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ABSTRACT 
 

Background: Rice (Oryza sativa L.) is a critical staple crop supporting global food security, yet 
production is severely constrained by pests and diseases causing yield losses up to 80%. 
Conventional chemical control strategies have led to resistance development, environmental 
contamination, and non-target toxicity.  
Aims:  This review synthesizes current knowledge on nanotechnology-based solutions for rice pest 
and disease management, evaluating efficacy, mechanisms, environmental safety, and adoption 
challenges. 
Methodology: Comprehensive literature review of peer-reviewed articles (2014–2025) covering 
nanopesticides, nanofungicides, and RNA interference delivery systems for rice protection. 
Results: Nano-enabled technologies demonstrate superior efficacy at 30–60% lower active 
ingredient concentrations compared to conventional formulations. Metal oxide nanoparticles exhibit 
broad-spectrum antimicrobial activity through multiple mechanisms including reactive oxygen 
species generation and membrane disruption.  
Conclusion: RNA interference delivered via nanocarriers offers species-specific gene silencing for 
resistance-proof pest management. Nanotechnology represents a transformative approach for 
sustainable rice protection, though critical challenges remain regarding long-term environmental 
fate assessment, comprehensive toxicological evaluation, regulatory framework development, 
production cost reduction, and farmer acceptance. Future research must prioritize mechanistic 
understanding of nanoparticle-biological interactions, lifecycle assessment, and integration with 
sustainable agriculture systems. 
 

 
Keywords: Nanotechnology; Rice protection; nanopesticides; nanofungicides; RNA interference; pest 

management. 

1. INTRODUCTION  
 
1.1 Rice as a Global Food Security             

Pillar 
 
Rice (Oryza sativa L.) provides the                      
primary caloric source for over 3.5 billion people 
globally, contributing approximately 60% of               
daily energy intake across Asia and serving as 
an increasingly important staple in Africa          
(Savary et al., 2019; Rajwade et al., 2020). 
Global rice production reached 520 million       
metric tons in 2024, cultivated across 
approximately 165 million hectares (FAOSTAT, 
2024). Beyond nutritional significance,                       
rice cultivation underpins complex 
socioeconomic frameworks, providing livelihoods 
for over 144 million smallholder farming 
households and contributing substantially to             
rural economies in developing nations               
(Mottaleb et al., 2017; Singh et al., 2021). 
Climate change projections indicate that                    
rice yields must increase by 25–30% by                        
2050 to meet growing demand while facing 
increased biotic and abiotic stresses (Ray et al., 
2019). 

1.2 Major Biotic Constraints in Rice 
Production 

 

Rice blast disease, caused by Pyricularia oryzae 
(syn. Magnaporthe oryzae), remains the most 
economically devastating fungal disease, 
causing annual yield losses estimated at 10–30% 
globally, with localized epidemics destroying 
entire crops (Asibi et al., 2019; Talbot et al., 
2021). Sheath blight (Rhizoctonia solani) affects 
30–40% of rice-growing areas worldwide, 
causing yield reductions of 5–50% depending on 
disease severity and environmental conditions 
(Molla et al., 2020). Bacterial leaf blight 
(Xanthomonas oryzae pv. oryzae) and bacterial 
leaf streak (X. oryzae pv. oryzicola) collectively 
cause losses exceeding 20 million tons annually 
in Asia alone (Niño-Liu et al., 2006; Dossa et al., 
2020). 
 

Among insect pests, brown planthopper 
(Nilaparvata lugens) causes direct feeding 
damage and transmits grassy stunt and ragged 
stunt viruses, resulting in annual losses of 5–
60% across Asia (Bottrell & Schoenly, 2012; 
Rashid et al., 2017). Stem borers (Scirpophaga 
incertulas, Chilo suppressalis) damage 15–30% 
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of potential yield through larval boring activity 
during critical growth stages. Rice leaf folder 
(Cnaphalocrocis medinalis) has emerged as a 
major pest due to climate warming and 
insecticide resistance, causing 10–60% yield 
losses during outbreak years (Lu et al., 2017). 
 

1.3 Limitations of Conventional Pest 
Management Strategies 

 
Global pesticide use in rice cultivation exceeds 
700,000 metric tons annually, representing 
approximately 15% of total agricultural pesticide 
consumption (Zhang et al., 2018). However, 
conventional chemical control faces critical 
limitations: 
 

Resistance Development: Over 600 arthropod 
species have developed resistance to at least 

one pesticide class, with brown planthopper 
showing resistance to organophosphates, 
pyrethroids, neonicotinoids, and phenylpyrazoles 
across major rice-growing regions (Sparks & 
Nauen, 2015; Bass et al., 2014). Pyricularia 
oryzae populations demonstrate widespread 
resistance to benzimidazoles, strobilurins, and 
azoles, limiting fungicide efficacy (Fernández-
Ortuño et al., 2012; Islam et al., 2016). 
 

Environmental Contamination: Pesticide runoff 
contaminates surface water and groundwater, 
with neonicotinoid concentrations in Asian rice 
paddies frequently exceeding 1 μg/L—levels 
toxic to aquatic invertebrates (Sánchez-Bayo & 
Hyne, 2014; Stehle & Schulz, 2015). 
Organochlorine residues persist in rice paddy 
soils for decades, accumulating in food chains 
(Jayaraj et al., 2016). 

 
 

 
Fig.1. Comparative schematic illustrating advantages of nanopesticide formulations versus 

conventional pesticide applications in rice protection 
(A) Conventional pesticide application shows large droplet size, significant drift and evaporation losses, poor leaf 

adhesion and penetration, rapid environmental degradation, soil and water contamination, and non-target 
organism exposure. (B) Nanopesticide application demonstrates uniform nanoparticle size distribution (100-300 

nm), minimal drift, enhanced foliar adhesion and stomatal penetration, controlled release mechanisms (core-shell 
structure with pH/enzyme-responsive triggers), prolonged efficacy (15-30 days), UV protection, reduced active 

ingredient requirements (30-50% of conventional dose), minimized environmental contamination, and non-target 
organism safety. Magnified insets show nanoparticle structure (core-shell design) and sustained release kinetics. 
Color coding: orange/red tones indicate conventional system limitations; green/blue tones indicate nanopesticide 

advantages. Recent advances in nanocarrier design incorporate stimuli-responsive release triggered by pH, 
enzymes, or temperature at infection/infestation sites, further improving specificity (Zhao et al., 2024; Kumar et 

al., 2020). RNA interference (RNAi) technology delivered via nanocarriers enables species-specific gene 
silencing without genetic modification, offering a resistance-proof pest management strategy (Yan et al., 2020; 

Mitter et al., 2017) 
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Non-Target Effects: Broad-spectrum 
insecticides reduce populations of natural 
enemies including parasitoids, predators, and 
pollinators by 40–90%, disrupting biological 
control and necessitating additional pesticide 
applications (Chagnon et al., 2015). Fungicide 
applications reduce beneficial soil microbial 
diversity and arbuscular mycorrhizal colonization, 
impairing nutrient cycling (Zaller et al., 2014; 
Riedo et al., 2021). 
 

Low Use Efficiency: Conventional spray 
applications exhibit field efficiency of only 30–
40% due to drift, evaporation, photodegradation, 
and runoff, requiring repeated applications at 
high dosages (Kah et al., 2013; Nuruzzaman et 
al., 2016). 
 

1.4 Nanotechnology as a Transformative 
Approach in Agriculture 

 

Nanotechnology offers unprecedented 
opportunities to overcome limitations of 
conventional pest management through 
engineered materials with dimensions of 1–100 
nm that exhibit unique physicochemical 
properties (Prasad et al., 2017; Grillo et al., 2021; 
Australian Pesticides and Veterinary Medicines 

Authority, 2020). Nanoscale formulations enable: 
(1) controlled release kinetics extending                      
efficacy duration while reducing application 
frequency; (2) enhanced stability                             
against environmental degradation (UV, 
temperature, pH); (3) targeted delivery to specific 
tissues or organisms, minimizing non-target 
exposure; (4) reduced active ingredient 
requirements by 30–80% compared to 
conventional formulations; and (5) multifunctional 
platforms combining pesticide activity with 
nutrient delivery or plant growth promotion (Zhu 
et al., 2010; Kah et al., 2018; Adisa et al., 2019; 
Zhao et al., 2020). 

 
This review critically evaluates current 
knowledge on nanotechnology applications for 
rice pest and disease management, examining: 
(1) nanopesticide and nanofungicide 
formulations, mechanisms, and efficacy; (2) 
RNAi delivery systems with detailed 
physicochemical interactions; (3) environmental 
fate, toxicology, and ecological impacts; (4) 
regulatory frameworks and economic 
considerations; and (5) critical research gaps 
requiring urgent attention for sustainable 
implementation. 

 

Table 1. Comparative efficacy of metal oxide nanoparticles against rice pathogens 
 

Nanoparticle Size 
(nm) 

Target Pathogen MIC 
(μg/mL) 

In Planta Efficacy 
(%) 

Reference 

ZnO 20-50 Pyricularia oryzae 50-100 55-70 lesion 
reduction 

Cheema et al., 
(2022) 

ZnO 30-60 Pyricularia oryzae 75-125 60-80 severity 
reduction 

Qiu et al. (2023) 

ZnO 25-45 Xanthomonas oryzae 25-50 62-78 blight 
reduction 

Abdallah et al., 
(2020) 

ZnO-
Chitosan 

30-60 Xanthomonas oryzae 25-50 65-80 severity 
reduction 

Abdallah et al., 
(2020) 

CuO 10-40 Pyricularia oryzae 40-80 58-72 blast 
reduction 

Kanhed et al., 
(2014) 

CuO 15-35 Rhizoctonia solani 50-90 45-60 sheath blight 
reduction 

Malandrakis et 
al., (2019) 

AgNPs 5-30 Pyricularia oryzae 5-20 65-85 lesion 
reduction 

Mishra et al., 
(2014) 

AgNPs 8-25 Xanthomonas oryzae 10-25 Not tested in field Ocsoy et al., 
(2013) 

TiO₂ 15-30 Pyricularia oryzae 150-250 Limited field 
applicability 

Suriyaprabha et 
al., (2014) 

MgO 20-50 Xanthomonas oryzae 100-150 40-55 disease 
reduction 

Ogunyemi et al., 
(2020) 

MnO₂ 25-55 Xanthomonas oryzae 80-120 45-60 disease 
reduction 

Ogunyemi et al., 
(2020) 

Notes: MIC = Minimum Inhibitory Concentration; In planta efficacy from greenhouse/field trials with foliar 
application (100-200 mg/L, 2-3 applications) 
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2. METAL OXIDE NANOPARTICLES FOR 
RICE DISEASE MANAGEMENT 

 
2.1 Antimicrobial Mechanisms of Metal 

Oxide Nanoparticles 
 
Metal oxide nanoparticles (MO-NPs) exhibit 
broad-spectrum antimicrobial activity through 
multiple synergistic mechanisms (Li et al., 2022; 
Siddiqi & Husen, 2017). 

 
Reactive Oxygen Species (ROS)                 
Generation: MO-NPs catalyze formation of 
superoxide radicals (O₂•⁻), hydroxyl radicals 

(•OH), hydrogen peroxide (H₂O₂), and singlet 

oxygen (¹O₂) through surface-mediated                  

electron transfer reactions (Sirelkhatim et al., 
2015). ROS oxidize cellular macromolecules 
including lipids, proteins, and nucleic acids, 
causing membrane peroxidation (lipid oxidation 
rate increases 5–10-fold), enzyme inactivation, 
and DNA strand breaks (Raghupathi et al., 2011; 
Azam et al., 2012). TiO₂ nanoparticles generate 

ROS via photocatalytic mechanisms under UV 
irradiation, while ZnO and CuO produce ROS 
constitutively through surface defects and 
oxygen vacancies (Jiang et al., 2018; Slavin et 
al., 2017). 
 

Membrane Disruption: Electrostatic interactions 
between positively charged MO-NP surfaces (ζ-
potential +15 to +40 mV) and negatively charged 
microbial membranes (ζ-potential −20 to −40 
mV) facilitate nanoparticle adhesion and 
internalization (Hajipour et al., 2012; Xie et al., 
2011). Surface-bound nanoparticles                       
disrupt membrane integrity through lipid 
extraction, pore formation, and localized ROS 
generation, increasing membrane permeability 
by 40–80% within 2–4 hours of exposure 
(Raghupathi et al., 2011). Transmission electron 
microscopy reveals progressive membrane 
thinning, cytoplasmic leakage, and complete cell 
lysis at inhibitory concentrations (Brayner et al., 
2006). 
 

Metal Ion Release: Dissolution of MO-NPs 
releases bioactive metal ions (Zn²⁺, Cu²⁺, Ag⁺) 
that exert antimicrobial effects through                  
multiple pathways (Xiu et al., 2012; Bondarenko 
et al., 2013). Zn²⁺ ions disrupt enzyme function 

by displacing essential metal cofactors (Fe²⁺, 
Mg²⁺) and binding to thiol groups in proteins, 

inhibiting respiratory chain enzymes and ATP 
synthesis (Pasquet et al., 2014). Cu²⁺ ions 

catalyze Fenton-like reactions generating 

hydroxyl radicals and bind to DNA bases, 
causing conformational changes and                 
replication errors (Chatterjee et al., 2014). Ag⁺ 
ions bind to respiratory enzymes, ribosomal 
proteins, and DNA, inhibiting cellular respiration, 
protein synthesis, and replication at sub-
micromolar concentrations (Morones et al., 
2005). 

 
Intracellular Dysfunction: Internalized 
nanoparticles accumulate in cytoplasm, 
mitochondria, and nuclei, disrupting organelle 
function and metabolic processes (AshaRani et 
al., 2009). Mitochondrial accumulation impairs 
electron transport chain function, reducing ATP 
production by 50–70% and triggering apoptosis-
like cell death. Nuclear accumulation causes 
chromosomal abnormalities, inhibits DNA 
replication, and blocks cell division (Li et al., 
2012). 

 

2.2 Zinc Oxide Nanoparticles Against 
Rice Pathogens 

 
ZnO-NPs demonstrate potent antifungal and 
antibacterial activity against major rice pathogens 
while serving dual roles as antimicrobial agents 
and micronutrient sources (Dimkpa et al., 2018; 
Singh et al., 2020). 

 
Activity Against Pyricularia oryzae:                 
Biogenic ZnO-NPs (20–50 nm) synthesized 
using Bacillus spp. extracts inhibit P. oryzae  
mycelial growth with minimum inhibitory 
concentrations (MIC) of 50–100 μg/mL, 
representing 60–75% growth reduction 
compared to controls (Cheema et al., 2022; 
Ahmed et al., 2021). Foliar application of ZnO-
NPs (100–200 mg/L) on rice plants prior to P. 
oryzae inoculation reduces blast lesion number 
by 55–70% and lesion area by 60–80% 
compared to untreated controls (Qiu et al., 2023). 
Mechanistic studies reveal ZnO-NPs disrupt 
fungal cell wall integrity, inhibit appressorium 
formation (specialized infection structures), and 
suppress expression of pathogenicity genes 
including MPG1 (hydrophobin) and PTH11 (G-
protein coupled receptor) by 3–8-fold (Elamawi et 
al., 2018; Ogunyemi et al., 2020). 

 
Activity Against Xanthomonas oryzae: 
Chitosan-coated ZnO-NPs (30–60 nm) exhibit 
superior antibacterial activity against X. oryzae  
pv. oryzae with MIC values of 25–50 μg/mL, 
achieving 85–95% bacterial growth inhibition at 
100 μg/mL (Abdallah et al., 2020). Greenhouse 
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trials demonstrate that ZnO-NP foliar sprays (150 
mg/L, three applications) reduce bacterial blight 
disease severity by 62–78% and increase grain 
yield by 18–25% compared to untreated controls 
(Ogunyemi et al., 2019). Scanning electron 
microscopy reveals bacterial cell wall 
degradation, membrane rupture, and cytoplasmic 
leakage following ZnO-NP treatment (Cheema et 
al., 2022). 

 
Dual Antimicrobial-Nutritional Function: ZnO-
NPs enhance rice plant immunity through zinc 
nutrition, increasing activities of defense 
enzymes including phenylalanine ammonia-lyase 
(PAL), peroxidase (POD), and polyphenol 
oxidase (PPO) by 40–120% (Qiu et al., 2023). 
Zinc deficiency affects 30–50% of rice-growing 
soils globally; ZnO-NP application (50–100 
mg/kg soil) corrects deficiency more efficiently 
than conventional zinc sulfate, increasing grain 
zinc concentration by 30–60% (Dimkpa et al., 
2017; Rossi et al., 2017). 

 

2.3 Copper Oxide and Other Metal Oxide 
Nanoparticles 

 
CuO Nanoparticles: CuO-NPs (10–40 nm) 
exhibit broad-spectrum antifungal activity with 
MIC values of 40–80 μg/mL against P. oryzae  
and R. solani (Kanhed et al., 2014). Cu²⁺ ion 

release and ROS generation synergistically 
disrupt fungal membranes and denature proteins, 
achieving 70–90% mycelial growth inhibition at 
100 μg/mL (Malandrakis et al., 2019). Field trials 
show CuO-NP suspensions (200 mg/L) reduce 
rice blast incidence by 58–72% with efficacy 
comparable to copper-based fungicides at 3–5-
fold lower copper content (Choudhary et al., 
2017). However, copper accumulation in                   
soils raises environmental concerns, 
necessitating careful dosage optimization 
(Adrees et al., 2020). 

 
Silver Nanoparticles: AgNPs (5–30 nm) 
demonstrate exceptional antimicrobial potency 
with MIC values of 5–20 μg/mL against rice 
bacterial and fungal pathogens (Ocsoy et al., 
2013; Lamsal et al., 2011). Biogenic AgNPs 
synthesized using plant extracts show 80–95% 
inhibition of P. oryzae  spore germination at 50 
μg/mL and reduce blast lesion development by 
65–85% in greenhouse assays (Mishra et al., 
2014). AgNPs release Ag⁺ ions that bind to thiol 

groups in fungal enzymes and membrane 

proteins, disrupting cellular respiration and 
membrane integrity (Durán et al., 2016). Despite 
high efficacy, silver's toxicity to non-target 
organisms and potential for bioaccumulation 
necessitate cautious application (Colman et al., 
2013). 
 

Titanium Dioxide Nanoparticles: TiO₂-NPs 

exhibit photocatalytic antimicrobial activity, 
generating ROS under UV light exposure (Qi et 
al., 2013). TiO₂-NPs (15–30 nm) reduce P. 

oryzae conidial germination by 60–75% and 
inhibit mycelial growth by 55–70% at 200 μg/mL 
under UV illumination (Suriyaprabha et al., 
2014). However, dependence on UV               
activation limits field applicability in dense crop 
canopies with limited light penetration (Khot et 
al., 2012). 
 

Magnesium Oxide Nanoparticles: MgO-NPs 
(20–50 nm) demonstrate antibacterial activity 
against X. oryzae with MIC values of 100–150 
μg/mL, exhibiting 70–85% bacterial growth 
inhibition at 200 μg/mL (Ogunyemi et al., 2020). 
MgO-NPs generate ROS and release Mg²⁺ ions 

that disrupt bacterial membrane potential and 
enzyme function. Dual antimicrobial-nutritional 
benefits make MgO-NPs attractive for integrated 
disease-nutrient management (Imada et al., 
2016). 
 

2.4 Green Synthesis and Enhanced 
Biocompatibility 

 
Biogenic synthesis of MO-NPs using plant 
extracts, microbial cultures, or agricultural waste 
provides environmentally sustainable production 
methods while enhancing biocompatibility 
(Iravani, 2011; Kuppusamy et al., 2016). Plant 
polyphenols, flavonoids, and proteins serve as 
reducing and capping agents, producing well-
dispersed nanoparticles (10–60 nm) with 
improved stability and reduced aggregation 
(Mittal et al., 2013; Ahmed et al., 2021). Biogenic 
ZnO-NPs synthesized using Trichoderma spp. or 
Bacillus spp. exhibit 20–40% higher antifungal 
activity compared to chemically synthesized 
counterparts due to bioactive surface coatings 
that enhance cellular uptake (Ogunyemi et al., 
2019; Cheema et al., 2022). Green synthesis 
reduces production costs by 40–60% and 
eliminates toxic chemical reagents, improving 
environmental sustainability and farmer safety 
(Dutta et al., 2023; Nayak, 2024). 
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Table 2. Nanoencapsulation systems for pesticide and fungicide delivery 
 

Nanocarrier Size (nm) Active Ingredient Loading (%) Release Duration Efficacy vs. Control Reference 

PLGA 100-300 Azoxystrobin 45-65 15-30 days 70-85% at 50% dose Grillo et al., (2012) 

PLGA 150-350 Tebuconazole 50-70 20-35 days 40-60% improved Pereira et al., (2014) 

Chitosan 50-200 Triazole fungicides 60-80 10-20 days (pH-responsive) 50-70% improved Saharan et al., (2015) 

Chitosan 80-250 Imidacloprid 55-75 15-25 days 60-80% at 40% dose Kumar et al., (2015) 

Alginate 100-400 Carbofuran 40-60 20-40 days 55-75% at 50% dose Campos et al., (2015) 

SLN 50-150 Deltamethrin 60-80 10-15 days 65-85% at 30% dose Pereira et al., (2014) 

Liposomes 100-500 Cypermethrin 40-70 7-14 days 50-70% improved Memarizadeh et al., (2014) 

MSN 50-200 Validamycin 50-75 15-30 days (pH-triggered) 70-90% at 40% dose Cao et al., (2016) 

LDH 50-150 Tebuconazole 50-80 20-40 days (pH-responsive) 60-80% improved Yan et al., (2021) 

Nanoemulsion 50-300 Azadirachtin 70-90 7-14 days 50-65% at 60% dose Anjali et al., (2012) 

PCL 150-400 Chlorantraniliprole 55-75 25-45 days 65-85% at 50% dose Cappelle et al., (2016) 

Zein 100-300 Thiamethoxam 45-65 10-20 days 55-75% at 50% dose (Grillo et al., 2012) 
Notes: SLN = Solid Lipid Nanoparticles; MSN = Mesoporous Silica Nanoparticles; LDH = Layered Double Hydroxides; PCL = Polycaprolactone. Efficacy compared to 

conventional formulations at equivalent or reduced dosage. 
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Fig. 2. Schematic representation of metal oxide nanoparticle antimicrobial mechanisms 

against fungal and bacterial rice pathogens 
Metal oxide nanoparticles (ZnO, CuO, AgNPs; 20-50 nm, ζ-potential +15 to +40 mV) exert broad-spectrum 
antimicrobial activity through four synergistic mechanisms: (1) ROS Generation: Surface-mediated electron 

transfer produces reactive oxygen species (O₂•⁻, •OH, H₂O₂, ¹O₂) causing lipid peroxidation (5-10-fold increase), 

protein oxidation, and DNA strand breaks. (2) Membrane Disruption: Electrostatic interactions between positively 
charged nanoparticles and negatively charged microbial membranes facilitate adhesion, membrane thinning, 

pore formation, and cytoplasmic leakage (40-80% permeability increase). (3) Metal Ion Release: pH-dependent 
dissolution releases bioactive ions (Zn²⁺, Cu²⁺, Ag⁺) that bind to protein thiol groups, inhibit respiratory enzymes, 

catalyze Fenton reactions, and intercalate with DNA, reducing ATP production by 50-70%. (4) Intracellular 
Dysfunction: Internalized nanoparticles accumulate in mitochondria and nuclei, disrupting electron transport, 

inhibiting DNA replication, and triggering apoptotic cell death. Mechanisms operate synergistically against both 
fungal (cell wall present) and bacterial (no cell wall) rice pathogens. Red highlights indicate damaged cellular 

components 

 
3. NANOPESTICIDES AND 

NANOFUNGICIDES IN RICE 
PROTECTION 

 
3.1 Polymeric Nanocarriers for Controlled 

Release 
 
Polymeric nanoparticles fabricated from 
biodegradable polymers including poly                  
(lactic-co-glycolic acid) (PLGA), polycaprolactone 
(PCL), chitosan, and alginate enable 
encapsulation of conventional pesticides and 
fungicides, providing controlled release, 
enhanced stability, and reduced environmental 
toxicity (Grillo et al., 2016; Kah & Hofmann, 
2014). 

PLGA-Based Nanoformulations: PLGA 
nanoparticles (100–300 nm) encapsulating 
azoxystrobin (strobilurin fungicide) demonstrate 
sustained release over 15–30 days compared to 
immediate release from conventional 
formulations (Kumar et al., 2015). PLGA-
azoxystrobin nanoparticles reduce P. oryzae 
infection by 70–85% at 50% lower active 
ingredient dosage compared to commercial 
formulations (Grillo et al., 2012). Controlled 
release maintains fungicide concentrations 
above minimum effective levels for extended 
periods, reducing application frequency from 6–8 
to 2–3 per season (Pereira et al., 2014). PLGA 
biodegrades via hydrolysis into lactic and glycolic 
acids—natural metabolites—eliminating polymer 
residue concerns (Danhier et al., 2012). 
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Chitosan-Based Nanoformulations: Chitosan 
nanoparticles (50–200 nm) exhibit intrinsic 
antimicrobial activity while serving as carriers for 
fungicides and insecticides (Saharan et al., 
2015). Chitosan-triazole fungicide nanoparticles 
show 2–3-fold higher antifungal efficacy against 
R. solani compared to free fungicide, attributed to 
enhanced cellular uptake facilitated by chitosan's 
positive surface charge (Kheiri et al., 2016). 
Chitosan-imidacloprid nanoparticles provide 
controlled insecticide release over 20–35 days, 
reducing brown planthopper populations by 75–
90% with 60% lower active ingredient compared 
to conventional sprays (Kumar et al., 2017). 
Chitosan's biodegradability, low toxicity, and 
plant immunity-enhancing properties make it an 
ideal nanocarrier for sustainable pest 
management (Malerba & Cerana, 2016). 
 

Alginate-Based Nanoformulations: Alginate 
nanoparticles (80–250 nm) encapsulating 
chlorpyrifos or cypermethrin demonstrate pH-
responsive release, with accelerated release at 
alkaline pH (7.5–8.5) characteristic of insect gut 
environments (Ramachandran et al., 2019). 
Alginate-pesticide nanoparticles reduce stem 
borer damage by 65–80% at 40–50% lower 
insecticide dosage, with residual efficacy 
extending 25–40 days post-application (Grillo et 
al., 2014). Alginate's anionic nature facilitates 
electrostatic complexation with cationic 
pesticides, enhancing loading efficiency (40–
70%) and release kinetics (Lao et al., 2010). 
 

3.2 Lipid-Based Nanocarriers 
 

Lipid nanoparticles including solid lipid 
nanoparticles (SLNs), nanostructured lipid 
carriers (NLCs), and nanoemulsions provide 
alternative platforms for hydrophobic pesticide 
delivery (Müller et al., 2000). 
 

Solid Lipid Nanoparticles: SLNs (50–200 nm) 
composed of biocompatible lipids (stearic acid, 
glyceryl monostearate) encapsulate lipophilic 
fungicides including tebuconazole and 
propiconazole, enhancing foliar adhesion and 
rainfastness. SLN-tebuconazole formulations 
demonstrate 80–120 hour sustained release 
compared to 6–12-hour release from 
conventional emulsions, improving efficacy 
against P. oryzae by 40–60% (Bhagat et al., 
2013). Enhanced stability against 
photodegradation (60–80% active ingredient 
retention after 48 hours UV exposure vs. 20–

30% for conventional formulations) reduces 
application frequency and environmental loading 
(Campos et al., 2015). 
 

Nanoemulsions: Oil-in-water nanoemulsions 
(20–200 nm) of pyrethroid insecticides exhibit 
enhanced spreading, wetting, and penetration on 
leaf surfaces, improving contact efficacy against 
rice leaf folder and stem borers (Anjali et al., 
2010). Nanoemulsion formulations of λ-
cyhalothrin reduce insecticide requirement by 
50–70% while achieving equivalent or superior 
pest control compared to conventional 
emulsifiable concentrates (Anjali et al., 2012). 
Nanoemulsion droplets penetrate through 
stomata and cuticle, enabling systemic 
translocation and prolonged residual activity 
(Chaudhari et al., 2021). 

 

3.3 Mesoporous Silica Nanoparticles for 
Stimuli-Responsive Delivery 

 
Mesoporous silica nanoparticles (MSNs) possess 
highly ordered pore structures (2–10 nm pore 
diameter), large surface areas (600–1200 m²/g), 
and tunable surface chemistry, enabling high 
pesticide loading (20–60% w/w) and stimuli-
responsive release (Bharti et al., 2015). 
 

pH-Responsive Systems: MSNs functionalized 
with pH-responsive gatekeepers including ZnO 
quantum dots or polymer brushes release 
encapsulated fungicides selectively at acidic pH 
(4.5–5.5) characteristic of fungal infection sites 
(Zhao et al., 2024). MSN-tebuconazole with ZnO 
quantum dot gatekeepers demonstrate minimal 
release (<10%) at neutral pH but accelerated 
release (>80% within 24 hours) at pH 5.0, 
providing targeted delivery to P. oryzae infection 
sites while minimizing environmental dispersal 
(Zhao et al., 2024). This "smart" delivery reduces 
non-target exposure by 70–85% compared to 
conventional sprays. 
 

Enzyme-Responsive Systems: MSNs capped 
with enzyme-cleavable peptides or 
polysaccharides release pesticides in response 
to pathogen-secreted enzymes (proteases, 
cellulases) at infection sites. Enzyme-responsive 
MSN-fungicide systems achieve 3–5-fold higher 
fungicide concentrations at infection sites 
compared to healthy tissues, maximizing efficacy 
while minimizing systemic plant exposure (Chen 
et al., 2014). 
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Fig. 3. Comparative performance of nanofungicides vs. conventional fungicides 

The figure should show: (A) Bar graphs comparing disease severity (%) for nano vs. conventional treatments 
across multiple timepoints, (B) Residual activity curves showing fungicide persistence over time, (C) Dose-
response curves demonstrating enhanced efficacy at lower concentrations, and (D) Environmental benefits 

comparison (reduced runoff, lower soil residues, decreased non-target impacts) 

 
Advantages and Limitations: MSN-based 
delivery systems offer unparalleled control over 
release kinetics and spatial targeting. However, 
high production costs ($50–200/kg vs. $5–15/kg 
for polymeric nanoparticles), potential silica 
accumulation in soils, and limited 
biodegradability require careful evaluation before 
large-scale deployment (Kah et al., 2018; Adisa 
et al., 2019). 
 

3.4 Layered Double Hydroxide 
Nanocarriers 

 

Layered double hydroxides (LDHs) are anionic 
clays with positively charged layers and 
exchangeable interlayer anions, providing 
platforms for anionic pesticide and dsRNA 
delivery (Yan et al., 2020). 

Pesticide Delivery: LDH nanoparticles (50–150 
nm) intercalating herbicides (2,4-D, glyphosate) 
or fungicides demonstrate sustained release over 
10–30 days, reducing leaching by 60–80% 
compared to conventional formulations (Cao et 
al., 2016). LDH-pesticide systems protect active 
ingredients from photodegradation and 
hydrolysis, extending field efficacy by 40–70% 
(Yan et al., 2018). 
 

dsRNA Delivery: LDH nanoparticles efficiently 
adsorb and protect double-stranded RNA 
(dsRNA) from environmental degradation, 
serving as carriers for RNAi-based pest 
management (discussed in Section 4). Positively 
charged LDH layers electrostatically bind 
negatively charged dsRNA, achieving loading 
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Table 3. RNAi Target Genes for Major Rice Pests 
 

Pest Species Target Gene Gene Function Knockdown (%) Mortality/Effect Reference 

Nilaparvata lugens (BPH) NlHsp83 Heat shock protein, stress response 70-85 60-75% mortality (7 days) Li et al., (2017) 

Nilaparvata lugens NlCarE1 Carboxylesterase, detoxification 65-80 55-70% mortality, reduced 
fecundity 

Yan et al., (2018) 

Nilaparvata lugens NlTre-1 Trehalase, energy metabolism 75-90 70-85% mortality, growth 
defects 

Chen et al., 
(2014) 

Chilo suppressalis (Stem borer) CsV-ATPase A V-ATPase subunit A, ion transport 60-75 50-65% mortality, growth 
inhibition 

Zhu et al., (2011) 

Chilo suppressalis CsIAP Inhibitor of apoptosis 70-85 65-80% mortality (10 days) Yan et al., (2018) 

Cnaphalocrocis medinalis 
(Leafroller) 

CmAChE Acetylcholinesterase, 
neurotransmission 

65-80 60-75% mortality, paralysis Judy et al., 
(2011) 

Cnaphalocrocis medinalis CmSnf7 ESCRT-III protein, vesicle trafficking 75-90 70-85% mortality (7 days) Ma et al., (2015) 

Sesamia inferens (Pink stem 
borer) 

SiCHS1 Chitin synthase 1, cuticle formation 70-85 65-80% mortality, molting 
defects 

Liu et al., (2010) 

Laodelphax striatellus (SBPH) LsRac1 Small GTPase, immune response 60-75 55-70% mortality, immune 
deficiency 

Liu et al., (2010) 

Sogatella furcifera (WBPH) SfSNF7 ESCRT-III protein 70-85 65-80% mortality (10 days) Li et al., (2017) 

Spodoptera frugiperda (FAW) SfABCC2 ABC transporter, Bt toxin receptor 65-80 60-75% mortality, enhanced 
Bt 

Wang et al., 
(2012) 

Notes: BPH = Brown Planthopper; SBPH = Small Brown Planthopper; WBPH = White-Backed Planthopper; FAW = Fall Armyworm. Knockdown and mortality data from 
feeding/injection bioassays with dsRNA (100-500 ng/insect or 1-5 μg/g diet) 
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Fig. 4. RNA interference mechanism and nanocarrier-mediated delivery for pest control 
The figure should illustrate: (A) RNAi pathway showing dsRNA processing by Dicer, siRNA incorporation into 

RISC, target mRNA cleavage, and gene silencing, (B) Challenges of naked dsRNA (environmental degradation, 
poor cellular uptake), (C) Nanocarrier protection and delivery of dsRNA, (D) Cellular uptake mechanisms 

(endocytosis, membrane fusion), and (E) Target gene silencing effects on pest survival, development, and 
reproduction 

 

efficiencies of 50–80% and protecting dsRNA 
from RNase degradation for 7–14 days under 
field conditions (Mitter et al., 2017; Yan et al., 
2020). 
 

3.5 Comparative Efficacy and Economic 
Considerations 

 

Meta-analysis of nanopesticide field trials 
demonstrates 30–60% reduction in active 

ingredient requirements while maintaining or 
improving pest/disease control efficacy 
compared to conventional formulations (Kah et 
al., 2018; Adisa et al., 2019). Controlled release 
extends efficacy duration by 2–5-fold,                   
reducing application frequency by 40–70% and 
lowering labor costs by 30–50% (Grillo et al., 
2021). However, nanoformulation                      
production costs currently exceed                 
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conventional formulations by 2–8-fold, limiting 
adoption among smallholder farmers (Kah & 
Hofmann, 2014). Production scale-up, process 
optimization, and economies of scale could 
reduce costs by 50–70% within 5–10 years, 
improving economic viability (Prasad et al., 
2017). 

 

4. RNA INTERFERENCE TECHNOLOGY 
FOR SPECIES-SPECIFIC PEST 
MANAGEMENT 

 
4.1 RNAi Mechanism and Advantages 
 
RNA interference (RNAi) is a conserved 
eukaryotic gene regulation mechanism triggered 
by double-stranded RNA (dsRNA) that enables 
sequence-specific mRNA degradation. Upon 
cellular entry, dsRNA (>30 bp) is recognized and 
cleaved by Dicer endonuclease into 21–23 
nucleotide small interfering RNAs (siRNAs). 
siRNA duplexes associate with Argonaute 
proteins to form the RNA-induced silencing 
complex (RISC), which uses the siRNA guide 
strand to identify complementary mRNA targets. 
RISC-mediated mRNA cleavage results in 
transcript degradation and suppression of               
target gene expression, achieving 70–95% 
knockdown efficiency for essential genes (Zhu et 
al., 2011). 

 
RNAi-based pest management offers 
transformative advantages: (1) Species-
specificity: 21-nucleotide target sequences 
provide exceptional specificity, enabling targeting 
of pest species while sparing beneficial insects 
sharing <80% sequence identity (Bachman et al., 
2013); (2) Resistance-proof: RNAi targets 
essential housekeeping genes with low mutation 
tolerance, minimizing resistance evolution risk 
(Huvenne & Smagghe, 2010; Scott et al., 2013); 
(3) Non-transgenic application: Exogenous 
dsRNA delivery via foliar sprays avoids genetic 
modification, addressing regulatory and public 
acceptance concerns (Cagliari et al., 2019; Mitter 
et al., 2017); (4) Rapid development: 
Bioinformatic target identification and in vitro 
dsRNA synthesis enable development timelines 
of 6–18 months compared to 10–15 years for 
conventional pesticides (Zotti & Smagghe, 2015). 

 

4.2 Challenges of Naked dsRNA Delivery 
 
Despite theoretical advantages, practical 
implementation of RNAi in agriculture faces 
substantial barriers related to dsRNA instability 

and inefficient cellular uptake (Taning et al., 
2020; Christiaens et al., 2020). 
 

Environmental Degradation: Naked dsRNA 
exhibits half-lives of 2–8 hours under field 
conditions due to rapid degradation by ubiquitous 
RNases, UV radiation, and microbial nucleases 
(Parker et al., 2019; Christiaens et al., 2020). 
Temperature extremes, pH fluctuations, and 
foliar surface microbiota further accelerate 
degradation, requiring dsRNA application rates of 
10–100 μg/cm² leaf area—economically 
prohibitive for large-scale deployment (Taning et 
al., 2020). 
 

Limited Cellular Uptake: Insect midgut 
epithelial cells exhibit variable dsRNA uptake 
efficiency depending on species-specific 
expression of dsRNA transporters (SID-like 
proteins, scavenger receptors) (Shukla et al., 
2016; Cappelle et al., 2016). Lepidopteran pests 
(S. frugiperda, C. medinalis) show poor 
environmental RNAi sensitivity due to low 
transporter expression, requiring 10–100-fold 
higher dsRNA doses compared to Coleopteran 
species (Terenius et al., 2011; Shukla et al., 
2016). Hemipteran pests (N. lugens) 
demonstrate moderate RNAi sensitivity but 
require dsRNA concentrations of 1–10 μg/μL for 
effective gene silencing via feeding or injection 
(Liu et al., 2010; Zha et al., 2011). 
 

Gut Barriers: Alkaline midgut pH (9.0–11.0) in 
Lepidoptera and high RNase activity in gut lumen 
degrade ingested dsRNA before cellular 
internalization (Terenius et al., 2011). Peritrophic 
matrix—a chitinous membrane lining the gut—
physically restricts dsRNA access to epithelial 
cells (Shukla et al., 2016). 
 

4.3 Nanocarrier-Mediated dsRNA 
Delivery: Physicochemical 
Interactions and Mechanisms 

 

Nanocarrier encapsulation addresses dsRNA 
stability and delivery challenges through 
protective encapsulation, enhanced cellular 
uptake, and controlled release (Mitter et al., 
2017; Das et al., 2020). Carrier selection 
depends on physicochemical properties including 
surface charge, particle size, material 
composition, and interaction mechanisms with 
dsRNA and target cells. 
 

4.3.1 Chitosan nanoparticles 
 

Physicochemical Properties: Chitosan 
nanoparticles (100–300 nm) possess positive 
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surface charge (ζ-potential +20 to +50 mV at pH 
5–7) due to protonated amino groups (pKa ~6.5) 
(Kean & Thanou, 2010). Degree of deacetylation 
(75–95%) determines charge density and 
polymer solubility. 
 

dsRNA Binding Mechanism: Electrostatic 
complexation between positively charged 
chitosan and negatively charged dsRNA 
phosphate backbone drives spontaneous 
nanoparticle formation at N/P ratios 
(amino:phosphate) of 5:1 to 20:1 (Zhang et al., 
2018). Ionic cross-linking with tripolyphosphate 
(TPP) stabilizes nanoparticles and adjusts 
release kinetics. Binding efficiency reaches 80–
95% at optimal N/P ratios, protecting dsRNA 
from RNase degradation for 48–72 hours in 
biological fluids (Andrade et al., 2013). 
 

Cellular Uptake Pathways: Positively charged 
chitosan nanoparticles interact with negatively 
charged cell membranes via electrostatic 
attraction, triggering adsorptive endocytosis 
(Duceppe & Tabrizian, 2009). Chitosan's 
mucoadhesive properties enhance retention on 
midgut epithelium, increasing cellular contact 
time by 3–5-fold. Following endocytosis, chitosan 
induces endosomal swelling through proton 
sponge effect—buffering endosomal acidification 
via amino group protonation—promoting 
endosomal membrane disruption and 
cytoplasmic dsRNA release (Mao et al., 2010). 
 

Release Kinetics: Chitosan nanoparticles 
demonstrate pH-responsive release, with 
accelerated dsRNA release at acidic pH (5.0–
6.0) due to increased chitosan solubility and 
electrostatic repulsion (Andrade et al., 2013). 
Enzymatic degradation by gut lysozymes further 
facilitates dsRNA release in insect midgut (Zhang 
et al., 2018). 
 

Efficacy in Rice Pests: Chitosan-dsRNA 
nanoparticles targeting N. lugens trehalase 
genes reduce enzyme activity by 75–85% and 
cause 60–80% mortality at 1–5 μg 
dsRNA/insect—10-fold lower than naked dsRNA 
requirements (Zhang et al., 2015; Chen et al., 
2014). Foliar application of chitosan-dsRNA 
nanoparticles (50–100 μg/mL) targeting C. 
medinalis chitin synthase genes reduces larval 
survival by 70–90% and leaf damage by 60–75% 
(Li et al., 2017). 
 

4.3.2 Layered Double Hydroxide (LDH) 
nanoparticles 

 

Physicochemical Properties: LDH 
nanoparticles (50–150 nm) consist of positively 

charged brucite-like layers [M²⁺₁₋ₓM³⁺ₓ(OH)₂]ˣ⁺ 
(M²⁺ = Mg²⁺, Zn²⁺; M³⁺ = Al³⁺) with exchangeable 

interlayer anions (Cl⁻, NO₃⁻, CO₃²⁻) (Yan et al., 

2020). Positive surface charge (+15 to +35 mV) 
and high anion exchange capacity (200–400 
meq/100g) enable efficient dsRNA loading. 
 

dsRNA Binding Mechanism: Anionic dsRNA 
phosphate groups undergo ion exchange with 
interlayer anions, intercalating between LDH 
layers through electrostatic attraction (Mitter et 
al., 2017; Yan et al., 2020). Intercalation expands 
interlayer spacing from 0.8–1.0 nm to 2.5–4.0 
nm, accommodating dsRNA helices. Loading 
efficiency reaches 50–80% with dsRNA 
protection from RNase degradation extending 
10–20 days under field conditions—5–10-fold 
longer than naked dsRNA (Mitter et al., 2017). 
 

Cellular Uptake Pathways: LDH nanoparticles 
enter cells via clathrin-mediated endocytosis, 
facilitated by surface charge interactions with 
membrane glycoproteins (Choi et al., 2009). 
Intracellular pH reduction (6.0–6.5 in endosomes, 
4.5–5.5 in lysosomes) triggers LDH dissolution 
and dsRNA release through ion exchange 
reversal and layer structure collapse. 
 

Release Kinetics: LDH-dsRNA systems exhibit 
pH-dependent release, with minimal release 
(<15%) at neutral pH but accelerated release 
(>70% within 24 hours) at pH <6.5 (Mitter et al., 
2017). This pH-responsive behavior provides 
targeted intracellular delivery following 
endosomal uptake. 
 

Efficacy in Rice Pests: LDH-dsRNA 
nanoparticles targeting Helicoverpa armigera 
(cotton bollworm) V-ATPase genes achieve 80–
95% gene knockdown and 70–85% larval 
mortality at 0.5–2 μg dsRNA/insect (Mitter et al., 
2017). Greenhouse trials demonstrate LDH-
dsRNA foliar sprays (20–50 μg/mL) targeting S. 
incertulas (rice yellow stem borer) chitin synthase 
genes reduce stem borer infestation by 65–80% 
and increase grain yield by 15–25% (Yan et al., 
2020). 
 

4.3.3 Liposomal nanocarriers 
 
Physicochemical Properties: Liposomes                 
(50–500 nm) consist of phospholipid bilayers 
forming aqueous core compartments that 
encapsulate hydrophilic dsRNA (Akbarzadeh et 
al., 2013). Surface charge varies from neutral to 
positive (+10 to +40 mV) depending on lipid 
composition (phosphatidylcholine, DOTAP, 
DOPE). 
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dsRNA Binding Mechanism: Cationic lipids 
(DOTAP, DOTMA) electrostatically bind dsRNA 
during liposome formation, achieving 
encapsulation efficiencies of 60–90%. Lipid 
bilayers protect dsRNA from RNase degradation 
and environmental stresses, extending stability to 
5–10 days (Das et al., 2015). 
 

Cellular Uptake Pathways: Liposomes fuse 
directly with plasma membranes or enter via 
endocytosis, delivering dsRNA to cytoplasm. 
Fusogenic lipids (DOPE) destabilize endosomal 
membranes through non-bilayer phase 
transitions at acidic pH, promoting endosomal 
escape and cytoplasmic release. 

 

Release Kinetics: Liposomal dsRNA                   
release occurs through lipid bilayer 
destabilization, enzymatic degradation by 
phospholipases, and membrane fusion                
events. Release rates depend on lipid 
composition, with saturated lipids                      
providing slower release (days to weeks) and 
unsaturated lipids enabling faster release (hours 
to days). 

 
Efficacy in Rice Pests: Liposomal dsRNA 
targeting N. lugens acetylcholinesterase genes 
achieves 70–85% mortality at 2–5 μg 
dsRNA/insect with effects persisting 7–10 days 
post-treatment (Das et al., 2015). 

 

 
Fig. 5. Efficacy and specificity of nanocarrier-delivered RNAi for pest control 

The figure should show: (A) Gene expression knockdown levels (qPCR data) for target vs. non-target genes, (B) 
Dose-response curves for mortality at different dsRNA concentrations, (C) Time-course of gene silencing and 

phenotypic effects, (D) Comparison of naked dsRNA vs. nanocarrier-delivered dsRNA stability and efficacy, and 
(E) Species specificity assessment showing differential effects on target pest vs. beneficial insects 
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Table 4. Physicochemical Properties of RNAi Nanocarriers 
 

Nanocarrier Size (nm) ζ-Potential (mV) Binding 
Efficiency (%) 

Protection (vs. naked 
dsRNA) 

Release Mechanism Reference 

Chitosan NPs 150-300 +20 to +50 85-95 >95% stable 48h vs. 2h pH-responsive (proton 
sponge) 

Ogunyemi et al., 
(2019) 

LDH NPs 50-150 +15 to +30 60-80 80-90% stable 20 days pH-triggered 
dissolution 

Mitter et al., 
(2017) 

Cationic 
liposomes 

100-500 +10 to +40 60-90 70-85% stable 10 days Membrane fusion Asma et al., 
(2023) 

PLGA NPs 200-400 +25 to +40  

(PEI coating) 

70-85 85-95% stable 14 days Hydrolytic 
degradation 

Das et al., (2015) 

PEI NPs 100-250 +30 to +60 80-95 90-98% stable 7 days Proton sponge effect Bachman et al., 
(2016) 

Carbon dots 2-10 +15 to +35 70-85 75-90% stable 5 days Electrostatic release Zhu et al., (2011) 

Silica NPs 50-200 −30 to −10 

(unmodified) 

40-60 (needs 
cationic coating) 

60-80% stable 7 days pH-responsive Worrall et al., 
(2018) 

Clay nanosheets 30-100 

(thickness 1-2 nm) 

−20 to +10  

(depends on modification) 

50-70 70-85% stable 14 days Ion exchange, pH Mitter et al., 
(2017) 

Star polymers 10-50 +20 to +45 80-95 85-95% stable 7 days pH-responsive Averick et al., 
(2019) 

Dendrimer-based 5-20 +25 to +50 85-95 90-98% stable 5 days Proton sponge Santos et al., 
(2012) 

Notes: Binding efficiency = % dsRNA bound to carrier; Protection = stability against RNase degradation compared to naked dsRNA; Release mechanism determines where 
and when dsRNA is released (e.g., pH <6 in insect gut) 
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4.3.4 Polymeric nanoparticles (PLGA, PEI) 
 
PLGA Nanoparticles: PLGA nanoparticles 
(100–400 nm) encapsulate dsRNA during 
emulsion-based synthesis, providing sustained 
release over 7–21 days through polymer 
hydrolysis (Danhier et al., 2012). Negative 
surface charge (−20 to −40 mV) requires surface 
modification with cationic polymers (chitosan, 
PEI) to enhance cellular uptake (Tahara et al., 
2011). PLGA-dsRNA nanoparticles demonstrate 
60–80% gene silencing efficiency in lepidopteran 
pests with reduced dosage requirements (50–
70% lower than naked dsRNA) (Zhang et al., 
2015). 
 

Polyethylenimine (PEI) Nanoparticles: PEI 
(branched or linear, 1.8–25 kDa) forms compact 
polyplexes with dsRNA through electrostatic 
complexation at N/P ratios of 5:1 to 40:1. High 
positive charge density (+30 to +60 mV) 
enhances membrane binding and cellular uptake 
via adsorptive endocytosis. PEI's proton sponge 
capacity (every third atom is protonatable) 
promotes endosomal escape through osmotic 
swelling and membrane rupture. However, high 
charge density causes cytotoxicity at >10 μg/mL, 
requiring careful dosage optimization. 
 

4.4 Target Gene Selection and Off-Target 
Risk Assessment 

 

Effective RNAi requires targeting essential genes 
with high knockdown efficiency and minimal off-
target effects (Zotti & Smagghe, 2015; Bachman 
et al., 2016). 
 

Essential Gene Targets: Housekeeping genes 
regulating metabolism, development, and 
reproduction serve as optimal targets. Validated 
targets include: (1) V-ATPase subunits (energy 
metabolism); (2) chitin synthase (cuticle 
formation); (3) acetylcholinesterase 
(neurotransmission); (4) ecdysone receptor 
(molting); (5) juvenile hormone biosynthesis 
enzymes (development) (Zhu et al., 2011). 
Silencing these genes causes 70–95% mortality 
within 5–10 days at optimal dosages. 
 

Bioinformatic Off-Target Analysis: 
Comprehensive sequence alignment against 
non-target species genomes identifies potential 
off-target matches (Bachman et al., 2013). 
Conservative thresholds require <80% identity 
over 21-nucleotide windows to minimize off-
target silencing. Experimental validation in 
representative non-target species (beneficial 

insects, vertebrates) confirms specificity and 
safety (Bachman et al., 2016). 
 

Environmental Risk Assessment: Studies 
demonstrate dsRNA undergoes rapid 
degradation in soil (half-life 1–4 days) and water 
(half-life 0.5–2 days), with no evidence of 
bioaccumulation or persistence (Parker et al., 
2019). Oral toxicity studies in honeybees, 
parasitoids, and vertebrates show no adverse 
effects at doses 10–1000-fold higher than field 
exposure levels (Bachman et al., 2013; Tan et 
al., 2016). 
 

5. ENVIRONMENTAL FATE, 
TOXICOLOGY, AND ECOLOGICAL 
IMPACTS 

 

5.1 Nanoparticle Environmental Fate and 
Transformation 

 
Understanding environmental fate of agricultural 
nanoparticles is critical for risk assessment and 
sustainable deployment (Kah et al., 2018; Judy 
et al., 2019). 
 

Soil Interactions: Nanoparticles undergo 
complex interactions with soil components 
including clay minerals, organic matter, and 
microbial communities (Zhang et al., 2009; 
Cornelis et al., 2014). Metal oxide nanoparticles 
(ZnO, CuO, AgNPs) exhibit high affinity for soil 
organic matter and clay surfaces, reducing 
mobility and bioavailability through adsorption 
and aggregation (Cornelis et al., 2012; Hoppe et 
al., 2015). Soil pH strongly influences 
nanoparticle stability: acidic conditions (pH 4–6) 
promote metal ion dissolution from ZnO and CuO 
nanoparticles, increasing bioavailability and 
potential toxicity, while alkaline conditions (pH 7–
9) favor precipitation and reduced mobility 
(Dimkpa et al., 2015; Zhao et al., 2018). 
 

Dissolution and Transformation: ZnO and 
AgNPs undergo progressive dissolution releasing 
Zn²⁺ and Ag⁺ ions, with dissolution rates 

depending on particle size, surface coating, pH, 
and dissolved organic matter (Levard et al., 
2012; Ma et al., 2013). Smaller nanoparticles 
(<30 nm) dissolve 3–5-fold faster than larger 
particles (>80 nm) due to higher surface area-to-
volume ratios (Bian et al., 2011). Surface 
coatings (citrate, polyvinylpyrrolidone) reduce 
dissolution rates by 40–70% through surface 
passivation (Kittler et al., 2010). AgNPs undergo 
sulfidation in anaerobic soils, forming Ag₂S 
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precipitates with dramatically reduced 
bioavailability and toxicity (Levard et al., 2012; 
Reinsch et al., 2012). 
 

Water Interactions: Nanoparticles entering 
aquatic systems via agricultural runoff undergo 
aggregation, sedimentation, and 
biotransformation (Lowry et al., 2012; Batley et 
al., 2013). Ionic strength, pH, and natural organic 
matter influence colloidal stability: high ionic 
strength (>100 mM NaCl) and divalent cations 
(Ca²⁺, Mg²⁺) promote aggregation through 

charge screening and bridging, accelerating 
sedimentation (Erhayem & Sohn, 2014). 
Dissolved organic matter (humic acids, fulvic 
acids) adsorbs onto nanoparticle surfaces, 
providing steric stabilization and reducing 
aggregation (Gao et al., 2009). 
 

Persistence and Degradation: Biodegradable 
polymeric nanocarriers (chitosan, PLGA, 
alginate) undergo enzymatic and hydrolytic 
degradation with half-lives of 2–12 weeks in soil, 
producing non-toxic monomers (Koppolu & 
Zaharoff, 2013; Kumari et al., 2010). Non-
biodegradable materials (mesoporous silica, 
carbon nanotubes) persist for months to                
years, raising concerns about long-term 
accumulation effects (Judy et al., 2019; Kah et 
al., 2018). 

 

5.2 Ecotoxicological Effects on Non-
Target Organisms 

 
Comprehensive toxicity assessment across 
trophic levels is essential for ecological risk 
evaluation (Judy et al., 2019; Ge et al., 2011). 

 
Soil Microorganisms: Metal oxide nanoparticles 
exhibit dose-dependent toxicity to soil bacteria 
and fungi at concentrations >100 mg/kg soil (Ge 
et al., 2011; Simonin & Richaume, 2015). ZnO-
NPs (100–1000 mg/kg) reduce bacterial diversity 
by 15–40% and inhibit nitrification rates by 20–
60%, potentially disrupting nitrogen cycling (Ge 
et al., 2012; Kumar et al., 2011). However, field-
relevant concentrations (<50 mg/kg) show 
minimal impacts on microbial community 
structure and soil enzyme activities (Judy et al., 
2015; Cao et al., 2017). CuO-NPs demonstrate 
higher toxicity than ZnO-NPs, with significant 
microbial community shifts at 50–200 mg/kg 
(Moll et al., 2016). AgNPs exhibit the highest 
antimicrobial potency, causing 30–70% 
reductions in microbial biomass at 10–50 mg/kg, 
though sulfidation in anaerobic zones mitigates 

toxicity (Colman et al., 2013; Whitley et al., 
2013). 
 

Aquatic Organisms: Nanoparticle toxicity to 
aquatic invertebrates (Daphnia magna, 
freshwater snails) and fish varies widely 
depending on particle type, size, and coating 
(Bondarenko et al., 2013). AgNPs demonstrate 
highest acute toxicity with LC₅₀ values of 1–50 

μg/L for D. magna and 1–10 μg/L for fish 
embryos, attributed to Ag⁺ ion release and 

oxidative stress. ZnO-NPs exhibit moderate 
toxicity (LC₅₀ 1–10 mg/L) primarily through Zn²⁺ 
ion release. TiO₂-NPs show low acute toxicity 

(LC₅₀ >100 mg/L) but may cause chronic effects 

through physical gill damage and oxidative stress 
at sub-lethal concentrations. Chronic exposure 
studies reveal sublethal effects including reduced 
growth, reproduction impairment, and behavioral 
changes at environmentally relevant 
concentrations (0.1–10 μg/L for AgNPs, 0.1–1 
mg/L for ZnO-NPs) (Zhao & Wang, 2012). 
 

Terrestrial Invertebrates: Earthworms (Eisenia 
fetida, Lumbricus terrestris) serve as sentinel 
organisms for soil nanoparticle toxicity 
assessment. AgNPs demonstrate highest toxicity 
with LC₅₀ values of 10–100 mg/kg soil, causing 

oxidative stress, DNA damage, and reproductive 
impairment (Shoults-Wilson et al., 2011; Schlich 
et al., 2013). ZnO-NPs and CuO-NPs exhibit 
moderate toxicity (LC₅₀ 100–1000 mg/kg) 

primarily through metal ion release. Sublethal 
effects including reduced growth, burrowing 
activity, and reproduction occur at 10–100 mg/kg 
for metal-based nanoparticles (Van der Ploeg et 
al., 2011; Hooper et al., 2011). Importantly, field 
application rates of nanoformulated pesticides 
typically result in soil concentrations <10 mg/kg, 
well below acute toxicity thresholds (Kah et al., 
2018). 
 

Pollinators: Honeybees (Apis mellifera) and 
other pollinators face potential exposure to 
nanoparticles through contaminated pollen, 
nectar, and water (Milivojević et al., 2015). TiO₂-
NPs show minimal acute toxicity to honeybees at 
concentrations up to 10,000 mg/kg diet, with no 
effects on survival or behavior (Milivojević et al., 
2015). AgNPs demonstrate dose-dependent 
toxicity with LC₅₀ values of 10–100 mg/kg diet, 

causing oxidative stress and immune 
suppression at sub-lethal concentrations (Gajda 
et al., 2020). ZnO-NPs exhibit moderate toxicity 
(LC₅₀ 100–1000 mg/kg) with chronic exposure 

causing reduced longevity and learning 
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impairment (Hladun et al., 2012). 
Nanoformulated pesticides show reduced bee 
toxicity compared to conventional formulations 
due to controlled release and reduced 
environmental concentrations (Memarizadeh et 
al., 2014). 
 

Beneficial Insects: Parasitoids and predators 
provide essential biological control services in 
rice ecosystems. Limited studies suggest 
nanoformulated pesticides exhibit reduced non-
target toxicity compared to conventional 
formulations due to targeted delivery and lower 
environmental concentrations (Ghormade et al., 
2011). However, comprehensive risk assessment 
across diverse beneficial species remains a 
critical research gap. 
 

5.3 Plant Uptake, Translocation, and 
Phytotoxicity 

 

Nanoparticle Uptake Mechanisms: Plants 
absorb nanoparticles through roots and leaves 
via multiple pathways including: (1) apoplastic 
transport through cell wall pores and intercellular 
spaces; (2) symplastic transport following 
endocytosis or pore-mediated entry; (3) stomatal 
penetration; and (4) cuticular penetration through 
wax layer defects (Schwab et al., 2016; Pérez-
de-Luque, 2017). Uptake efficiency depends on 
particle size (optimal 5–50 nm), surface charge 
(cationic > neutral > anionic), and surface 
functionalization (Judy et al., 2012). 
 

Translocation and Accumulation: Following 
root uptake, nanoparticles <20 nm can 
translocate through xylem and phloem to aerial 
tissues, while larger particles (>50 nm) remain 
primarily in roots. TiO₂-NPs and CeO₂-NPs 

demonstrate limited translocation (<5% to 
shoots), while smaller AgNPs and quantum dots 
show 10–30% translocation efficiency (Wang et 
al., 2012; Hernandez-Viezcas et al., 2013). Metal 
oxide nanoparticles undergo biotransformation in 
plants, including dissolution, oxidation/reduction, 
sulfidation, and biomineralization, altering 
bioavailability and toxicity (Zhao et al., 2012; 
Dimkpa et al., 2012). 
 

Phytotoxicity: Nanoparticle phytotoxicity 
depends on concentration, exposure duration, 
plant species, and growth stage (Ma et al., 2010; 
Tripathi et al., 2017). At high concentrations 
(>500 mg/kg soil or >200 mg/L foliar spray), 
metal oxide nanoparticles cause oxidative stress, 
membrane damage, photosynthesis inhibition, 
and growth reduction. However, low 
concentrations (<100 mg/kg soil) often stimulate 

plant growth through micronutrient 
supplementation (Zn, Cu, Fe) and activation of 
antioxidant defense systems (Raliya et al., 2016; 
Rossi et al., 2017). Rice plants tolerate ZnO-NPs 
up to 200 mg/L foliar application without 
phytotoxicity, with enhanced growth and disease 
resistance observed at 50–150 mg/L (Zhu et al., 
2008; Dimkpa et al., 2018). 
 

5.4 Human Health Considerations 
 

Occupational Exposure: Farmers and 
agricultural workers face potential inhalation, 
dermal, and oral exposure during 
nanoformulation preparation and application 
(Vance et al., 2015). Inhalation of nanoparticle 
aerosols (<100 nm) enables deep lung 
penetration, potentially causing pulmonary 
inflammation and oxidative stress at high 
exposure. Proper personal protective equipment 
(respirators, gloves, protective clothing) and 
engineering controls (enclosed mixing systems, 
reduced drift nozzles) minimize exposure risks. 
 

Dietary Exposure: Consumers face potential 
exposure through nanoparticle residues on rice 
grains (Kah & Hofmann, 2014). Studies show 
minimal nanoparticle translocation to rice grains, 
with concentrations typically <1% of applied dose 
(Rico et al., 2011; Larue et al., 2012). Metal 
oxide nanoparticles undergo biotransformation 
and dissolution, with residues primarily as ionic 
forms rather than nanoparticulate (Dimkpa et al., 
2012). Washing and cooking further reduce 
residue levels by 60–90% (Zhao et al., 2013). 
Comprehensive food safety assessment requires 
validated analytical methods for nanoparticle 
detection, speciation, and quantification in 
complex food matrices. 
 

Regulatory Standards: Current pesticide 
residue limits do not differentiate between nano 
and conventional formulations, applying identical 
maximum residue limits (MRLs) based on active 
ingredient content (Kah & Hofmann, 2014). 
However, nanospecific regulations may be 
necessary to address unique physicochemical 
properties and potential toxicological profiles 
(Hansen et al., 2008). 
 

5.5 Comparative Risk Assessment: Nano 
vs. Conventional Formulations 

 

Life cycle assessment (LCA) and comparative 
risk analysis suggest nanoformulations may offer 
improved environmental profiles compared to 
conventional pesticides (Kah et al., 2018; Adisa 
et al., 2019): 
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Table 5. Environmental Fate Parameters of Nanomaterials in Rice Paddy Systems 
 

Nanomaterial Soil Half-
Life (days) 

Water Half-
Life (days) 

Kd (L/kg) Main Transformation Bioavailability Reference 

ZnO NPs 30-90 5-15 100-500 Dissolution to Zn²⁺, sulfidation Moderate to high Zhao et al., (2012) 

CuO NPs 60-180 10-30 200-800 Dissolution to Cu²⁺, sulfidation Moderate Judy et al., (2015) 

AgNPs 10-45 3-10 500-2000 Sulfidation (Ag₂S), oxidation Low to moderate Lowry et al., (2012) 

TiO₂ NPs >365 >180 1000-5000 Minimal transformation, aggregation Very low Gottschalk et al., (2013) 

Chitosan NPs 7-21 3-10 50-200 Biodegradation by microbes Low (biodegrades) Kean and Thanou, (2010) 

PLGA NPs 14-60 7-30 100-400 Hydrolysis to lactic/glycolic acid Low (biodegrades) Danhier et al., (2012) 

SLN 7-21 3-14 80-300 Biodegradation, lipase activity Low (biodegrades) Müller et al., (2000) 

Liposomes 3-10 1-5 20-100 Rapid biodegradation Very low Akbarzadeh et al., (2013) 

MSN >180 >90 500-2000 Slow dissolution (Si release) Low Croissant et al., (2016) 

LDH 30-90 10-40 200-800 pH-dependent dissolution Moderate Yan et al., (2021) 

Carbon-based >365 >180 2000-10000 Minimal transformation Very low Petersen et al., (2011) 
Notes: Kd = Soil-water distribution coefficient (higher = more sorption); Transformation = main environmental fate processes; Bioavailability = potential for uptake by 

organisms; Values vary with soil/water chemistry, pH, organic matter 
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Reduced Active Ingredient Loading: 30–60% 
reduction in pesticide application rates decreases 
total environmental loading and non-target 
exposure (Grillo et al., 2021). 

 
Decreased Application Frequency:                   
Extended efficacy duration reduces fuel 
consumption, labor requirements, and cumulative 
environmental impacts by 40–70% (Kah et al., 
2013). 

 
Improved Targeting: Controlled release and 
stimuli-responsive systems concentrate active 
ingredients at target sites, reducing off-site 
transport by 50–80% (Zhao et al., 2024). 

 
Biodegradable Carriers: Polymeric 
nanocarriers (chitosan, PLGA) degrade to non-
toxic monomers, eliminating persistent carrier 
residues characteristic of conventional adjuvants 
(Kumari et al., 2010). 

 
However, potential risks from persistent non-
biodegradable carriers (silica, carbon nanotubes) 
and inadequately characterized long-term 
ecological effects necessitate cautious, 
evidence-based deployment with continuous 
monitoring (Judy et al., 2019; Ge et al., 2012). 

 
6. REGULATORY FRAMEWORKS AND 

ECONOMIC CONSIDERATIONS 
 
6.1 Regulatory Status and Challenges 
 
Agricultural nanotechnology regulation remains 
fragmented and inconsistent across jurisdictions, 
creating barriers to commercialization and 
adoption (Hansen et al., 2008). 
 

United States: The Environmental Protection 
Agency (EPA) regulates nanopesticides                 
under the Federal Insecticide, Fungicide,                 
and Rodenticide Act (FIFRA), treating them                 
as new active ingredients requiring 
comprehensive toxicology and environmental 
fate data (EPA, 2017). However, 
nanoformulations of approved active ingredients 
occupy regulatory grey areas, with unclear 
requirements for nano-specific testing. As of 
2024, fewer than 10 nanopesticide products  
have received EPA registration, reflecting 
stringent data requirements and high regulatory 
costs ($2–5 million per product) (Kah & 
Hofmann, 2014). 
 

European Union: The European Food Safety 
Authority (EFSA) requires nano-specific risk 
assessment for pesticide products containing 
nanomaterials, including characterization of 
particle size distribution, surface properties, 
dissolution kinetics, and toxicological profiles 
(EFSA, 2018). The EU's precautionary approach 
and stringent data requirements have limited 
nanopesticide approvals, with only 2–3 products 
authorized as of 2024 (Hansen et al., 2008). 

 
Asia: Regulatory frameworks in major rice-
producing nations (China, India, Indonesia, 
Vietnam) remain underdeveloped, with limited 
nano-specific regulations. China has approved 
several nano-agrochemical products under 
existing pesticide regulations but lacks 
comprehensive nanotechnology-specific 
guidelines (Hou et al., 2019). India's regulatory 
framework does not explicitly address 
nanopesticides, applying conventional pesticide 
registration requirements (Prasad et al., 2017). 

 
Key Regulatory Challenges: (1) Lack of 
standardized characterization methods for 
nanoparticle size, shape, surface chemistry, and 
aggregation state; (2) Inadequate analytical 
methods for detecting and quantifying 
nanoparticles in environmental and biological 
matrices; (3) Insufficient toxicological data on 
chronic exposure, transgenerational effects, and 
ecosystem-level impacts; (4) Unclear definition of 
"nanomaterial" and thresholds triggering nano-
specific regulation; (5) Limited regulatory 
capacity and expertise in developing nations 
(Hansen et al., 2008; Kah & Hofmann, 2014). 
 

6.2 Economic Viability and Market 
Adoption 

 

Production Costs: Current nanopesticide 
production costs exceed conventional 
formulations by 2–8-fold due to specialized 
synthesis equipment, quality control 
requirements, and small production scales (Kah 
& Hofmann, 2014; Prasad et al., 2017). 
Polymeric nanoparticle production costs range 
from $15–50/kg, while mesoporous silica and 
liposomal systems cost $50–200/kg compared to 
$5–15/kg for conventional formulations (Grillo et 
al., 2021). However, economies of scale, process 
optimization, and continuous manufacturing 
technologies could reduce costs by 50–70% at 
commercial production volumes (>1000 
tons/year) (Adisa et al., 2019). 
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Table 6. Ecotoxicity Data Across Trophic Levels 
 

Organism Trophic Level Nanomaterial Exposure LC₅₀/EC₅₀ Sublethal Effects Reference 

E. coli Microbe ZnO NPs 24h, aqueous 50-200 mg/L Membrane damage, ROS Li et al., (2011) 

Bacillus subtilis Microbe AgNPs 24h, aqueous 5-20 mg/L DNA damage, protein 
oxidation 

Morones et al., (2005) 

Soil bacteria Microbe CuO NPs 7d, soil 100-500 mg/kg Community shift, N-fixation 
inhibition 

Judy et al., (2015) 

Scenedesmus obliquus Algae TiO₂ NPs 96h >100 mg/L Photosynthesis inhibition Aruoja et al., (2009) 

Daphnia magna Zooplankton ZnO NPs 48h 0.5-3 mg/L Reproduction inhibition, 
oxidative stress 

Blinova et al., (2017) 

Daphnia magna Zooplankton AgNPs 48h 0.01-0.1 mg/L Mortality, behavioral 
changes 

Zhao and Wang, 
(2012) 

Danio rerio (Zebrafish) Fish CuO NPs 96h 1-10 mg/L Gill damage, liver toxicity Griffitt et al., (2007) 

Eisenia fetida (Earthworm) Soil invertebrate ZnO NPs 14d, soil 500-2000 mg/kg Reproduction inhibition, 
weight loss 

Hu et al., (2010) 

Apis mellifera (Honeybee) Pollinator TiO₂ NPs Oral, 48h >1000 mg/L No acute toxicity observed Mao et al., (2010) 

Folsomia candida (Springtail) Soil invertebrate AgNPs 28d, soil 50-200 mg/kg Reproduction reduction 30-
50% 

Velicogna et al., 
(2016) 

Oryza sativa (Rice) Plant ZnO NPs 14d, hydroponic 500-2000 mg/L Root growth inhibition, 
oxidative stress 

Lee et al., (2010) 

Oryza sativa Plant CuO NPs 14d, hydroponic 200-800 mg/L Chlorosis, photosynthesis 
reduction 

Shaw et al., (2014) 

Triticum aestivum (Wheat) Plant AgNPs 7d, soil 100-500 mg/kg Germination delay, root 
shortening 

Dimkpa et al., (2013) 

Notes: LC₅₀ = Lethal Concentration (50% mortality); EC₅₀ = Effective Concentration (50% effect); Values vary with particle size, coating, and environmental conditions; Lower 

values indicate higher toxicity 
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Cost-Benefit Analysis: Despite higher unit 
costs, nanopesticides may offer economic 
advantages through: (1) 30–60% reduction in 
active ingredient requirements, partially offsetting 
formulation costs; (2) 40–70% reduction in 
application frequency, lowering labor and fuel 
costs by $20–60/hectare per season; (3) 
Improved pest/disease control efficacy, 
increasing yields by 10–30% ($100–400/hectare 
for rice); (4) Reduced environmental remediation 
costs and regulatory compliance burdens (Kah et 
al., 2013; Grillo et al., 2021). Economic modeling 
suggests nanopesticides achieve cost-parity with 
conventional formulations when production 
scales exceed 100–500 tons/year, depending on 
formulation complexity (Prasad et al., 2017). 
 

Market Barriers: (1) Limited farmer awareness 
and understanding of nanotechnology benefits; 
(2) Regulatory uncertainty delaying product 
approvals and market entry; (3) High upfront 
R&D investment ($5–15 million per product) 
deterring small-medium enterprises; (4) Lack of 
extension services and technical support for 
proper application; (5) Consumer concerns about 
"nano" labeling and food safety (Kah & Hofmann, 
2014). 
 

Adoption Strategies: Successful market 
adoption requires: (1) Farmer education 
programs demonstrating performance 
advantages and proper use protocols; (2) 
Subsidies or incentives for early adopters, 
particularly smallholder farmers; (3) Public-
private partnerships accelerating technology 
development and commercialization; (4) 
Transparent communication about safety testing 
and regulatory approval; (5) Integration with 
existing integrated pest management (IPM) 
programs (Prasad et al., 2017; Grillo et al., 
2021). 
 

7. CRITICAL RESEARCH GAPS AND 
FUTURE DIRECTIONS 

 
Despite significant advances, critical knowledge 
gaps must be addressed to enable safe, 
sustainable deployment of agricultural 
nanotechnology (Kah et al., 2018; Judy et al., 
2019). 
 

7.1 Environmental Fate and Long-Term 
Ecological Impacts 

 

Chronic Exposure Studies: Most toxicology 
studies examine acute effects over days to 
weeks; multi-generational studies spanning 

months to years are critically needed to assess 
chronic toxicity, bioaccumulation potential, and 
transgenerational effects (Ge et al., 2012). Long-
term field studies (3–10 years) tracking 
nanoparticle accumulation, transformation, and 
ecological impacts in representative 
agroecosystems remain absent (Judy et al., 
2019). 

 
Ecosystem-Level Effects: Current studies focus 
on single-species toxicity; community-level and 
ecosystem-level studies examining effects on 
biodiversity, trophic interactions, nutrient cycling, 
and ecosystem services are urgently needed (Ge 
et al., 2012). Mesocosm and field experiments 
assessing impacts on soil microbial communities, 
arthropod diversity, and aquatic ecosystems 
under realistic exposure scenarios would       
provide critical risk assessment data (Judy et al., 
2019). 

 
Transformation Products: Limited 
understanding of nanoparticle biotransformation 
products, their environmental persistence, 
bioavailability, and toxicity represent a major 
knowledge gap (Lowry et al., 2012). 
Comprehensive characterization of 
transformation pathways, kinetics, and product 
toxicity is essential for accurate risk assessment. 

 

7.2 Mechanistic Understanding of Nano-
Bio Interactions 

 
Cellular and Molecular Mechanisms: Detailed 
mechanistic studies elucidating nanoparticle 
uptake pathways, intracellular trafficking, 
organelle-specific accumulation, and molecular 
targets in plants and insects are needed (Judy et 
al., 2012; Pérez-de-Luque, 2017). Understanding 
how physicochemical properties (size, shape, 
surface chemistry, crystallinity) determine 
biological interactions will enable rational 
nanocarrier design optimizing efficacy while 
minimizing toxicity (Nel et al., 2009). 

 
Structure-Activity Relationships: Systematic 
studies correlating nanoparticle physicochemical 
properties with antimicrobial efficacy, plant 
uptake, environmental fate, and toxicity would 
establish design principles for safer, more 
effective nanoformulations (Judy et al., 2019). 

 

7.3 RNAi Technology Optimization 
 
Enhanced Stability and Uptake: Novel 
nanocarrier designs improving dsRNA protection, 
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Table 7. Regulatory Requirements by Major Jurisdiction 
 

Jurisdiction Regulatory Framework Nano-Specific Guidelines Testing Requirements Approval 
Timeline 

Reference 

USA (EPA) FIFRA, TSCA Case-by-case assessment Tier I-III ecotox, environmental fate 3-5 years EPA, (2017) 

European Union REACH, BPR Nano-specific annexes Physicochemical characterization, 
fate, hazard 

4-6 years EC, (2018) 

China (MEE) Pesticide Regulation Emerging guidelines Standard pesticide testing + NP 
characterization 

3-4 years MEE, (2020) 

India (CIB&RC) Insecticides Act No nano-specific rules Standard pesticide protocols 2-4 years CIB & RC, (2019) 

Brazil (ANVISA) Pesticide Law Emerging framework Standard testing, case-by-case nano 
review 

3-5 years ANVISA, (2021) 

Japan (MAFF) Agricultural Chemicals Law Guidance under development Standard + nano characterization 3-4 years MAFF, (2019) 

Australia (APVMA) AgVet Chemicals Code Nano guidance available Standard + nano-specific data 2-4 years APVMA, (2020) 

Canada (PMRA) PCPA Case-by-case nano assessment Standard + nano characterization 3-5 years PMRA, (2018) 
Notes: FIFRA = Federal Insecticide, Fungicide, and Rodenticide Act; TSCA = Toxic Substances Control Act; REACH = Registration, Evaluation, Authorization of Chemicals; 

BPR = Biocidal Products Regulation; Timelines are approximate from submission to approval 
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cellular uptake efficiency, and endosomal escape 
in recalcitrant insect species (Lepidoptera) are 
critical for broad RNAi applicability (Christiaens 
et al., 2020). Cell-penetrating peptides, fusogenic 
lipids, and biomimetic nanocarriers inspired by 
viral entry mechanisms warrant investigation 
(Taning et al., 2020). 
 

Target Gene Validation: Comprehensive 
functional genomics identifying optimal target 
genes for diverse rice pests, considering gene 
essentiality, RNAi sensitivity, and resistance 
evolution potential, would accelerate RNAi 
product development (Zotti & Smagghe, 2015). 
 

Field Persistence and Efficacy: Limited field 
studies demonstrate variable RNAi efficacy 
under environmental conditions; systematic 
evaluation of environmental factors (temperature, 
humidity, UV radiation, microbial degradation) 
affecting dsRNA stability and efficacy is needed 
(Parker et al., 2019). Formulation optimization 
extending field persistence to 7–14 days would 
improve practical applicability (Mitter et al., 
2017). 
 

7.4 Analytical Method Development 
 
Detection and Quantification: Validated, 
standardized methods for detecting, 
characterizing, and quantifying nanoparticles in 
complex environmental (soil, water, sediment) 
and biological (plant tissues, food products) 
matrices are critically lacking (Kah et al., 2013). 
Single-particle ICP-MS, field-flow fractionation, 
and electron microscopy techniques require 
standardization and inter-laboratory validation 
(Montaño et al., 2014). 
 

Nanoparticle vs. Ion Discrimination: Analytical 
methods distinguishing between nanoparticulate 
and dissolved ionic forms are essential for 
accurate exposure assessment and mechanistic 
understanding, particularly for metal oxide 
nanoparticles undergoing dissolution (Judy et al., 
2019). 
 

7.5 Regulatory Science and Risk 
Assessment Frameworks 

 
Nano-Specific Risk Assessment: Development 
of risk assessment frameworks explicitly 
addressing nanoparticle-specific properties, 
exposure pathways, and toxicological 
mechanisms is urgently needed (Hansen et al., 
2008). Regulatory guidance documents 
specifying required characterization data, testing 

protocols, and safety thresholds would 
accelerate product approvals and harmonize 
international regulations (EFSA, 2018). 
 

Life Cycle Assessment: Comprehensive LCA 
studies comparing environmental impacts of 
nano vs. conventional pesticide formulations 
across production, application, use phase, and 
end-of-life would inform sustainable technology 
deployment (Kah et al., 2018). 
 

7.6 Integrated Pest Management and 
Sustainable Agriculture 

 
IPM Integration: Research evaluating 
compatibility of nanotechnology-based 
approaches with biological control, host plant 
resistance, cultural practices, and other IPM 
components is essential for sustainable pest 
management (Ghormade et al., 2011). Studies 
assessing impacts on natural enemy populations, 
soil health, and agroecosystem resilience would 
guide integration strategies (Judy et al., 2019). 

Climate Resilience: Investigating how 
nanotechnology-based solutions perform under 
climate change scenarios (elevated temperature, 
altered precipitation, increased pest pressure) 
would inform adaptation strategies for future rice 
production systems (Qiu et al., 2023). 
 

Smallholder Farmer Adoption: Socioeconomic 
research identifying barriers and enablers for 
smallholder farmer adoption, including 
affordability, accessibility, knowledge 
requirements, and cultural acceptability, is critical 
for equitable technology deployment. 
 

8. CONCLUSIONS  
 
Nanotechnology offers transformative solutions 
for sustainable rice pest and disease 
management, addressing critical limitations of 
conventional chemical control through controlled 
release, targeted delivery, reduced 
environmental impact, and species-specific gene 
silencing. Metal oxide nanoparticles demonstrate 
broad-spectrum antimicrobial activity through 
multiple synergistic mechanisms, achieving 
effective disease control at substantially reduced 
dosages. Nanoencapsulation of conventional 
pesticides and fungicides extends efficacy 
duration, reduces application frequency, and 
minimizes non-target exposure. RNA 
interference delivered via protective nanocarriers 
enables unprecedented species-specificity and 
resistance-proof pest management without 
genetic modification. 
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However, realizing the full potential of agricultural 
nanotechnology requires addressing critical 
knowledge gaps and implementation challenges. 
Comprehensive, long-term environmental fate 
and toxicology studies are essential to ensure 
ecological safety and inform evidence-based 
regulations. Mechanistic understanding of 
nanoparticle-biological interactions must advance 
to enable rational design of safer, more effective 
formulations. Analytical method development, 
regulatory framework harmonization, and 
production cost reduction are prerequisites for 
large-scale commercialization. Integration with 
existing IPM programs, farmer education 
initiatives, and equitable access mechanisms will 
determine whether nanotechnology benefits 
reach smallholder farmers most vulnerable to 
pest-related yield losses. 

 
The next decade will be critical for agricultural 
nanotechnology, as research advances transition 
from laboratory proof-of-concept to field 
validation and commercial deployment. Success 
will require coordinated efforts among 
researchers, regulators, industry, farmers, and 
civil society to ensure that nanotechnology 
contributes to sustainable intensification of rice 
production, food security, and environmental 
stewardship in the face of climate change and 
growing global demand. 
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