Chemical Engineering [ ISSN:1005-9954 | https://chemengjournal.com

Nanoparticle-Mediated Control of Storage Pests: A Review

G. Nathiya, D. Vijaya Lakshmi, S. Thenmozhi, G.V. Krishna Teja Sree, S.
Kavya, K. Elumalai

Unit of Entomotoxicity, Department of Zoology, Government Arts College (Autonomous),
Nandanam, Chennai-600035, Tamil Nadu, India

Abstract

Managing stored product pests continues to be a major challenge for global food
security, as traditional synthetic pesticides face rising issues such as insect resistance,
environmental contamination, and human health hazards. This review explores the emerging
use of nanotechnology as a revolutionary method for pest control, focusing on nanoparticle-
based formulations like metal nanoparticles (silver, copper, zinc oxide), metal oxide
nanoparticles (silica, titanium dioxide), and polymeric nanoparticles from natural biopolymers.
Nanopesticides provide benefits over traditional pesticides through greater surface area, better
bioavailability, controlled release, and improved stability of active agents. Eco-friendly green
synthesis methods using plant extracts create alternatives that reduce toxic residues, while still
effectively targeting key storage pests like Sitophilus oryzae, Tribolium castaneum,
Callosobruchus maculatus, and Rhyzopertha dominica. Their actions include physical damage
to the cuticle, oxidative stress, enzyme inhibition, and disruption of reproductive processes.
Although laboratory results are promising, challenges such as scaling up production, regulatory
approval, environmental impact assessments, and non-target effects remain. Future directions
highlight the integration of nanoformulations into comprehensive Integrated Pest Management
(IPM), development of stimuli-responsive delivery systems, and safety evaluation frameworks.
Combining nanotechnology with sustainable agriculture offers promising opportunities to
reduce post-harvest losses while addressing environmental and health concerns linked to
conventional chemical controls.

Keywords: Nanopesticides, Stored product pests, Green synthesis, Integrated Pest
Management (IPM)

1.0 Introduction

Global food security depends on reducing post-harvest losses, yet conventional
chemical control techniques are becoming less successful due to insect resistance and
environmental problems. (Jasrotia and others, 222). Consequently, nanotechnology has
emerged as a transformative alternative, leveraging unique physicochemical properties to
enhance the delivery, stability, and efficacy of pest management agents (Kamalakannan et al.,
2025). By facilitating controlled release and increasing surface-to-volume ratios, these nano-
formulations—including nano-emulsions and micelles—overcome the limitations associated
with traditional synthetic pesticides (Anjana, Ahmad and Mir, 2025). Furthermore, the green
synthesis of metallic nanoparticles using plant-derived bioactive compounds offers a
sustainable pathway to developing eco-friendly nano-biopesticides that minimize the toxic
residues associated with conventional chemical interventions (Baliyarsingh and Pradhan,
2023). These advanced nanomaterials, ranging from metal oxides such as silver and zinc oxide
to silica-based carriers, demonstrate superior bioefficacy against diverse stored-product insects
by disrupting physiological and metabolic processes (Jayapradha et al., 2025).
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1.1 Current Challenges in Storage Pest Management

Persistent post-harvest losses continue to threaten global food security, with regional
impacts varying significantly between temperate zones and tropical climates. Damage from
insect species and rodents accumulates and is further exacerbated by the evolution of pesticide
resistance and the unpredictable effects of climate change on pest population dynamics (Mishra
et al., 2024). Furthermore, reliance on synthetic chemicals has contributed to significant
biodiversity loss and lingering toxicity in consumable produce, necessitating a transition
toward precision-based integrated pest management strategies (Yousef et al., 2023). In this
context, integrating nanobiosensors for real-time monitoring of grain storage environments
enables early detection of pest infestations, thereby enabling targeted interventions that reduce
the frequency and volume of pesticide applications (Raypuriya et al., 2025). Despite these
technological strides, the widespread commercial adoption of such nanomaterials remains
constrained by elevated production costs and the need for comprehensive toxicological
assessments of their long-term health implications (Abbas et al., 2022). Additionally,
standardizing regulatory frameworks and environmental safety guidelines is essential to ensure
that the deployment of these nano-enabled solutions does not inadvertently introduce new
ecological risks (Ibrahim et al., 2021; Ghareeb ef al., 2025).

1.2 Economic Impact of Storage Pests

The quantitative damage caused by insect feeding during storage can result in weight
losses of 8% to 22% per grain, significantly devaluing agricultural commodities and
compromising food quality (Ibrahim et al., 2024). Beyond these quantitative reductions, direct
damage to the endosperm and embryos promotes grain rot and introduces unpleasant odors,
rendering the supply unfit for consumption (Haroun et al., 2023). Specifically, infestations by
pests such as Sitophilus oryzae and Tribolium castaneum impose substantial economic
burdens, necessitating more effective protectant alternatives to prevent these pervasive post-
harvest losses (Haroun ef al., 2023). Moreover, these arthropod-induced losses are exacerbated
by the subsequent proliferation of fungal pathogens and mites, which thrive in the
microclimatic conditions created by insect-generated hotspots (Guru et al., 2022). These
cumulative losses, which can reach up to 60% in some developing nations, underscore the
critical need for advanced intervention strategies to secure global food supplies (Nawaz et al.,
2023). The high costs associated with conventional pest management methods, which can reach
up to US$ 50 billion annually, further justify the economic transition toward innovative,
nanotechnology-based interventions to minimize these financial burdens (Baker et al., 2017).

1.3 Limitations of Conventional Pest Control Methods

Traditional fumigation techniques often rely on chemical agents to which many storage-
dwelling coleopteran species have already developed significant resistance (Gupta et al.,
2023). This widespread resistance necessitates rotating among diverse pesticide groups to
prevent the emergence of new, hardier strains (Gupta et al., 2023). However, the
commercialization of nanopesticides faces significant hurdles, including high development
costs, complex regulatory approval processes, and a lack of standardized methods for assessing
long-term ecological risks (Camara et al., 2019; An et al., 2022). Moreover, the intensive use
of conventional fumigants such as methyl bromide and aluminum phosphide poses severe
hazards to human health and the environment, often requiring stringent government oversight.

2.0 Nanotechnology in Pest Control: An Overview

Nanotechnological applications utilize inorganic materials such as silver, titanium
dioxide, and aluminum oxide to offer durable, long-lasting protection against pests like
Sitophilus oryzae (Ram, Kumar and Kumar, 2014). These engineered particles penetrate the
insect cuticle through improved adhesion and absorption, disrupting key physiological and
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metabolic processes (Choupanian and Omar, 2018; Falsini et al., 2024). Notably, silica
nanoparticles outperform bulk materials because of their high surface-to-volume ratio,
enabling effective control of stored-product insects such as S. oryzae and R. dominica on
cereals (Draz ef al., 2023). The effectiveness of these nanomaterials depends on particle size,
with 12—-60 nm particles showing strong insecticidal activity against larval and adult stages of
pests like Callosobruchus maculatus (Arumugam et al., 2015). These particles cause physical
disruptionand induce systemic oxidative stress, increasing reactive oxygen species, damaging
cells, and causing rapid insect mortality (Ansari ef al., 2025).

Green-synthesized nanoparticles, such as those made from leaf extracts, present a
sustainable alternative that achieves high pest mortality while reducing environmental impact
(Whyte and Shand, 1970). However, scaling up nanoproduct production faces technological
hurdles related to particle dispersion, ingredient delivery, and product stability during storage
(Jabran et al., 2024). The absence of international standards for assessing the environmental
and human health risks of these nanomaterials complicates the creation of global regulations
(Campos et al., 2018). Current research aims to establish biosafety benchmarks for silica-based
nanomaterials, which organizations like the World Health Organization have identified as
potentially safe for agricultural pest management (Deka ef al., 2021). Additionally, these
materials are being used for structural protection, such as coating insect-proof nets with SiO2
nanoparticles to allow ventilation while blocking pests like Aphis fabae and T. confusum
(Agrafioti ef al., 2020). Advances in nano-encapsulation have also enabled the development of
chitosan-based systems loaded with essential oils, offering a combined insecticidal effect
through volatile botanical compounds and improved cuticle penetration (Singh ef al., 2024).

3.0 Definition and Types of Nanoparticles

Nanopesticides are broadly classified as formulations containing components in the
nanometer size range, often characterized by unique properties that enhance the biological
activity of active ingredients against specific insect targets (Omara et al., 2019; Manna et al.,
2023). These systems are categorized by their structural composition, which encompasses
inorganic agents such as metallic silver, iron, and copper, as well as organic platforms such as
polymer-based nanogels and lipid-encapsulated formulations (Deka et al., 2021; Shahid et al.,
2023). These systems function as sophisticated delivery vehicles, using nanosized droplets or
encapsulated carriers to optimize concentration and sustain the release of active insecticidal
compounds at the target site (Mittal er al., 2020). Additionally, these platforms include
nanoemulsions, nanodispersions, and solid-liquid nanoparticles, which significantly increase
the potency of active agents compared to their bulk counterparts (Kumari et al., 2023).

These advanced delivery systems frequently incorporate stimuli-responsive
mechanisms, such as polymer-based platforms, to enable the controlled release of pesticides in
response to environmental fluctuations, including pH and moisture (Kah et al., 2021; Shekhar
et al., 2021). Moreover, incorporating surfactants into these nanoemulsions enhances the
solubility and uniform coverage of hydrophobic active ingredients, thereby reducing the need
for high-volume applications and slowing the development of physiological resistance
(Chhipa, 2017; Thabet et al., 2021). Furthermore, these delivery systems protect bioactive
agrochemicals from rapid environmental degradation, such as photo-oxidation or thermal
instability, which significantly prolongs their residual efficacy in storage environments (Shoaib
et al.,2018; Ayilara et al., 2023).

4.0 Mechanisms of Nanoparticle Action

The mode of action for these materials primarily involves physical disruption of the
insect cuticle through abrasive action or the blockage of spiracles, leading to desiccation and
asphyxiation (Gonzalez et al., 2013). Concurrently, ingested nanoparticles exploit the insect's
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high surface-to-volume ratio to enhance the bioavailability of bioactive compounds, facilitating
deeper penetration into tissues and triggering metabolic disruption (Manna et al., 2023; Luneja
and Mkindi, 2025). Specifically, these nanostructured carriers improve droplet adhesion and
dispersion on treated surfaces, ensuring that the active ingredients reach target sites at the
lowest effective concentrations (Jiang et al., 2021; Shelar et al., 2023). These nano-
formulations further leverage slow-release properties and enhanced stability to provide long-
term protection, ensuring that minimal dosages remain potent for extended periods within
storage facilities (Mgadi et al., 2024). By transitioning from conventional delivery to these
intelligent nanoscale platforms, researchers can achieve up to a 31.5% increase in overall
pesticidal efficacy compared to non-nanoscale analogues.

This improvement in performance is largely attributed to the ability of nanocarriers to
protect labile active ingredients from degradation, while simultaneously enabling stimulus-
responsive release profiles that ensure targeted action (Wang et al., 2022; Shangguan et al.,
2024). Furthermore, these systems facilitate the deployment of poorly water-soluble pesticides,
significantly augmenting their bioavailability while reducing the necessity for toxic adjuvants
that may otherwise harm non-target organisms (lavicoli et al., 2017; Osman et al., 2024).
Nanoemulsions, in particular, have demonstrated superior kinetic stability and effectiveness
against major grain storage pests like the rice weevil and red flour beetle by optimizing droplet
size to maximize cuticular absorption (McClements ef al., 2021), (Devi et al., 2024). For
instance, the encapsulation of garlic essential oil in polyethylene glycol carriers has achieved
an 80% mortality rate in red flour beetles, far outperforming the 11% efficacy observed with
the essential oil alone (Gupta et al., 2021). Beyond direct toxicity, nano-encapsulated essential
oils demonstrate significant repellent effects that prevent infestation, often attributed to the
high mobility and chemical activity of their optimized droplet size (Ibrahim, 2019).

5.0 Effect of Nanoparticles on Storage Pests

Nanoparticles exert control over storage pests by altering the micro-environment of
stored grains, where their small size and high dispersibility ensure uniform surface coverage
without compromising the bulk density or physical integrity of the commodities (Hamel,
Rozman and Liska, 2021). By integrating essential oils into these controlled-release nano-
formulations, researchers can effectively prevent rapid vaporization and degradation, thereby
enhancing the persistence of volatile botanical compounds (Sabbour and El-Aziz, 2019). This
sustained release profile effectively mitigates the volatility of active terpenes, ensuring that
compounds remain at toxicologically significant concentrations for extended intervals
(Jampilek and Kralova, 2015). Furthermore, these nanostructured matrices enhance the
biodegradability and thermal stability of encapsulated bioactives, allowing for more consistent
protection against diverse environmental stresses (Singh et al., 2023).

Specifically, nanoencapsulation has been shown to extend the period of toxicological
contact for up to 24 weeks against pests such as Tribolium castaneum and Rhizopertha
dominica (Garrido-Miranda, Giraldo and Schoebitz, 2022). Moreover, the application of these
formulations directly onto grain stocks is facilitated by their favorable water-soluble
characteristics, which allow for simple removal through aqueous washing without leaving
harmful residues (Ikawati ef al., 2020). Synergistic applications involving inorganic materials
combined with entomopathogenic fungi, such as Beauveria bassiana, have also demonstrated
success in suppressing beetle populations by creating multi-modal stress environments.

5.1 Insecticidal Efficacy of Nanoparticles

Recent investigations indicate that loading essential oils like coriander or caraway into
nano-formulations significantly elevates mortality rates against 7ribolium castaneum and T.
confusum compared to free oil applications (Sabbour, 2020). These findings are complemented
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by evidence suggesting that polymeric encapsulation facilitates enhanced cuticular penetration,
as the insect cuticle acts as a two-phased structure comprising distinct lipophilic and
hydrophilic layers (Jesser et al., 2020). By leveraging amphiphilic nanocarriers, such as
chitosan-based systems, researchers can effectively bridge this barrier to deliver lipophilic
bioactive molecules directly into the hemolymph of the pest (DeVries, Trucksess and Jackson,
2002; Sabuncuoglu, 2019). Additionally, the improved stability conferred by these carriers
reduces the rate of premature evaporation and thermal degradation of volatile compounds, a
common drawback when applying pure essential oils in storage facilities (Campos et al., 2018;
Lammari et al., 2021).

Moreover, the encapsulation of volatile compounds, such as Artemisia essential oil,
facilitates a controlled release mechanism that requires lower total dosing amounts to achieve
comparable or superior mortality rates (Sabbour, 2019). Furthermore, the utilization of
chitosan-based nanoparticles for Carum copticum oil has demonstrated increased mortality
levels in R. dominica and T. confusum adults, proving that such delivery systems effectively
overcome the inherent chemical instability of botanical volatiles (Ziaee, Takabi and Ebadollahi,
2023). Additionally, the physical mechanism of silica nanoparticles contributes to pest control
by sorbing directly into the lipids of the insect cuticle, which disrupts their structural integrity
and leads to dehydration-related mortality(Ibrahim, Elbehery and Samy, 2024).

5.2 Repellent Properties of Nanoparticles

Beyond their lethal potential, nanoparticle-based formulations act as potent deterrents
by disrupting the chemical cues used by insects for host selection and pheromone-mediated
aggregation (Sayed, Rizk and Sayed, 2023). Specifically, loading garlic and cinnamon oils
into chitosan-based polymeric nanoparticles has been shown to enhance repellent and
antinutritional activities against Tribolium castaneum through improved environmental
stability and controlled-release kinetics (Khandehroo et al., 2024). This persistent release of
bioactive constituents also extends the duration of protection, with studies reporting substantial
increases in the half-life ($PT_{50}$) of essential oils when compared to their free-oil
counterparts (Elbehery et al., 2025). Furthermore, the integration of these systems into grain
storage protocols addresses the challenge of pesticide resistance by providing a multifaceted
mode of action that prevents the rapid breakdown of active molecules (Ibrahim, 2019). In
addition to these chemical strategies, mesoporous silica nanoparticles have proven effective
due to their large surface area, which facilitates the adsorption of botanical insecticides and
significantly shortens knockdown times for species such as Callosobruchus chinensis
compared to bulk silica (Attia ef al., 2023).

6.0 Types of Nanoparticles Used Against Storage Pests
6.1 Metal Nanoparticles

Silver and copper-based nanoparticles are frequently synthesized for their potent
antimicrobial and insecticidal properties, which stem from the release of metal ions that disrupt
critical metabolic enzymes within the pest's physiology. These metallic agents promote
oxidative stress by generating reactive oxygen species, leading to severe cellular damage in
pests such as Sitophilus oryzae (Rai et al., 2018). Furthermore, zinc oxide nanoparticles have
been successfully evaluated for their ability to inhibit larval development by interfering with
nutrient absorption and enzymatic activity (Omara et al., 2019). Similarly, aluminum and
titanium dioxide nanoparticles have exhibited significant insecticidal potential, with laboratory
and storage trials confirming that their application leads to marked increases in the mortality
of Sitophilus oryzae over extended exposure periods (Kwenti, 2017).
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6.2 Metal Oxide Nanoparticles

These materials, particularly silica-based nanostructures, are increasingly used due to
their high surface-to-volume ratio, which enhances their efficacy in contact against pests such
as Rhizopertha dominica and Tribolium confusum (Draz et al., 2023; Abd-Elnabi and
Badawy, 2024). In particular, silica-based nanoparticles have demonstrated dose-dependent
mortality in these species, with specific particle sizes showing heightened efficacy in protecting
treated wheat and barley grains (Rastogi et al., 2019). Specifically, silica nanoparticles loaded
with insecticides like chlorpyrifos have achieved complete mortality in R. dominica and T.
confusum populations within hours of exposure, highlighting their utility as potent, low-dosage
alternatives to conventional chemical treatments (Abd-Elnabi and Badawy, 2024).
Furthermore, comparative assessments of various silica forms, such as Aerosil 200 and bio-
silica, have revealed that their insecticidal performance is highly dependent on formulation-
specific physical properties, with certain chemical silica variants achieving superior efficacy
against pests like Callosobruchus maculatus (Ziaee and Zahra, 2016; Salem, 2020).

6.3 Polymeric Nanoparticles

These systems leverage biodegradable matrices—such as chitosan, alginate, or
polylactic acid—to encapsulate volatile botanical compounds, effectively protecting sensitive
active ingredients from environmental degradation (Salem, Hamzah and El-Taweelah, 2015;
Miksanek and Tuda, 2023). By utilizing polythylene glycol-coated nanoparticles, researchers
can further enhance the delivery efficacy of loaded essential oils, as evidenced by the high
mortality rates observed against red flour beetles in stored grain products (Khater,
Govindarajan and Benelli, 2017). Beyond their delivery functions, these biopolymer carriers
are increasingly recognized for their ability to significantly reduce progeny production, thereby
limiting the generational growth of internal grain feeders like Sitophilus species (Stadler et
al.,2011). Beyond these established delivery mechanisms, research has increasingly focused
on the comparative efficacy of inert nanoinsecticides, such as nano-silica and zinc
nanoparticles, which have demonstrated substantial lethal potential against major internal
feeders like Sitophilus granarius and Trogoderma granarium (Raduw and Mohammed,
2020; Rouhani et al., 2023).

6.4 Nanoencapsulated Plant Extracts

These delivery systems enhance the solubility and bioavailability of botanical
compounds, allowing for improved penetration into agricultural substrates such as corn and
rape seeds (Madanayake, Hossain and Adassooriya, 2021). Beyond simple stabilization,
nanoencapsulation enables controlled release via mechanisms such as diffusion, dissolution,
and biodegradation, ensuring consistent protection against both primary and secondary storage
pests (Fathy, 2012). For instance, silver nanoparticles synthesized from Annona reticulata leaf
extracts have been demonstrated to exert significant insecticidal activity against Sitophilus
oryzae (Dantas et al.,2021). Similarly, the green synthesis of nanoparticles using plant-derived
phytochemicals minimizes the toxicity associated with traditional chemical insecticides,
offering a sustainable alternative for protecting stored commodities (Ranki¢ et al., 2021).
Furthermore, the application of silica nanoparticles, both as standalone agents and as carrier
systems, has shown remarkable persistence in various legumes, achieving total mortality in
Callosobruchus maculatus across extended storage intervals (Irani, Karimpour and Ziaee,
2023).
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7.0 Factors Influencing Nanoparticle Efficacy
7.1 Nanoparticle Size and Shape

The high surface-to-volume ratio associated with smaller particle dimensions facilitates
more efficient adherence to the insect cuticle, significantly increasing the probability of
contact-induced mortality (Shahid, Faizan and Raza, 2023). This enhanced reactivity allows
finer particles, such as graphene quantum dots, to interact more effectively with the protective
cuticular wax layer, thereby improving insecticidal performance compared to larger
formulations (Ahmad et al., 2024). Additionally, the morphological properties of these
particles—ranging from spheres to irregularly shaped, finely divided structures—determine
their ability to cause micro-wounds and subsequent dehydration by absorbing epicuticular
lipids (Ibrahim and Salem, 2019). Furthermore, the synthesis environment, such as the use of
specific plant extracts for bio-reduction, can dictate the crystalline orientation and stability of
the resulting particles, which directly influences their penetration depth into the target insect's
physiological barriers (Helmy et al., 2022).

7.2 Concentration and Application Method

The amount of nanomaterials used is crucial for effectiveness: too little may not
produce sufficient mortality, whether physical or chemical, while too much can cause
unnecessary contamination (Negi and Moses, 2025). The method of application—such as grain
coating, direct surface treatment, or residual spraying—also greatly influences the
bioavailability of the nanoparticles and their effect on target species (Khorrami ef al., 2019).
For instance, silica nanoparticles at just 200 ppm can effectively kill pests and protect seeds in
stored pulses, highlighting the need for precise dosing (Abdou et al., 2022). Likewise, zinc-
based nanomaterials show a dose-dependent increase in efficacy, with higher concentrations in
substrates like cowpeas achieving mortality rates up to 97.3% (Sohrabi et al., 2024).

7.3 Environmental Conditions

Ambient factors such as humidity, temperature, and light exposure significantly
influence the degradation rates and stability of active ingredients, often necessitating precise
formulation to maintain long-term persistence in storage environments (Xu et al., 2010).
Specifically, lower relative humidity levels tend to exacerbate the dehydrating effects of
abrasive nanomaterials, as the rapid adsorption of cuticular waxes is no longer mitigated by
environmental moisture (Kontogiannatos, Kourti and Mendes, 2020). Concurrently, elevated
temperatures can alter the physical state of lipid barriers, potentially increasing the insect
cuticle's vulnerability to mechanical abrasion and subsequent desiccation (Ayoub et al., 2017).
Furthermore, the synergy between these environmental variables and the physicochemical
properties of nanomaterials, such as their specific surface reactivity and structural stability,
remains essential for optimizing functional responses in pest management(Kamalakannan et
al., 2025).

8.0 Safety and Environmental Considerations
8.1 Toxicity to Non-Target Organisms

The evaluation of potential ecotoxicological impacts is critical, as the persistence of
metal-based nanoparticles in stored commodity ecosystems may inadvertently affect beneficial
entomofauna or vertebrate consumers (Vega-Vasquez, Mosier and Irudayaraj, 2020). Concerns
regarding their long-term accumulation within the food chain and the potential for unintended
disruption of sensitive ecological processes necessitate comprehensive toxicological
assessments (Noman et al., 2023; Wasule, Shingote and Saxena, 2024). Consequently, future
research must prioritize elucidating the molecular mechanisms of particle interactions within
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mammalian systems to confirm safety profiles and establish standardized regulatory
frameworks for food-grade applications (Kumar et al., 2021). Moreover, transitioning to
intelligent nanosystems with stimuli-responsive release profiles may mitigate these risks by
minimizing residual accumulation and environmental imbalance during long-term storage
(Yousefet al.,2023). Furthermore, addressing the current scarcity of data on the environmental
fate of these materials is imperative for developing safer, more environmentally friendly
nanopesticide technologies (Yadav et al., 2021).

8.2 Environmental Fate and Biodegradation

The current understanding of the degradation pathways of biopolymer-based
nanocarriers remains limited, complicating accurate assessment of their long-term behavior in
complex storage environments (Lima et al., 2021). Comprehensive life-cycle analyses are
therefore essential to evaluate how these materials undergo transformation or breakdown,
ensuring their mobility does not lead to unwanted persistence within agricultural settings
(Prasad, Bhattacharyya and Nguyen, 2017; Zhang et al., 2021). Furthermore, the development
of advanced analytical techniques is vital to quantify engineered nanoparticles at trace
concentrations, as existing methods often fail to characterize their complex dynamics and
potential for synergistic effects in environmental compartments (Fraceto et al., 2016). Future
initiatives must focus on synthesizing environmentally compatible particles that exhibit natural
decay, thereby ensuring sustainable remediation without compromising long-term ecological
equilibrium (Ghorbani et al., 2024). Establishing rigorous regulatory protocols and
standardization for the migration and accumulation of these materials is crucial to prevent
potential toxicological impacts on human and animal health (Mahato, Mishra and Kumar,
2021; Wypij et al., 2023). Furthermore, the formulation of these agents from generally
recognized as safe materials, such as specific biopolymers, offers a viable pathway toward
enhancing biocompatibility and public acceptance of nano-enabled storage solutions (Lowry
etal., 2024).

9.0 Challenges and Future Perspectives
9.1 Resistance Development

The potential for insects to develop behavioral or physiological resistance to
nanotechnology-based interventions necessitates a proactive strategy, as repeated exposure to
uniform mechanical stressors may select for resistant phenotypes over successive generations.
To mitigate this risk, future investigations should emphasize developing stimuli-responsive
nanoformulations that deliver targeted active ingredients, minimize environmental
accumulation, and disrupt pest metabolic pathways (Camara et al., 2019; Gupta et al., 2023).
Additionally, integrating nanoinformatics with existing pest population models can help
predict and optimize the long-term effectiveness of these delivery systems under field
conditions (An et al., 2022). Furthermore, advancing molecular-level studies across diverse
animal models is essential for accurately characterizing the mechanisms of action and long-
term biological impacts of these nanomaterials (Padmakumar et al., 2023). Broadening public
awareness and engagement regarding these benefits, potential risks, and safety measures
remains a priority to foster the responsible deployment and social acceptance of such emerging
technologies (Ram, Kumar and Kumar, 2014; Bratov¢i¢ et al., 2023).

Ultimately, the successful integration of these innovations relies on harmonizing
laboratory-scale findings with stringent regulatory protocols that ensure the safe, sustainable
transition of nano-enabled products from research settings to commercial agricultural use (Kah,
2015; Eghbalinejad et al., 2024). Integrating green synthesis methods using plant-based or
biopolymeric sources can further enhance this transition by minimizing synthetic toxicity and
promoting the rapid biodegradation of active agents post-application (Vinzant, Rashid and
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Khodakovskaya, 2023; Jabran et al., 2024; Raypuriya et al., 2025). Moreover, moving beyond
conventional synthetic approaches to incorporate biocompatible materials, such as nanochitin,
can effectively reduce risks to non-target populations while maintaining robust insecticidal
performance (Li et al., 2021). Furthermore, the adoption of transdisciplinary research
frameworks that bridge gaps among materials science, entomology, and toxicology will be
instrumental in addressing current uncertainties regarding the bioavailability and
environmental fate of these advanced formulations (Mishra et al., 2017; Ghareeb et al., 2025).

9.2 Integration with Integrated Pest Management

Integrating nanotechnology into existing Integrated Pest Management programs
requires a holistic approach that aligns cultural, physical, and biological control methods with
emerging nano-biopesticide innovations (Mawcha et al., 2024). Achieving this requires
interdisciplinary collaboration among researchers, industry professionals, and policymakers to
develop standardized regulatory protocols and foster public confidence in these sustainable
delivery systems (Kiruthiga et al., 2025). Additionally, comparative cost-benefit analyses of
novel nanoformulations versus established commercial products are needed to demonstrate
economic viability and encourage adoption within agricultural industries (Campos et al., 2018).
Establishing robust, transparent management practices and comprehensive education programs
for stakeholders is equally vital to ensuring the responsible and safe deployment of these
technologies in real-world settings (Pascoli et al., 2019; Shekhar et al., 2021). Harmonized
nanosafety regulatory frameworks that emphasize "safety-by-design" principles will be critical
to preventing overutilization of these agents at toxic levels (Mittal et al., 2020).

10.0 Conclusion

The integration of nanobiopesticides into storage pest management marks a pivotal step toward
sustainable agriculture, leveraging their high selectivity and minimal environmental footprint
to overcome the limitations of conventional chemical pesticides. By optimizing the physical
and chemical properties of these formulations—such as surface charge and concentration—
researchers can significantly enhance the bioavailability of active ingredients while mitigating
risks associated with environmental persistence. Furthermore, shifting research toward
multifunctional nano-delivery systems that incorporate growth-promoting substances or
micronutrients could maximize agricultural output beyond simple pest suppression, thereby
providing dual-benefit solutions for food security. However, widespread implementation
remains constrained by the scarcity of standardized, eco-friendly bio-nanocarriers and the need
to scale up biogenic synthesis processes to achieve commercial viability. To bridge this gap,
future efforts must prioritize multi-location field trials to validate the efficacy and scalability
of these botanical nanoformulations under diverse real-world conditions.
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