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Abstract: Pieris brassicae is commonly known as the cabbage moth and is a species known to be 

invasive, thereby causing serious damage to vegetables and subsequently leading to total crop loss. 

Formulations of nanopesticides can provide unique characteristics such as size and shape, in addition 

to having integrated properties in a single material, making them efficient in pest management and 

protection against diseases in a single material; it can be applied in small volumes, with a greater 

precision, lower input costs, and a potential reduction in environmental contamination. 

Nanotechnology is a type of alternative and highly effective technology in several sectors, mainly in 

agriculture and the enrichment and fortification of cultivars. Hydrothermal synthesis is a type of 

process used to obtain nanoparticles with a more uniform crystallinity and aging of nanocrystallites, 

where high temperatures and pressures help to reduce particle aggregation. Chemically synthesized 

metal nanoparticles, such as zinc oxide nanoparticles (ZnO NPs), can find wide applications and 

success against different types of pests, such as larvae. The present study focuses on the application of 
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different concentrations of ZnO NPs (12.5, 25, 50, 100, 200 and 400 mg/L) on the body surface of P. 

brassicae to verify their possible pesticide activity against these larvae. The results of this study 

suggest a non-intuitive pesticidal activity of ZnO NPs against cabbage moth larvae. The highest 

mortality percentage of larvae against the treatments occurred at the concentration of 200 mg/L of ZnO 

NPs, represented by a rate of 100% in the 72-h period of the experiment. Finally, the results of the 

present study with ZnO NPs and P. brassicae larvae suggest an initial trigger for future possibilities 

of exploration and more in-depth studies to clarify the interaction of ZnO NPs and the possible 

metabolic pathways triggered in these insect pests. 

Keywords: Pieris brassicae; agricultural pests; zinc oxide nanoparticles; toxicity; nanotechnology 

 

1. Introduction 

Zinc oxide (ZnO) is a compound with semiconductor characteristics at room temperature. 

Depending on its conformation, ZnO can be found in either a hexagonal or a cubic coordination [1]. 

According to Klingshirn [1], in its most varied form, ZnO is used and incorporated annually in 

industrial sectors such as the pharmaceutical industry in well-dosed proportions as an additive for 

supplementation in animal and human food, and in the food industry as an excellent antimicrobial, which 

is biocompatible and cost-effective [2,3]. Nevertheless, ZnO nanoparticles (ZnO NPs) have currently 

been applied in agriculture and have been utilized as a biofortifier in cereal crops such as rice and corn, 

in addition to being excellent antibacterial materials [4,5]. Different studies in the literature have 

reported the positive effects of using ZnO NPs in different plants and vegetables on the nutritional 

content yield, the activation of the defense system, and an increased photosynthetic rate [6]. The effect 

of ZnO NPs depends on factors such as distribution, absorption, the type of charge of the NPs, and their 

interaction with parts of the plant such as trichomes, cuticles, the cell wall, the stomata, and root tissues, 

among others [7]. Zoufan et al. [8] demonstrated the activation of the antioxidant immune system in 

Chenopodium murale L. with the application of 250 mg/L of ZnO NPs after 6 days of treatment [8]. 

Pokhrel and Dubey [9] demonstrated that ZnO NPs dose-dependently inhibited cabbage seed 

germination [9]. Furthermore, Zhu et al. [10] demonstrated that the homogeneous accumulation of Zn 

through the foliar application of ZnO NPs relied on a positive surface charge potential and sizes of 

around 40 nm to penetrate the plant cytoplasm, which led to a better understanding of the metabolic 

mechanisms [10]. Another example [11] includes the use of insecticides to combat different types of 

pests. 

In 2018, the global consumption of pesticides to control agricultural pests was around 2 million 

tons per year [12]. However, the increased use of pesticides to ensure crop performance has become 

excessive, which had led to an increased generation of waste that is harmful to the environment and human 

health [13]. The literature often mentions a consensus on the use of appropriate doses of pesticides and 

agrochemicals; however, on many occasions, doses higher than permitted were inappropriately used, 

thus leading to unsustainable agricultural practices [14]. The use of nanotechnology and related 

technologies that enable the targeted and controlled release of agrochemicals greatly contributes to the 

reduction of the doses applied to various materials, which ultimately improves the precision, 

productivity, and added economic value [13]. Synthetic pesticides are known for their hydrophobic 

characteristics and contain organic solvents, which implies a low solubility in water, thus leading to 
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an ineffectiveness and a prolonged accumulation over time. On the other hand, nanopesticides are part 

of a technology that allows for a better permeability, solubility, and biodegradability [13,14]. For 

centuries, the use of conventional insecticides to combat pests, insects, or even weeds has contributed 

to soil and water contamination, and in some cases, has caused damage to the food chain, animal, plant, 

and human health [15–17]. Therefore, the use of more effective and modern technologies is necessary. 

In this context, nanotechnology and nanomaterials are used to minimize contamination and the loss of 

nutrients, to increase the productivity level of plantations without polluting water and soil, and to protect 

them against biotic and abiotic factors [18,19]. Therefore, Ag, MgO, ZnO, and CuO nanoparticles are 

being extensively investigated as possible pest control materials that cause damage to the flora [11]. 

Therefore, due to their potentiated activities and high specificities, metallic and metallic oxide 

nanoparticles have demonstrated the potential to act as a nanopesticide because they can be used in 

low concentrations [19]. Studies initially reported the use of silica nanoparticles as carriers of 

pesticides such as validamycin and imidacloprid against Rhyzopertha dominica and Sitophilus oryzae, 

and demonstrated entomotoxicities greater than 90% [20]. In addition, Stadler et al. [21] demonstrated 

the entomotoxicities of nanostructured alumina against Rhyzopertha dominica and Sitophilus oryzae 

after 3 days of continuous treatment of wheat, thereby indicating an LD50 of 127 to 235 mg/kg [20]. 

Different concentrations of ZnO NPs alone or associated with other nanoparticles have been used as 

pesticidal and antifungal materials in agriculture [19]. Lili et al. [22] demonstrated the antifungal 

activity of ZnO NPs at concentrations of 0, 3, 6, and 12 mmol/L against post-harvest fungi Penicillium 

expansum and Botrytis cinerea, which prevented the growth and development of conidia and 

conidiophores, thus leading to the death of fungal hyphae [22]. However, in recent years, an emphasis 

has been placed on the use of ZnO NPs as a larvicide against urban insects such as Culex 

tritaeniorhynchus [23] and Aedes aegypti [24]. 

Pieris brassicae (Lepidoptera: Pieridae) is one of the most destructive and cosmopolitan pests of 

crucifers, and has been reported to feed on five main plant families (Tropaeolaceae, Resedaceae, 

Capparaceae, Papilinoaceae and Brassicaceae). Their young larvae feed on all parts of the host plant, 

including the seeds, leaves, and fruits of species such as cabbages and cauliflowers. This damage is 

considered important since a single larva can consume up to 74 to 80 cm2 of the leaf area, which, in 

countries such as India, is equivalent to a 40% annual loss in different crops [25–28]. The serious 

damage caused to cabbage plantations by P. brassicae larvae is due to the fact that they directly attack 

the lower parenchyma of the leaf blades, thus causing irreversible damage to the plant [29]. Studies in 

the literature demonstrated the use of metallic nanoparticles against agricultural insects such as 

Spodoptera frugiperda (J. E. Smith, 1797), popularly known as fall armyworm, which is a serious pest 

that can cause damage to more than 350 species of plants, thus leading to a decrease in up to 70% of 

the yield in corn cultivars [30,31]. The larvae of S. frugiperda are difficult pests to combat as they are 

protected by the internal leaves of the plants, which, in turn, are protected by the excrement of these 

larvae, and consequently makes it difficult for the applied pesticide or insecticide to penetrate. In this 

way, problems of contamination and the excessive use of pesticides have arisen [32]. As a pest 

management and control strategy, alongside a less toxic and more environmentally friendly manner, 

nanotechnology has been used as a good technology to control the population growth of Spodoptera 

litura and Plutella xylostella, which are pests respectively known to infest tobacco, cotton, and cabbage 

crops [33,34]. In addition, depending on the nanoparticle concentration used to combat the agricultural 

pests, their phytotoxicities can be relatively low [35]. However, the most recent databases 

demonstrated a lack of data reporting the application of ZnO NPs to Pieris brassicae larvae. According 
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to studies found in the literature, it is known that metal oxide nanoparticles are widely used in 

agriculture and biological areas because they are materials that are easily absorbed and transported in 

the biological system [36]. However, to date, we have not observed conclusive studies on the 

mechanisms of cellular absorption, metabolism, and the accumulation of these materials in living 

organisms. In plants, the application of nanomaterials has shown promising results in combating stress 

caused by high salinity, droughts, and an increased antioxidant defense [37]. However, it is known that 

the use of metallic nanoparticles may be beneficial for some plant species and not for others, since a 

set of chemical and environmental factors can influence the interaction between plants and the 

environment, from the initial contact of the application until their complete metabolization by the 

organism [37]. For insects, the application of nanoparticles as a form of pesticides is also dependent 

on intrinsic characteristics such as their morphology, the surface charge, and the physicochemical 

properties [37]. Some authors reported the application of nanoparticles in insects with a great damaging 

potential, since this type of material penetrates the organism's exoskeleton and disrupts biological 

processes that involve bonds with phosphorus and sulfur within different types of proteins, thus leading 

to the denaturation of enzymes and damage to organelles [38,36]. In addition, metallic nanoparticles 

appear to decrease the permeability of the cytoplasmic membrane of different insects, thus leading to 

the loss of cellular function, proton motive force and cell death [36–38]. 

In this approach, nanoparticles appeared to generate intra- and extracellular oxidative stress by 

physical interactions with cellular organelles and enzymes that are involved in the reduction and 

oxidation catalysis process, in addition to a continuous exposure to nanoparticles over time through 

particle dissolution and disaggregation processes in the inserted medium. Some studies demonstrated 

that Ag NPs exerted harmful effects on the development of Drosophila melanogaster by accumulating 

reactive oxygen species (ROS) in their muscle tissues, thus resulting in cell apoptosis and damage to 

the genetic material; alternatively, for larvae of Achaea janata and Spodoptera litura, the same 

nanoparticles only led to an increase in the levels of antioxidant enzymes [39,40]. Therefore, there are 

few concrete studies in the literature that focused the metabolic pathways involved in each harmful 

mechanism generated in insects, especially in larvae of P. brassicae. Therefore, in a general way, the 

genotoxic effects of metal nanoparticles are explained by the production of ROS induced by metal ions 

among other inflammatory processes caused by OH• species, thus leading to enzymatic and molecular 

damage [36]. 

To verify the possible toxicity of ZnO NPs, adult larvae of P. brassicae were exposed to different 

concentrations of ZnO NPs synthesized by the hydrothermal method to test how these nanoparticles 

can influence their growth and mortality, thereby performing a brief comparison of the larvicidal effect 

of ZnO NPs and whether there is a dose-dependent toxicity. To our knowledge, this is the first report 

to evaluate the effects of ZnO NPs against the agricultural pest P. brassicae. The few studies published 

so far with ZnO NPs provide interesting findings against agricultural pests such as Pieris rapae, 

Spodoptera litura, and Spodoptera frugiperda, in addition to other pests such as Coleoptera. Briefly, 

ZnO NPs that were added to the insect pest food demonstrated a toxic effect for most of them, 

depending on the concentration used. Among the most recent studies, this initial report presents the 

application of ZnO NPs in an unprecedented way on the body surface of the pest P. brassicae, thus 

indicating its practical and potential application as a pesticide. Based on the data obtained in the present 

study, we can leverage future enzymatic, molecular, and environmental experiments that complement 

the data that was already obtained. 
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2. Materials and methods 

2.1. Materials 

To prepare the ZnO nanoparticles (ZnO NPs), highly-pure deionized water (MS2000, Gehaka, 

São Paulo, resistivity of 18.2 MΩ·cm) was added to Zinc acetate dihydrate ((Zn(CH3COO)2·2H2O) 

obtained from Sigma-Aldrich (St. Louis, MO, USA)), Sodium hydroxide (NaOH), and absolute ethyl 

alcohol (obtained from Labsynth (Diadema, São Paulo, Brazil)). 

2.2. Synthesis of ZnO NPs 

Samples of ZnO NPs were prepared by the hydrothermal method with oven heating [41]. The 

hydrothermal synthesis of the present study was prepared in a homogeneous aqueous medium and with 

the application of a temperature increase greater than 25 ℃, which was used to facilitate the 

crystallization process of ZnO NPs [42,43]. An aqueous solution of zinc acetate dihydrate (Zn 

(CH3COO)2·2H2O) was prepared in the proportion of 7.32% m/v in 30 mL of deionized water. Then, 

30 mL of NaOH (1 mol/L) was slowly added to the zinc acetate solution under constant stirring. After 

the end of dripping, the final suspension, which was milky white in color, was transferred to the 

hydrothermal device at 170 ℃ for 10 h. The obtained material was washed three times with absolute 

ethyl alcohol and deionized water, followed by drying in an oven at 60 ℃ for 2 h. 

Different techniques were previously reported by our group to characterize the synthesized ZnO 

NPs, including characterizations such as transmission electron microscopy and X-ray diffraction [41]. 

The surface morphology of ZnO NPs in the solid state was investigated by transmission electron 

microscopy (TEM, JEM-2100 Plus, 200 kV, JEOL, USA). The TEM analysis consisted of diluting and 

depositing the material on a carbon-coated grid and air drying at room temperature (25 ℃). 

2.3. Collection of Pieris brassicae 

Pieris brassicae larvae in the third larval stage were collected from March to April 2023 in the 

Maquehue experimental field at the Universidad de La Frontera (S 39°13′48″ W 73°12′25″), 15.7 km 

from the Universidad de La Frontera campus located on Avenida Francisco Salazar, in the city of 

Temuco, Chile. Pieris brassicae larvae were collected with a tweezer and stored in a deep plastic 

container with a lid in the presence of small holes. The larvae contained in the plastic container were 

in contact with cabbage leaves harvested in the Maquehue experimental field, which served as food 

for the insects until the beginning of the experiment. 

2.4. Tests with Pieris brassicae and ZnO NPs 

The collected P. brassicae larvae were placed in 100x15 mm Petri dishes under the experimental 

conditions at room temperature (20–25 ℃), where they remained for 72 h until the end of the 

experiment. Concentrations of 12.5, 25, 50, 100, 200, and 400 mg/L of the ZnO NPs were chosen, 

which were applied in a volume of 1 mL directly to the body surface of the larvae with the aid of a 

plastic sprayer. In addition to the negative control group, each concentration included n = 10 P. 

brassicae larvae. The negative control group was the only group that did not receive any type of 
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treatment. All insects were weighed before the exposure to ZnO NPs, followed by subsequent weighing 

at 24, 48, and 72 h after exposure. The third instar larvae were evaluated once a day for periods of 24, 

48, and 72 h, where the mortality of each individual due to either the lack of movement and dehydration 

was recorded. 

2.5. Statistical analysis 

A two-way analysis of variance (ANOVA) with a significance level of 95% was used to determine 

the statistical differences between treatments in P. brassicae. In the weight differences (%), the ZnO 

NPs concentrations were analyzed using the Tukey test with a significance level of 95% using the 

Prism 9 software. 

3. Results and discussion 

3.1. Synthesis and characterization of ZnO NPs 

In this work, ZnO NPs were synthesized by the hydrothermal technique, as previously reported 

by our group [41]. We have previously demonstrated that the crystal structure of the ZnO NPs can be 

confirmed through the phase reflections to the cubic structure of ZnO NPs (JSPDS card #36-1451), 

with a crystallite size of 39 nm [41]. These results agree with previously reported data, where either 

the grain size varied from 7 to 16 nm [42] or the sizes were below 60 nm [43]. Furthermore, ZnO NPs 

were found to have an average size of 118 ± 43 nm in the solid state, as represented by TEM, and 

reported in previous work by our group [41]. These results are in agreement with those observed by 

Rai and Yu [44], who reported ZnO NPs synthesized by the hydrothermal method with sizes of 100 to 

150 nm in the solid state. Numerous studies demonstrated that the size and morphology of these 

nanoparticles were closely related to the use of the zinc precursor salt and the synthesis temperature [44]; 

additionally, ZnO NPs that were synthesized by the hydrothermal method varied in irregular hexagonal 

or spherical morphologies in the presence of clusters [42,45], thus corroborating the images obtained 

by TEM for ZnO NPs obtained in the present work (Figure 1). 

 

Figure 1. Representative TEM image illustrating the morphology corresponding to ZnO 

NPs in the solid state, synthesized in this work by the hydrothermal method. In (A) the 

image of ZnO NPs with an approximation on a scale of 500 nm and in (B) the image of 

ZnO NPs with an approximation on a scale of 200 nm. 
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3.2. Tests with Pieris brassicae and ZnO NPs 

3.2.1. Weight differences by ZnO NPs application 

Our findings on the weight differences (%) of P. brassicae by ZnO NPs application are presented 

in Table 1. Among the treatments, significant differences were determined among the 12.5, 25, 100, 

and 200 mg/L treatments and the negative control after 24 h. Significant values ranged from −10.24% 

to 15.15% of the weight differences for the negative control and the 25 mg/L treatments, respectively. 

Among the ZnO NPs application, significant differences were determined between the 25 mg/L and 

the 12.5 mg/L treatment, doubling the NPs concentration values that evidenced the 15.15% and −5.84% 

weight differences, respectively. After 48 h, the 25 mg/L treatment showed significant differences with 

the control, alongside the 12.5, 50, 100, 200, and 400 mg/L treatments. The highest lost weight 

difference (%) was −61.5% for the 25 mg/L treatment. All the remaining treatments showed weight 

losses. However, non-significant differences were observed, which were different from the 24 h 

treatments. Moreover, after 72 h, all results displayed a weight loss on the ZnO NPs, including the 

control treatment. The highest lost weight differences were determined on the 100 mg/L ZnO NPs 

application with a −16.5%. In this sense, significant differences can be observed between the 100 mg/L 

treatment and the 12.5, 50, and 200 mg/L treatments. Table 1 reveals weight differences of 0.29%, 0%, 

and 0% for the 12.5, 50, and 200 mg/L treatments, respectively. As was mentioned above, the 100 mg/L 

treatment showed the highest weight loss percentage, and the concentration results evidenced non-

appreciable weight differences regarding the control measures. 

Table 1. Difference in weights presented for Pieris brassicae after receiving different 

concentrations of ZnO NPs. Different letters imply significant differences. Uppercase 

letters indicate differences between treatment times. Lowercase letters indicate differences 

pair-wise comparison of least square means (mean ± SE, n = 10). 

Time (h) 

Weight difference (%) 

 

Concentration (mg/L) 

24 48 72 

Control −10.24 ± 2.35Ac 0.29 ± 8.26Aab −11.88 ± 12.57Aabc 

400  −18.50 ± 31.17Aacd −1.40 ± 8.39Abd −12.83 ± 11.76Aabc 

200 2.91 ± 6.50Aad −0.59 ± 1.29Abd 0.00 ± 0.00Aab 

100 2.06 ± 6.5Aabd −5.72 ± 4.80ABabd −16.5 ± 10.35Bc 

50 0.63 ± 26.84Abcd −1.62 ± 0.33Abd 0.0 ± 0.00Aa 

25 15.15 ± 9.81Ad −61.52 ± 9.15Bc −6.59 ± 11.30Cabc 

12.5 −5.84 ± 24.11Aabc 2.04 ± 5.40Ab 0.29 ± 0.82Aa 

Once the experiment was conducted, significant differences were determined by the time 

application treatment. In this context, the 25 mg/L treatment showed significant differences at 24, 48, 

and 72 h. Detailed results evidenced a 15.15% increase in the weight differences after 24 h, thus 

showing the highest weight gain from all the experiments. Nonetheless, after 48 h, the highest lost 

weight was registered by the 25 mg/L application, thus representing −61.52%. In the end, a weight 

loss of −6.59% was registered after 72 h of the 25 mg/L treatment of ZnO NPs. Finally, the 100 mg/L 
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treatment of ZnO NPs evidenced significant differences between 24 and 72 h. The recorded values 

were 2.06% and −16.50%, respectively. 

 

Figure 2. Pieris brassicae larvae in 48 h of experiment in the presence of excrement (black 

circle) at concentrations of 400, 200, 100, 50, 25, and 12.5 mg/L of ZnO NPs compared to 

negative control larvae that received no treatment. It is also noted in most concentrations 

the loss of body fluid (red arrow), possibly indicating dehydration of the insect. 

Nowadays, little is known about the mechanism of ZnO NPs against pests such as P. brassicae 

larvae. It is known that the corporal application of metallic nanoparticles in insects leads to toxicity 

due to their penetration in the exoskeleton and, therefore, to the accumulation of nanomaterials in the 

intracellular space, inducing processes of oxidative stress and, consequently, to the imbalance of the 

homeostatic activity of enzymes and cellular organelles [46–48]. The significant weight reduction 

mainly observed at the lowest concentrations of 12.5, 25, 100, and 200 mg/L of ZnO NPs may possibly 

be related to the lower amount of nanoparticles present in suspension, thus indicating that they are less 
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prone to agglomeration [49,50], allowing for a greater contact and absorption on the body surface of 

the larva of P. brassicae. Therefore, the initial 24 h of the experiment possibly resulted in an initial 

trigger of physiological stress that led to the loss of body mass. Figure 2 illustrates P. brassicae larvae 

in the Petri dish after 24 h of the bodily application of ZnO NPs at concentrations of 200, 100, 50, 25, 

and 12.5 mg/L. Black circles indicate the presence of fecal droppings, which indicates a rapid stress 

response against the treatment received, compared to the negative control, which does not have fecal 

droppings or liquid from the larvae. The significant weight loss of the subjects primarily treated with 

the 25 mg/L concentration compared to the 12.5, 50, 100, 200, and 400 mg/L concentrations after 24 

h of the experiment may be closely correlated with the amount of excrement released and the loss of 

body fluid caused by stress induced by the treatments with ZnO NPs, which led to the gradual 

dehydration of the insect. The present results are mostly based on behavioral studies [46], thus 

requiring a more in-depth study on the physiological and metabolic characteristics of P. brassicae 

against ZnO NPs even after 72 h of the experiment.  

3.2.2 Mortality percentage 

The mortality percentage was determined from the weight difference experiment. Therefore, 24, 

48, and 72 h measures were considered (Figure 3). Initially, after 24 h, the control experiment showed 

no mortality percentage. However, the 200 to 400 mg/L ZnO NPs applications showed increases in 

the insect mortality percentage, with 20% and 33% values, respectively. Indeed, a strict and positive 

slope can be observed in Figure 3a, thus suggesting a dose-dependent behavior. Therefore, the 

mortality percentage increased beyond the 12.5, 25, 50, and 200 ZnO NPs mg/L threshold. The control 

measures showed a 10% mortality. 

Figure 3b revealed a different mortality percentage behavior 48 h after the ZnO NPs concentration 

application. Interestingly, the percentage dose response shifts as the concentration increases, with a 

noticeable change in the slope’s trend. This shift reveals a biphasic dose-response throughout the 

experiment, thus indicating a potential hormetic effect described on Artemia salina aquatic organisms 

by applying magnetite nanoparticles [51]. Initially, the 12.5 and 25 mg/L treatments showed negative 

slope tendencies, since the mortalities decreased from 20% to 60%. As the ZnO NPs concentration 

increases, a positive slope can be observed from 25 to 50 mg/L, thus representing an increase from 20% 

to 50%. Thus, between the 12.5 and 50 mg/L treatments, a curve interpretation describes a negative 

parabola curve mortality response. The same response interpretation can be appreciated between 50 to 

mg/L, where the values range from 50% to 70%, respectively. At the same time, the minimum value 

is represented at the 100 mg/L treatment with 0% mortality. In contrast, once the ZnO NPs 

concentration increases from 100 to 200 mg/L, a 70% mortality index can be reported as the maximum 

percentage after 48 h. A drop in the slope is represented between 200 to 400 mg/L, thereafter showing 

0% mortality after 48 h. The negative control measure was 10% after 48 h, which is the same value 

observed in the 24 h period of exposure to ZnO NPs. In summary, from the observed non-intuitive 

mortality report, it is suggested that this mortality pattern can be explained by a hormonal behavior of 

the larvae as the application of ZnO NPs to P. brassicae increases. Finally, the same trend is reported 

after 72 h (Figure 3c). Congruently, from 48 to 72 h, the mortality behavior persists. However, the 

highest percentage mortality activity of the entire experiment was 100% with the application of 200 

mg/L of ZnO NPs after 72 h. Additionally, the lowest percentage of mortality was recorded at a dose 

of 100 mg/L with 20%. The negative control increased the percentage from 10% to 50% between 48 
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and 72 h. The fact that the negative control did not receive any concentration of ZnO NPs could 

possibly highlight the larvae mortality over time for other metabolic reasons that would need to be 

studied in detail. Since the previously mentioned hormetic response occurs after 48 hours, non-linear 

fit models are unsuitable to determine the lethal concentration for 50% of the population (LC50). 

Therefore, this value cannot be reported in this work. 

In the literature, a study conducted by Abd El-Wahab and Anwar [52] reported that the amount 

of 0.01 g led to a 100% mortality of Spodoptera litura larvae, while copper nanoparticles caused 

disability and dark gray coloration in larvae, thus leading to a 33.3% mortality. In addition, an enzymatic 

analysis of an increase in hemocytes that contained a large number of apoptotic cells was observed in S. 

litura insects within a period of 24 h exposure to nanoparticles. A decrease in the enzymes superoxide 

dismutase and ascorbate peroxidase was observed when faced with 1000 mg/kg of ZnO NPs as 

compared to the control group [53]. In another study, Eskin and Narullahoğku (2022) [54] added 

concentrations of 100, 500, 1000, 3000, and 5000 ppm of ZnO NPs to the diet of Galleria mellonella 

larvae, thus indicating that the larvae fed with all five concentrations of ZnO NPs reached the last 

larval stage; however, the time of pupal maturation in all groups was considered higher, but without a 

statistical significance [52]. Finally, the same tendency is reported after 72 h (Figure 3c). Logically, 

from 48 to 72 h, the mortality behavior persists. Nonetheless, the highest mortality percentage activity 

from the whole experiment was 100% by applying 200 mg/L of ZnO NPs after 72 h. The lowest 

mortality was recorded at 100 mg/L with a 20% index. The control measure increased from 10% to 

50% between 48 and 72 h, thus evidencing a natural mortality decay. 

 

Figure 3. Mortality trend graphs of Pieris brassicae that received concentrations of 12.5, 

25, 50, 100, 200 and 400 mg/L of ZnO NPs in the periods of 24 h, 48 h and 72 h of the 

experiment. 
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Grisakova et al. [55] reported that different insects have different types of sensitivities to different 

natural or synthetic components. In his study, they demonstrated that the application of a Neem leaf 

extract at different concentrations was able to lead to a significant mortality of P. brassicae in a period 

of 4 days [54]. A possible explanation for the mortality of Pieris larvae and the lack of continuity in 

their growth may be connected to the hormone secretion disorder that prevents metamorphosis, which 

subsequently led to damage in epithelial cells, body weight, and muscle tissues [54]. In the present 

study, as expected, the mortality of Pieris did not present a significant percentage of mortality in 24 h; 

however, it demonstrated a linear trend of mortality that followed in the 48 h of the experiment. At 48 

h of the experiment, it visibly showed mortality at concentrations from 25 to 50 mg/L, thus representing 

an increase of 20% to 50%, respectively. This indicated a dose-dependent response to the application 

of ZnO NPs, which could be observed for the concentrations from 50 to 200 mg/L, where the mortality 

values varied from 50% to 70%, respectively. These results corroborated the loss of mass presented in 

item 3.2.1, where the most affected larvae were those that received a concentration of 25 mg/L of ZnO 

NPs, as compared with concentrations of 400, 200, 100, 50, and 12.5 mg/L. The highest concentrations 

did not show any significance to the detriment of the concentration of 25 mg/L, possibly indicating that 

the ZnO NPs may take a longer time to be absorbed by the body surface of the larvae of P. brassicae 

because they are more susceptible to agglomeration; however, as they are in a greater proportion, they 

can generate a greater stress in the larvae, thereby inducing a greater loss of body fluid and fecal 

excrement (Figure 2). In addition, at concentrations of 25, 50, 100, 200 and 400 mg/L, Figure 2 illustrates 

larvae with dark colors and the presence of body liquid in their surroundings, possibly resulting from 

the loss of liquid caused by the application of the ZnO NPs treatments. Apparently, as a potent material, 

ZnO NPs can be attributed the ability to absorb and abrade the body layer that protects the insects; in 

some cases, this can be attributed to the cuticle wax of some insects, thus leading to water loss, 

dehydration, and death by desiccation, as observed in Figure 2 of the present work [55]. 

Contrary to our results, Eskin and Narullahoğku [54] reported that only high concentrations of 

ZnO NPs (1000, 3000, and 5000 ppm) significantly decreased the pupal weights of greater wax moth, 

Galleria mellonella (Lepidoptera: Pyralidae), which is one of the best model organisms in 

ecotoxicology tests. To date, the literature found in the databases demonstrated the toxicity of ZnO 

NPs applied to P. brassicae feed, thus indicating a dose-dependent type of toxicity at concentrations 

ranging from 100 to 175 ppm [31,52,56]. Similar to our results, Shabir et al. [56] reported a 100% 

mortality of the 3rd instar larvae of the noctuid Spodoptera litura (Lepidoptera), which is an important 

cotton and tobacco pest, using ZnO NPs coated with a ginger plant extract (Zingiber officinale), but at 

a concentration of 500 ppm [57]. The results presented in the present study demonstrate that ZnO NPs 

at different concentrations have a toxic effect, thereby creating a dose-dependent response against P. 

brassicae larvae, indicating the potential pesticidal effect that zinc oxide nanoparticles may have. 

Our results suggest that exposure to toxicological ZnO NPs in Pieris brassicae exhibits a hormetic 

behavior, which is characterized by a two-phase response to stressors: low doses stimulate beneficial 

effects, while high doses inhibit numerous processes and result in adverse outcomes [58]. Hormesis 

has been extensively documented in studies of algae and plants, where nanomaterials can either 

increase or decrease the accumulation of transport genes involved in heavy metal uptake and 

translocation, which subsequently affects the nutrient status [59]. Elements released from these 

nanomaterials may accumulate in the insect tissues; however, the physiological implications of this 

accumulation remain unclear. This present study opens new avenues for further studies aimed to better 

elucidate the following: (i) the underlying mechanisms of ZnO NPs as pesticide agent; (ii) the long 
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term effects of these nanoparticles; (iii) their impact on non-targeted organisms and/or the environment; 

(iv) the effects of ZnO NPs on a broader range of pests, besides Pieris brassicae larvae, to strengthen 

the use of ZnO NPs as a versatile nanopesticide; (v) a comparison of the effectiveness of ZnO NPs 

with other pesticides, traditionally used for these purposes; and (vi) to test  broader concentrations of 

ZnO NPs. This present work reports, for the first time, the effects of ZnO NPs on Pieris brassicae 

larvae, thus highlighting the potential pesticide effects of ZnO NPs and enhancing the understanding 

of the responses to ZnO NPs application. Future investigations are welcome. 

4. Conclusions 

Chemical ZnO NPs were synthesized by the hydrothermal method, which enabled the formation 

of nanoparticles by employing a high temperature and pressure after the reduction of zinc acetate 

dihydrate with sodium hydroxide. Through initial studies on the application of ZnO NPs on the body 

surface of Pieris brassicae larvae, it can be pointed out that different concentrations of these 

nanoparticles could possibly generate a stress effect on the larvae, thus causing a possible metabolic 

imbalance hitherto unknown, but capable of inducing a toxic effect against these pests, leading to their 

death. This result can be corroborated with the mortality percentages observed when the 100 and 200 

mg/L treatments of ZnO NPs were applied, with a 70% increase in the mortality rate after 48 h. 

Although no linear trend in the mortality rate was observed after 24 h, the initial data reported in the 

present study demonstrated good prospects for the use of these nanoparticles as a potential pesticide. 
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