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Abstract

:

This review delves into the mesmerizing technology of nano-agrochemicals, specifically pesticides and herbicides, and their potential to aid in the achievement of UN SDG 17, which aims to reduce hunger and poverty globally. The global market for conventional pesticides and herbicides is expected to reach USD 82.9 billion by 2027, growing 2.7% annually, with North America, Europe, and the Asia–Pacific region being the biggest markets. However, the extensive use of chemical pesticides has proven adverse effects on human health as well as the ecosystem. Therefore, the efficacy, mechanisms, and environmental impacts of conventional pesticides require sustainable alternatives for effective pest management. Undoubtedly, nano-agrochemicals have the potential to completely transform agriculture by increasing crop yields with reduced environmental contamination. The present review discusses the effectiveness and environmental impact of nanopesticides as promising strategies for sustainable agriculture. It provides a concise overview of green nano-agrochemical synthesis and agricultural applications, and the efficacy of nano-agrochemicals against pests including insects and weeds. Nano-agrochemical pesticides are investigated due to their unique size and exceptional performance advantages over conventional ones. Here, we have focused on the environmental risks and current state of nano-agrochemicals, emphasizing the need for further investigations. The review also draws the attention of agriculturists and stakeholders to the current trends of nanomaterial use in agriculture especially for reducing plant diseases and pests. A discussion of the pros and cons of nano-agrochemicals is paramount for their application in sustainable agriculture.
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1. Introduction


The projected increase in the global population from 7.35 billion to 8.60 billion by the year 2030 poses significant challenges for food security planning. Crop production needs to be increased by up to 70% in order to fully meet the current crop demand [1]. The United Nations has set a goal of ending global hunger and poverty as part of its 2030 sustainable development goals (SDGs) 17 agenda. A more productive, environmentally friendly, and expansive agricultural sector is necessary to meet development goals in the face of climate change and finite resources [2]. The agricultural sector is currently confronting a wide range of challenges, including decreased crop productivity, soil nutrient deficiencies, the impact of climate change, limited water resources, declining soil fertility, organic matter decomposition in soil, crop ailments, a lack of understanding of genetically modified organisms, and insufficient workforce [3].



The enhancement of crop productivity can be achieved through the implementation of transgenic crop development and the utilization of marker-assisted breeding techniques. These advancements also exert adverse effects on the environment, soil fertility, and the ability of plants to resist viruses and pests [1,4]. On the other hand, the optimal crop yield is contingent upon the utilization of improved varieties, effective pest and disease control measures, and recommended fertilization practices. Effective pest management is a crucial determinant for cultivating robust and productive crops that can adequately sustain the growing population’s nutritional needs [5]. It is estimated that over 50% of the chemical fertilizers and pesticides utilized are lost as a result of leaching or mineralization [1,4]. In the last seven decades, traditional agriculture has been plagued by an overreliance on synthetic chemicals like pesticides to control pests, aiming to meet the food requirements of a rapidly growing population [6]. The persistence of these chemicals and the generation of toxic intermediates during their degradation have adverse impacts on both the biotic and abiotic components of the biosphere [7]. These chemical components have polluted the air, soil, water, and vegetation, bioaccumulated in the food chain, and posed a threat to the lives of non-target animals and plants; for example, chlorpyrifos is found in urban streams and is the main cause of death of aquatic organisms and fishes or invertebrates [8,9]. The use of synthetic chemicals also causes a steady decline in insect populations, damages communities of soil microorganisms, and results in an overall decline in biodiversity [9]. Additionally, negative effects on human health, including cancer, reproductive problems, and neurological disorders have been reported [10]. Weeds are a major source of biotic stress and loss of crop yield in agriculture, reducing harvests by an estimated 20–90%. Farmers often use conventional herbicides, which are highly toxic not only to plants and animals, but also to humans through breathing contaminated air, skin contact, or ingestion [11]. Consequences of conventional herbicides include reduced growth (reduced photosynthetic activity and amino acid synthesis) and reproduction (cellular division synthesis), as well as elevated mortality rates among various plant species such as macrophytes, periphyton, and phytoplankton [11,12]. All these serious environmental and health issues require a significant effort to be made to create ecofriendly and healthy solutions with the aim of augmenting food production within the constraints of limited resources. Hence, the present moment presents an opportune occasion to devise innovative approaches, such as nanotechnology, to facilitate the sustainable advancement of agriculture [1].



Nano-agrochemicals (NACs) are nanomaterials and formulations specifically designed and controlled at the nanoscale [13,14]. They can be defined as agricultural formulations in the form of nanopesticides (NPCs) which have unique properties (high aspect ratio) due to elements ranging in nanometer size (up to 100 nm) [2,3,15]. They have the potential to revolutionize agriculture through the promotion of efficient and ecofriendly NPCs with properties such as target specificity, the ability to control usage, and high surface area which allow the targeted delivery of nutrients and protection of crop yields [13,16]. The latest scientific investigations have unveiled a remarkable increase in efficiency, measuring at an impressive 31.5% higher than the established standards of conventional pesticides [17]. Therefore, NPCs overcome the limitations of conventional pesticides, i.e., limited bioavailability, vulnerability to light-induced degradation, and the harmful consequences of organic solvent pollution [13]. The benefits and prevailing factors of utilizing NPCs are succinctly outlined in Figure 1, which serves as a visual depiction of the factors associated with NPCs and their inherent advantages [18].



The regulations surrounding the use of pesticides are intricate. Safety standards for consumers, the environment, and people’s health are all enforced by governments and regulatory agencies. Pesticide-related businesses have to deal with issues like regulatory compliance, residues, and environmental impact [19,20]. It is estimated that pests and weeds cause a global average loss in crop yields of 35% [21]. The global market for pesticides has expanded as a result of the attempt to control pests and weeds. The modern farming market in the Asia–Pacific and Latin American regions has already reached a value of billions in USD [22]. It was estimated in 2009 that agriculture producers globally supply approximately USD 40 billion worth of pesticides annually, which are used to eliminate pest-related diseases worldwide [23]. The global use of pesticides significantly increased from 1990 to 2007, and this trend then changed after 2007 and 2014 [24]. Although there are many classes of pesticides, some internationally used ones are (1) herbicides (phenoxy hormone products, triazines, amides, carbamates herbicides, and dinitroanilines), (2) insecticides (chlorinated hydrocarbons, organo-phosphates, carbamates, pyrethroids, carbamates-insect-SdTr, and pyrethroids-SeedTr-Ins), and (3) fungicides and bactericides (dithiocarbamates, benzimidazoles, triazoles, and dialzenes) [25]. The utilization of pesticides across continents, the top 10 countries with the highest consumption of pesticides per unit area of cropland (kg/ha), and the percentage of usage for agricultural purposes from 2000 to 2021 are depicted in Figure 2 [26].



The pesticide market, encompassing herbicides, insecticides, and fungicides, yields substantial annual profits on a global scale. The projected growth of the global pesticide market is estimated to be from USD 78.16 billion in 2021 to USD 85.11 billion in 2022, with a compound annual growth rate (CAGR) of 8.90%. The market is expected to reach a value of USD 105.39 billion by 2026, with a CAGR of 5.5% [27]. The global market for herbicides reached a significant valuation of USD 31.50 billion in 2022 [28]. The projected growth of the market is expected to increase from USD 33.39 billion in 2023 to USD 53.21 billion by 2032 [29]. The global market share value of insecticides in 2022 was USD 19.50 billion [30]. The projected growth of the global insecticide market is estimated to be from USD 19.50 billion in 2022 to USD 20.95 billion in 2023, with a CAGR of 7.4% [27]. The global market for fungicides reached a significant valuation of USD 16.35 billion in 2019 [31]. The projected growth of the fungicide market is expected to reach USD 25.81 billion by 2028, with a CAGR of 4.3% from its previous value of USD 18.43 billion in 2021 [32]. According to an alternative estimation, the projected value of the worldwide fungicide market is anticipated to reach USD 41.9 billion by the year 2032, exhibiting a CAGR of 7.0% [33]. The primary factors driving the growth of this industry are a growing need for food to feed the world’s rapidly expanding population, constraints on the availability of arable land, and a heightened awareness of the importance of pesticide use. Additionally, pesticide companies use a variety of strategies to meet rising demand, increase competitive advantage, foster product and technological innovation, reduce production costs, and expand their customer base. The decision of farmers to abstain from the use of pesticides carries the risk of diminishing crop yield, which in turn could have adverse effects on both the food chain and the availability of agricultural goods [34].



1.1. Effectiveness of Pesticides


The efficacy of pesticides in pest control is contingent upon various factors, encompassing the particular pest species, the type of pesticide employed, the severity of the infestation, the method of application, and prevailing environmental conditions. Pesticides are specifically formulated to show toxicity towards targeted pests, encompassing a wide range of organisms such as insects, plant diseases, weeds, and other undesirable entities [9,35,36]. The choice of a pesticide ought to be contingent upon the particular circumstances at hand, with due regard for the potential ramifications on non-target organisms during the selection process. In the context of chronic pest problems, it is advisable to employ spot treatments and opt for less toxic substances that have a longer duration of efficacy. Conversely, in emergency scenarios, it may be imperative to utilize substances that have a shorter lifespan, act rapidly, and possess higher acute toxicity [35]. In controlled laboratory settings, pesticides often exhibit significant efficacy (Table 1). However, their effectiveness can be diminished in real-world scenarios due to various factors, including the presence of natural predators, fluctuations in temperature, and other environmental conditions [9,35,36]. Factors affecting the effectiveness of pesticides and their classification based on their nature and applications are summarized in Figure 3.




1.2. Ecological Risks of Pesticides


Exposure to pesticides can result in a range of negative outcomes, varying from minor skin irritation or allergic reactions to more pronounced and severe symptoms. Certain insecticides, although posing limited harm to human health, can display substantial toxicity towards beneficial insects, such as parasitic wasps and honeybees, as well as other desirable organisms like earthworms and aquatic invertebrates [9,35]. When comparing herbicides, fungicides, and insecticides, it is evident that insecticides display a greater level of toxicity towards the environment. It is important to highlight those specific herbicides that demonstrate considerably greater levels of hazards and toxicity compared to insecticides, which are primarily attributed to variances in solubility. Water-soluble compounds have the ability to be transported into groundwater, rivers, streams, and lakes, subsequently entering living organisms and persisting within the food chain [85]. The persistence of pesticide residues in groundwater is prolonged. Alachlor, atrazine, and aldicarb are frequently encountered pesticides in groundwater [86]. The careful choice of pesticides with minimal toxicity to mammals, quick biodegradation, and limited harm to non-target organisms is crucial in order to mitigate any potential adverse effects [87].



Ecologically toxic pesticides which may pollute the environment are herbicides (paraquat, glyphosate, atrazine, and 2, 4-D), insecticides (parathion, diazinon, aldicarb, and DDT) and fungicides (captan, benomyl, and copper) [88]. Herbicides can kill some beneficial plant species which provide food and shelter for wildlife species [89]. An insecticide’s potential to kill the targeted species may also affect invertebrates which are a food source for birds [86]. Due to the toxicity and extensive application of pesticides, amphibians are among the most threatened species on earth [89]; pesticides also threaten human health and aquatic environments [54,55]. With significant concerns regarding toxicity, the WHO has defined pesticide residue as any substance in the food of living organisms originating from pesticides and regarded as toxic compounds [9,10]. Long-term pesticide exposure may lead to a few types of cancer like prostate and lung, and neurological disorders such as Parkinson’s disease and Alzheimer’s [9,10]. Consumers worldwide are progressively demanding food free of hazardous pesticide residues [9,10]. Different countries have started programs to analyze pesticide remnants in food and several countries are applying programs to reduce pesticide use to minimize their hazardous impact [90]. For example, atrazine, owing to its ease of use, affordability, effectiveness in controlling weeds, and relatively extended persistence in the environment, is frequently detected as one of the predominant herbicides in water sources. Although it is banned in many countries such as those of the European Union (since 2004) and China (since 2012), and is partially banned in Australia and Canada, it is extensively utilized in the United States and frequently detected in water sources exceeding the limit set by the Environmental Protection Agency (EPA). Exposure to atrazine in both humans and animals has been associated with cardiovascular alterations, the specific underlying cause of which remains undefined [91,92]. The effectiveness of different pesticides and their ecological risks are listed in Table 1.




1.3. Recommendations for the Application of Pesticides


There are several prospective avenues for future development which hold great promise for the creation of ecologically sustainable and efficient methods of delivering pesticides. These include the following approaches.



Precision agriculture, also known as smart farming or satellite farming, is an innovative approach that utilizes advanced technologies to optimize agricultural practices. By integrating various tools such as a combination of sensors, data analytics, and GPS technology, this system collects comprehensive data pertaining to agricultural fields. The data collected encompass crucial aspects such as soil conditions, crop health, and levels of pest infestation. The data are utilized to tailor agricultural methodologies, such as the application of pesticides, to suit the specific characteristics of individual fields. This approach provides target-specific application, mitigates environmental pollution and safeguards non-target organisms, and optimizes timing and data-driven decision making for pesticide application based on real-time data [93].



Smart delivery systems encompass pesticide application technologies that employ precise release mechanisms to administer pesticides at specific times and rates. These systems maximize the efficacy of pesticides while minimizing their impact on the environment. Microcapsules represent an intelligent and efficient method of delivering pesticides. Microcapsules, minute spherical structures, envelop pesticides within a protective layer. The gradual degradation of the coating facilitates the controlled release of the pesticide. This mechanism guarantees the controlled release of the pesticide, optimizing its efficacy while minimizing the potential for runoff or volatilization hazards. Intelligent agents exemplify a sophisticated delivery system. Intelligent agents, in the form of micro-robots, strategically deliver pesticides to targeted areas within plant tissues or soil. This technology facilitates the targeted application of pesticides, reducing the potential for unintended harm to surrounding organisms [93].



Biomimetic pesticide delivery systems are innovative approaches inspired by nature to efficiently transport pesticides. This approach seeks to enhance the efficacy, efficiency, and ecofriendliness of pesticide delivery systems. Wax-based coatings exemplify a biomimetic approach for delivering pesticides. Pheromones possess the potential to serve as a biomimetic mechanism for delivering pesticides. Pheromones are bioactive compounds secreted by organisms to facilitate inter-species communication. They lure pests towards traps or designated areas for the purpose of pesticide application. Encapsulation is a process in which pesticides are enveloped in a protective coating. Coatings can be fabricated using a variety of materials, including polymers, waxes, and hydrogels. Encapsulation serves as a protective barrier for the pesticide, enhancing its efficacy while minimizing the potential for environmental contamination [94]. The utilization of cutting-edge technologies holds great potential to enhance pest management and safeguard crop health. This practice fosters sustainable agricultural methods and contributes to the enhancement of environmental well-being.





2. Alternatives


The drawbacks of conventional pesticides which harm the environment and people’s health, as well as contribute to pest resistance, dictate the use of bio-based pesticides, NACs, and other alternatives. Researchers are now looking into alternatives that are safer and more effective at eradicating pests.



2.1. Biopesticides


Biopesticides (BPs), derived from various organic sources such as plants, animals, insects, fungi, and microorganisms, are considered to be safer and more environmentally friendly alternatives in pest control. Currently, BPs hold a 5% market share in the global pesticide industry and are used specifically for the purpose of environmentally sustainable pest management [95]. BPs are widely regarded as a potential remedy for addressing the challenges associated with conventional pesticides. The liquid-based formulation of these substances is characterized by its simplicity, making it convenient to handle. These products possess environmentally friendly characteristics, as they are biodegradable and non-toxic, and exhibit target specificity, rendering them highly effective even in small quantities [96]. The first documented evidence of the use of BPs related to the identification of mycoherbicides (fungi-based herbicides) in the middle of the 1970s. When bioherbicides were first introduced to the market in 1980, they were only used by farmers in the US, Canada, Ukraine, and Europe [97]. BPs can be classified into three primary categories.



Microbial biopesticides (MBPs) are composed of naturally present microorganisms (bacteria, fungi, viruses, and protozoans). MBPs control pests by following natural mechanisms and share many of the characteristics of pesticides. They cope with problems like insect resistance and target modification. More than 3000 microbes which infect and kill insects are available for integrated pest management. Bacillus thuringiensis (Bt) currently dominates approximately 90% of the MBP market. However, other organisms such as Beauveria bassiana, Baculovirus, Steinernema, Nosema, and Chlorella have also shown noteworthy contributions in this field [95]. Currently, the identification of natural enemies of insect pests remains limited, with only 15% of these organisms having been successfully recognized and documented. The primary contributors for MBPs are parasitoids belonging to the Hymenoptera order, as well as predators from the Neuroptera, Hemiptera, and Coleoptera orders. Globally, there exists a wide array of over 125 species of natural enemies that are commercially accessible for the purpose of implementing biological control programmes. Some notable examples include Trichogramma spp., Encarsia formosa Gahan, and Phytoseiulus persimilis Athias-Henriot [5]. There are also some pesticides which use fungi (Aschersonia aleyrodis) and protozoa (Nosema locustae) as active ingredients [96].



Natural and synthetic substances with active ingredients that effectively manage pests through mechanisms that are not toxic to the targeted pests, the surrounding environment, or humans are collectively referred to as biochemical biopesticides (BCBPs) [95]. These substances range from essential oils and semiochemicals to plant growth regulators and insect growth regulators to secondary metabolites and natural minerals, all of which are frequently used as BCBPs [98]. These BCBPs typically exhibit a preference for particular pest species. Their composition potentially includes insect pheromones which have the ability to interfere with the mating behaviors of pests. Additionally, it may consist of botanical extracts possessing insecticidal or herbicidal characteristics, such as neem oil or pyrethrins sourced from chrysanthemum flowers [95,98,99]. The term “Plant Incorporated Protectants” (PIPs) is used to describe a wide range of plant-derived substances, both naturally occurring and genetically modified, that have the ability to control or eradicate pests. Genes for resistance to pests and diseases, such as Bt genes, chitinase, lactinase, and protease inhibitors, can be introduced into plant genomes through molecular techniques. The modified genes are expressed in these plants to produce chemicals with pesticide effects [9,10,95]. Indigenous PIPs are derived from botanicals like garlic (Allium sativum), cassia (Cinnamomum cassia), neem (Azadirachta indica), pine (Pinus), and triphala (a blend of three fruits). Proteins found in plant-based products are subject to biodegradation, a process that breaks them down into simpler building blocks. The fact that these proteins are safe for consumption by humans and animals is a major plus [10,95].




2.2. Effectiveness of Biopesticides


BPs may be less effective against a broader range of agricultural issues because they are more focused on specific pests or weeds than conventional pesticides. They are also influenced by environmental factors; these interventions necessitate precise timing and optimal application conditions [2,100,101]. They may also necessitate more frequent applications to keep problems under control, increasing labor costs and energy consumption in terms of fuel [101]. They have short shelf lives and may need to be refrigerated or frozen to remain effective. Inadequate research has been conducted on the long-term efficacy, safety, and consequences of certain biopesticides, which is a major concern. The safety and longevity of BPs are dependent on ongoing research and monitoring [2,100,101]. Their effectiveness can be influenced by the formulation and application techniques employed, as well as the particular pests being targeted. This is the reason why current R&D efforts are primarily directed towards augmenting the durability and utilization of these methods within the framework of integrated pest management (IPM) strategies [2,100]. The effectiveness against target pests and ecological risks of different biopesticides in agriculture are listed in Table 2.




2.3. Ecological Risks of Biopesticides


BPs are derived from naturally occurring sources and are widely acknowledged as being more sustainable options in comparison to conventional synthetic pesticides. However, they also pose moderate ecological risks, as they may result in adverse effects on non-target organisms such as beneficial insects, avian species, aquatic life, and other forms of wildlife [102]. They can enter the environment through a number of different pathways, including spray drift, runoff, and leaching into groundwater. Severity is dependent on type, dosage, quantity, and environmental factors [102]. The biopesticide Bacillus thuringiensis, derived from a soil-dwelling bacterium, can persist in the environment and harm non-target insects [96]. Additionally, there is a chance that pests will develop resistance to BPs, making it more difficult to control pests in the future. One such example is glufosinate resistance which has already developed [103]. Despite these risks, they are more environmentally friendly than synthetic pesticides. They can be used in IPM programs to reduce pesticide use while maintaining crop yields because they work well in small quantities, decompose quickly, and are effective. To reduce the risk to the environment from spraying, best practices can be used to minimize spray drift, runoff, and leaching [96,102,104].





 





Table 2. Composition, effectiveness, and ecological risk of different biopesticides.






Table 2. Composition, effectiveness, and ecological risk of different biopesticides.





	
Biopesticide (Source)

	
Target Pest

	
Effectiveness

	
Ecological Risk

	
References






	
Bacterium-based




	
Cry toxins (Bacillus thuringiensis)

	
Caterpillars, beetles, flies

	
Extremely useful for controlling mosquitoes, caterpillars, certain types of beetles, flies, and black flies, among other pests

	
Only affects the targeted pests and has no effect on other animals

	
[105,106]




	
Serenade Rhapsody (Bacillus subtilis) MBI 600, and D747 (Bacillus amyloliquefaciens)

	
Fungal and bacterial phytopathogens, aphicidal, biofertilizer

	
Extremely potent against a wide range of bacterial and fungal plant pathogens

	
Environmentally benign and harmless to non-target organisms

	
[105,107,108,109]




	
Phenazine-1-carboxylic acid (PCA), phenazine Pseudomonas fluorescens

	
Insecticidal, acaricidal, antimicrobial

	
Highly effective against phytopathogenic fungi and nematodes

	
Environmentally benign and harmless to non-target organisms

	
[105,107,110]




	
Nonactin, Antimycin A3a, Antimycin A8a, and Antimycin A1a (Streptomyces spp) Paenimyxin (Paenibacillus spp.)

	
Fungal plant pathogens, nematodes

	
Highly effective against phytopathogenic fungi and nematodes

	
Generally safe for non-target organisms and the environment

	
[1,3]




	
Spinosad (Saccharopolyspora spinosa)

	
Caterpillars, thrips, leafminers, fruit flies, borers, beetles

	
Broad-spectrum insecticide, targeting caterpillars, thrips, leafminers, fruit flies, borers, and beetles

	
Generally safe for mammals and beneficial insects, but bees and certain beneficial insects can be highly affected by direct exposure to it

	
[111,112]




	
Fungus-based




	
Beauvericin (Beauveria bassiana, Metarhizium anisopliae var. anisopliae, Metarhizium anisopliae var. acridum, Metarhizium anisopliae)

	
Aphids, thrips, beetles, spider mites, grubs

	
Efficiently controls diverse pests

	
Targets pests without harming beneficial organisms like insects, birds, and mammals

	
[113,114]




	
Aschersonia aleyrodis, Lecanicillium lecanii, Isaria fumosorosea

	
Aphids, whiteflies, and thrips

	
Targets whiteflies, thrips, aphids, and select beetles

	
Ecologically safe, non-harmful to non-target insects

	
[96]




	
Plant-based




	
Pyrethrum

(Chrysanthemum cinerariifolium)

	
Various insects

	
Broad-spectrum insecticide with rapid action of neurotoxin

	
Safe for mammals but harmful to beneficial insects and aquatic life

	
[115]




	
Azadirachtin

(Azadirachta indica)

	
Insecticides

	
Effectively controls insect

	
Moderate to high toxicity to aquatic organisms

	
[116]




	
Rotenone

(Lonchocarpus spp.)

	
Slugs and snails

	
Broad-spectrum insecticide

	
Toxic to amphibians and macroinvertebrates; mammals may be at risk

	
[117]




	
Ryania

(Ryania speciosa)

	
Fruit borers, codling moths, Bollworm

	
Good to moderate control against these target pests

	
Toxic to mammals and fish, and can also harm beneficial insects

	
[118]




	
Nicotine

(Nicotiana tabacum)

	
Aphids, leafhoppers, whiteflies

	
Effective against aphids, leafhoppers, and spider mites

	
Harms beneficial insects and mammals

	
[119]




	
Capsaicin

(Capsicum spp.)

	
Tribolium castaneum

	
Potent insecticide against Tribolium castaneum

	
Safe for beneficial creatures

	
[120]




	
Garlic oil

(Allium sativum)

	
Various pests

	
Efficiently repels various pests

	
Generally safe for beneficial insects, birds, and mammals

	
[121]




	
Citronella

(Cymbopogon nardus and Cymbopogon winterianus)

	
Various pests, particularly mosquitoes




	
Cinnamaldehyde

(Cinnamomum spp.)

	
Aphids, spider mites, thrips




	
Eugenol

(Syzygium aromaticum)




	
Thymol

(Thymus vulgaris)




	
Geraniol

(Geraniums and lemongrass)




	
Limonene

(Citrus fruit spp.)











3. Nano-Agrochemicals (NACs)


NACs, or nanotechnology-based agrochemicals, have gained considerable attention in recent years due to extensive research and development efforts. These cutting-edge products harness the special qualities of NPs to improve the effectiveness, safety, and ecofriendliness of conventional agrochemicals. This technology has emerged as a valuable tool in the agricultural sector, offering novel and efficient solutions for conventional agricultural methods and practices. Some of these include NPCs, among other NACs, which have the capacity to revolutionize agriculture by enhancing sustainability and efficiency [3,13,17,122]. These NPCs, ranging in size from 1 to 200 nm, serve as a vehicle to transport agrochemical ingredients (AcI) [123]. With unique properties, they outperform conventional pesticides by 31.5% [17] in managing crop pathogens, weeds, and insects [123]. These unique properties include enhanced water solubility, improved bioavailability, and increased protection of agrochemicals from environmental degradation [123]. Thus, NPCs address the drawbacks of conventional pesticides such as limited availability, susceptibility to degradation from light, and the negative effects of organic solvent pollution [13].



The research in this field focuses on enhancing green synthesis and ecofriendly methods to minimize the use of expensive and hazardous materials in the synthesis of NACs. Using plants, enzymes, and microorganisms for biogenic synthesis allows better control of the size and shape of nanomaterials. Moreover, recent developments and trends in the field of biology encompass a variety of advancements and emerging patterns in the green synthesis of NACs [3,85,124,125]. During the synthesis process, plant extracts (reducing agents) donate electrons to metal ions in metal salts and reduce them to form metals for NACs under controlled conditions such as temperature, pH, and reactant concentration [124,126]. NPs can be further modified by adding functional groups or coatings to improve their stability, solubility, or targeting ability [127]. Recent studies on biomimetic methods suggest that NPs with built-in pesticide properties can be made from silica-based materials that resemble plant cell walls [128]. Figure 4a shows the schematic green synthesis of NACs. They have the potential to revolutionize crop protection, fertilization, and environmental safety through their application as pesticides, fertilizers, plant growth regulators, soil amendments, water treatment agents, food preservatives, biocontrol agents, biosensors, drug delivery systems, and environmental remediation agents [129]. They safeguard beneficial organisms and the environment through their specifically targeted action [3]. Thematic applications of nano-agrochemicals that improved synthetic pesticide efficacy are shown in Figure 4b. The effectiveness of various nano-agrochemicals in agriculture is discussed in Table 3.



3.1. Types of Nanopesticides (NPCs)


NACs (such as NPCs) represent a remarkable advancement in contemporary agricultural practices. Nanostructures are used as carriers for agrochemical AIs [123]. The utilization of nanotechnology in agrochemicals effectively addresses the limitations associated with traditional agrochemicals, such as limited bioavailability, susceptibility to photolysis, and the potential for organic solvent pollution [13]. Researchers have conducted an extensive analysis of a large dataset consisting of 36,658 patents and 500 peer-reviewed journal articles, resulting in the identification of two prominent categories of NPCs. Type 1 NPCs consist of metals such as Ag, Cu, and Ti, while Type 2 NPCs involve the utilization of nanocarriers to encapsulate the AIs. These nanocarriers can be composed of various materials such as polymers, clays, and zein nanoparticles (NPs) [17].



3.1.1. Type 1: Metal-Based Nanopesticides (m-NPCs)


The m-NPCs use metallic nanoparticles as active ingredients, providing numerous advantages compared to conventional chemical pesticides [130]. They are smaller, usually between a few and 200 nm [17,131]. The presence of multiple active sites for the release of bioactive molecules, ion-exchanging properties, high adsorption ability, efficient surface chemistry, high thermo-stability, and exceptional electronic characteristics in nanotechnology have led to the development of m-NPCs [131,132]. In general, metal formulations are synthesized using metal clusters or ions as nucleation centers which are interconnected by organic ligands. Metal-based encapsulation exhibits advantageous properties such as high surface/volume ratio, voluminous pores, adjustable pore size, efficient surface chemistry, high thermo-stability, and multiple topologies [131]. These NPCs are effective against a wide range of pests and diseases, but they also have the potential to be toxic to non-target organisms. Recent studies have demonstrated that their utilization shows superior efficacy compared to their non-nanoscale analogues. This advancement has proven to be involved in augmenting agricultural productivity, ensuring the safety of food products, and enhancing their nutritional content [17]. m-NPCs can act as pesticides by producing reactive oxygen species (ROS), releasing cations, damaging biomolecules, depleting ATP, and interacting with membranes [133]. A range of metallic and metallic oxide NPs have shown promising sustainable agriculture and antimicrobial applications in vitro against Gram-positive and -negative bacteria. Gold and silver NPs are useful for combating bacteria [15,134] and copper NPs can be used to treat fungal infections in plants [134,135] such as against pathogenic fungi Stachybotrys chartarum and Candida albicans [136]. The application of Ag NPs is their use as an antibiofilm coating. Additionally, these NPs have demonstrated antimicrobial properties against various microorganisms such as fungi and viruses, including SARS-CoV-2 [137]. Other metallic oxide NPs, like titanium dioxide (TiO2), zinc oxide (ZnO), and iron oxide (Fe2O3), have antimicrobial and fungicidal properties, making them useful for averting plant diseases [15]. ZnO-NPs have demonstrated enhanced efficacy against a range of microorganisms, including Bacillus subtilis, Bacillus megaterium, Staphylococcus aureus, Sarcina lutea, Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumonia, Pseudomonas vulgaris, Candida albicans, and Aspergillus niger [138]. Green synthesis of ZnO-NPs led to several morphological and histological abnormalities in Ae. Aegypti third instar larvae [122]. Some of the different types of m-NPCs are summarized in Table 3.




3.1.2. Type 2: Nanocarrier-Based Nanopesticides (nc-NPCs)


The nc-NPCs represent a category of NPCs wherein AIs are encapsulated within nanocarriers. The AIs in this type are mainly conventional pesticides, such as atrazine, avermectin, and glyphosate. Nanocarriers can be composed of diverse materials, such as polymers, lipids, and proteins. The utilization of nanocarriers in NPCs presents numerous benefits, such as enhanced solubility, stability, and regulated release of AIs. The application of these agents may enhance the efficacy of NPCs by improving their capacity for permeability and absorption into plant tissues. Therefore, they have demonstrated enhanced action and efficacy of AIs in comparison to conventional formulations, owing to their diminutive dimensions and substantial surface area [17,131]. Recent advancements in biopolymer modification have enabled enhanced control over nanocarriers’ characteristics and their interactions with cargoes and plant tissues. Lignocellulosic-based nanocarriers offer a promising platform for the development of environmentally friendly NPCs due to their non-toxic and biodegradable nature. Tannins and β-glucan are also being studied as potential nanocarriers for AIs [139]. It has been reported that the tobacco mild green mosaic virus (TMGMV) and other plant viruses can act as nanocarriers for AIs to effectively deliver pesticides to target cells [140,141]. NPCs utilizing nanocarriers possess certain advantages; however, concerns and challenges persist regarding their application. Thorough evaluation of the risks and potential harm to people and the environment is necessary [142]. Different types of nanocarriers which have been used to encapsulate AIs (type 2 NPCs) are shown in Figure 5.





 





Table 3. A summary of the composition, effectiveness, and ecological risks of NACs in agriculture.
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Nanopesticide Type

	
Composition

	
Effectiveness

	
Ecological Risk

	
References






	
Metal-based nanopesticides




	
Silver

	
Silver nanoparticles (AgNPs)

	
Utilized in diverse agricultural situations owing to their remarkable antimicrobial attributes.

	
AgNPs induce oxidative stress in plants and bioaccumulate across trophic levels, resulting in significant toxicity. They are extremely toxic to aquatic organisms.

	
[143]




	
Copper

	
Copper-based nanomaterials (Cu-based NMs) including Cu, Cu (I), and Cu (II)-based NMs

	
Promising alternative to highly active fungicides.

	
Excessive use of copper-based fertilizers and pesticides poses environmental risks. Cu-based nanomaterials are toxic in aquatic systems.

	
[144]




	
Zinc

	
Zinc oxide nanoparticles (ZnO-NPs)

	
Promising antibacterial, antifungal, and antiviral properties.

	
Harm fish and other aquatic organisms. They can cause harmful effects on genes, mutations, or cells.

	
[145]






	
Iron

	
Iron-based nanoparticles

	
Utilized as an insecticide in pest management.

	
Insufficient consideration of environmental and human health risks in the research.

	
[146]




	
Titanium

	
Titanium dioxide nanoparticles (TiO2 NPs)

	
Used in various industries due to their high photocatalytic activity.

	
Adverse impacts on aquatic ecosystems.

	
[147]




	
Aluminium

	
Nanostructured alumina

	
Utilized as an insecticide in pest management.

	
Insufficient consideration of environmental and human health risks in the research.

	
[146]




	
Silica NPs (Silicon Dioxide NPs, SiO2-NPs)




	
Solid and Nonporous

	
SiO2-NPs

	
Insecticides, physical contact, or absorption through the insect’s cuticular layer.

	
Non-target organism toxicity potential.

	
[148]




	
Mesoporous

	
--

	
Damaging phytophthora infestans through intracellular peroxidation.

	
[149]




	
Spiky

	
--

	
Improved adhesion and performance of spinosad pesticide.

	
[150]




	
Nanocarriers

	
--

	
Enhanced solubility and uptake of hydrophobic agrochemicals.

	
[151]




	
With essential oils

	
--

	
Bio-efficacy on insect pests of economic and medical importance.

	
[123]




	
Silica NPs in stored grain

	
--

	
Control of stored grain pests, against two stored grain pests, S. oryzae, Tribolium castaneum, and two field pests, Lipaphis pseudobrassicae and Spodoptera litura.

	
[152,153]




	
Nanoemulsion NPCs




	
Oil-in-Water (O/W) Nanoemulsions

	
Oil droplets dispersed in water. The oil:surfactant:water ratio can be 10:5:85, in volume percent.

	
Efficient for encapsulating and delivering lipophilic compounds with small droplet size and improved functional properties. Pesticides can also improve food quality and shelf life through biodegradable coating and packaging films.

	
The search results do not specifically mention the ecological risk of nanoemulsions.

	
[154,155,156,157,158]




	
Bicontinuous

	
Oil and water droplets are mixed together. Bicontinuous nanoemulsions form through a two-step process, starting with a bicontinuous microemulsion formation.

	
Providing a mechanism for the encapsulation and delivery of active ingredients.

	
The ecological risk of bicontinuous nanoemulsions is not specifically mentioned in the search results.

	
[158,159]




	
Water in Oil (W/O)

	
Consists of water droplets dispersed in oil. The ideal nanoemulsion formulation consists of 7.4% (w/w) dispersed phase (such as phenolic-rich aqueous phase from olive cake extract) and 11.2% (w/w) surfactant mixture in an oil continuous phase.

	
Widely used in foods, medicines, and cosmetics for the encapsulation and delivery of AIs.

	
The ecological risk of W/O nanoemulsions is not specifically mentioned in the search results.

	
[155,158,160]




	
Nutraceutical Nanoemulsions

	
Various oils, surfactants, and bioactive compounds

	
Enhances bioavailability of long-chain fatty acids.

	
Potential toxicity towards non-target organisms, needs further research.

	
[154]




	
Polymer-Based NPCs




	
Nanocapsule

	
Polycaprolactone (PCL), Polyethylene glycol (PEG), Polylactic acid (PLA).

	
Enhanced precision and absorption, extended release, reduced chemical wastage.

	
Aquatic environments at risk from off-site movement.

	
[152,161,162]




	
Nanosphere

	
Alginic acid, gelatin, polylactic acid, chitosan, polylactide-co-glycolide, and polycaprolactone

	
Improved efficacy through controlled release and photo-degradation resistance, maximizing impact on target organisms. Evenly distribute AIs, enhance uptake and stability of spray solution, ensure uniform distribution.

	
[146,161,162]




	
Micelle, nanogel, electrospun nanofibers

	
Not specified

	
Not specified.

	
Environmental risks and future challenges are still being debated.

	
[161]




	
Chitosan-Based NPCs




	
Chitosan–Alginate

	
Chitosan and alginate NPs carrying the herbicide paraquat

	
Efficient herbicide delivery to target plants (50–70% encapsulation efficiencies).

	
Lower toxicity and genotoxicity.

	
[163,164]




	
Chitosan-coated mesoporous silica

	
Chitosan-coated mesoporous silica NPs

	
Reduced disease and boosted fruit yield in watermelon seedling leaves (27% disease decrease, 70% fruit yield increase).

	
43.1% toxicity reduction in comparison to non-nanoscale analogues.

	
[17,152]




	
RNAi-Chitosan

	
Chitosan NPs used in the synthesis of RNAi-chitosan NPCs

	
Efficiently controls forest insect pests and microbes.

	
Ecological impact is low because it is biocompatible, biodegradable, and non-toxic.

	
[165,166]




	
Chitosan NPs encapsulating spinosad

	
Chitosan NPs encapsulating Spinosad

	
Not specified.

	
Not explicitly mentioned in the search results.

	
[123]




	
Nanocapsules (NCs)




	
Metal-based NCs

	
Metal-based NPs (Ag, Cu, Ti) encapsulating AIs

	
Not specified.

	
Potential risk to human health from occupational exposure.

	
[17]




	
Polymer- and clay-based NCs

	
Nanocarriers (polymers, clays, zein nanoparticles) encapsulating AIs

	
Non-toxic to soil biota and the rhizosphere microbiome.

	
Potential risk to human health from occupational exposure.

	
[17]




	
Dual-functionalized pesticide NCs

	
NCs loaded with two AIs, validamycin and thifluzamide

	
Effective against Rhizoctonia solani at 0.0082 μg/mL.

	
Not specified.

	
[167]




	
Nano-emulsions based on lipids

	
Lipid-based nano-emulsions encapsulating essential oils of citronella and neem

	
Higher efficacy than classic insecticides.

	
Not specified.

	
[168]




	
Polymer-based NCs

	
NCs composed of natural polymers like chitosan, cellulose, and polylactide

	
Enhanced formulation, simplified application, precise pest targeting, heightened efficacy, reduced application rates.

	
Ecological risk is not mentioned in the search results, but concerns exist about novel products and their environmental impact.

	
[17,123,152,162]




	
Clay-based NCs

	
NCs composed of clay minerals like bentonite, smectite, chaolite, and montmorillonite

	
Enhanced efficacy, safety, and stability of agrochemicals for longer durations.

	
[123,152]









	(a)

	
Silica:







Silicon’s ability to improve plant tolerance to different stresses has been well established. As a result, silica nanoparticles have been proposed as potential tools for better pest management in agriculture [169] and later investigated for their potential in delivering pesticidal effects [151]. Silicon dioxide NPs (SiO2-NPs) exhibit a porous structure, exceptional surface activity, and notable adsorption properties, rendering them highly suitable for diverse applications, including their potential utilization in nanopesticides (1). This porosity enhances the contact between pesticides and siliceous frameworks, potentially improving their effectiveness by increasing UV-shielding capabilities [151], and lets them serve as an excellent nanocarriers for different agrochemicals [130]. They can be used in agriculture in two ways: as direct field application pesticides, killing insects, and as carriers for different herbicides and insecticides due to their ability to enhance the longevity and effectiveness of various commercial pesticides [170]. However, their efficacy as pesticides may vary depending on their origin and composition. For example, the efficacy of a compound derived from crystalline silica samples was found to be lower in suppressing potato tuber moth when compared to that derived from amorphous silica powders [171]. Studies have demonstrated that this type of NP can exert toxic effects on non-target organisms. For instance, Galleria mellonella larvae exposed to SiO2-NPs exhibited a notable reduction in both total hemocyte count and hemocyte viability [172]. Nanotubes containing aluminosilicate have been found to attach to plant surfaces and insect hair, allowing them to enter the insect body and disrupt its physiological functions. They caused 100% mortality in the cowpea weevil C. maculatus when applied at a rate of 2.06 g/kg. Chlorpyrifos-loaded SiO2-NPs (Ch-SNPs) were found to effectively control R. dominica and T. confusum, with mortality increasing as the concentration of Ch-SNPs increased [130]. These NPs derived from Alstonia scholaris exhibited increased toxicity against R. dominica, as evidenced by an LC50 value of 0.8 mg/mL and an LC95 value of 1.95 mg/mL. The repellent properties of NPs when combined with the plant oil Ricinus communis also increased against T. castaneum [130]. Table 3 provides a general overview of some examples of silica nanopesticides and their applications. The specific properties and applications of silica nanopesticides can vary depending on the type of nanoparticle and the target organism.



	(b)

	
Nanoemulsions:







Nanoemulsion-based pesticide formulations refer to a specific category of pesticide formulations that involve the integration of AIs within a nanoemulsion system. They are colloidal dispersions that consist of extremely small particles, typically within the size range of 20–200 nm. These emulsions are economically cheaper and commonly composed of oil-in-water (O/W type) phases [130,173]. The purpose of these formulations is to mitigate and manage the impact of pests and diseases on crops. They have been specifically developed to optimize efficacy by functioning as a carrier to transport and administer bioactive compounds to the intended pests in agricultural settings [173]. Their notable benefit is cost-effectiveness due to their high water solubility, allowing them to easily dissolve hydrophilic and lipophilic compounds. Consequently, a reduced amount of AIs and inert material is needed. The improved solubility and absorption of these formulations lead to enhanced efficacy against pathogenic organisms such as bacteria, fungi, and insects [173,174]. This potentially contributes to the reduction of environmental pollution [123]. In addition, nanoemulsions show excellent storage stability over a wide temperature range (−10 to 55 °C). They have demonstrated their effectiveness in combating various storage pests, including adults and larvae [130].



SiO2-NPs are employed as carriers in nanoemulsions, which is an example of utilizing mesoporous SiO2-NPs as delivery systems for hydrophobic substances such as drugs and pesticides. These SiO2-NPs improve the stability and efficacy of the nanoemulsion, specifically in delivering AI to pests in agriculture. They, with the aid of SiO2-NPs, have shown promise in enhancing the delivery and effectiveness of lipid-soluble substances in pesticide formulations [174,175]. Another example is β-cypermethrin, which has been successfully integrated into nanoemulsions through the utilization of different surfactants and oil phases, leading to the formation of stable pesticides exhibiting enhanced characteristics [174]. Their application in formulations has demonstrated potential for enhancing pest control efficacy, particularly with regard to insects that commonly infest stored grains [130]. Neem oil-containing nanoemulsions have proven effective against two economically significant agricultural pests: the red flour beetle (Tribolium castaneum) and the rice weevil (Sitophilus oryzae) [176]. In terms of pest control in particular, nanoemulsions present a promising alternative that can improve safety in human health and environmental aspects with the least amount of harm to the environment and non-targeted organisms [176,177]. Table 3 summarizes the types, composition, effectiveness, and ecological risks of the specified nanoemulsions. Further investigation is required to fully comprehend their potential ecological risks and their impacts on non-target organisms [154].



	(c)

	
Polymer-Based Nanopesticides (PB-NPCs):







PB-NPCs employ polymeric nanoparticles as carriers for active ingredients in pesticide formulations. NPs usually have dimensions ranging from 1 to 1000 nm [161]. The AIs are encapsulated within these polymers, which can encompass a range of agrochemicals including insecticides, herbicides, and fungicides [161,162]. Polymeric NPs possess biocompatibility, biodegradability, and the ability to undergo chemical surface modification, rendering them highly appealing for pesticide delivery [162]. NPs possess advantageous characteristics including controlled release of AIs, safeguarding against degradation, and enhanced water solubility [161,178]. Several examples exist of PB-NPCs, which serve as effective polymer nanocarriers. These nanocarriers possess desirable characteristics such as the ability to design intricate pesticide delivery systems with diverse modes of action, biocompatibility, scalability in preparation, and biodegradability [146]. Pesticide molecules are distributed randomly within a polymer matrix in nanocapsules called polymer micelles, forming a core-shell structure in polymer nanospheres. This serves as a reservoir for encapsulation [146]. Polycaprolactone (PCL), polyethylene glycol (PEG) and polylactic acid (PLA) are biodegradable polyesters utilized in the fabrication of PB-NPCs. One advantage of them is that they provide the ability to control the release of substances, as well as compatibility with biological systems. PEG is recognized for its capacity to improve the solubility and stability of AIs [161]. Chitosan, a naturally occurring polymer obtained from chitin, has been widely utilized in NPC formulations due to its abundant availability and inherent properties. It also provides benefits such as biocompatibility, biodegradability, and controlled release of active compounds [161]. The potential environmental and health impacts of PB-NPCs necessitate comprehensive evaluation and additional research to ensure their safe and effective implementation, despite their promising benefits for sustainable agriculture [161]. The composition, efficacy, and ecological risks of a few different types of PB-NPCs are summarized in Table 3.



	(d)

	
Chitosan-Based Nanopesticides (Chit-NPCs):







Chit-NPCs have garnered considerable interest in the agricultural sector owing to their distinct characteristics. Chitosan is a linear polysaccharide that is derived from chitin through the process of deacetylation. It is a naturally occurring substance. The material possesses biodegradability, biocompatibility, and non-toxicity, rendering it highly suitable for diverse applications [179]. Chit-NPCs have been found to exhibit dual functionality in agriculture, serving as both growth enhancers and potent antimicrobial agents against pathogenic fungi and bacteria. They can be developed by utilizing NPs as carriers for existing AIs [180]. The efficacy of these mechanisms can be augmented by the diminutive dimensions of the chitosan nanoformulations [180]. Silva et al. (2011) devised chitosan and alginate nanoparticles as carriers for the herbicide paraquat [164]. This intervention led to a reduction in disease incidence and a simultaneous enhancement in fruit yield [17]. Chit-NPCs have been used in the production of RNAi-Chit-NPCs (RChit-NPCs) to effectively control forest insect pests [181]. They can be used in drug delivery systems owing to their mucoadhesive characteristics, positive surface charge, and capacity to disrupt intercellular tight junctions [182]. Common techniques for the production of Chit-NPCs include ionotropic gelation, microemulsion, emulsification solvent diffusion, and emulsion-based solvent evaporation. Their particle size and surface charge are influenced by several key characteristics, including molecular weight, degree of deacetylation, pH, and chitosan concentration [166]. Table 3 summarizes the types, composition, effectiveness, and ecological risks of Chit-NPCs.



	(e)

	
Nanocapsules (NCs):







NCs are a specific class of nanopesticides that encapsulate pesticide AIs within a nanoscale shell. Similar to other NACs, these novel formulations also present many benefits compared to conventional pesticides, augmenting their effectiveness, safety, and ecological sustainability [17,123]. They can be synthesized from diverse materials such as clay minerals (bentonite, smectite, chaolite, and montmorillonite), lipids (triglycerides or waxes), inorganic porous materials, natural polymers (chitosan, cellulose, and polylactide), and synthetic polymers (polylactic acid) [17,123]. The AIs within the NCs can be incorporated into the matrix through either chemical bonding or physical adsorption, employing various techniques. This is an effective strategy to mitigate the loss of efficacy caused by evaporation, degradation, and leaching. Furthermore, it enhances the activity of substances by facilitating improved interactions with various harmful pests [123]. It shows a 31% increase in efficacy against target organisms and a 43% decrease in toxicity towards non-target organisms [183]. NCs have the potential to enhance the efficacy of pesticides through improvements in permeability, solubility, stability, and controlled release mechanisms [2].



In addition, they possess distinctive physicochemical characteristics, including adjustable dimensions, minimal cytotoxicity, and heightened efficacy of encapsulated AIs. Consequently, they can serve as a proficient vehicle for delivering AIs. This phenomenon may result in enhanced absorption by pests and heightened pesticidal efficacy [183]. Although NCs have numerous advantages, they also present certain potential challenges. Their distinctive physicochemical characteristics, which contribute to their biological impact, may also present unforeseen toxic hazards. To ensure their safe utilization, it is imperative to possess a thorough comprehension of nanoparticle toxicity [184].



However, the development and optimization of NC formulations is a complex process that necessitates specialized expertise [167]. The initial cost of NC-based pesticides may be higher compared to conventional formulations, which can be primarily attributed to the expenses involved in registering a novel AI [185]. Liposome NCs have the ability to encapsulate diverse pesticide AIs, exhibiting notable effectiveness against a range of organisms including insects, fungi, bacteria, and other pests [186]. Polymeric NCs can be synthesized using a diverse range of polymers, including both synthetic and natural polymers. They offer controlled release properties and can be modified for precise delivery [167,185]. Solid lipid nanoparticle (SLNs) NCs are composed of solid lipids, specifically triglycerides or waxes [167,185]. SLN formulations have already proven to be suitable carriers in agriculture [187]. NPs offer a sustained release mechanism for pesticides, commonly employed for foliar applications [167,185]. The efficacy of NPCs is addressed in Table 3, while an explicit discussion on ecological risks is absent in the literature. However, they are widely acknowledged for their biocompatibility and biodegradability, indicating a potentially lower ecological impact compared to conventional pesticides [17,123,162].



Semiconductor nanoparticles called “quantum dots” and carbon nanotubes are used for the targeted application of pesticides and agricultural chemicals to plants [15]. Liposomes, which are spherical vesicles made of lipids, are a precise method of delivering pesticides and agrochemicals to plants. Dendrimers in the shape of trees are effective at delivering pesticide AIs to crops with pinpoint accuracy. Nanocapsules, which are comprised of extremely small particles of polymer, can efficiently deliver agricultural chemicals to plants. Water, oil, and surfactants form nanoemulsions, which can be used to selectively deliver agricultural chemicals to plants [1,15].





3.2. Effectiveness of Nano-Agrochemicals


The efficacy of nano-agrochemicals in agricultural applications has been substantiated by their demonstrated ability to yield desired outcomes. They are employed to enhance the efficacy of pesticides and herbicides relative to their conventional counterparts, with the aim of enhancing disease management and pest control. They have shown to be up to ten times more toxic to their target pest than their non-nano analogues and their usage can reduce environmental contamination by 20–30% [188]. NPCs and NHCs are very effective in agriculture for nutrient and pest management due to their efficiency, high penetration ability into plant tissues or insect cuticles, and surface area due to their nano-size. These particles are environmentally friendly and effectively mitigate environmental pollution [189].



The success of these innovative agrochemicals can be attributed to a multitude of factors, such as the nanomaterial or encapsulation technique used, the pests or diseases they are designed to combat, the mechanisms underlying their functionality, and the methods by which they are applied. They demonstrate superior performance compared to conventional pesticides in various aspects [13]. Some examples of desirable characteristics in an agrochemical include the following: the ability to selectively target specific plant parts or pests for the delivery of active ingredients while minimizing off-target effects; the reduction of pesticide loss due to runoff or degradation [17,123]; the reduction of pesticide toxicity to non-target organisms; and the demonstration of synergistic effects when used in conjunction with other agrochemicals [13,190]. However, different formulations may display different functionalities, and researchers are currently investigating this. NPs’ stability, environmental interactions, and compatibility with different crop varieties must all be carefully evaluated. NACs need to be tested in the field to prove their efficacy and checked for safety before they can be used widely in agriculture [13]. The proposed antimicrobial mechanism for metal NPs is shown diagrammatically in Figure 6 [191]. It is important to remember that research is still being done to determine whether or not NACs are effective, and that different formulations may produce different results. It is critical to consider nanoparticle stability, environmental factors, and crop compatibility.




3.3. Ecological Risks of Nano-Agrochemicals


Ecological risks are defined as the effect and behavior of NACs on communities, populations, and ecosystems as compared to the other contaminants present in the environment. The ability of NPs to retain their properties, reactivity, and particle size when they enter the environment can make them toxic to the targeted organisms as well as non-targeted species [192,193]. As mentioned earlier, NACs have shown different effects on field crops as compared to conventional products [193]. Currently, we do not have enough knowledge to properly estimate the effects and exposure of NACs in a specific situation. It is believed that in the near future we will be able to develop a model to estimate the proper ecological risks of NACs [194]. Due to the excessive usage of NACs in the environment, their ecological risks have become a major concern in the last few years. The toxicity of NPs and NACs can be determined by their shape, size, and biodegradability. NPs can be classified on the basis of their shape and biodegradability into four categories: (i) size < 100 nm and non-biodegradable, (ii) size < 100 nm and biodegradable, (iii) size > 100 nm and biodegradable, (iv) size > 100 nm and non-biodegradable [194]. Certainly, non-biodegradable products can persist in the body and present enhanced toxicity risks. It is suggested that NPs have compound interactions with microorganisms present in the soil; even the minimum concentration of nanoparticles can disturb a microbial community [195]. Soil microbes play a very important role in the maintenance of soil ecosystems by performing different activities including nutrient recycling, growth enhancement, decomposition of soil organic matter, disease suppression, etc. Any substance that shows negative effects on microbial populations in soil may disturb the sustainability and quality of soil [130]. Similarly, a plant-associated community, Bradyrhizobium canariense, was revealed to be significantly sensitive to NPs [196]. Globally, the applications and safe use of nanoparticles for crop protection and yield enhancement are currently a major concern. It has been found that AgNPs showed some inhibitory effects on the activity of soil exoenzymes which enhance soil’s biochemical processes [197].



We can provide suggestions to resolve the challenges and concerns associated with the application of nano-agrochemicals. Conducting a comprehensive examination of the environmental fate, toxicity, and long-term consequences associated with their use is imperative prior to their widespread implementation. Regulatory frameworks are of the utmost importance, given their distinctive characteristics, and in adherence to the precautionary principle [198,199]. By adopting sustainable pest control strategies, one can effectively mitigate environmental impacts and reduce reliance on pesticides. Disseminating information regarding the advantages and disadvantages of nano-agrochemical use is crucial to fostering well-informed public discourse and ensuring responsible progress [200]. The implementation of nanocarriers to deliver pesticides specifically to pests has the potential to mitigate ecological risks and decrease environmental exposure [17].





4. Current Research Status of Nano-Agrochemicals


NPCs and NHCs are still being developed and some of them have been on the market for many years, consisting of reformulations of registered active ingredients (AIs) with insecticidal, fungicidal, or herbicidal properties. Nanocarriers are often ‘soft’ nanoparticles (polymers, solid lipid) but there are also examples of ‘rigid’ nanomaterials such as silica nanoparticles, carbon nanotubes, or graphene oxides [201]. NPCs can serve as a complementary addition to conventional agricultural techniques, including seed coating, root irrigation, and spraying. They typically possess the advantage of being applicable through conventional spraying methods, thereby eliminating the need for specialized equipment. Given the assumption of reliable and high-quality preparation of NPCs, the implementation of these substances in practical agricultural settings is not impeded by significant technical obstacles. This research field and its development show considerable potential for future advancements. In recent years, a number of structural shifts have become apparent. The primary goals of relevant organizations encompass the optimization of operational efficiency, the mitigation of environmental impact, and the enhancement of distribution strategies [192,197].



The key domains of investigation and implementation encompass the following: (a) The utilization of nanocarriers, such as NPs, nanocapsules, and nanogels, facilitates the augmentation of bioavailability and the achievement of targeted delivery. Therefore, diminished levels of pesticides demonstrate heightened effectiveness through enhanced availability [202,203]. Similarly, cutting-edge methodologies have been devised in the realm of nanoencapsulation, facilitating the attainment of precise and protracted release capabilities [202,203]. Further investigation is required in order to ascertain whether NPCs present health or environmental hazards in comparison to traditional pesticides, with particular focus on their potential toxicity, degradation, and environmental dynamics [142]. (b) Nanotechnology can optimize the solubility of hydrophobic pesticides, thereby enhancing their efficacy and distribution. By leveraging the capabilities of biodegradable nanomaterials and implementing precise regulation of bioavailability, it becomes possible to achieve minimized off-target effects [202,203]. This is because they have the inherent capability to eliminate not only their targets but also beneficial insect species. Therefore, it is imperative to possess a profound understanding of the intricate mechanisms governing plant absorption and translocation phenomena [136]. (c) NPCs possess diverse mechanisms of action and a broad range of effectiveness and can also raise the issue of pest resistance [137]. There needs to be more research done to understand the lasting impacts of NPCs on delicate ecosystems and complex food webs [142]. The development of a comprehensive regulatory framework is critical in light of the upcoming commercialization of NPCs because this will maximize the benefits of this innovation while minimizing the potential drawbacks [142].




5. Future Prospects


However, there are several challenges and areas for further research in the field of NPCs. The following are some examples: (i) It is expected that RNA NPCs will be formalized and put into use within the next one to two years. The active ingredient is based on micro-RNA interference (MiRNA), which is double-stranded RNA or small interfering RNA, distinguishing RNA NPCs from conventional NPCs. These RNA molecules specifically target harmful organisms’ critical genes. The combination of nano delivery systems and a bacterial RNA synthesis mechanism is expected to accelerate the production of RNA-based NPCs [96,100,202]. (ii) Intelligent agriculture can benefit from accelerated research and the development of intelligent nanocarriers. Nanocarriers that are both smart and directional are useful for delivering a wide range of exogenous plant-protection factors to their intended sites of action. They are effective in a wide range of settings and contexts thanks to features like manually controlled release, temperature sensitivity, light sensitivity, and magnetically controlled release. They can be used in the future in remote control applications on smart farms [202]. (iii) The advancement of unmanned aerial vehicle (UAV) technology for plant protection has made NPCs more accessible. At the moment, the majority of UAVs used for plant protection only have small-caliber centrifugal sprinklers. Traditional pesticides are notorious for clogging and wearing out sprinklers, reducing pesticide spraying effectiveness and limiting the use and popularity of UAV technology for plant protection. Plant protection UAV operations can benefit from NPC properties [138]. (iv) The utilization of nano biosensors enables the real-time detection and monitoring of pests, leading to a more precise application of pesticides and reduced wastage. (v)The projected rise of commercialized nano-enabled formulations in the next decade to fifteen years is attributed to the increasing regulatory acceptance and continuous safety research in this field [204]. (vi) The emergence of “all-organic” nanoinsecticides is hailed as a groundbreaking strategy to mitigate adverse impacts and advance ecofriendly green agriculture. Nevertheless, our understanding of their intricate composition and practical application remains constrained, necessitating additional investigation in this domain [205].




6. Conclusions


The global market for pesticides is expected to increase to a value of USD 82.9 billion by 2027; the environmental and human health issues stemming from their use demand natural, green, and sustainable alternatives. Biopesticides from natural sources are more environmentally friendly than synthetic chemicals. However, their efficacy and environmental impacts await further investigations for proper optimization of the doses, species specificity, physical environmental conditions, and application. Nano-agrochemicals have become a promising substitute due to their unique properties, such as easy access, inexpensiveness, mode of action, environmental friendliness, improved efficacy with low dosage requirements, and captivating nano size. They could revolutionize agriculture, boost crop yields, and reduce environmental impact. Nanopesticides and nanoherbicides can also be tailored to agricultural needs; e.g., metal nanoparticles may kill microbes by releasing reactive oxygen species, disrupting membranes, and interfering with cellular processes. They have promising prospects, but their environmental risks and status need further investigation and thorough optimization. Understanding and managing these risks requires ongoing research and continuous monitoring. Consequently, nano-agrochemicals can improve food systems and agriculture, help achieve the SDG-17 goal of reducing hunger and poverty, and compensate for agrochemical demand globally.







Funding


The work was funded by the Deanship of Scientific Research at King Khalid University through the large group Research Project under grant number R.G.P. 2/223/44.




Data Availability Statement


Not applicable.




Acknowledgments


The authors extend their appreciation to the Deanship of Scientific Research at King Khalid University for funding this work through the large group Research Project under grant number R.G.P. 2/223/44.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Saha, S.; Bharadwaj, A. A Step towards Smart Agriculture Using Metallic Nanostructures. Plant Stress 2023, 10, 100216. [Google Scholar] [CrossRef]

	



Rani, N.; Duhan, A.; Pal, A.; Kumari, P.; Beniwal, R.K.; Verma, D.; Goyat, A.; Singh, R. Are Nano-Pesticides Really Meant for Cleaner Production? An Overview on Recent Developments, Benefits, Environmental Hazards and Future Prospectives. J. Clean. Prod. 2023, 411, 137232. [Google Scholar] [CrossRef]

	



Singh, H.; Sharma, A.; Bhardwaj, S.K.; Arya, S.K.; Bhardwaj, N.; Khatri, M. Recent Advances in the Applications of Nano-Agrochemicals for Sustainable Agricultural Development. Environ. Sci. Process. Impacts 2021, 23, 213–239. [Google Scholar] [CrossRef] [PubMed]

	



Xie, H.; Huang, Y.; Chen, Q.; Zhang, Y.; Wu, Q. Prospects for Agricultural Sustainable Intensification: A Review of Research. Land 2019, 8, 157. [Google Scholar] [CrossRef]

	



Nawaz, M.; Mabubu, J.I.; Hua, H. Current Status and Advancement of Biopesticides: Microbial and Botanical Pesticides. J. Entomol. Zool. Stud. 2016, 4, 241–246. [Google Scholar]

	



Sharma, N.; Singhvi, R. Effects of Chemical Fertilizers and Pesticides on Human Health and Environment: A Review. Int. J. Agric. Environ. Biotechnol. 2017, 10, 675–680. [Google Scholar] [CrossRef]

	



Abhiram, P.; Sandhya, N.; Chaitanya, K. Microbial Pesticides a Better Choice than Chemical Pesticides. J. Pharmacogn. Phytochem. 2018, 7, 2897–2899. [Google Scholar]

	



Kamble, K.J.; Thakor, N.J.; Sonawane, S.P.; Sawant, A.A. Review on Need of Utilization of Biopesticides in Agriculture for Safe Environment. In Proceedings of the 3rd International Conference on “Latest Concepts in Science, Technology and Management”, Maharashtra, India, 19 June 2016; pp. 26–28. [Google Scholar]

	



Aktar, M.W.; Sengupta, D.; Chowdhury, A. Impact of Pesticides Use in Agriculture: Their Benefits and Hazards. Interdiscip. Toxicol. 2009, 2, 1. [Google Scholar] [CrossRef]

	



Pathak, V.M.; Verma, V.K.; Rawat, B.S.; Kaur, B.; Babu, N.; Sharma, A.; Dewali, S.; Yadav, M.; Kumari, R.; Singh, S. Current Status of Pesticide Effects on Environment, Human Health and It’s Eco-Friendly Management as Bioremediation: A Comprehensive Review. Front. Microbiol. 2022, 13, 2833. [Google Scholar] [CrossRef]

	



Mitrani, E.; Perdum, E.; Iordache, O.G.; Dumitrescu, I. Advantages and Disadvantages of Pesticide Analysis Methods Used in Agricultural Samples. Sci. Pap. Ser. B-Hortic. 2018, 62, 709–714. [Google Scholar]

	



Balderrama-Carmona, A.P.; Silva-Beltrán, N.P.; Alvarez, L.A.Z.; Bante, N.P.A.; Palacio, E.F.M. Consequences of Herbicide Use in Rural Environments and Their Effect on Agricultural Workers. In Sustainability Concept in Developing Countries; IntechOpen: London, UK, 2020; ISBN 1838804730. [Google Scholar]

	



An, C.; Sun, C.; Li, N.; Huang, B.; Jiang, J.; Shen, Y.; Wang, C.; Zhao, X.; Cui, B.; Wang, C. Nanomaterials and Nanotechnology for the Delivery of Agrochemicals: Strategies towards Sustainable Agriculture. J. Nanobiotechnol. 2022, 20, 11. [Google Scholar] [CrossRef] [PubMed]

	



Younis, S.A.; Kim, K.-H.; Shaheen, S.M.; Antoniadis, V.; Tsang, Y.F.; Rinklebe, J.; Deep, A.; Brown, R.J.C. Advancements of Nanotechnologies in Crop Promotion and Soil Fertility: Benefits, Life Cycle Assessment, and Legislation Policies. Renew. Sustain. Energy Rev. 2021, 152, 111686. [Google Scholar] [CrossRef]

	



Mittal, D.; Kaur, G.; Singh, P.; Yadav, K.; Ali, S.A. Nanoparticle-Based Sustainable Agriculture and Food Science: Recent Advances and Future Outlook. Front. Nanotechnol. 2020, 2, 579954. [Google Scholar] [CrossRef]

	



Forini, M.M.L.; Pontes, M.S.; Antunes, D.R.; de Lima, P.H.C.; Santos, J.S.; Santiago, E.F.; Grillo, R. Nano-Enabled Weed Management in Agriculture: From Strategic Design to Enhanced Herbicidal Activity. Plant Nano Biol. 2022, 1, 100008. [Google Scholar] [CrossRef]

	



Wang, D.; Saleh, N.B.; Byro, A.; Zepp, R.; Sahle-Demessie, E.; Luxton, T.P.; Ho, K.T.; Burgess, R.M.; Flury, M.; White, J.C. Nano-Enabled Pesticides for Sustainable Agriculture and Global Food Security. Nat. Nanotechnol. 2022, 17, 347–360. [Google Scholar] [CrossRef] [PubMed]

	



Kannan, M.; Bojan, N.; Swaminathan, J.; Zicarelli, G.; Hemalatha, D.; Zhang, Y.; Ramesh, M.; Faggio, C. Nanopesticides in Agricultural Pest Management and Their Environmental Risks: A Review. Int. J. Environ. Sci. Technol. 2023, 20, 10507–10532. [Google Scholar] [CrossRef]

	



Gabriela, A.; Leong, S.; Ong, P.S.W.; Weinert, D.; Hlubucek, J.; Tait, P.W. Strengthening Australia’s Chemical Regulation. Int. J. Environ. Res. Public Health 2022, 19, 6673. [Google Scholar] [CrossRef]

	



Sarkar, S.; Gil, J.D.B.; Keeley, J.; Jansen, K. The Use of Pesticides in Developing Countries and Their Impact on Health and the Right to Food; European Union: Maastricht, The Netherlands, 2021; ISBN 9284676738. [Google Scholar]

	



Oerke, E.-C.; Dehne, H.-W.; Schönbeck, F.; Weber, A. Crop Production and Crop Protection: Estimated Losses in Major Food and Cash Crops; Elsevier: Amsterdam, The Netherlands, 2012; ISBN 0444597948. [Google Scholar]

	



Peshin, R.; Bandral, R.S.; Zhang, W.; Wilson, L.; Dhawan, A.K. Integrated Pest Management: A Global Overview of History, Programs and Adoption. Integr. Pest Manag. Innov. Dev. Process 2009, 1, 1–49. [Google Scholar]

	



Choi, S. Critical Review on the Carcinogenic Potential of Pesticides Used in Korea. Asian Pac. J. Cancer Prev. 2014, 15, 5999–6003. [Google Scholar] [CrossRef]

	



Zhang, W. Global Pesticide Use: Profile, Trend, Cost/Benefit and More. Proc. Int. Acad. Ecol. Environ. Sci. 2018, 8, 1–27. [Google Scholar]

	



Rashid, B.; Husnain, T.; Riazuddin, S. Herbicides and Pesticides as Potential Pollutants: A Global Problem. Plant Adapt. Phytoremediat. 2010, 427–447. [Google Scholar] [CrossRef]

	



FAOSTAT. Available online: https://www.fao.org/faostat/en/#data/RP/visualize (accessed on 26 November 2023).

	



The Business Research Company Pesticides Market Analysis, Size and Trends Global Forecast to 2022–2030. Available online: https://www.thebusinessresearchcompany.com/report/pesticides-global-market-report (accessed on 27 November 2023).

	



Herbicides Market Size Share Trend Growth|MRFR, I. Herbicides Market Size, Industry, Share, Trend, Growth: MRFR. Available online: https://www.marketresearchfuture.com/reports/herbicides-market-4853 (accessed on 26 November 2023).

	



Fungicides Market Analysis Share Trends 2032|MRFR, S. Fungicides Market Analysis, Size, Share, Trends, 2032: MRFR. Available online: https://www.marketresearchfuture.com/reports/fungicides-market-4832 (accessed on 27 November 2023).

	



Statista Insecticide Market Value Worldwide 2020–2027. Available online: https://www.statista.com/statistics/606103/value-of-the-global-insecticide-market/ (accessed on 30 November 2023).

	



Bulk Chemicals Global Fungicides Market Size & Growth Report, 2020–2027. Available online: https://www.grandviewresearch.com/industry-analysis/fungicides-market (accessed on 27 November 2023).

	



Mordor Intelligence Fungicides Market—Size, Share & Trends. Available online: https://www.mordorintelligence.com/industry-reports/global-fungicides-market-industry (accessed on 24 November 2023).

	



Yahoo! Finance Global Fungicides Market Size/Share Worth USD 41.9 Billion by 2032 at a 7% CAGR: Custom Market Insights (Analysis, Outlook, Leaders, Report, Trends, Forecast, Segmentation, Growth, Growth Rate, Value). Available online: https://finance.yahoo.com/news/latest-global-fungicides-market-size-163000411.html (accessed on 10 December 2023).

	



Popp, J.; Pető, K.; Nagy, J. Pesticide Productivity and Food Security. A Review. Agron. Sustain. Dev. 2013, 33, 243–255. [Google Scholar] [CrossRef]

	



Selecting and Using Pesticides|Pesticide Safety Education Program Selecting and Using Pesticides. Available online: https://pested.unl.edu/selecting (accessed on 2 December 2023).

	



Tudi, M.; Daniel Ruan, H.; Wang, L.; Lyu, J.; Sadler, R.; Connell, D.; Chu, C.; Phung, D.T. Agriculture Development, Pesticide Application and Its Impact on the Environment. Int. J. Environ. Res. Public Health 2021, 18, 1112. [Google Scholar] [CrossRef] [PubMed]

	



Kanissery, R.; Gairhe, B.; Kadyampakeni, D.; Batuman, O.; Alferez, F. Glyphosate: Its Environmental Persistence and Impact on Crop Health and Nutrition. Plants 2019, 8, 499. [Google Scholar] [CrossRef] [PubMed]

	



Peterson, M.A.; McMaster, S.A.; Riechers, D.E.; Skelton, J.; Stahlman, P.W. 2, 4-D Past, Present, and Future: A Review. Weed Technol. 2016, 30, 303–345. [Google Scholar] [CrossRef]

	



MacDonald, G.E.; Gettys, L.A.; Ferrell, J.A.; Sellers, B.A. Herbicides for Natural Area Weed Management. Herbic. Curr. Res. Case Stud. Use 2013, 203–239. [Google Scholar] [CrossRef]

	



Faith, O. A Review of the Evolution of Termite Control: A Continuum of Alternatives to Termiticides in the United States with Emphasis on Efficacy Testing Requirements for Product Registration. Insects 2022, 13, 50. [Google Scholar]

	



Khalil, Y. Interaction of Pre-Emergent Herbicides and Crop Residues in Western Australian No-Tillage Systems. Ph.D. Thesis, The University of Western Australia, Perth, Australia, 2018. [Google Scholar] [CrossRef]

	



Javaid, M.M.; Mahmood, A.; Bhatti, M.I.N.; Waheed, H.; Attia, K.; Aziz, A.; Nadeem, M.A.; Khan, N.; Al-Doss, A.A.; Fiaz, S. Efficacy of Metribuzin Doses on Physiological, Growth, and Yield Characteristics of Wheat and Its Associated Weeds. Front. Plant Sci. 2022, 13, 866793. [Google Scholar] [CrossRef]

	



Loken, J.R.; Hatterman-Valenti, H.M. Multiple Applications of Reduced-Rate Herbicides for Weed Control in Onion. Weed Technol. 2010, 24, 153–159. [Google Scholar] [CrossRef]

	



Sun, S.X.; Li, Y.M.; Zheng, Y.; Hua, Y.; Datta, R.; Dan, Y.M.; Lv, P.; Sarkar, D. Uptake of 2, 4-Bis (Isopropylamino)-6-Methylthio-s-Triazine by Vetiver Grass (Chrysopogon zizanioides L.) from Hydroponic Media. Bull. Environ. Contam. Toxicol. 2016, 96, 550–555. [Google Scholar] [CrossRef]

	



Palai, M.J.B. Weed Management; Centurion University of Technology & Management: Paralakhemundi, India, 2010. [Google Scholar]

	



Grichar, W.J.; Dotray, P.A.; Baughman, T.A. Peanut Variety Response to Postemergence Applications of Carfentrazone-Ethyl and Pyraflufen-Ethyl. Crop Prot. 2010, 29, 1034–1038. [Google Scholar] [CrossRef]

	



Martins, T. Herbicida Paraquat: Conceitos, Modo de Ação e Doenças Relacionadas. Semin. Ciências Biológicas E Da Saúde 2013, 34, 175–186. [Google Scholar] [CrossRef]

	



Tsai, W.-T. A Review on Environmental Exposure and Health Risks of Herbicide Paraquat. Toxicol. Environ. Chem. 2013, 95, 197–206. [Google Scholar] [CrossRef]

	



Beyond Pesticides Daily News Blog Europe Bans Two Endocrine Disrupting Pesticides. Available online: https://beyondpesticides.org/dailynewsblog/2016/04/europe-bans-two-endocrine-disrupting-pesticides/ (accessed on 30 November 2023).

	



Zhang, W.; Jiang, F.; Ou, J. Global Pesticide Consumption and Pollution: With China as a Focus. Proc. Int. Acad. Ecol. Environ. Sci. 2011, 1, 125. [Google Scholar]

	



Dalapon Dalapon. Available online: https://sitem.herts.ac.uk/aeru/ppdb/en/Reports/1613.htm (accessed on 30 November 2023).

	



Lewis, T.E.; Wolfinger, T.F.; Barta, M.L. The Ecological Effects of Trichloroacetic Acid in the Environment. Environ. Int. 2004, 30, 1119–1150. [Google Scholar] [CrossRef]

	



Bhardwaj, K.; Sharma, R.; Abraham, J.; Sharma, P. Pyrethroids: A Natural Product for Crop Protection. In Natural Bioactive Products in Sustainable Agriculture; Springer: Berlin/Heidelberg, Germany, 2020; pp. 113–130. [Google Scholar] [CrossRef]

	



Krämer, F.; Mencke, N.; Krämer, F.; Mencke, N. Imidacloprid. Flea Biology and Control: The Biology of the Cat Flea Control and Prevention with Imidacloprid in Small Animals; Springer: Berlin/Heidelberg, Germany, 2001; pp. 63–162. [Google Scholar] [CrossRef]

	



Hamilton, D.; Ambrus, A.; Dieterle, R.; Felsot, A.; Harris, C.; Petersen, B.; Racke, K.; Wong, S.; Gonzalez, R.; Tanaka, K. Pesticide Residues in Food—Acute Dietary Exposure. Pest Manag. Sci. Former. Pestic. Sci. 2004, 60, 311–339. [Google Scholar] [CrossRef] [PubMed]

	



Sierra Club Long-Lasting Health Impacts of DDT Highlighted in New Study. Available online: https://www.sierraclub.org/sierra/long-lasting-health-impacts-ddt-highlighted-new-study (accessed on 29 November 2023).

	



Taylor, B.W.P.; Ratchford, A.; van Nunen, S.; Burns, B. Tick Killing in Situ before Removal to Prevent Allergic and Anaphylactic Reactions in Humans: A Cross-Sectional Study. Asia Pac. Allergy 2019, 9, e15. [Google Scholar] [CrossRef]

	



Khoobdel, M.; Dehghan, H.; Oshaghi, M.A.; Saman, E.A.G.; Asadi, A.; Yusuf, M.A. The Different Aspects of Attractive Toxic Baits Containing Fipronil for Control of the German Cockroach (Blattella germanica). Environ. Anal. Health Toxicol. 2022, 37, e2022032. [Google Scholar] [CrossRef]

	



George, T.L.; McEWEN, L.C.; Fowler, A. Effects of a Carbaryl Bait Treatment on Nontarget Wildlife. Environ. Entomol. 1992, 21, 1239–1247. [Google Scholar] [CrossRef]

	



Shan, C.; Ma, S.; Wang, M.; Gao, G. Evaluation of Insecticides against the Western Flower Thrips, Frankliniella Occidentals (Thysanoptera: Thripidae), in the Laboratory. Fla. Entomol. 2012, 95, 454–460. [Google Scholar] [CrossRef]

	



Subramanian, S.; Boopathi, T.; Nebapure, S.M.; Yele, Y.; Shankarganesh, K. Mealybugs. Polyphagous Pests of Crops; Springer: Berlin/Heidelberg, Germany, 2021; pp. 231–272. [Google Scholar]

	



Yıldırım, E.M.; Civelek, H.S. Effects of Different Insect Growth Regulators (Igr) on the Vegetable Leafminer Liriomyza Sativae Blanchard (Diptera: Agromyzidae). Fresenius Environ. Bull. 2010, 19, 2562–2566. [Google Scholar]

	



Cossi, P.F.; Herbert, L.T.; Yusseppone, M.S.; Pérez, A.F.; Kristoff, G. Toxicity Evaluation of the Active Ingredient Acetamiprid and a Commercial Formulation (Assail® 70) on the Non-Target Gastropod Biomphalaria straminea (Mollusca: Planorbidae). Ecotoxicol. Environ. Saf. 2020, 192, 110248. [Google Scholar] [CrossRef] [PubMed]

	



Singh, B.; Mandal, K. Environmental Impact of Pesticides Belonging to Newer Chemistry. In Integrated Pest Management; Scientific Publishers: Jodhpur, India, 2013; pp. 152–190. ISBN 10: 8172338503. [Google Scholar]

	



Paranjape, K.; Gowariker, V.; Krishnamurthy, V.N.; Gowariker, S. The Pesticide Encyclopedia; Cabi: Allen, TA, USA, 2014; ISBN 1780640145. [Google Scholar]

	



VEDANTU Benzene Hexachloride—Preparation, Structure, Properties and Uses. Available online: https://www.vedantu.com/chemistry/benzene-hexachloride (accessed on 30 November 2023).

	



Arena, M.; Auteri, D.; Barmaz, S.; Bellisai, G.; Brancato, A.; Brocca, D.; Bura, L.; Byers, H.; Chiusolo, A. Peer Review of the Pesticide Risk Assessment of the Active Substance Thiophanate-methyl. EFSA J. 2018, 16, e05133. [Google Scholar] [PubMed]

	



Rouabhi, R. Introduction and Toxicology of Fungicides; Intech Open Access Publisher: London, UK, 2010; ISBN 9533072660. [Google Scholar]

	



Chambers, J.E.; Greim, H.; Kendall, R.J.; Segner, H.; Sharpe, R.M.; Van Der Kraak, G. Human and Ecological Risk Assessment of a Crop Protection Chemical: A Case Study with the Azole Fungicide Epoxiconazole. Crit. Rev. Toxicol. 2014, 44, 176–210. [Google Scholar] [CrossRef]

	



Oruc, H.H. Fungicides and Their Effects on Animals. In Fungicides; Carisse, O., Ed.; IntechOpen Publishers: London, UK, 2010; pp. 349–362. [Google Scholar]

	



Allen, J.W.; Wolf, D.C.; George, M.H.; Hester, S.D.; Sun, G.; Thai, S.-F.; Delker, D.A.; Moore, T.; Jones, C.; Nelson, G. Toxicity Profiles in Mice Treated with Hepatotumorigenic and Non-Hepatotumorigenic Triazole Conazole Fungicides: Propiconazole, Triadimefon, and Myclobutanil. Toxicol. Pathol. 2006, 34, 853–862. [Google Scholar] [CrossRef]

	



de Oliveira, D.P.; Sakagami, M.; Warren, S.; Kummrow, F.; Umbuzeiro, G. de A. Evaluation of Dicloran’s Contribution to the Mutagenic Activity of Cristais River, Brazil, Water Samples. Environ. Toxicol. Chem. Int. J. 2009, 28, 1881–1884. [Google Scholar] [CrossRef]

	



Creasy, D.M.; Chapin, R.E. Male Reproductive System. In Haschek and Rousseaux’s Handbook of Toxicologic Pathology; Academic Press: Cambridge, MA, USA, 2013; pp. 2493–2598. [Google Scholar]

	



Soniya, M.; Maisnam, G.; Barak, D.; Sudha, P.; Pathma, J. Dietary Intake of Pesticides through Fruits. In Current Developments in Biotechnology and Bioengineering; Elsevier: Amsterdam, The Netherlands, 2023; pp. 139–166. [Google Scholar] [CrossRef]

	



Melendez, M. Best Management Practices for Copper Fungicide Use. Available online: https://njaes.rutgers.edu/fs1315/ (accessed on 29 November 2023).

	



Brillon, K. Copper Fungicide: Treating Disease Organically. Available online: https://www.epicgardening.com/copper-fungicide/ (accessed on 29 November 2023).

	



Sheet, S.D. Page 1/9 Safety Data Sheet—Agilent. Available online: https://www.agilent.com/cs/library/msds/PST-1395_NAEnglish.pdf (accessed on 29 November 2023).

	



Dichlorophen Dichlorophen Bactericidal and Algaecide. Available online: https://topic.echemi.com/a/dichlorophen-bactericidal-and-algaecide_205431.html (accessed on 29 November 2023).

	



Herbicide, D. 4L Material Safety Data Sheet—Kernred.Co.Kern.ca.Us. Available online: https://kernred.co.kern.ca.us/kern-agcomm/products/KARMEX%20DF%20HERBICIDE.pdf (accessed on 29 November 2023).

	



ENDOTHALL Consumer Factsheet on: ENDOTHAL—US EPA. Available online: https://archive.epa.gov/water/archive/web/pdf/archived-consumer-fact-sheet-on-endothall.pdf (accessed on 29 November 2023).

	



DCCEEW Organo-Tin Compounds. Available online: https://www.dcceew.gov.au/environment/protection/npi/substances/fact-sheets/organo-tin-compounds (accessed on 29 November 2023).

	



Aquatic Control—Lake & Pond Management Phycomycin SCP 50 Pound—Aquatic Control. Available online: https://aquaticcontrol.com/product/phycomycin-scp-50-pound/ (accessed on 29 November 2023).

	



Isothiazolinones_ Human Health Tier III Assessment. Available online: https://www.industrialchemicals.gov.au/sites/default/files/Isothiazolinones_%20Human%20health%20tier%20III%20assessment.pdf (accessed on 20 December 2023).

	



National Pesticide Information Center Rodenticides. Available online: http://npic.orst.edu/factsheets/rodenticides.html (accessed on 29 November 2023).

	



Younes, M.; Galal-Gorchev, H. Pesticides in Drinking Water—A Case Study. Food Chem. Toxicol. 2000, 38, S87–S90. [Google Scholar] [CrossRef]

	



Pimentel, D. Environmental and Economic Costs of the Application of Pesticides Primarily in the United States. Environ. Dev. Sustain. 2005, 7, 229–252. [Google Scholar] [CrossRef]

	



Damalas, C.A.; Koutroubas, S.D. Farmers’ Exposure to Pesticides: Toxicity Types and Ways of Prevention. Toxics 2016, 4, 1. [Google Scholar] [CrossRef]

	



Kalia, A.; Gosal, S.K. Effect of Pesticide Application on Soil Microorganisms. Arch. Agron. Soil Sci. 2011, 57, 569–596. [Google Scholar] [CrossRef]

	



Brühl, C.A.; Schmidt, T.; Pieper, S.; Alscher, A. Terrestrial Pesticide Exposure of Amphibians: An Underestimated Cause of Global Decline? Sci. Rep. 2013, 3, 1135. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Zeiss, M.R.; Geng, S. Agricultural Pesticide Use and Food Safety: California’s Model. J. Integr. Agric. 2015, 14, 2340–2357. [Google Scholar] [CrossRef]

	



Zimmerman, A.D.; Mackay, L.; Kemppainen, R.J.; Jones, M.A.; Read, C.C.; Schwartz, D.; Foradori, C.D. The Herbicide Atrazine Potentiates Angiotensin II-Induced Aldosterone Synthesis and Release from Adrenal Cells. Front. Endocrinol. 2021, 12, 697505. [Google Scholar] [CrossRef] [PubMed]

	



Conley, M. Atrazine, an Endocrine-Disrupting Herbicide Banned in Europe, Is Widely Used in the U.S. Available online: https://usrtk.org/pesticides/atrazine/ (accessed on 29 November 2023).

	



Zanin, A.R.A.; Neves, D.C.; Teodoro, L.P.R.; da Silva Júnior, C.A.; da Silva, S.P.; Teodoro, P.E.; Baio, F.H.R. Reduction of Pesticide Application via Real-Time Precision Spraying. Sci. Rep. 2022, 12, 5638. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Du, Y.; Wang, S.; Chen, B. A Review of Biomimetic Nanoparticle Drug Delivery Systems Based on Cell Membranes. Drug Des. Dev. Ther. 2020, 14, 5495. [Google Scholar] [CrossRef] [PubMed]

	



Fenibo, E.O.; Ijoma, G.N.; Matambo, T. Biopesticides in Sustainable Agriculture: A Critical Sustainable Development Driver Governed by Green Chemistry Principles. Front. Sustain. Food Syst. 2021, 5, 619058. [Google Scholar] [CrossRef]

	



Kumar, J.; Ramlal, A.; Mallick, D.; Mishra, V. An Overview of Some Biopesticides and Their Importance in Plant Protection for Commercial Acceptance. Plants 2021, 10, 1185. [Google Scholar] [CrossRef]

	



Radhakrishnan, R.; Alqarawi, A.A.; Abd_Allah, E.F. Bioherbicides: Current Knowledge on Weed Control Mechanism. Ecotoxicol. Environ. Saf. 2018, 158, 131–138. [Google Scholar] [CrossRef]

	



Singh, K.D.; Mobolade, A.J.; Bharali, R.; Sahoo, D.; Rajashekar, Y. Main Plant Volatiles as Stored Grain Pest Management Approach: A Review. J. Agric. Food Res. 2021, 4, 100127. [Google Scholar] [CrossRef]

	



Dar, S.A.; Wani, S.H.; Mir, S.H.; Showkat, A.; Dolkar, T.; Dawa, T. Biopesticides: Mode of Action, Efficacy and Scope in Pest Management. J. Adv. Res. Biochem. Pharmacol. 2021, 4, 1–8. [Google Scholar]

	



Marrone, P.G. Status of the Biopesticide Market and Prospects for New Bioherbicides. Pest Manag. Sci. 2023, 80, 81–86. [Google Scholar] [CrossRef] [PubMed]

	



Chandler, D.; Bailey, A.S.; Tatchell, G.M.; Davidson, G.; Greaves, J.; Grant, W.P. The Development, Regulation and Use of Biopesticides for Integrated Pest Management. Philos. Trans. R. Soc. B Biol. Sci. 2011, 366, 1987–1998. [Google Scholar] [CrossRef] [PubMed]

	



Hasan, M.; Ahmad-Hamdani, M.S.; Rosli, A.M.; Hamdan, H. Bioherbicides: An Eco-Friendly Tool for Sustainable Weed Management. Plants 2021, 10, 1212. [Google Scholar] [CrossRef] [PubMed]

	



Takano, H.K.; Dayan, F.E. Glufosinate-ammonium: A Review of the Current State of Knowledge. Pest Manag. Sci. 2020, 76, 3911–3925. [Google Scholar] [CrossRef] [PubMed]

	



Abeed, A.H.A.; AL-Huqail, A.A.; Albalawi, S.; Alghamdi, S.A.; Ali, B.; Alghanem, S.M.S.; Al-Haithloul, H.A.S.; Amro, A.; Tammam, S.A.; El-Mahdy, M.T. Calcium Nanoparticles Mitigate Severe Salt Stress in Solanum Lycopersicon by Instigating the Antioxidant Defense System and Renovating the Protein Profile. S. Afr. J. Bot. 2023, 161, 36–52. [Google Scholar] [CrossRef]

	



Kumar, P.; Kamle, M.; Borah, R.; Mahato, D.K.; Sharma, B. Bacillus Thuringiensis as Microbial Biopesticide: Uses and Application for Sustainable Agriculture. Egypt J. Biol. Pest Control 2021, 31, 95. [Google Scholar] [CrossRef]

	



Oliveira-Filho, E.C.; Grisolia, C.K. The Ecotoxicology of Microbial Insecticides and Their Toxins in Genetically Modified Crops: An Overview. Int. J. Environ. Res. Public Health 2022, 19, 16495. [Google Scholar] [CrossRef]

	



Ayilara, M.S.; Adeleke, B.S.; Akinola, S.A.; Fayose, C.A.; Adeyemi, U.T.; Gbadegesin, L.A.; Omole, R.K.; Johnson, R.M.; Uthman, Q.O.; Babalola, O.O. Biopesticides as a Promising Alternative to Synthetic Pesticides: A Case for Microbial Pesticides, Phytopesticides, and Nanobiopesticides. Front. Microbiol. 2023, 14, 1040901. [Google Scholar] [CrossRef]

	



Organic Approach—Serenade A S O Bacillus Subtilis Liquid Biofungicide Concentrate Serenade ASO Bacillus Subtilis Liquid Biofungicide Concentrate. Available online: https://www.organicapproach.com/p-3788-serenade-aso-bacillus-subtilis-liquid-biofungicide-concentrate.aspx?CatID=101 (accessed on 27 November 2023).

	



Luo, L.; Zhao, C.; Wang, E.; Raza, A.; Yin, C. Bacillus Amyloliquefaciens as an Excellent Agent for Biofertilizer and Biocontrol in Agriculture: An Overview for Its Mechanisms. Microbiol. Res. 2022, 259, 127016. [Google Scholar] [CrossRef]

	



Castaldi, S.; Masi, M.; Sautua, F.; Cimmino, A.; Isticato, R.; Carmona, M.; Tuzi, A.; Evidente, A. Pseudomonas Fluorescens Showing Antifungal Activity against Macrophomina Phaseolina, a Severe Pathogenic Fungus of Soybean, Produces Phenazine as the Main Active Metabolite. Biomolecules 2021, 11, 1728. [Google Scholar] [CrossRef]

	



Cleveland, C.B.; Mayes, M.A.; Cryer, S.A. An Ecological Risk Assessment for Spinosad Use on Cotton. Pest Manag. Sci. Former. Pestic. Sci. 2002, 58, 70–84. [Google Scholar] [CrossRef] [PubMed]

	



National Pesticide Information Center Spinosad. Available online: http://npic.orst.edu/factsheets/spinosadgen.html (accessed on 22 November 2023).

	



Rogers, M.A. Efficacy of Biopesticides for Organic Management of Cucumber Beetles. Ph.D. Thesis, University of Tennessee, Knoxville, TN, USA, 2012. Available online: https://trace.tennessee.edu/utk_graddiss/1556 (accessed on 22 November 2023).

	



Sullivan, C.F.; Parker, B.L.; Skinner, M. A Review of Commercial Metarhizium-and Beauveria-Based Biopesticides for the Biological Control of Ticks in the USA. Insects 2022, 13, 260. [Google Scholar] [CrossRef] [PubMed]

	



Sun, W.; Shahrajabian, M.H.; Cheng, Q. Pyrethrum an Organic and Natural Pesticide. J. Biol. Environ. Sci. 2020, 14, 41–44. [Google Scholar]

	



Kilani-Morakchi, S.; Morakchi-Goudjil, H.; Sifi, K. Azadirachtin-Based Insecticide: Overview, Risk Assessments, and Future Directions. Front. Agron. 2021, 3, 676208. [Google Scholar] [CrossRef]

	



Dalu, T.; Wasserman, R.J.; Jordaan, M.; Froneman, W.P.; Weyl, O.L.F. An Assessment of the Effect of Rotenone on Selected Non-Target Aquatic Fauna. PLoS ONE 2015, 10, e0142140. [Google Scholar] [CrossRef]

	



Manda, R.R.; Addanki, V.A.; Srivastava, S. Microbial Bio-Pesticides and Botanicals as an Alternative to Synthetic Pesticides in the Sustainable Agricultural Production. Plant Cell Biotechnol. Mol. Biol. 2020, 21, 31–48. [Google Scholar]

	



Fang, J.; Yu, X.; Zheng, L.; Pan, X.; Guan, Y.; Ling, A. A Preliminary Study on Control Efficiency of New Nicotine Biopesticides against Pomegranate Aphids. Agric. Sci. Technol. 2016, 17, 1663. [Google Scholar]

	



Cui, S.F.; Wang, J.W.; Li, H.F.; Fang, R.; Yu, X.; Lu, Y.J. Microencapsulation of Capsaicin in Chitosan Microcapsules: Characterization, Release Behavior, and Pesticidal Properties against Tribolium castaneum (Herbst). Insects 2023, 14, 27. [Google Scholar] [CrossRef]

	



US EPA Ingredients Used in Pesticide Products. Available online: https://www.epa.gov/ingredients-used-pesticide-products (accessed on 30 November 2023).

	



Benelli, G. Mode of Action of Nanoparticles against Insects. Environ. Sci. Pollut. Res. 2018, 25, 12329–12341. [Google Scholar] [CrossRef]

	



Chaud, M.; Souto, E.B.; Zielinska, A.; Severino, P.; Batain, F.; Oliveira-Junior, J.; Alves, T. Nanopesticides in Agriculture: Benefits and Challenge in Agricultural Productivity, Toxicological Risks to Human Health and Environment. Toxics 2021, 9, 131. [Google Scholar] [CrossRef]

	



Cong, L.; Li, X.; Lin, N.; Liu, F.; Han, F.; Yang, J.; Zuo, T.; Zhang, C.; Lin, H. A Novel Green Preparation Process for N-Acetyl-L-Cysteine: More Efficient, Economical and Environmentally Friendly. Sep. Purif. Technol. 2023, 320, 124086. [Google Scholar] [CrossRef]

	



Athanassiou, C.G.; Kavallieratos, N.G.; Benelli, G.; Losic, D.; Usha Rani, P.; Desneux, N. Nanoparticles for Pest Control: Current Status and Future Perspectives. J. Pest Sci. 2018, 91, 1–15. [Google Scholar] [CrossRef]

	



Abdallah, B.M.; Ali, E.M. Green Synthesis of Silver Nanoparticles Using the Lotus Lalambensis Aqueous Leaf Extract and Their Anti-Candidal Activity against Oral Candidiasis. ACS Omega 2021, 6, 8151–8162. [Google Scholar] [CrossRef] [PubMed]

	



Roy, A.; Bulut, O.; Some, S.; Mandal, A.K.; Yilmaz, M.D. Green Synthesis of Silver Nanoparticles: Biomolecule-Nanoparticle Organizations Targeting Antimicrobial Activity. RSC Adv. 2019, 9, 2673–2702. [Google Scholar] [CrossRef] [PubMed]

	



Singh, J.; Dutta, T.; Kim, K.-H.; Rawat, M.; Samddar, P.; Kumar, P. ‘Green’Synthesis of Metals and Their Oxide Nanoparticles: Applications for Environmental Remediation. J. Nanobiotechnol. 2018, 16, 84. [Google Scholar] [CrossRef] [PubMed]

	



Khan, F.; Pandey, P.; Upadhyay, T.K. Applications of Nanotechnology-Based Agrochemicals in Food Security and Sustainable Agriculture: An Overview. Agriculture 2022, 12, 1672. [Google Scholar] [CrossRef]

	



Jasrotia, P.; Nagpal, M.; Mishra, C.N.; Sharma, A.K.; Kumar, S.; Kamble, U.; Bhardwaj, A.K.; Kashyap, P.L.; Kumar, S.; Singh, G.P. Nanomaterials for Postharvest Management of Insect Pests: Current State and Future Perspectives. Front. Nanotechnol. 2022, 3, 811056. [Google Scholar] [CrossRef]

	



Baliyarsingh, B.; Pradhan, C.K. Prospects of Plant-Derived Metallic Nanopesticides against Storage Pests–A Review. J. Agric. Food Res. 2023, 100687. [Google Scholar] [CrossRef]

	



Raptopoulou, C.P. Metal-Organic Frameworks: Synthetic Methods and Potential Applications. Materials 2021, 14, 310. [Google Scholar] [CrossRef]

	



Slavin, Y.N.; Asnis, J.; Häfeli, U.O.; Bach, H. Metal Nanoparticles: Understanding the Mechanisms behind Antibacterial Activity. J. Nanobiotechnol. 2017, 15, 65. [Google Scholar] [CrossRef]

	



Ramkumar, S.; Baskar, V.; Skymoon, R.; Pooja, T.; Gangadhar, B.H.; Umadevi, S.; Murali, K.S.; Chung, I.M.; Thiruvengadam, M. Green Synthesis of Nanoparticles and Their Uses in Agriculture. In Nano-Enabled Agrochemicals in Agriculture; Elsevier: Amsterdam, The Netherlands, 2022; pp. 247–271. [Google Scholar] [CrossRef]

	



Bahrulolum, H.; Nooraei, S.; Javanshir, N.; Tarrahimofrad, H.; Mirbagheri, V.S.; Easton, A.J.; Ahmadian, G. Green Synthesis of Metal Nanoparticles Using Microorganisms and Their Application in the Agrifood Sector. J. Nanobiotechnol. 2021, 19, 86. [Google Scholar] [CrossRef] [PubMed]

	



Giannousi, K.; Avramidis, I.; Dendrinou-Samara, C. Synthesis, Characterization and Evaluation of Copper Based Nanoparticles as Agrochemicals against Phytophthora Infestans. RSC Adv. 2013, 3, 21743–21752. [Google Scholar] [CrossRef]

	



Merkl, P.; Long, S.; McInerney, G.M.; Sotiriou, G.A. Antiviral Activity of Silver, Copper Oxide and Zinc Oxide Nanoparticle Coatings against Sars-Cov-2. Nanomaterials 2021, 11, 1312. [Google Scholar] [CrossRef] [PubMed]

	



Siddiqi, K.S.; ur Rahman, A.; Tajuddin, N.; Husen, A. Properties of Zinc Oxide Nanoparticles and Their Activity Against Microbes. Nanoscale Res. Lett. 2018, 13, 141. [Google Scholar] [CrossRef] [PubMed]

	



de Lima, P.H.C.; Antunes, D.R.; de Lima Forini, M.M.; da Silva Pontes, M.; Mattos, B.D.; Grillo, R. Recent Advances on Lignocellulosic-Based Nanopesticides for Agricultural Applications. Front. Nanotechnol. 2021, 3, 809329. [Google Scholar] [CrossRef]

	



Ivonne Gonzalez GamboaAdam CaparcoNicole Steinmetz Tobacco Mild Green Mosaic Virus as a Multifunctional Platform for Efficient Pesticide Delivery. Available online: https://www.morressier.com/o/event/623377e0b300ee00119b311f/article/6234a1ca818a915252b81dd9 (accessed on 25 November 2023).

	



Venkateswaran, U.P.; Caparco, A.A.; González-Gamboa, I.; Caballero, R.M.; Schuphan, J.; Steinmetz, N.F. Plant Viral Nanocarrier Soil Mobility as a Function of Soil Type and Nanoparticle Properties. ACS Agric. Sci. Technol. 2023, 3, 583–592. [Google Scholar] [CrossRef]

	



Li, L.; Xu, Z.; Kah, M.; Lin, D.; Filser, J. Nanopesticides: A Comprehensive Assessment of Environmental Risk Is Needed before Widespread Agricultural Application. Environ. Sci. Technol. 2019, 53, 7923–7924. [Google Scholar] [CrossRef]

	



Ihtisham, M.; Noori, A.; Yadav, S.; Sarraf, M.; Kumari, P.; Brestic, M.; Imran, M.; Jiang, F.; Yan, X.; Rastogi, A. Silver Nanoparticle’s Toxicological Effects and Phytoremediation. Nanomaterials 2021, 11, 2164. [Google Scholar] [CrossRef]

	



Yuan, Z.; Li, Y.; He, Y.; Qian, K.; Zhang, Y. Differential Analysis of Three Copper-Based Nanomaterials with Different Morphologies to Suppress Alternaria Alternata and Safety Evaluation. Int. J. Mol. Sci. 2023, 24, 9673. [Google Scholar] [CrossRef]

	



Beegam, A.; Prasad, P.; Jose, J.; Oliveira, M.; Costa, F.G.; Soares, A.; Gonçalves, P.P.; Trindade, T.; Kalarikkal, N.; Thomas, S. Environmental Fate of Zinc Oxide Nanoparticles: Risks and Benefits. In Toxicology-New Aspects to This Scientific Conundrum; IntechOpen: London, UK, 2016; Volume 33. [Google Scholar]

	



Deka, B.; Babu, A.; Baruah, C.; Barthakur, M. Nanopesticides: A Systematic Review of Their Prospects with Special Reference to Tea Pest Management. Front. Nutr. 2021, 8, 686131. [Google Scholar] [CrossRef]

	



Rashid, M.M.; Forte Tavčer, P.; Tomšič, B. Influence of Titanium Dioxide Nanoparticles on Human Health and the Environment. Nanomaterials 2021, 11, 2354. [Google Scholar] [CrossRef] [PubMed]

	



Thabet, A.F.; Boraei, H.A.; Galal, O.A.; El-Samahy, M.F.M.; Mousa, K.M.; Zhang, Y.Z.; Tuda, M.; Helmy, E.A.; Wen, J.; Nozaki, T. Silica Nanoparticles as Pesticide against Insects of Different Feeding Types and Their Non-Target Attraction of Predators. Sci. Rep. 2021, 11, 14484. [Google Scholar] [CrossRef] [PubMed]

	



Book, F.; Persson, M.; Carmona, E.; Backhaus, T.; Lammel, T. Colloidal Silica Nanomaterials Reduce the Toxicity of Pesticides to Algae, Depending on Charge and Surface Area. Environ. Sci. Nano 2022, 9, 2402–2416. [Google Scholar] [CrossRef]

	



Kookana, R.S.; Boxall, A.B.A.; Reeves, P.T.; Ashauer, R.; Beulke, S.; Chaudhry, Q.; Cornelis, G.; Fernandes, T.F.; Gan, J.; Kah, M. Nanopesticides: Guiding Principles for Regulatory Evaluation of Environmental Risks. J. Agric. Food Chem. 2014, 62, 4227–4240. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Kothalawala, S.; Yu, C. Engineered Silica Nanomaterials in Pesticide Delivery: Challenges and Perspectives. Environ. Pollut. 2023, 320, 121045. [Google Scholar] [CrossRef] [PubMed]

	



Walker, G.W.; Kookana, R.S.; Smith, N.E.; Kah, M.; Doolette, C.L.; Reeves, P.T.; Lovell, W.; Anderson, D.J.; Turney, T.W.; Navarro, D.A. Ecological Risk Assessment of Nano-Enabled Pesticides: A Perspective on Problem Formulation. J. Agric. Food Chem. 2017, 66, 6480–6486. [Google Scholar] [CrossRef] [PubMed]

	



Goswami, A.; Roy, I.; Sengupta, S.; Debnath, N. Novel Applications of Solid and Liquid Formulations of Nanoparticles against Insect Pests and Pathogens. Thin Solid Films 2010, 519, 1252–1257. [Google Scholar] [CrossRef]

	



Pavoni, L.; Perinelli, D.R.; Bonacucina, G.; Cespi, M.; Palmieri, G.F. An Overview of Micro-and Nanoemulsions as Vehicles for Essential Oils: Formulation, Preparation and Stability. Nanomaterials 2020, 10, 135. [Google Scholar] [CrossRef]

	



Jaiswal, M.; Dudhe, R.; Sharma, P.K. Nanoemulsion: An Advanced Mode of Drug Delivery System. 3 Biotech 2015, 5, 123–127. [Google Scholar] [CrossRef]

	



Manickam, S.; Sivakumar, K.; Pang, C.H. Investigations on the Generation of Oil-in-Water (O/W) Nanoemulsions through the Combination of Ultrasound and Microchannel. Ultrason Sonochem. 2020, 69, 105258. [Google Scholar] [CrossRef]

	



Aswathanarayan, J.B.; Vittal, R.R. Nanoemulsions and Their Potential Applications in Food Industry. Front. Sustain. Food Syst. 2019, 3, 95. [Google Scholar] [CrossRef]

	



Macko, M.; Antoš, J.; Božek, F.; Konečný, J.; Huzlík, J.; Hegrová, J.; Kuřitka, I. Development of New Health Risk Assessment of Nanoparticles: EPA Health Risk Assessment Revised. Nanomaterials 2022, 13, 20. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, A.; Eral, H.B.; Hatton, T.A.; Doyle, P.S. Nanoemulsions: Formation, Properties and Applications. Soft Matter 2016, 12, 2826–2841. [Google Scholar] [CrossRef] [PubMed]

	



Niknam, S.M.; Kashaninejad, M.; Escudero, I.; Sanz, M.T.; Beltrán, S.; Benito, J.M. Preparation of Water-in-Oil Nanoemulsions Loaded with Phenolic-Rich Olive Cake Extract Using Response Surface Methodology Approach. Foods 2022, 11, 279. [Google Scholar] [CrossRef] [PubMed]

	



Sun, C.; Zeng, Z.; Cui, H.; Verheggen, F. Polymer-Based Nanoinsecticides: Current Developments, Environmental Risks and Future ChallengesߞA Review. Biotechnol. Agron. Société Environ. 2020, 24, 59–69. [Google Scholar] [CrossRef]

	



Prado-Audelo, D.; Luisa, M.; Bernal-Chávez, S.A.; Gutiérrez-Ruíz, S.C.; Hernández-Parra, H.; Kerdan, I.G.; Reyna-González, J.M.; Sharifi-Rad, J.; Leyva-Gómez, G. Stability Phenomena Associated with the Development of Polymer-Based Nanopesticides. Oxid. Med. Cell Longev. 2022, 2022, 5766199. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Dutta, P.K. Role of Chitosan and Chitosan-Based Nanoparticles in Pesticide Delivery: Avenues and Applications. In Role of Chitosan and Chitosan-Based Nanomaterials in Plant Sciences; Elsevier: Amsterdam, The Netherlands, 2022; pp. 401–434. [Google Scholar] [CrossRef]

	



Maruyama, C.R.; Guilger, M.; Pascoli, M.; Bileshy-José, N.; Abhilash, P.C.; Fraceto, L.F.; De Lima, R. Nanoparticles Based on Chitosan as Carriers for the Combined Herbicides Imazapic and Imazapyr. Sci. Rep. 2016, 6, 19768. [Google Scholar] [CrossRef] [PubMed]

	



Naskar, S.; Sharma, S.; Kuotsu, K. Chitosan-Based Nanoparticles: An Overview of Biomedical Applications and Its Preparation. J. Drug Deliv. Sci. Technol. 2019, 49, 66–81. [Google Scholar] [CrossRef]

	



Mohammed, M.A.; Syeda, J.T.M.; Wasan, K.M.; Wasan, E.K. An Overview of Chitosan Nanoparticles and Its Application in Non-Parenteral Drug Delivery. Pharmaceutics 2017, 9, 53. [Google Scholar] [CrossRef]

	



Cui, J.; Sun, C.; Wang, A.; Wang, Y.; Zhu, H.; Shen, Y.; Li, N.; Zhao, X.; Cui, B.; Wang, C. Dual-Functionalized Pesticide Nanocapsule Delivery System with Improved Spreading Behavior and Enhanced Bioactivity. Nanomaterials 2020, 10, 220. [Google Scholar] [CrossRef]

	



Rehman, M.F.U.; Khan, M.M. Application of Nanopesticides and Its Toxicity Evaluation through Drosophila Model. Bioprocess Biosyst. Eng. 2023, 1–22. [Google Scholar] [CrossRef] [PubMed]

	



Kah, M.; Hofmann, T. Nanopesticide Research: Current Trends and Future Priorities. Environ. Int. 2014, 63, 224–235. [Google Scholar] [CrossRef] [PubMed]

	



Rastogi, A.; Tripathi, D.K.; Yadav, S.; Chauhan, D.K.; Živčák, M.; Ghorbanpour, M.; El-Sheery, N.I.; Brestic, M. Application of Silicon Nanoparticles in Agriculture. 3 Biotech 2019, 9, 90. [Google Scholar] [CrossRef] [PubMed]

	



Idris, I.; Naddaf, M.; Harmalani, H.; Alshater, R.; Alsafadi, R. Efficacy of Olive Stones and Corncobs Crystalline Silica Nanoparticles (Sio2, NPs) Treatments on Potato Tuber Moths (Phthorimaea operculella). Silicon 2023, 15, 3591–3598. [Google Scholar] [CrossRef]

	



Eskin, A. Effects of Silicon Dioxide Nanoparticles (SiO2 NPs) on Total Hemocyte Count and Hemocyte Viability of Galleria Mellonella. Int. J. Trop. Insect Sci. 2022, 42, 2617–2623. [Google Scholar] [CrossRef]

	



Mustafa, I.F.; Hussein, M.Z. Synthesis and Technology of Nanoemulsion-Based Pesticide Formulation. Nanomaterials 2020, 10, 1608. [Google Scholar] [CrossRef]

	



Zhao, X.; Zhu, Y.; Zhang, C.; Lei, J.; Ma, Y.; Du, F. Positive Charge Pesticide Nanoemulsions Prepared by the Phase Inversion Composition Method with Ionic Liquids. RSC Adv. 2017, 7, 48586–48596. [Google Scholar] [CrossRef]

	



Wilson, R.J.; Li, Y.; Yang, G.; Zhao, C.-X. Nanoemulsions for Drug Delivery. Particuology 2022, 64, 85–97. [Google Scholar] [CrossRef]

	



McClements, D.J.; Das, A.K.; Dhar, P.; Nanda, P.K.; Chatterjee, N. Nanoemulsion-Based Technologies for Delivering Natural Plant-Based Antimicrobials in Foods. Front. Sustain. Food Syst. 2021, 5, 643208. [Google Scholar] [CrossRef]

	



Jesser, E.; Yeguerman, C.A.; Urrutia, R.I.; Murray, A.P.; Domini, C.; Werdin-González, J.O. Development and Characterization of Nanoemulsions Loaded with Essential Oil and Β-cypermethrin and Their Bioefficacy on Insect Pest of Economic and Medical Importance. Pest Manag. Sci. 2023, 79, 4162–4171. [Google Scholar] [CrossRef]

	



Kumar, R.; Kumar, N.; Rajput, V.D.; Mandzhieva, S.; Minkina, T.; Saharan, B.S.; Kumar, D.; Sadh, P.K.; Duhan, J.S. Advances in Biopolymeric Nanopesticides: A New Eco-Friendly/Eco-Protective Perspective in Precision Agriculture. Nanomaterials 2022, 12, 3964. [Google Scholar] [CrossRef] [PubMed]

	



Kravanja, G.; Primožič, M.; Knez, Ž.; Leitgeb, M. Chitosan-Based (Nano) Materials for Novel Biomedical Applications. Molecules 2019, 24, 1960. [Google Scholar] [CrossRef] [PubMed]

	



Maluin, F.N.; Hussein, M.Z. Chitosan-Based Agronanochemicals as a Sustainable Alternative in Crop Protection. Molecules 2020, 25, 1611. [Google Scholar] [CrossRef] [PubMed]

	



Mogilicherla, K.; Roy, A. RNAi-Chitosan Biopesticides for Managing Forest Insect Pests: An Outlook. Front. For. Glob. Change 2023, 6, 1219685. [Google Scholar] [CrossRef]

	



Frigaard, J.; Jensen, J.L.; Galtung, H.K.; Hiorth, M. The Potential of Chitosan in Nanomedicine: An Overview of the Cytotoxicity of Chitosan Based Nanoparticles. Front. Pharmacol. 2022, 13, 880377. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Sun, X.; Yin, M.; Shen, J.; Yan, S. Recent Advances in Nanoparticle-Mediated Co-Delivery System: A Promising Strategy in Medical and Agricultural Field. Int. J. Mol. Sci. 2023, 24, 5121. [Google Scholar] [CrossRef] [PubMed]

	



Ale, A.; Andrade, V.S.; Gutierrez, M.F.; Bacchetta, C.; Rossi, A.S.; Santo Orihuela, P.; Desimone, M.F.; Cazenave, J. Nanotechnology-Based Pesticides: Environmental Fate and Ecotoxicity. Toxicol. Appl. Pharmacol. 2023, 471, 116560. [Google Scholar] [CrossRef] [PubMed]

	



Sampathkumar, K.; Tan, K.X.; Loo, S.C.J. Developing Nano-Delivery Systems for Agriculture and Food Applications with Nature-Derived Polymers. iScience 2020, 23, 101055. [Google Scholar] [CrossRef]

	



Malam, Y.; Loizidou, M.; Seifalian, A.M. Liposomes and Nanoparticles: Nanosized Vehicles for Drug Delivery in Cancer. Trends Pharmacol. Sci. 2009, 30, 592–599. [Google Scholar] [CrossRef]

	



Lai, F.; Wissing, S.A.; Müller, R.H.; Fadda, A.M. Artemisia arborescens L. Essential Oil-Loaded Solid Lipid Nanoparticles for Potential Agricultural Application: Preparation and Characterization. AAPS PharmSciTech 2006, 7, E10–E18. [Google Scholar] [CrossRef]

	



Kah, M.; Kookana, R.S.; Gogos, A.; Bucheli, T.D. A Critical Evaluation of Nanopesticides and Nanofertilizers against Their Conventional Analogues. Nat. Nanotechnol. 2018, 13, 677–684. [Google Scholar] [CrossRef] [PubMed]

	



Qureshi, A.; Singh, D.K.; Dwivedi, S. Nano-Fertilizers: A Novel Way for Enhancing Nutrient Use Efficiency and Crop Productivity. Int. J. Curr. Microbiol. App. Sci 2018, 7, 3325–3335. [Google Scholar] [CrossRef]

	



White, J.C.; Gardea-Torresdey, J. Nanoscale Agrochemicals for Crop Health: A Key Line of Attack in the Battle for Global Food Security. Environ. Sci. Technol. 2021, 55, 13413–13416. [Google Scholar] [CrossRef] [PubMed]

	



Dizaj, S.M.; Lotfipour, F.; Barzegar-Jalali, M.; Zarrintan, M.H.; Adibkia, K. Antimicrobial Activity of the Metals and Metal Oxide Nanoparticles. Mater. Sci. Eng. C 2014, 44, 278–284. [Google Scholar] [CrossRef] [PubMed]

	



Martínez, G.; Merinero, M.; Pérez-Aranda, M.; Pérez-Soriano, E.M.; Ortiz, T.; Begines, B.; Alcudia, A. Environmental Impact of Nanoparticles’ Application as an Emerging Technology: A Review. Materials 2020, 14, 166. [Google Scholar] [CrossRef] [PubMed]

	



Vurro, M.; Miguel-Rojas, C.; Pérez-de-Luque, A. Safe Nanotechnologies for Increasing the Effectiveness of Environmentally Friendly Natural Agrochemicals. Pest Manag. Sci. 2019, 75, 2403–2412. [Google Scholar] [CrossRef] [PubMed]

	



Jampílek, J.; Kráľová, K. Application of Nanotechnology in Agriculture and Food Industry, Its Prospects and Risks. Ecol. Chem. Eng. S 2015, 22, 321–361. [Google Scholar] [CrossRef]

	



Pandey, S.; Giri, K.; Kumar, R.; Mishra, G.; Raja Rishi, R. Nanopesticides: Opportunities in Crop Protection and Associated Environmental Risks. Proc. Natl. Acad. Sci. India Sect. B Biol. Sci. 2018, 88, 1287–1308. [Google Scholar] [CrossRef]

	



He, S.; Feng, Y.; Ni, J.; Sun, Y.; Xue, L.; Feng, Y.; Yu, Y.; Lin, X.; Yang, L. Different Responses of Soil Microbial Metabolic Activity to Silver and Iron Oxide Nanoparticles. Chemosphere 2016, 147, 195–202. [Google Scholar] [CrossRef]

	



Shin, Y.-J.; Kwak, J.I.; An, Y.-J. Evidence for the Inhibitory Effects of Silver Nanoparticles on the Activities of Soil Exoenzymes. Chemosphere 2012, 88, 524–529. [Google Scholar] [CrossRef]

	



Kumari, R.; Suman, K.; Karmakar, S.; Mishra, V.; Lakra, S.G.; Saurav, G.K.; Mahto, B.K. Regulation and Safety Measures for Nanotechnology-Based Agri-Products. Front. Genome Ed. 2023, 5, 1200987. [Google Scholar] [CrossRef] [PubMed]

	



Kubiak-Hardiman, P.; Haughey, S.A.; Meneely, J.; Miller, S.; Banerjee, K.; Elliott, C.T. Identifying Gaps and Challenges in Global Pesticide Legislation That Impact the Protection of Consumer Health: Rice as a Case Study. Expo Health 2023, 15, 597–618. [Google Scholar] [CrossRef]

	



Liu, P.; Zheng, X.; Shangguan, S.; Zhao, L.; Fang, X.; Huang, Y.; Hermanowicz, S.W. Public Perceptions and Willingness-to-Pay for Nanopesticides. Nanomaterials 2022, 12, 1292. [Google Scholar] [CrossRef] [PubMed]

	



Özkan, S.A.; Dedeoğlu, A.; Karadaş Bakirhan, N.; Özkan, Y. Nanocarriers Used Most in Drug Delivery and Drug Release: Nanohydrogel, Chitosan, Graphene, and Solid Lipid. Turk. J. Pharm. Sci. 2019, 16, 481–492. [Google Scholar] [CrossRef] [PubMed]

	



Yin, J.; Su, X.; Yan, S.; Shen, J. Multifunctional Nanoparticles and Nanopesticides in Agricultural Application. Nanomaterials 2023, 13, 1255. [Google Scholar] [CrossRef]

	



Begines, B.; Ortiz, T.; Pérez-Aranda, M.; Martínez, G.; Merinero, M.; Argüelles-Arias, F.; Alcudia, A. Polymeric Nanoparticles for Drug Delivery: Recent Developments and Future Prospects. Nanomaterials 2020, 10, 1403. [Google Scholar] [CrossRef]

	



Oualikene-Gonin, W.; Sautou, V.; Ezan, E.; Bastos, H.; Bellissant, E.; Belgodère, L.; Maison, P.; Ankri, J.; Barbot, J.; Barouki, R. Regulatory Assessment of Nano-Enabled Health Products in Public Health Interest. Position of the Scientific Advisory Board of the French National Agency for the Safety of Medicines and Health Products. Front. Public Health 2023, 11, 1125577. [Google Scholar] [CrossRef]

	



Manna, S.; Roy, S.; Dolai, A.; Ravula, A.R.; Perumal, V.; Das, A. Current and Future Prospects of “All-Organic” Nanoinsecticides for Agricultural Insect Pest Management. Front. Nanotechnol. 2023, 4, 1082128. [Google Scholar] [CrossRef]








[image: Plants 13 00109 g001] 





Figure 1. Pictorial representation of factors pertaining to NPCs and the inherent advantages they offer in protecting agricultural ecosystems. 
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Figure 2. Average usage of pesticides from 2000 to 2021 [26]. (a) Average use per area of cropland by continent, (b) World’s largest consumers (top 10 countries) of pesticides per area of cropland (kg/ha), (c) Average percentage of use for agriculture, (d) World’s largest consumers (top 10 countries) for agriculture use. 
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Figure 3. (a) Factors affecting the effectiveness of pesticides, (b) Classification of pesticides according to nature (light orange color), classification according to application (light green color). 






Figure 3. (a) Factors affecting the effectiveness of pesticides, (b) Classification of pesticides according to nature (light orange color), classification according to application (light green color).



[image: Plants 13 00109 g003]







[image: Plants 13 00109 g004] 





Figure 4. Schematic diagram for the (a) green synthesis of nanoparticles, (b) application of NACs as NPCs and improvement of the efficacy of synthetic pesticides. 
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Figure 5. Schematic diagram of different types of nanocarriers which have been used to encapsulate AIs (type 2 NPCs). 
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Figure 6. A diagrammatic representation of the proposed antimicrobial mechanism for metal NPs. 
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Table 1. Effectiveness of different chemical pesticides and herbicides in agriculture.
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Pesticides

	
Target Pest

	
Effectiveness

	
Ecological Risks/Side Effects

	
References






	
Herbicide




	
Glyphosate

	
Weeds

	
Widely used herbicide effective against a broad spectrum of weeds

	
Potential impact on non-target plants and the environment

	
[37]




	
2,4-D (2,4-dichlorophenoxy acetic acid)

	
Turf and no-till field crops

	
Broadleaf herbicide used in turf and no-till field crops

	
Can be toxic to certain plants and should be used with caution to avoid damage to non-target vegetation

	
[38]




	
Acetochlor

	
Grasses and broadleaf weeds

	
Used to control grasses and broadleaf weeds in field corn, soybeans, and other crops

	
Can be harmful to aquatic organisms and should be used with care to prevent environmental contamination

	
[10]




	
Dicamba

	
Weeds

	
Effective against broadleaf weeds and woody plants

	
Causes damage to sensitive crops and plants, leading to regulatory restrictions and controversies

	
[39]




	
Pendimethalin

	
Grasses and weeds

	
Pre-emergent herbicide used to control annual grasses and certain broadleaf weeds in various crops

	
Harmful if ingested and should be handled with care to prevent accidental exposure

	
[40]




	
Trifluralin

	
Grasses and weeds

	
Effective against annual grasses and broadleaf weeds

	
Can contaminate groundwater and harm aquatic life

	
[41]




	
Metribuzin

Oxyfluorfen,

Prometryn,

Pronamide.

Pyraflufen-ethyl

	
Weeds

	
Effective at controlling a variety of broadleaf weeds

	
Can damage crops if applied incorrectly

	
[42,43,44,45,46]




	
Paraquat

	
Weeds

	
Highly effective at killing a wide range of weeds, but is non-selective, meaning it will kill any plant it comes into contact with

	
Can be harmful to humans and animals if ingested or absorbed through the skin, neurotoxicity

	
[47,48]




	
Isoproturon

	
Herbicide

	
Controls annual grasses and broadleaf weeds in cereals

	
Has been banned in EU since September 2017 due to concerns about its environmental impact and potential risks

	
[49]




	
Amitrole

	
Perennial grasses and broadleaf weeds (Herbicide)

	
Used in non-agricultural areas such as industrial lands, roadsides, railways, and ditches

	
Has been banned in EU after September 2017 due to concerns about its environmental impact and potential risks

	
[49]




	
Dalapon

	
Perennial grasses, such as quackgrass, Bermuda grass, Johnson grass, cattails, and rushes

	
Applied to a variety of crops including sugarcane, sugar beets, fruits, potatoes, carrots, asparagus, alfalfa, and flax, as well as in forestry

	
Relatively non-toxic to mammals, birds, and fish but moderately toxic to honeybees

	
[50,51]




	
Tricholoacetic acid

	
Grasses, sedges, and broadleaf weeds

	
Applied to a variety of crops including sugar beet, sugar cane, and canola

	
Corrosive to the skin and eyes

	
[50,52]




	
Insecticide




	
Pyrethroids

	
Mosquitoes

	
Highly effective at killing mosquitoes

	
Can harm bees and other beneficial insects

	
[53]




	
Imidacloprid

	
Fleas

	
Highly effective at killing fleas and preventing them from reproducing

	
Can contaminate water sources and harm aquatic life

	
[54]




	
Dichlorodiphenyltrichloroethane

	
Insecticide

	
Used in agriculture and for disease vector control

	
Risk of breast cancer, cardiometabolic issues such as insulin resistance, impaired glucose tolerance, and high blood pressure, and increased risk of obesity

	
[55,56]




	
Permethrin, Fipronil, Carbaryl, Chlorpyrifos, Diazinon, Malathion

	
Ticks, cockroaches, scale insects, thrips, mealybugs, leafminers, respectively

	
Highly effective at killing ticks and preventing them from transmitting diseases

	
Can cause skin irritation and respiratory problems

	
[57,58,59,60,61,62]




	
Acetamiprid

	
Aphids, whiteflies, and leafhoppers

	
Effective against sucking insects such as aphids, whiteflies, and leafhoppers in various crops. It is considered to have low toxicity to birds, mammals, and aquatic organisms

	
High potential for bioaccumulation and is highly toxic to birds and moderately toxic to aquatic organisms when used excessively

	
[63]




	
Acetophos, Acephate

	
Whiteflies, caterpillars, beetles, and aphids

	
Controls a variety of pests, including caterpillars, beetles, whiteflies and aphids

	
Can be harmful to aquatic organisms and should be used with care to prevent environmental contamination

	
[64]




	
Aldicarb

	
Nematodes, mites

	
Effective against various insect pests in crops such as cotton, potatoes, and citrus fruits

	
Highly toxic to birds, fish, and bees, and its use requires strict adherence to safety guidelines

	
[65]




	
Benzene hexachloride (lindane)

	
Aphids, mites, and other insects

	
For seed treatment, in the treatment of head and body lice, in pharmaceuticals, and in the treatment of scabies

	
Toxic effects, including seizures, ataxia, confusion, and acute hepatorenal decompensation

	
[55,66]




	
Fungicide




	
Thiophanate-methyl

	
Botrytis cinerea

	
Applied to tomato, wine grapes, beans, wheat, and aubergine. It is commonly used to treat botrytis bunch rot and gray mold caused by Botrytis cinerea in strawberries. Thiophanate-methyl acts as a fungicide via its primary metabolite carbendazim

	
Low acute toxicity, but causes liver and thyroid effects in animal studies and has been classified as a probable human carcinogen

	
[67]




	
Azoxystrobin

	
Fungi

	
Commonly used in agriculture for disease control in cereals and soybeans

	
Can cause skin and eye irritation and is highly toxic to certain aquatic organisms

	
[68]




	
Cyproconazole

	
Fungi

	
Controls diseases in cereals and soybeans

	
Adverse effects on both the environment and human health

	
[69]




	
Chlorothalonil

	
Fungi

	
Broad-spectrum fungicide used in a variety of crops, effective against many types of fungi

	
Non-toxic to birds but highly toxic to fish

	
[70]




	
Propiconazole

	
Fungi

	
Broad-spectrum and systemic disease control for turf and ornamentals; is also a flare root-injected systemic fungicide for control of selected diseases in trees

	
Possible human carcinogen, and its toxicology database indicates that the primary target organ for toxicity in animals is the liver

	
[71]




	
Dicloran

	
Fungi

	
Variety of fruits, vegetables, conifers, and ornamentals

	
Possible contribution to mutagenic activity

	
[72]




	
Carbendazim

	
Fungi

	
Employed to control plant diseases in cereals, fruits, and vegetables, including citrus, bananas, strawberries, pineapples, and pome fruits

	
Causes infertility and damages the testicles of laboratory animals

	
[73,74]




	
Copper-based fungicides

	
Fungi

	
Effective against late blight and downy mildew diseases

	
Excessive quantities can be harmful to plants, animals, and the environment

	
[75,76]




	
Other important pesticide classes




	
Dichlone

	
Fungicide and algicide

	
Applied to fruits, vegetables, field crops, ornamentals, and residential and commercial outdoor areas

	
High exposure can cause symptoms such as headache, nausea, vomiting, dizziness, drowsiness

	
[77]




	
Dichlorophen

	
Fungicide, herbicide, bactericide, and algicide

	
Used in the treatment of small mammals

	
Low mammalian toxicity but moderately toxic to fish, aquatic invertebrates, and algae

	
[78]




	
Diuron

	
Herbicide and algicide

	
Annual and perennial broadleaf and grassy weeds

	
Cause liver enlargement, spleen and thyroid effects, red blood cell destruction, and reduction of the blood’s oxygen-carrying capacity, leading to weakness or shortness of breath

	
[79]




	
Endothal

	
Herbicide and algicide

	
Used for the control of a wide variety of terrestrial and aquatic plants

	
Ranges from dermal and eye irritation to respiratory failure and hemorrhaging of the gastrointestinal tract upon exposure to high concentrations for a short period of time

	
[80]




	
Fentin

	
Fungicide and pesticide

	
To control blights on potatoes, leaf spot diseases on sugar beets, and anthracnose on beans

	
Toxic to aquatic organisms and can persist in the environment, posing a risk to non-target species

	
[81]




	
Sodium Carbonate Peroxyhydrate

	
Algicide and fungicide

	
The active ingredient in certain algicide and fungicide products

	
Mild toxicity from oral and dermal exposure, but can cause dermal irritation and severe irreversible eye damage

	
[82]




	
Isothiazolines

	
Bactericides and algicides

	
Utilized in various industrial products and water treatment chemicals due to their effectiveness in controlling bacteria and algae

	
Can lead to allergic contact dermatitis, high acute and chronic toxicity to aquatic life, indicating potential harm to aquatic organisms

	
[83]




	
Warfarin

	
Mice and rats (rodenticides)

	
Kills rodents, such as mice and rats

	
Hives, rash, itching, difficulty breathing or swallowing; swelling of the face, throat, tongue, lips, or eyes are signs of an allergic reaction; risk of severe bleeding, gas, abdominal pain, bloating, changes in taste, hair loss, feeling cold, and chills

	
[84]




	
Chlorophacinone

	
Mice and rats (rodenticides)

	
Kill rodents, such as mice and rats

	
Can irritate and burn the skin and eyes, and can lead to chronic health effects including anemia resulting from severe or repeated bleeding

	
[84]
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