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Abstract

:

Diverse studies have showed that the pesticides can cause important damages in ecosystem. Therefore, the development of bio pesticides through nanotechnology can increase efficacy and limit the negative impacts in the environmental that traditionally seen through the use of chemical pesticides. Nanoparticles obtained from plants’ extracts can be used for effective pest management as a combined formulation of metal and some other organic material present in the plants. In the present study, our evaluated biosynthesis of nanoparticles of copper used two plant extracts (Acacia cornigera and Annona purpurea), and the Taguchi method was adopted for the synthesis optimization of the following variables of biosynthesis: temperature, pH, extract concentration, and reaction times to maximize the insecticidal activity on Tribolium castaneum. Our results showed that the nanoparticles were successfully synthesized using Acacia cornigera and Anona purpurea extract under optimum conditions under Taguchi L 9 orthogonal design, where copper nanoparticles were obtained with a size of 63–153 nm for using A. cornigera extract, 87–193 nm for A. purpurea extract, and a zeta potential of 9.6 mV and −32.7 mV, respectively. The nanoparticles of copper from A. cornigera showed effective insecticidal activity against Tribolium castaneum, and 90% mortality compared to the 76.6% obtained from nanoparticles of copper from A. purpurea. The results suggest that Cu-nanoparticles derived from both plants could be used as a biocontrol agent of Tribolium castaneum, a pest of stored grain with great economic importance.
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1. Introduction


The red flour beetle Tribolium castaneum is considered a major agriculture pest, damaging stored grains and cereal products. This species can infest a large diversity of cereal flours, principally wheat flour, on which this insect can complete egg-to-adult development within ~4–6 weeks [1,2,3]. Recent reports also recorded their presence on diverse raw commodities (e.g., spices, oilseeds, cottonseeds, dried fruits, and processed foods) [4]. This insect can cause serious problems that affect the quality of stored products as a result of alteration of chemical composition. For example, the production of quinone substances by T. castaneum adults may cause allergic reactions or a carcinogenic effect in the products infested by this insect [5].



Generally, chemical fumigation with gaseous pesticides is used for the control of this insect; however, this method is very dangerous for ecosystems, and expensive [4,5]. Several reports showed that continuous use of diverse types of insecticides has accelerated the presence of resistance in this insect. The presence of resistance in different classes of insecticides may be the result of the capacity to produce detoxification enzymes such as cytochrome P450 proteins [6]. Zhu et al. [7] mention the expression of P450 genes in the brain of T. castaneum, which is involved in deltamethrin resistance. On the other hand, multiple resistance towards two different classes of insecticides (pyrethroid and organophosphate) has been reported in the Brazilian population of the red flour beetle [8]. Similar results have been reported in the Nigerian population, which was resistant to dichlorvos, cypermethrin, DDT, and malathion [9]. This resistance involves the presence of different mechanisms of insecticide resistance, for example, T. castaneum treated with malathion showed that the induction of the antioxidant enzyme catalase could have helped to withstand oxidative stresses, contributing to increased immunity of the insecticide [10]. Therefore, the development of new strategies to control Tribolium castaneum that are both eco-friendly and cost-effective are necessary.



In this sense, the development of new agriculture products incorporating metallic nanoparticles (NPs) has recently become of scientific and technological interest worldwide [11]. Metallic NPs presented important remarkable applications as antimicrobial and pesticide control agents, thus far proposing a potential function for managing plant diseases and reducing losses in agricultural lands [12]. Specifically, the use of phytochemicals from plants as reducing agents of various types of metal-based nanoparticles (green synthesis) represent a viable option because of its eco-friendly nature, cost-effectiveness, and non-toxic manner. In this context, the use of chemical pesticides can caused several problems such as environmental contamination, pest resistance, and bioaccumulation represent great risks to ecosystem and human health hazards [13]. The nanotechnology represents an appealing tool for pest control with the use of a minimal amount of pesticide, as a result of new methods for the formulation and delivery of existing active ingredients, as well as novel active ingredients derived from the interaction between metals and phytochemicals from plants [14]. Recent studies demonstrated that CuNPs obtained from Pseudomonas fluorescens showed toxicity against Tribolium castaneum, and that optimized growth conditions are necessary [15]. However, the consumed of time to the growth culture of microorganisms and the process of synthesis of nanoparticles, could are limited with respect to synthesis of nanoparticles obtained of phytochemicals from plants [16]. In this context, Acacia cornigera and Annona purpurea are plants that showed high content of nutrients, minerals, and phytochemicals, and they can constitute a source of functional compounds like tannins, alkaloids, and terpenoids, among others, which could act as stabilizing and reducing agents during the biosynthesis of metallic nanoparticles [17,18]. Therefore, the aim of the present study was to evaluate the insecticide activity of green synthesis of nanoparticles of copper obtained from Acacia cornigera and Annona purpurea extracts against Tribolium castaneum, a relevant pest of stored grain. For this study, a statistical design with a Taguchi L9 (34) orthogonal array was used to optimize the synthetic conditions of CuNPs (temperature, pH, extract concentration, and reaction time) according to the mortality of T. castaneum.




2. Materials and Methods


For the synthesis of phytonanoparticles, leaves of Acacia cornigera and Annona purpurea plants were collected from La Concordia, Chiapas, Mexico (16°07′05.97″ N and 92°41′30.08″ W). The leaves were dried at 40 °C, and when finished the drying process, they were ground to obtain a fine powder. An aqueous solution from each plant was prepared using 10 g of powder leaves mixed with 100 mL of distilled water and heated at 60 °C for 30 min. Finalized the incubation, the mixture was centrifuged at 4000 rpm for 20 min, and the supernatant was recovered and stored in dark conditions at −20 °C.



2.1. Biosynthesis of Copper Nanoparticles (CuNPs)


For the biosynthesis of metallic nanoparticles, aqueous solution from each plant was mixed with 10 mM copper sulfate (CuSO4) and water relation 1:4 v/v [16]. To evaluate the effect of temperature (30, 40, 50 °C), pH (5, 7, 9), concentration of extract of each plant (50, 75, 100%), and reaction time (20, 30, and 40 min) in the bio reduction process of CuNPs, an orthogonal experimental was designed (Table 1). The variable considered for the optimal conditions was the T. castaneum mortality response.




2.2. CuNPs Physicochemical Characterization


The bio-synthesis of Cu and the production of CuNPs, using the two extracts of each plant, were measured with a spectrophotometer (DR6000™ Hach, UV VIS Spectrophotometer, Loveland, CO, USA) at 350–500 nm, with a resolution of 5 nm. For the characterization of size and zeta potential of the CuNPs from Acacia cornigera and Annona purpurea plants, the Dynamic Light Scattering (DLS) and laser Doppler velocimetry (LDV) were calculated using a Nanotrac Wave instrument (Microtrac, North Wales, PA, USA) in base, and the method proposed by Abdelmoteleb et al. [18]. The measurements were made using DLS within the range of 0.1–1000 μm at 25 °C, employing a laser wavelength of 780 nm with a scattering angle of 90°. The data obtained were analyzed using Microtrac FLEX operating software (DIMENSIONS LS). For the determination of size and morphology of the synthesized CuNPs, the SEM (scanning electron microscope) JEOL 6010 at 10 kV, coupled with the elemental analysis and energy-dispersive X-ray spectroscopy (EDX; XFlash 6I30 Brucker, Billerica, MA, USA), was used [19].




2.3. Determination of Total Phenols and Flavonoids


The Folin–Ciocalteu method was used for the determination of phenolic compounds in the extract plants (A. purpurea and A. cornigera) and Cu-phyto nanoparticle [19]. A 500 µL from each sample was added to 2.5 mL Folin–Ciocalteu’s reagent solution (0.25 M) and incubated for 5 min; after this, aqueous solution of 20% sodium carbonate (2 mL) was added. Finally, each sample was incubated under room temperature for 40 min, and changes in the absorbance were registered at 725 nm. A calibration curve was prepared with gallic acid (0–200 μg/mL) to quantify the phenol content. The analysis was performed in triplicate, and the results are expressed in mg equivalents of gallic acid (mg/g dry matter).



The flavonoid content from each sample was evaluated by mixing 0.25 mL of separate extract samples, diluted in 0.75 mL of distilled water, 0.05 mL of 10% aluminum chloride in ethanol, 0.05 mL of 1 M potassium acetate, and 1.4 mL of distilled water [20]. Then, the reactions were incubated at room temperature for 30 min, and absorbance was registered at 415 nm. A calibration curve was prepared using a quercetin standard solution (0–40 μg/mL), and flavonoid content was expressed as mg equivalents of quercetin (mg/g of dry matter).




2.4. Insecticidal Activity of CuNPs


T. castaneum insects were reared at 27 ± 2 °C and 68 ± 2% relative humidity in 12 h:12 h (light:dark) conditions. Nine groups of ten adult beetles were separated and sprayed with 2 mL of the aqueous solution of CuNPs obtained in the experimental units of the orthogonal Taguchi L9 (34) matrix. On the other hand, a group was treated with A. cornigera, A. purpurea extracts, and another group was treated only with the CuSO4 solution. Then, the beetles were placed separately in Petri dishes, and the mortality rate was observed from 1 day to 6 days after the treatment [21,22]. A group of insects was used as a control, which was sprayed with 2 mL of distilled water.




2.5. Determination of Cell Viability


The effect of treatment of CuNPs from both plants in the viability cell (membrane damage) of T. castaneum was analyzed using the Evans blue staining protocol described by Mendez-Trujillo et al. [23], and the absorbance was quantified at 600 nm. The experiments were performed in triplicate and water was used as a control.




2.6. Statistical Analysis


Taguchi analysis was applied to establish the optimal conditions for synthesizing CuNPs, resulting in the highest T. castaneum mortality. For the design of the Taguchi array and the optimization process, the MINITAB® version 19 software was used.





3. Results


3.1. Synthesis of Copper Nanoparticles from Plants’ Extracts


CuNPs synthesis from A. cornigera and A. purpurea was confirmed in all experimental units mainly by a color change of the solution from green to dark brown at the end of the reaction (Figure 1). The CuNPs formed from A. cornigera and A. purpurea extracts were measured through a UV-visible spectrum analysis for each experimental unit at a wavelength of 200–600 nm. The UV-vis spectra showed centered peaks ranging from 340 nm to 460 nm, which are characteristic ranges of CuNPs due to their surface plasmon resonance absorption band (Figure 1). Our results showed the importance of optimization of variables such as temperature, pH, extract concentration, and reaction time in the optimal conditions for copper nanoparticle formation, concerning biological effects on T. castaneum (Table 1).




3.2. Insecticidal Activity of Copper Nanoparticles from Plants’ Extracts


The results for the individual effects of each parameter involved in the biosynthesis of CuNPs and their effect in T. castaneum mortality are shown in Table 1. Our results showed that experiments 2, 6, and 7 present the major mortality in the insect, while experiments 1, 4, and 9 occasionally decreased in this parameter. The results showed that the two factors of temperature (40 °C to 50 °C) and pH (5–7) increased the mortality rate. In contrast, increased temperature (50 °C to 60 °C) and variation of pH of 7–9 caused low mortality of insects. Finally, the variation in the reaction time from 20 min to 30 min increased the mortality; however, variation in time from 30 min to 40 min caused a decrease in mortality. Therefore, of the experiments, six have a major insecticidal effect, with a mortality rate of 80% and 70% for A. cornigera and A. purpurea, respectively. Therefore, the optimal conditions for the biosynthesis of CuNPs from A. cornigera and A. purpurea extracts are show in Table 2.



The results of the assay that employed the optimal conditions are shown in the Table 2, which shows that mortality caused by CuNPs from A. cornigera and A. purpurea was 90% and 76.6%, respectively, and this was similar to the experimental value of 91.6% and 77.3% for each extract plant (Table 2). Therefore, the predicted and actual results were minimal (minor to 2% in both cases), considering acceptable.




3.3. Determination of Cell Viability


A diverse report showed that Evan’s blue staining technique can be used to assess cell death or membrane damage. The relevance of this technique lies in the fact that the membrane stability is the result of altered environmental conditions, and hence, can be used as a biomarker to assess stress-induced cell damage [23]. The results of cell viability with A. cornigera and A. purpurea CuNPs are shown in Figure 2. The results show that the use of CuNPs biosynthesized under optimal conditions caused a significant reduction in cell viability in insects treated with CuNPs from both extract plants (95% for A. cornigera and 90% for A. purpurea). In contrast, an insignificant reduction in T. castaneum mortality was registered when using the Cu solution and both A. cornigera and A. purpurea extracts after 6 days of exposure. On the other hand, copper and extracts of both plants were not shown to significantly effect the mortality of the insects.




3.4. Characterization of Cu-Nanoparticles in Optimal Conditions


3.4.1. Scanning Electron Microscopy


The analysis by SEM showed that the CuNPs from A. cornigera and A. purpurea were non-spherical in shape, with variable sizes for both phytonanoparticles. Our results showed that CuNPs from A. cornigera have sizes ranging from 81–94 nm (Figure 3a). On the other hand, CuNPs from A. purpurea have sizes ranging from 87–193 nm (Figure 4b). The results of SEM in combination with EDX revealed the existence of the Cu metal in both CuNPs. The presence of other elements, such as C, O, Na, Mg, Si, S, and K, were observed, and this may be due to the sample holder and the mineral composition of each plant extract (Figure 3b and Figure 4b).




3.4.2. Dynamic Light Scattering (DLS)


The particle size in the solution for CuNPs from A. cornigera and CuNPs from A. purpurea is shown in Table 3. Our results showed that CuNPs from both plants tended to form agglomerates of different sizes. According to an analysis of DLS CuNPs from both plants, they exhibited a different pattern by agglomerating, 26.28 nm, when dispersed in water. CuNPs from A. cornigeras showed high instability and a tendency to agglomerate as results of their zeta potential (+9.6 mV) and electrophoretic mobility (0.75 μmcm/(Vs)). In contrast, for synthesized CuNPs from A. purpurea, present a zeta potential negative (−32.7 mv), and 2.55 μmcm/(Vs) demonstrates that the dispersed phase is more stable than CuNPs from A. cornigera (Table 3).





3.5. Determination of Total Phenols and Flavonoids


Total phenolic and flavonoid contents are shown in Table 4. A significant difference in total phenolic content and flavonoids content (p < 0.05) in CuNPs obtained from both plants compared with extract plants were observed. The extracts of A. cornigera show a minor value of content of phenols compared to A. purpurea, but the flavonoids content was higher than A. purpurea. In the case of phenolic total and flavonoids content of CuNPs from both plants, the results not show a significant difference for both CuNPs. Finally, CuNPs from both plants showed a lower content of phenols and flavonoids (p < 0.05) with respect to only aqueous extracts of plants.





4. Discussion


In the present study, the color change that occurred during the synthesis of copper nanoparticles with extracts in each experimental unit confirms the CuNPs formation (Figure 1). In this aspect, the phytochemicals present in A. cornigera and A. purpurea have the capacity of reducing the Cu2+ to Cu0, and encourage the formation of CuNPs with their respective variation in color intensity due to the excitation of surface plasmon vibrations [19,20]. The UV-visible spectra of the CuNPs synthesized from both extracts recorded absorption peaks in the range of 340–460 nm, which coincides with previous studies [24,25]. On the other hand, copper is one essential micronutrient that plays an important role in the growth and development of plants. Recent reports showed that copper can affect the development of insects (e.g., dragonfly larvae) as a result of inhibition of the activity of acetylcholinesterase [26]. On the other hand, recent studies reported that CuNPs have attracted a great deal of attention from all over the world due to their insecticide activity [27]. Rahman et al. [28] mention that copper oxide nanoparticles demonstrated high larvicidal in Spodoptera frugiperda (J.E. Smith). Therefore, studies about optimization of the biosynthesis process are necessary. Recently, copper nanoparticles have been prepared using different extract of plants [29].



To the best of our knowledge, no study has been reported on the green synthesis of copper nanoparticles using A. cornigera and A. purpurea leaves extract. In addition, the green synthesis of copper nanoparticles has not been optimized earlier, as conducted in the present study through the Taguchi optimization technique. The Taguchi design method has been used in different fields of scientific research, including nanotechnology [30]. Authors mention the importance of used of Taguchi optimization method to the synthesis of silver nanoparticles [13]. In our study, the use of the Taguchi L9 (34) orthogonal matrix shows that experiment 6 was the most effective against T. castaneum due to exposure to CuNPs from A. cornigera and A. purpurea, where higher mortality was of 80% and 70%, respectively. In this sense, the variation of temperature, pH, and reaction time has a positive effect on the mortality of T. castaneum. The Taguchi technique has been reported in the optimization of the synthesis of AuNPs using factors such as reducing agent, additive, sonication time, and temperature [31]. Our results demonstrate that it is possible optimize the green synthesis of CuNPs process with greater biological activity; in this case, in T. castaneum mortality, which can be observed in Table 1. The use of Taguchi orthogonal design was similar in mortality of 91% for A. cornigera and 77% for A. purpurea, compared with the experimental mortality of 90% and 76.6%. It was also possible to obtain a difference of less than 2% between the predicted results and those obtained. Zeta potential plays a key role in determining the stability of nanoparticles and colloidal systems [32]. In this sense, the positive values of zeta potential and electrophretic mobility of CuNPs from A. cornigera could explain the decreased effectiveness observed in the mortality of the insect studied, compared to CuNPs from A. purpurea that show negative values of zeta potential. In this sense, nanoparticles that possess negative zeta potentials of −30 mV are considered as a stable colloidal suspension system that prevents nanoparticles aggregation [33]. Therefore, the CuNPs from A. purpurea can be more stable, and have major insecticidal activity, although the high content of compounds phenolic may be more important than flavonoids in the stability of nanoparticles compared to the CuNPs from A. cornigera. Rodriguez et al. [34] mention that the total phenolic compound can be employed as bioinsecticides against Sitophilus zeamais, and their toxic effect is a result of inhibition of acetylcholinesterase (AChE) activity. In this sense, it is possible that the insecticidal effect of CuNPs from both extract plants can be attributed to two possible modes of action: (a) insecticidal action as a result of Cu-nanoparticles that can easily cross epithelial and endothelial cells through transcytosis [34,35] and (b) inhibition of enzymes such as AChE by interaction with phenolic compounds present in CuNPs. In addition, green CuNPs can cause oxidative stress since they can easily advance along the dendrites, axons, and lymphatic vessels of insects [36,37,38]. The difference in insecticidal activity between the Cu-nanoparticles of A. cornigera and A. purpurea could be attributed to variations in the composition of each of the extracts with which they were synthesized, since the secondary metabolites of each of the extracts, in addition to being responsible for the formation of the nanoparticles, surround them, giving them stability and bioactivity.




5. Conclusions


Our results showed the relevance of using the Taguchi design in the formulation of phytonanoparticles of copper from A. cornigera and A. purpurea, two plants of importance in Latin America. Although both CuNPs from these plants showed an important effect on the mortality of Tribolium castaneum, only, CuNPs from A. purpurea had the higher levels of phenolic compounds and major insecticidal effect compared to nanoparticles obtained from A. cornigera extracts. The exact mechanism of action of CuNPs obtained in this study is not clear; hence, future studies are necessary to evaluate their effect in the inhibition of enzymes in relation to the resistance to insecticides in this insect, as previously shown through their evaluation in field studies.
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Figure 1. Color change and UV-vis spectra in experimental units of the orthogonal Taguchi L9 (34), observed during CuNPs biosynthesis in each experimental unit: (A) CuNPs from A. cornigera and (B) CuNPs from A. purpurea of the orthogonal Taguchi L9. 
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Figure 2. Effect of CuNPs from A. cornigera and A. purpurea in T. castaneum cell viability after six days of exposure. 
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Figure 3. SEM (a) and EDX (b) analysis of CuNPs from A. cornigera. 
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Figure 4. SEM (a) and EDX (b) analysis of CuNPs from A. purpurea. 
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Table 1. Orthogonal array L9 for CuNPs from A. cornigera and CuNPs from A. purpurea. Evaluation and results obtained for temperature, pH, extract concentration, and reaction time on the mortality of T. castaneum.
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Experiment

	
Temperature (°C)

	
pH

	
Concentration (% v/v)

	
Time (min)

	
CuNPs A. cornigera

	
CuNPs A. purpurea




	
% Mortality






	
1

	
40

	
5

	
50

	
20

	
33 ± 11.55 a

	
27 ± 5.77 a




	
2

	
40

	
7

	
75

	
30

	
66 ± 5.77 b

	
55 ± 5.77 b




	
3

	
40

	
9

	
100

	
40

	
43 ± 20.82 b

	
37 ± 11.55 c




	
4

	
50

	
5

	
75

	
40

	
26 ± 5.77 a

	
23 ± 8.45 a




	
5

	
50

	
7

	
100

	
20

	
56 ± 5.77 b

	
47 ± 5.77 b




	
6

	
50

	
9

	
50

	
30

	
80 ± 10.00 c

	
70 ± 10.00 c




	
7

	
60

	
5

	
100

	
30

	
76 ± 11.55 c

	
63 ± 10.00 c




	
8

	
60

	
7

	
50

	
40

	
53 ± 6.87 b

	
43 ± 5.77 ab




	
9

	
60

	
9

	
75

	
20

	
26 ± 5.77 a

	
23 ± 5.77 a








Means within columns followed by the same letter are not significantly different at the p ≤ 0.05 (one-way ANOVA followed by t-test).













 





Table 2. Optimal procedure conditions for the CuNPs synthesis based on statistical estimations after conducting the tests.
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Factor

	
Level

	
Description of Levels

	
% Mortality




	
CuNPs A. cornigera

	
CuNPs A. purpurea






	
Temperature (°C)

	
2

	
50

	
54

	
46.6




	
pH

	
2

	
7

	
58.3

	
49.3




	
Extract concentration (% v/v)

	
3

	
100

	
58.3

	
49




	
Reaction time (min)

	
2

	
30

	
74

	
62.6




	
Expected result under optimal conditions

	

	
91.6

	
77.3




	
Experimental value

	

	

	
90 ± 8.16

	
76.6 ± 4.71











 





Table 3. DLS and LDV data from CuNPs from A. cornigera and CuNPs from A. purpurea.
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Particle

	
DLS

	
LDV




	
Average Diameter

(nm)

	
Zeta Potential

ζ(mV)

	
Electrophretic Mobility U

(μmcm/(Vs))






	
CuNPs A. cornigera

	
26.28

	
+9.6

	
0.75




	
CuNPs A. purpurea

	
29.91

	
−32.7

	
2.55











 





Table 4. Total content of phenols and flavonoids in extracts and CuNPs from A. cornigera and A. purpurea.
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	Treatments
	Total Phenols (mg AG/g)
	Total Flavonoids (mg Q/g)





	A. cornigera extract
	2.578 ± 0.128 b
	0.460 ± 0.014 a



	A. purpurea extract
	3.017 ± 0.168 a
	0.357 ± 0.004 b



	A. cornigera CuNPs
	0.104 ± 0.004 c
	0.031 ± 0.003 c



	A. purpurea CuNPs
	0.142 ± 0.007 c
	0.027 ± 0.001 c







Means within columns followed by the same letter are not significantly different at the p ≤ 0.05 (one-way ANOVA followed by t-test).
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