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Nano-insecticides represent a significant technological advancement in sustainable crop
protection by integrating nanotechnology with conventional insecticide formulations to
improve efficacy, precision and environmental safety. These nano-enabled formulations
enhance the physicochemical stability, solubility, bioavailability, controlled release and
target-specific delivery of active ingredients, resulting in prolonged insecticidal activity and
improved pest management efficiency. Furthermore, they minimize pesticide losses caused
by photodegradation, volatilization, leaching and environmental dissipation, thereby reducing
the frequency of applications and overall chemical usage. Their integration with Integrated
Pest Management (IPM) and precision agriculture provides a promising approach for
enhancing agricultural productivity, ensuring food security and promoting climate-resilient
and sustainable crop production systems.
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Introduction

Nano-insecticides have emerged as a transformative innovation in modern crop protection by
combining nanotechnology with insect pest management to improve pesticide performance
and environmental safety. Conventional insecticides often suffer from poor water solubility,
rapid degradation, non-specific distribution, repeated application and increasing insect
resistance. Nano-based formulations overcome many of these limitations by enhancing the
delivery, stability, bioavailability and persistence of insecticidal compounds. Their unique
physicochemical properties enable efficient pest control with lower application rates and
reduced environmental contamination. Consequently, nano-insecticides are gaining global
recognition as an important component of sustainable and precision agriculture.

What is nano-insecticide?

A nano-insecticide is an insecticidal formulation in which the active ingredient, carrier, or
delivery system is engineered at the nanoscale (1-100 nm) to enhance the stability, targeted
delivery, controlled release, bioavailability and insecticidal efficacy while reducing
environmental contamination and non-target toxicity.

Principles of Nanotechnology in Crop Protection

Nanotechnology involves the use of materials with dimensions between 1 and 100 nm,
where unique physicochemical properties such as high surface area, enhanced reactivity and
improved transport characteristics are exhibited. In crop protection, these properties are
utilized to develop nano-insecticides with greater efficiency than conventional pesticide
formulations. They are insecticide formulations in which the active ingredient is
encapsulated, adsorbed, or incorporated into nanocarriers such as polymeric nanoparticles,
nanoemulsions, lipid nanoparticles, mesoporous silica, or biodegradable polymers (e.g.,
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chitosan and alginate). These formulations improve the stability, bioavailability and
insecticidal efficacy of the active ingredient. The main principle of nanotechnology in crop
protection is to deliver the insecticide precisely to the target pest while minimizing
environmental losses. Nanocarriers protect insecticides from degradation by sunlight,
moisture, oxidation and microbial activity, resulting in longer field persistence. Their small
particle size enhances adhesion to plant surfaces, improves penetration into insect tissues and
increases pesticide uptake. It also provide controlled and sustained release of active
ingredients in response to environmental factors such as moisture, pH, temperature, or
enzymatic activity.

MODE OF ACTION OF NANO-INSECTICIDES

Smart Nanotechnology for Effective, Targeted and Sustainable Pest Management

Nano-insecticides are formulated using nanoparticles (1-100 nm) that enhance the delivery, efficacy and
of active ingredients. They act through multiple modes to kill insect pests at lower doses
wh»le minimizing environmental impact.

2. PENETRATION & ENTRY INTO INSECT
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multiple modes ensure highly effective pest control with reduced application
frequency, lower doses and minimal environmental impact

Types of Nano-Insecticides

Nano-insecticides are classified according to the nature of the nanocarrier, formulation
technology and mechanism of insecticide delivery. Each category is designed to enhance
insecticidal efficacy, improve environmental stability and maximize pesticide-use efficiency
while minimizing ecological hazards.

1. Nanoencapsulated insecticides: Nanoencapsulation is the most extensively investigated
technology for agricultural pest management. The insecticidal active ingredient is enclosed
within a biodegradable polymeric shell composed of materials such as chitosan, sodium
alginate, starch, cellulose derivatives, gelatin, poly(lactic-co-glycolic acid) (PLGA), or
polycaprolactone. The polymeric matrix protects the active ingredient against ultraviolet
radiation, oxidation, hydrolysis and microbial degradation. Release occurs gradually through
diffusion, polymer erosion, moisture, pH, or enzymatic degradation, thereby maintaining an
effective insecticidal concentration for prolonged periods. Nanoencapsulation is particularly
suitable for pyrethroids, avermectins, neonicotinoids, diamides, botanical insecticides and
insect growth regulators.

2. Polymeric nanoparticles: Polymeric nanoparticles consist of either nanospheres, in which
the insecticide is uniformly dispersed throughout the polymer matrix, or nanocapsules, where
the insecticide forms the core surrounded by a polymer shell. These carriers enhance
adhesion to plant surfaces, improve penetration through the insect integument and provide
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sustained release. Natural polymers such as chitosan are increasingly preferred because of
their biodegradability, biocompatibility, film-forming ability, antimicrobial activity and low
environmental persistence.

3. Nanoemulsions: Nanoemulsions are kinetically stable dispersions containing oil droplets
generally ranging from 20 to 200 nm stabilized by surfactants and co-surfactants. Their
extremely small droplet size increases spreading, wettability, retention and cuticular
penetration. Botanical insecticides including neem, citronella, eucalyptus, clove, peppermint
and garlic oils exhibit enhanced biological activity when formulated as nanoemulsions
because of improved dispersion and reduced volatilization.

4. Nanosuspensions: Nanosuspensions are finely dispersed crystalline particles of poorly
water-soluble insecticides suspended in agqueous media using stabilizing agents. Reduction of
particle size substantially increases dissolution rate, apparent solubility and bioavailability,
thereby improving biological performance while reducing sedimentation and nozzle blockage
during spraying.

5. Solid lipid nanoparticles (SLNs): SLNs are composed of physiologically compatible
solid lipids stabilized with surfactants. They encapsulate lipophilic insecticides, protect them
from environmental degradation and permit controlled release over extended periods. Their
excellent storage stability and low phytotoxicity make them promising carriers for precision
pest management.

6. Nanostructured lipid carriers (NLCs): NLCs are second-generation lipid nanoparticles
produced by blending solid and liquid lipids. The imperfect lipid matrix accommodates
greater quantities of insecticide than SLNs and reduces premature leakage of the active
ingredient. Consequently, NLCs improve loading efficiency, storage stability and sustained
insecticidal activity.

7. Mesoporous silica nanoparticles (MSNs): MSNs possess highly ordered porous channels
with exceptionally high surface area and loading capacity. Their pore size and surface
chemistry can be engineered to regulate insecticide release in response to environmental
stimuli. These characteristics make MSNs highly suitable for smart pesticide delivery
systems and precision agriculture.

8. Metallic and metal oxide nanoparticles: Silver (AgNPs), silica (SiO2), zinc oxide (ZnO),
copper oxide (CuO), titanium dioxide (TiO:), magnesium oxide (MgO) and iron oxide
nanoparticles possess intrinsic insecticidal properties in addition to functioning as
nanocarriers. They induce oxidative stress, membrane disruption, mitochondrial dysfunction,
enzyme inhibition and cuticular damage in insect pests. Silica nanoparticles additionally
cause abrasion of the epicuticular wax layer, resulting in desiccation and mortality,
particularly in stored-grain insects.

9. Liposomes and dendrimers: Liposomes are phospholipid vesicles capable of
encapsulating both hydrophilic and lipophilic insecticides, improving their transport across
biological membranes. Dendrimers are highly branched nanoscale polymers possessing
numerous surface functional groups that permit precise loading, controlled release and
targeted delivery of insecticidal molecules. Although still largely experimental, these systems
are expected to contribute significantly to future smart pesticide formulations.

The selection of an appropriate nano-insecticide depends upon the physicochemical
characteristics of the active ingredient, target insect species, feeding behaviour, crop
ecosystem, environmental conditions, persistence requirement and compatibility with
Integrated Pest Management (IPM) programmes. Biodegradable nano-formulations with
controlled-release properties are increasingly considered the most sustainable option for next-
generation insect pest management.

Advantages of Nano-Insecticides

Nano-insecticides provide significant improvements over conventional pesticide formulations
by enhancing insecticidal efficacy, precision and environmental sustainability. Their high
surface-area-to-volume ratio and nanoscale dimensions improve adhesion to plant surfaces,
facilitate rapid penetration through the insect cuticle and increase the bioavailability of active
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ingredients. Controlled and sustained release maintains effective insecticidal concentrations
for extended periods, thereby reducing application frequency and minimizing pesticide
wastage. Nano-formulations also protect active ingredients against photodegradation,
oxidation, hydrolysis and volatilization, resulting in greater field persistence and improved
residual activity. Furthermore, lower application doses, reduced pesticide residues, improved
compatibility with Integrated Pest Management (IPM) and the potential for resistance
management through targeted delivery make it valuable tools for sustainable crop protection.

Limitations and Biosafety Concerns

Despite their considerable potential, nano-insecticides present several scientific and practical
challenges. Large-scale commercial production remains expensive and standardized
manufacturing protocols are still under development. The environmental fate, persistence and
transformation of engineered nanoparticles in soil, water and plant systems require further
investigation. Certain metallic nanoparticles may accumulate in ecosystems and adversely
affect beneficial arthropods, pollinators, soil microorganisms, aquatic organisms and natural
enemies if used indiscriminately. Variability in particle size, surface charge and formulation
stability may also influence biological performance under different agro-climatic conditions.
Comprehensive toxicological evaluations, residue studies and long-term ecological risk
assessments are therefore essential before widespread agricultural adoption.

Regulatory Aspects

The commercialization of it requires robust regulatory frameworks to ensure product quality,
efficacy, environmental safety and human health protection. Regulatory evaluation should
include nanoparticle characterization, particle size distribution, physicochemical properties,
release kinetics, environmental behaviour, residue dynamics, mammalian toxicity,
ecotoxicology and risk assessment for non-target organisms. Clear guidelines regarding
manufacturing standards, labeling, application rates, storage conditions and disposal practices
are essential to promote the responsible use of nano-enabled pesticide formulations.
International harmonization of regulatory policies will facilitate safe commercialization while
encouraging innovation in sustainable crop protection technologies.

Future Perspectives

The future of it lies in the development of biodegradable and eco-friendly nanocarriers
capable of delivering insecticides with greater precision and minimal environmental impact.
Emerging technologies such as stimulus-responsive delivery systems, RNA interference
(RNAI)-based nanoformulations, nano-biopesticides and smart precision agriculture are
expected to enhance pest management efficiency while reducing chemical inputs. Future
research should focus on cost-effective production, large-scale commercialization,
comprehensive biosafety assessment and harmonized regulatory frameworks to ensure the
safe and sustainable adoption of nano-insecticides in modern agriculture.

Conclusion

Nano-insecticides represent a significant advancement in sustainable crop protection by
improving the efficacy, stability and targeted delivery of insecticidal active ingredients. Their
controlled-release properties, enhanced bioavailability and reduced environmental
contamination offer clear advantages over conventional insecticide formulations. Although
challenges related to biosafety, commercialization and regulatory approval remain, continued
research and technological innovations are expected to facilitate their wider adoption. The
integration of nano-insecticides with Integrated Pest Management (IPM) and precision
agriculture has the potential to revolutionize insect pest management while supporting global
food security and environmentally responsible agricultural production.
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