the presence of free alcohols (alcohols/phenols), alkanes, alkenes and aromatic rings in the pure extract. In addition to aliphatic amines (alkaloids) present in the NPs. These active phytochemicals reduced the metallic salts into NPs and stabilized the synthesized NPs. In agreement with these findings, previous studies have found that C. chinense leaf extracts contain a wide range of phytochemicals, mainly phenolic compounds, and flavonoids [44]. In particular, various phytosterol, like phytol, ergosterol, caryophyllene, and also fatty acid ethyl esters have been identified in leaf extracts of species of Capsicum [26].

Regarding the size and shape of the NPs, we found irregular and oval shapes with sizes ranging from 1 to 1.9 µm. These NPs were larger compared to those found by Lomelí-Rosales et al. [27] using C. chinense extracts for the synthesis of Ag NPs and Au NPs, where the sizes ranged 15 to 16.7 nm with oval shapes. However, using bimetallic NPs, Mendez-Trujillo et al. [31,45] found that Cu/Zn NPs based on P. juliflora and C. longirostrata had sizes from 0.41 to 0.74 µm and spherical shape. Thus, this is the first report using copper in green synthesis NPs from C. chinense.

The elemental composition of the NPs determined by EDX analysis confirmed the presence of Cu in the three analyzed NPs. In addition, Mn and Zn were also found in Cu/Mn NPs and Cu/Zn NPs, respectively. This suggests that these elements participated in the synthesis of the NPs. The presence of Si, O, K, S, Cl and Mg in all the characterized NPs may be due to the mineral composition of the C. chinense extract. The presence of some minerals, such as Na, K and Mg in leaf extracts of Capsicum spp. has been reported [46].

5  Conclusion

In our study, we observed that the synthesized metallic NPs of C chinense leaf extracts had insecticidal effects against T. castaneum, and to a lesser extent to P. solenopsis. The most effective NPs (Cu NPs, Cu/Mn NPs and Zn/Cu NPs) were selected for physicochemical characterization. The SEM analysis showed that Cu NPs and Zn/Cu NPs exhibited irregular shapes with sizes ranging from 1.3 to 1.9 µm, whereas Cu/Mn NPs exhibited an oval shape with diameters ranging from 1 to 1.9 µm. The infrared spectra showed varios peaks at the range of 600 to 4000 cm−1. The EDX analysis revealed the presence of Cu (0.29%–2.4%), Mn (1.4%) and Zn (2.60%) in Cu NPs, Cu/Mn NPs and Zn/Cu NPs. The green synthesis of NPs from C. chinense leaf extracts is a feasible alternative to search for new strategies to manage the insect pests T. castaneum and P. solenopsis. However, more studies are needed to determine the impact of NPs on non-target insects.
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