



Review Article

Role of Nanotechnology in Insect Pest Management: Innovations, Challenges and Future Prospects - A comprehensive review

Abstract 
The escalating demand for global food security is increasingly threatened by insect pests, which are responsible for an estimated 20-40% of annual crop losses worldwide. Excessive dependence on conventional chemical pesticides has generated severe collateral consequences, including the evolution of resistance in more than 600 arthropod species, environmental contamination, and substantial risks to human health and biodiversity. Nanotechnology defined as the manipulation of materials at the nanoscale (1–100 nm) has emerged as a transformative approach to mitigate these challenges. Owing to their distinctive physicochemical attributes, such as high surface-area-to-volume ratio, enhanced reactivity, and tunable surface functionality, nanomaterials enable the development of advanced pest-management tools, including nano-pesticides, smart delivery platforms (nano-encapsulates, nanoemulsions, and nanogels), and precision biosensors. These innovations enhance solubility, stability, and targeted delivery of active ingredients, allowing controlled release kinetics, reduced application rates, and minimized environmental burden. This review critically examines the contemporary landscape of nanotechnology in insect pest management, tracing the historical evolution of pesticide use, outlining fundamental principles of nanomaterial synthesis and characterization, and presenting a systematic classification of nano-formulations with their underlying mechanisms of action. It further consolidates recent advances in field and post-harvest applications, evaluates the integration of nanosystems in pest surveillance and precision agriculture, and provides a balanced appraisal of environmental and human toxicological implications. Additionally, the review analyzes emerging regulatory frameworks, commercialization barriers, and future research directions, emphasizing that responsible and evidence-based innovation in nano-agriculture is essential for the development of sustainable, efficient, and resilient Integrated Pest Management (IPM) strategies.
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1. INTRODUCTION

Agricultural productivity remains persistently threatened by a diverse spectrum of insect pests, constituting a major constraint to sustaining a rapidly expanding global population. The Food and Agriculture Organization (FAO) consistently reports that pre- and post-harvest pest infestations account for a significant proportion of global agricultural losses, frequently exceeding 40% in developing countries (FAO, 2021). Beyond direct yield reduction, insect pests also degrade produce quality, impair marketability, and intensify post-harvest storage losses, thereby exerting cascading economic and food-supply impacts across value chains. Climate change, global trade, and intensified monocropping systems have further accelerated pest proliferation and geographic range expansion, amplifying the urgency for resilient and adaptive pest-management solutions.

For several decades, synthetic chemical pesticides have served as the principal line of defense, with global consumption surpassing four million tons annually (Sharma et al., 2019). Although these inputs have delivered rapid and visible pest suppression, their long-term consequences have revealed profound systemic limitations. The widespread emergence of pesticide resistance has substantially eroded the efficacy of many insecticidal classes, with resistance now documented in over 600 insect and mite species worldwide (Sparks & Nauen, 2015; Mota-Sanchez & Wise, 2022). Repeated exposure to single-mode-of-action chemistries accelerates genetic selection for resistant populations, necessitating higher dosages and more frequent applications, thereby creating a self-reinforcing cycle of chemical dependence. Concurrently, the non-selective nature of broad-spectrum pesticides precipitates extensive collateral damage, including the decline of natural enemies, disruption of pollination services, contamination of soil and aquatic ecosystems, and deterioration of overall biodiversity and ecosystem resilience (Goulson et al., 2015; Pérez-Lucas et al., 2022). Human exposure—particularly among agricultural workers and through dietary and waterborne residues—has been associated with a spectrum of acute and chronic health outcomes, including neurotoxicity, endocrine disruption, reproductive impairment, and carcinogenic risks (Kim et al., 2017; Nicolopoulou-Stamati et al., 2016).

Integrated Pest Management (IPM) emerged as an ecologically grounded paradigm designed to integrate biological, cultural, mechanical, and chemical tactics to maintain pest populations below economically injurious thresholds while minimizing environmental externalities (Kogan, 1998; Barzman et al., 2015). IPM emphasizes surveillance, economic threshold-based decision-making, habitat manipulation, and conservation of natural enemies, thereby promoting long-term sustainability. Nevertheless, despite its conceptual robustness and demonstrated successes, field-level implementation frequently retains a residual dependence on conventional chemical pesticides as a final intervention, perpetuating many of the challenges IPM intends to resolve. Operational constraints such as inconsistent monitoring, limited farmer awareness, variable policy support, and delayed availability of biological control agents further hinder optimal IPM adoption, particularly in resource-limited regions.

This persistent technological and operational gap has intensified the search for innovative, high-precision tools capable of harmonizing efficacy with environmental stewardship. Nanotechnology-bfirst envisioned by Richard Feynman and subsequently formalized by Norio Taniguchi offers a transformative platform in this context (Feynman, 1960; Taniguchi, 1974). Engineering matter at the nanoscale (1–100 nm) confers distinctive optical, catalytic, electrical, and thermodynamic properties that are unattainable in bulk materials (Kah, 2015; Nuruzzaman et al., 2016). These nanoscale attributes enable enhanced surface interactions, improved solubility of hydrophobic compounds, and programmable release profiles, thereby redefining the functional efficiency of agrochemical and biological agents.

In agricultural pest management, nanotechnology facilitates the development of nano-pesticides, nano-fertilizer–pesticide hybrids, nano-enabled biopesticides, and intelligent diagnostic systems such as nanosensors and nano-biosurveillance platforms. These innovations offer multiple advantages, including reduced active-ingredient loading, enhanced target specificity, prolonged field persistence with controlled degradation, and minimized off-target toxicity. Moreover, nano-enabled delivery systems can improve compatibility with biological control agents and botanical extracts, thereby strengthening the ecological foundations of IPM rather than replacing them. Emerging research also highlights the potential of nanomaterials in semiochemical delivery, RNA-interference (RNAi) stabilization, and smart packaging for stored-grain protection, underscoring the breadth of applications beyond conventional spraying regimes.

Despite these promising attributes, the deployment of nanotechnology in agriculture is accompanied by legitimate concerns regarding nanoparticle fate, bioaccumulation, ecotoxicological interactions, and regulatory standardization. Addressing these issues through rigorous risk assessment, transparent governance, and interdisciplinary collaboration remains essential to ensure responsible innovation. Within this evolving landscape, nanotechnology represents not merely a supplementary tool but a paradigm shift toward precision-driven, knowledge-intensive, and environmentally consonant pest management. This review synthesizes current scientific advances, practical applications, and policy considerations surrounding nanotechnology-enabled insect pest control, providing a forward-looking evaluation of its capacity to redefine sustainability, precision, and resilience within modern Integrated Pest Management frameworks.

2. CONVENTIONAL PEST MANAGEMENT: A LEGACY OF LIMITATIONS 

The history of chemical pest control represents a trajectory of remarkable technological progress intertwined with profound unintended consequences. The post–World War II period, frequently termed the “pesticide era,” commenced with the large-scale deployment of organochlorine compounds such as dichloro-diphenyl-trichloroethane (DDT). These chemicals were initially lauded for their broad-spectrum efficacy, affordability, and long residual action. However, their environmental persistence and lipophilic nature soon revealed severe ecological repercussions, most notably biomagnification through trophic levels and the thinning of avian eggshells, which precipitated dramatic declines in bird populations (Carson, 1962). Although many persistent organic pollutants (POPs) were subsequently restricted or banned under international conventions, their residues remain detectable in soils, sediments, and biota decades later, illustrating the enduring legacy of early pesticide misuse (Meijer et al., 2003).

Subsequent generations of insecticides including organophosphates, carbamates, and synthetic pyrethroids were introduced with the intent of reducing environmental persistence and improving safety profiles. While these chemistries generally exhibit shorter environmental half-lives, they introduced new and equally complex challenges, most prominently the accelerated evolution of pesticide resistance. The extraordinary genetic plasticity and rapid reproductive cycles of insect populations, when subjected to intense and repeated selection pressure, facilitate the emergence of diverse resistance mechanisms. These include enhanced metabolic detoxification mediated by enzymatic systems such as cytochrome P450 monooxygenases, esterases, and glutathione S-transferases; target-site insensitivity exemplified by knockdown resistance (kdr) mutations in voltage-gated sodium channels; reduced cuticular penetration; and behavioral avoidance strategies (Bass et al., 2015; Sparks et al., 2021). The diamondback moth (Plutella xylostella) epitomizes this crisis, having developed resistance to nearly all major classes of insecticides deployed for its control, thereby becoming a global model organism for resistance evolution (Furlong et al., 2013).

Beyond resistance, the ecological externalities associated with pesticide overuse are substantial and multifaceted. Empirical estimates suggest that less than 1 % of applied insecticides effectively reach their intended target organisms, while the overwhelming majority disperses into surrounding air, water, and soil matrices (Pimentel, 1995). This inefficiency not only represents economic waste but also drives widespread environmental contamination and non-target toxicity. Systemic insecticides, particularly neonicotinoids, have attracted intense scientific scrutiny due to their chronic and sublethal impacts on pollinators, including impaired navigation, reduced foraging efficiency, and weakened colony vitality factors implicated in broader pollinator decline and colony collapse phenomena (Woodcock et al., 2017; Sánchez-Bayo et al., 2016). Additionally, pesticide applications can destabilize agroecosystem dynamics by eliminating natural enemies, triggering pest resurgence, and facilitating secondary pest outbreaks when previously suppressed species proliferate in the absence of ecological competition (Hardin et al., 1995).

The human health dimension further accentuates the limitations of conventional pest management. Acute pesticide poisoning remains a significant public-health issue, particularly in low- and middle-income countries where regulatory oversight, training, and personal protective equipment are often inadequate. Chronic exposure has been correlated with neurological disorders, endocrine disruption, developmental abnormalities, and increased cancer risk. Global estimates indicate that pesticide poisoning contributes to hundreds of thousands of deaths annually, underscoring the socio-economic and ethical implications of continued chemical dependency (Boedeker et al., 2020).

Collectively, this historical and contemporary evidence illustrates that conventional chemical pest management, while instrumental in past agricultural intensification, is intrinsically constrained by ecological inefficiency, resistance escalation, and public-health risks. These limitations have catalyzed a paradigm shift toward precision-oriented, environmentally compatible, and knowledge-intensive alternatives. In this context, nanotechnology emerges not merely as an incremental improvement but as a foundational reorientation toward targeted delivery, dose minimization, and ecosystem-conscious pest control principles that align closely with the evolving objectives of sustainable agriculture and next-generation Integrated Pest Management frameworks.

3. PRINCIPLES OF NANOTECHNOLOGY IN AGRICULTURE: SYNTHESIS, CHARACTERIZATION, AND FUNCTIONAL PROPERTIES 
The foundational premise of nanotechnology lies in the observation that materials engineered at the nanoscale (1–100 nm) display physicochemical and biological properties markedly distinct from their bulk counterparts. These differences arise primarily from quantum confinement effects and the dramatic increase in surface-area-to-volume ratio, which collectively enhance reactivity, adsorption capacity, catalytic efficiency, optical behavior, and biological interactions (Kah, 2015). At this scale, even minor modifications in particle size, morphology, or surface chemistry can produce substantial variations in performance, rendering nanomaterials highly tunable tools for agricultural applications, including insect pest management, nutrient delivery, and biosensing.

3.1 SYNTHESIS METHODS

Nanoparticle synthesis strategies are broadly categorized into top-down and bottom-up approaches, each offering distinct advantages and trade-offs in terms of scalability, uniformity, cost, and environmental footprint.

3.1.1. Physical (Top-Down) Methods
These techniques employ mechanical or physical forces to disintegrate bulk materials into nanoscale particles. Common approaches include laser ablation, arc discharge, evaporation–condensation, and high-energy ball milling. Physical methods generally yield high-purity nanoparticles with minimal chemical contamination; however, they are energy-intensive, costly, and often provide limited control over particle size distribution and morphology. Agglomeration and structural defects can also arise during mechanical fragmentation, potentially affecting functional performance (Khan et al., 2019).

3.1.2. Chemical (Bottom-Up) Methods
Chemical synthesis is the most widely adopted route due to its precision and versatility. These methods involve the nucleation and growth of nanoparticles from precursor ions or molecules through reduction, precipitation, or sol-gel reactions. Reducing agents such as sodium borohydride or citrate, along with stabilizing or capping agents like polymers and surfactants, are used to regulate particle size and prevent aggregation. Techniques include chemical reduction, sol–gel processing, hydrothermal synthesis, microemulsion, and chemical vapor deposition. While these approaches allow fine control over morphology, crystallinity, and dispersibility, they may involve hazardous reagents and generate chemical residues that necessitate post-synthesis purification (Iravani et al., 2014).

3.1.3. Biological Or Green Synthesis
Green synthesis has gained significant traction as a sustainable and environmentally benign alternative. This approach exploits biological entities—plant extracts, bacteria, fungi, algae, and biomolecules—as both reducing and stabilizing agents. Phytochemicals such as flavonoids, alkaloids, terpenoids, and phenolic acids function as natural electron donors and capping agents, producing nanoparticles that are typically biocompatible and less toxic. Green synthesis is cost-effective, scalable, and aligned with circular bioeconomy principles. Notably, silver nanoparticles synthesized using Ocimum basilicum leaf extract have demonstrated potent larvicidal activity against Anopheles stephensi, illustrating the synergy between botanical bioactivity and nanoscale engineering (Makarov et al., 2014; Ahmed et al., 2020; Govindarajan & Benelli, 2016).

3.2 CHARACTERIZATION TECHNIQUES

Comprehensive physicochemical characterization is essential for correlating nanoparticle structure with biological function, stability, and safety. A multi-instrument analytical approach is typically employed:

3.2.1 Morphology and Size
Transmission Electron Microscopy (TEM) enables visualization of individual nanoparticles at near-atomic resolution, whereas Scanning Electron Microscopy (SEM) reveals surface morphology and aggregation patterns. Atomic Force Microscopy (AFM) provides three-dimensional surface topography and nanoscale roughness measurements.

3.2.2 Particle Size Distribution

Dynamic Light Scattering (DLS) measures hydrodynamic diameter, polydispersity index (PDI), and aggregation behavior in colloidal suspensions, offering insight into dispersion stability under aqueous conditions.

3.2.3 Crystallinity and Phase Identification
X-ray Diffraction (XRD) analysis determines crystalline structure, lattice parameters, and phase purity, which influence catalytic and optical properties.

3.2.4 Surface Chemistry and Composition
Fourier Transform Infrared Spectroscopy (FTIR) identifies functional groups and capping molecules bound to nanoparticle surfaces. X-ray Photoelectron Spectroscopy (XPS) provides elemental composition, oxidation states, and chemical bonding information.

3.2.5 Surface Charge and Colloidal Stability
Zeta potential analysis quantifies electrostatic surface charge, serving as a predictor of suspension stability; absolute values exceeding ±30 mV generally indicate stable dispersions resistant to aggregation (Mourdikoudis et al., 2018).

3.2.6 Thermal and Optical Properties
Thermogravimetric Analysis (TGA) evaluates thermal stability and organic coating content, while UV–Visible spectroscopy is commonly used to confirm nanoparticle formation and optical resonance characteristics, particularly for metal nanoparticles such as silver and gold.

3.3 PROPERTIES RELEVANT TO PEST MANAGEMENT
The functional performance of nano-enabled pest control systems is governed by several interrelated nanoscale attributes:

3.3.1 Reduced Particle Size and Elevated Surface Area
Nanoscale dimensions facilitate improved adhesion to plant cuticles, enhanced foliar retention, and increased penetration through insect exoskeletons, spiracles, and gut linings, thereby improving delivery efficiency and bioavailability (Debnath et al., 2011).

3.3.2 Enhanced Chemical and Photocatalytic Reactivity
Many nanomaterials catalyze the formation of reactive oxygen species (ROS), which can disrupt cellular membranes, proteins, and nucleic acids in target pests, leading to oxidative stress and mortality (Huang et al., 2022).

3.3.3 Tunable Surface Functionalization
Surface engineering with polymers, ligands, peptides, or biomolecules enables receptor-mediated targeting, pH-responsive release, or enzyme-triggered degradation, allowing highly selective and stimuli-responsive pest control strategies (Kumar et al., 2019).

3.3.4. Improved Solubility and Dispersion
Nano-encapsulation markedly increases the aqueous solubility and dispersion stability of hydrophobic active ingredients, enhancing systemic uptake and uniform field distribution (Kah & Hofmann, 2014).

3.3.5. Controlled and Sustained Release Kinetics
Polymeric nanocarriers and nanogels can modulate release profiles, extending residual efficacy while reducing application frequency and overall chemical load.

3.3.6 Biocompatibility and Synergistic Bioactivity
Green-synthesized nanoparticles often exhibit inherent antimicrobial or insecticidal properties due to phytochemical coatings, enabling dual-mode action and compatibility with biological control agents. Collectively, these nanoscale principles underpin the transition from conventional blanket pesticide application toward precision-engineered, dose-efficient, and environmentally consonant pest-management systems that align with the broader objectives of sustainable agriculture and advanced Integrated Pest Management paradigms.

4 A TAXONOMY OF NANO-FORMULATIONS FOR INSECT CONTROL 

The integration of nanotechnology into pest management has generated a diverse portfolio of formulation platforms, each characterized by distinct physicochemical architectures, delivery mechanisms, and biological modes of action. Unlike conventional pesticide formulations that primarily rely on direct toxicity, nano-enabled systems emphasize precision delivery, controlled release, and multifunctionality, thereby improving efficacy while reducing collateral environmental impacts. Broadly, nano-formulations for insect control can be categorized into inorganic nano-pesticides, nano-encapsulation systems, nanoemulsions, and polymeric nanogels or hydrogels.

4.1 INORGANIC NANOPARTICLES (NANO-PESTICIDES)
In this category, the nanomaterial itself functions as the active toxicant rather than merely serving as a carrier. These nanoparticles often exert multi-site modes of action, reducing the probability of resistance evolution.

4.1.1 Silver Nanoparticles (AgNPs)
Silver nanoparticles are among the most extensively investigated nano-pesticides due to their broad-spectrum antimicrobial and insecticidal properties. Their mechanisms of action are multifactorial and include:
(i) adhesion to and disruption of cell membranes, (ii) intracellular penetration leading to organelle dysfunction, (iii) sustained release of Ag⁺ ions that denature proteins and inhibit respiratory enzymes, and (iv) induction of reactive oxygen species (ROS), causing oxidative stress and apoptosis (Marimuthu et al., 2011; Soni & Prakash, 2014).
AgNPs have demonstrated pronounced larvicidal efficacy against mosquito vectors such as Aedes aegypti and Anopheles stephensi, as well as contact toxicity against stored-product beetles and agricultural pests.

4.1.2 Metal Oxide Nanoparticles
Metal oxides such as Zinc Oxide (ZnO), Titanium Dioxide (TiO₂), Copper Oxide (CuO), and Magnesium Oxide (MgO) possess intrinsic photocatalytic and redox properties. Upon exposure to ultraviolet or visible light, these nanoparticles generate hydroxyl radicals, singlet oxygen, and superoxide anions capable of oxidizing lipids, proteins, and nucleic acids in insect tissues and microbial pathogens (He et al., 2021; van Broekhuizen et al., 2012; Saharan et al., 2015). Their dual insecticidal and antimicrobial functions make them particularly attractive for integrated crop protection and post-harvest disinfection.

4.1.3 Silica Nanoparticles (SiO₂ NPs)

Silica-based nanoparticles operate through a predominantly physical, non-neurotoxic mechanism. Their highly porous and abrasive microstructure absorbs epicuticular lipids and waxes from insect exoskeletons, resulting in irreversible desiccation and mortality (Debnath et al., 2011; Ulrichs et al., 2006). Because their action is mechanical rather than biochemical, the risk of resistance development is minimal. Silica nanoparticles are therefore widely explored for stored-grain protection and are generally regarded as having low mammalian toxicity when appropriately formulated.

4.2 Nano-Encapsulation Systems

Nano-encapsulation involves entrapping or embedding a conventional pesticide active ingredient (AI) within a nanoscale carrier matrix or shell. This strategy enhances photostability, reduces volatilization, minimizes non-target exposure, and enables programmable release kinetics.

4.2.1 Polymeric Nanoparticles
Biodegradable polymers such as polylactic acid (PLA), polycaprolactone (PCL), chitosan, alginate, and starch derivatives are frequently employed to produce nanocapsules (core–shell structures) or nanospheres (matrix systems). These carriers provide sustained or controlled release over extended periods, thereby lowering application frequency and total chemical load. Lignin-based nanocapsules delivering thyme oil, for example, have shown significant efficacy against Tribolium castaneum while improving oxidative stability and persistence (Yang et al., 2022).

4.2.2 Solid Lipid Nanoparticles (SLNs) and Nanostructured Lipid Carriers (NLCs)
These lipid-based systems consist of solid or semi-solid lipid matrices stabilized by surfactants. They exhibit high encapsulation efficiency for lipophilic active compounds, enhanced bioavailability, and improved resistance to photodegradation. SLNs and NLCs are particularly valuable for botanical insecticides and essential oils, whose volatility and sensitivity to light often limit field performance (Adak et al., 2020).
4.2.3 Mesoporous Silica Nanoparticles (MSNs)
MSNs are characterized by exceptionally high surface area, ordered pore structures, and tunable pore diameters, enabling substantial loading of active molecules. Functionalization with molecular “gatekeepers” allows stimuli-responsive release triggered by pH shifts, enzymatic activity, or temperature changes, thereby aligning pesticide release with insect gut conditions or environmental cues (Wibowo et al., 2020). This precision delivery reduces off-target dissipation and enhances dose efficiency.

4.3 Nanoemulsions

Nanoemulsions are kinetically stable oil-in-water (O/W) or water-in-oil (W/O) dispersions with droplet diameters typically below 200 nm, stabilized by surfactants or biopolymers. Their optical transparency, low viscosity, and high surface energy facilitate uniform sprayability and enhanced interaction with insect cuticles. Nanoemulsions are especially suitable for delivering hydrophobic botanical extracts, essential oils, and semiochemicals, significantly improving their water dispersibility, oxidative stability, and insecticidal potency (Duarte et al., 2015; Sugumar et al., 2014).
For instance, clove-oil nanoemulsions have demonstrated markedly higher fumigant and contact toxicity against Sitophilus oryzae compared with conventional emulsions, attributable to superior penetration and sustained volatilization (Chowdhury et al., 2022). Additionally, nanoemulsions often require lower surfactant concentrations than macroemulsions, reducing phytotoxicity and environmental load.

4.4 Nanogels and Hydrogels

Nanogels and hydrogels are three-dimensional cross-linked polymeric networks capable of absorbing and retaining substantial quantities of water or bioactive compounds. Their swelling–deswelling behavior enables diffusion-controlled or stimuli-responsive release of volatile and semi-volatile agents. In insect management, these systems are particularly valuable for the delivery of pheromones, allelochemicals, and attractants used in mating disruption, lure-and-kill, or mass-trapping strategies (Bhagat et al., 2013; Benelli et al., 2020).
Hydrogel-based carriers prolong field longevity, protect sensitive semiochemicals from rapid evaporation and photodegradation, and maintain effective concentration gradients over extended periods. Furthermore, biodegradable hydrogel matrices can be engineered to degrade under specific environmental conditions, aligning release profiles with crop phenology and pest population dynamics.

Collectively, this taxonomy illustrates that nano-formulations extend far beyond simple miniaturization of pesticides; they represent multifunctional delivery ecosystems that integrate toxicological action, controlled release, environmental compatibility, and precision targeting. Such versatility positions nano-enabled formulations as pivotal components in next-generation, sustainability-oriented insect pest management systems.

5. APPLICATIONS IN STORAGE PEST MANAGEMENT

Post-harvest losses attributable to insects, mites, and storage fungi represent a substantial yet often underestimated component of global food insecurity, with estimates ranging from 10–30 % of total stored grain production, and even higher in tropical and subtropical regions. Conventional fumigants such as phosphine and methyl bromide, once regarded as indispensable tools in grain protection, are increasingly constrained by regulatory restrictions, environmental concerns, and the rapid emergence of resistant pest populations (Nayak et al., 2020). These limitations have catalyzed the exploration of nano-enabled alternatives that emphasize physical modes of action, extended residual efficacy, and reduced chemical dependency. Nanotechnology offers several promising interventions in this domain.

5.1 Inert Nano-Dusts and Desiccant Nanomaterials

Nano-formulations of inert dusts, including diatomaceous earth and engineered silica nanoparticles (e.g., commercial formulations such as NanoD™), have demonstrated high efficacy against a broad spectrum of stored-product insects such as Rhyzopertha dominica, Sitophilus oryzae, and Tribolium confusum. Their mechanism is predominantly physical rather than biochemical, involving abrasion of the insect cuticle and adsorption of protective epicuticular lipids and waxes, which accelerates trans-cuticular water loss and results in lethal desiccation (Athanasia et al., 2021; Vayias et al., 2009).

Nanoscale particles offer superior surface coverage, enhanced adherence to grain kernels, and reduced application dosages compared with conventional dusts. Importantly, because their action is mechanical, the likelihood of resistance evolution is minimal. These materials are generally regarded as safe for mammalian exposure when used within recommended thresholds and do not leave toxic chemical residues, making them suitable for organic and low-input storage systems. However, optimization of particle size and dust concentration is essential to avoid excessive grain abrasion or reduced flowability during processing.

5.2 Nano-Encapsulated Botanical Insecticides

Botanical insecticides and essential oils are attractive alternatives due to their biodegradability and low mammalian toxicity; however, their volatility, photodegradation, and short residual life have historically limited their practical utility in storage environments. Nano-encapsulation within biopolymers such as chitosan, gum arabic, zein protein, alginate, or cyclodextrins markedly enhances oxidative stability, reduces evaporation, and enables sustained release over extended storage periods.

For example, Zataria multiflora essential oil encapsulated in chitosan nanoparticles demonstrated prolonged insecticidal activity against Callosobruchus maculatus in stored legumes, significantly outperforming its unencapsulated counterpart (Hashem et al., 2018). Beyond extending efficacy, nano-encapsulation can also mitigate strong odors, reduce phytotoxicity, and improve compatibility with packaging materials. Such systems are particularly valuable in hermetic or semi-hermetic storage bins where gradual vapor release maintains an insect-repellent microenvironment without compromising grain quality.

5.3 Synergistic and Multi-Mechanistic Nano-Combinations

An emerging strategy in storage pest management involves the integration of multiple nano-enabled modalities to achieve synergistic or additive effects at ultra-low concentrations. Combinations of nano-silica desiccants with nanoemulsified botanical extracts, for instance, merge physical dehydration with biochemical toxicity or repellency. This multi-target approach can overcome incipient tolerance, reduce the probability of resistance development, and minimize the total quantity of active agents required (Ziaee et al., 2014).

Such combinatorial systems also allow functional tailoring e.g., incorporating antifungal nanoparticles to suppress mycotoxin-producing fungi alongside insect control, thereby delivering dual protection for stored commodities. Additionally, nano-coatings on storage surfaces, sacks, or packaging films embedded with insect-repellent nanoparticles are being explored to create passive protective barriers that operate continuously without repeated application.

Collectively, nano-enabled storage pest management strategies represent a transition from reactive chemical fumigation toward preventive, residue-minimal, and multifunctional protection systems. By leveraging physical desiccation, sustained botanical delivery, and synergistic nano-combinations, these technologies offer scalable and environmentally consonant solutions capable of preserving grain quality, extending shelf life, and reducing post-harvest losses in both industrial and smallholder storage infrastructures.

6. APPLICATIONS IN FIELD PEST CONTROL 

In open-field agricultural systems, pest management interventions are frequently constrained by rapid photodegradation of active ingredients, wash-off due to rainfall or irrigation, volatilization, and suboptimal uptake by plant tissues. Nano-enabled formulations address these limitations by improving retention, enhancing systemic movement, and protecting sensitive compounds from environmental degradation, thereby increasing field persistence and biological efficacy at reduced dosages.

6.1 Enhanced Foliar Adhesion and Rainfastness
Nanocarriers engineered with cationic or bioadhesive polymers most notably chitosan and its derivatives exhibit strong electrostatic interactions with negatively charged plant cuticles and leaf surfaces. This interaction improves droplet spreading, reduces runoff losses, and enhances rainfastness, ultimately extending residual activity. Nano-formulated imidacloprid, for example, has demonstrated superior persistence and control efficacy against wheat aphids (Schizaphis graminum) relative to conventional emulsifiable concentrates (Kashyap et al., 2015; Wang et al., 2022). In addition, nano-stickers and spreader–adjuvants can be co-formulated to optimize deposition uniformity and minimize drift during spray application.

6.2 Systemic and Translaminar Delivery
Engineered nanoparticles can be tailored for penetration through stomatal openings, cuticular microchannels, or root uptake pathways, followed by translocation via xylem and phloem networks. This property is particularly valuable for systemic insecticides and nucleic-acid-based technologies such as double-stranded RNA (dsRNA) used in RNA interference (RNAi). Carbon quantum dots, layered double hydroxides, and lipid-based nanocarriers have been investigated for intracellular delivery of small interfering RNA (siRNA) into plant tissues, enabling gene silencing in phloem-feeding or sap-sucking pests while reducing off-target exposure (Zhang et al., 2022). Such approaches represent a shift toward molecularly precise pest suppression strategies.

6.3 Photoprotection and Environmental Shielding
Ultraviolet radiation is a major driver of pesticide degradation in field environments. Incorporation of UV-absorbing nanomaterials such as ZnO or TiO₂ into nano-encapsulation matrices can significantly retard photolysis of light-sensitive active ingredients, including botanical compounds like azadirachtin and pyrethrins (Lao et al., 2010). Beyond UV shielding, nanocarriers also mitigate hydrolysis and oxidative degradation, thereby extending effective field half-life and reducing the frequency of re-application.

6.4 Targeted and Stimuli-Responsive Release (Emerging)
Recent developments include pH-responsive, enzyme-responsive, and temperature-responsive nanocarriers that release payloads selectively under insect gut conditions or specific environmental triggers. This programmable release reduces non-target exposure and aligns pesticide availability with peak pest activity, enhancing dose efficiency and ecological compatibility.

7. NANO-ENABLED PEST MONITORING AND DIAGNOSTICS 

Precision agriculture depends on rapid, accurate, and spatially resolved pest detection. Nanotechnology contributes by enabling ultra-sensitive diagnostic tools capable of identifying pest presence or plant stress signals well before visible symptoms manifest.

7.1 Nanosensors and Nanobiosensors
Nanomaterials such as graphene, carbon nanotubes, quantum dots, and noble-metal nanoparticles possess exceptional electrical conductivity and surface reactivity, making them ideal transducers in biosensing platforms. These sensors can detect herbivore-induced plant volatiles (HIPVs), specific insect salivary enzymes, or pathogen biomarkers at trace concentrations. Gold nanoparticle-based immunosensors, for instance, have shown high specificity in detecting vector-borne plant viruses and pest-associated proteins, enabling early intervention (Cellini et al., 2021; Byeon et al., 2022).

7.2 Remote Sensing, IoT, and Data Integration
Distributed networks of nano-enabled sensors integrated with wireless communication and Internet-of-Things (IoT) architectures allow real-time surveillance of pest populations, microclimatic parameters, and crop stress indicators. These data streams feed predictive analytics and decision-support systems, facilitating site-specific pesticide application only where and when required (Gogos et al., 2022). The result is substantial reduction in blanket chemical use and improved economic efficiency.

8. NANOTECHNOLOGY FOR PEST MONITORING AND PRECISION FARMING 

Beyond discrete diagnostics, nanotechnology underpins broader precision-farming ecosystems that combine sensing, geospatial analytics, and automated response mechanisms. Nanobiosensors capable of detecting HIPVs, pheromones, or enzymatic signatures enable pre-symptomatic diagnosis of infestations. Drone-mounted platforms and satellite-assisted imaging systems equipped with nano-enhanced optical sensors can conduct large-scale, high-resolution crop surveillance. Field trials in crops such as cotton and rice have reported significant reductions in pesticide input often exceeding 30 % when interventions are guided by precision diagnostics rather than calendar-based spraying. This convergence of nanotechnology with digital agriculture shifts pest management from reactive control to anticipatory, data-driven stewardship.

9. ENVIRONMENTAL AND TOXICOLOGICAL CONSIDERATIONS

The same nanoscale properties that confer high efficacy also necessitate rigorous environmental and toxicological evaluation. Responsible deployment requires comprehensive life-cycle assessment and standardized testing protocols.

9.1 Environmental Fate and Persistence

The long-term behavior of nanoparticles in soil, water, and sediment matrices remains incompletely understood. Potential accumulation, transformation into secondary species, and interactions with soil microbiota may influence nutrient cycling, enzyme activity, and ecosystem services (Zhao et al., 2020).

9.2 Non-Target and Ecotoxicological Effects

While nano-formulations often aim for targeted delivery, unintended exposure to pollinators, natural enemies, and aquatic organisms is possible. Empirical findings are heterogeneous: some nano-carriers reduce toxicity relative to bulk pesticides, whereas others may exhibit enhanced adhesion or reactivity that introduces novel risks (El-Masarawy et al., 2020).

9.3 Human Health and Occupational Exposure

Manufacturing, handling, and application of nanoparticles raise concerns regarding inhalation, dermal absorption, and ingestion. Certain metal-based nanoparticles have demonstrated oxidative stress induction and cytotoxicity in vitro, underscoring the need for exposure thresholds, personal protective equipment standards, and post-marketing surveillance (Stadler et al., 2018). Proactive research on degradation pathways, bioaccumulation potential, and standardized ecotoxicological assays is essential to ensure safe and sustainable implementation.

10. REGULATIONS, POLICY, AND ADOPTION CHALLENGES

Regulatory oversight of nano-pesticides is evolving, with agencies such as the U.S. EPA and the European Food Safety Authority increasingly recognizing the necessity for nano-specific guidance within existing pesticide frameworks. Key challenges include inconsistent definitions of “nanomaterial,” lack of harmonized testing methodologies, limited long-term environmental data, and uncertainties regarding labeling and risk communication.

Beyond regulatory complexity, socio-economic barriers impede widespread adoption. High production costs, limited farmer awareness, inadequate extension services, intellectual-property constraints, and supply-chain limitations disproportionately affect developing regions. Addressing these constraints requires international regulatory harmonization, public–private partnerships to scale manufacturing, capacity-building initiatives, and demonstration projects that quantify agronomic and environmental benefits.

11. FUTURE PROSPECTS AND RESEARCH DIRECTIONS

The future trajectory of nano-enabled pest management is oriented toward multifunctional, biodegradable, and intelligence-driven systems. Emerging research focuses on multi-stimuli-responsive nanocarriers capable of releasing payloads in response to combined triggers such as pH, enzymatic activity, or temperature gradients. Integration with RNAi platforms promises species-specific genetic control with minimal ecological disturbance. Concurrently, convergence with artificial intelligence, machine learning, and big-data analytics is expected to enable predictive pest modeling, autonomous application systems, and real-time optimization of agrochemical inputs. A central objective is the development of fully biodegradable nanomaterials with minimal ecotoxicological footprints, coupled with circular-economy manufacturing approaches and green synthesis pathways that align technological advancement with environmental stewardship.

12. Conclusion 

Nanotechnology represents a substantive paradigm shift in insect pest management, transitioning the discipline from broad, chemical-intensive interventions toward precision-engineered, efficiency-driven, and sustainability-oriented strategies. By enhancing the performance of both synthetic and biological agents, reducing environmental dispersion, and enabling early, data-guided detection, nano-enabled tools are positioned to become integral components of next-generation Integrated Pest Management programs. Realizing this potential, however, depends on parallel progress in environmental risk assessment, adaptive and transparent regulatory frameworks, cost-effective manufacturing, and inclusive technology transfer to farming communities worldwide. Through responsible innovation, interdisciplinary collaboration, and evidence-based governance, nanotechnology can contribute meaningfully to the establishment of a resilient, productive, and ecologically balanced global agricultural system.
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