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Nanotechnology in Agronomy: From Molecular Mechanisms to Global Food Security


Abstract
The global agricultural sector faces an unprecedented crisis characterized by stagnant crop yields, diminishing nutrient use efficiency (NUE), and ecological degradation caused by the over-application of conventional agrochemicals. To address these challenges, "Nano-agronomy" has emerged as a transformative discipline, offering precision-based solutions through the integration of engineered nanomaterials (ENMs). This review provides a comprehensive analysis of the molecular and physiological mechanisms governing the interaction between nanomaterials and plant systems.
We examine the physicochemical properties of nanoparticles—such as surface-to-volume ratio, morphology, and zeta potential—and how these factors influence the "nano-bio" interface at both the soil and foliar levels. A critical focus is placed on the mechanistic pathways of uptake, including apoplastic and symplastic transport, and the systemic translocation of nanoparticles through the xylem-phloem vascular network. The review evaluates the deployment of stimuli-responsive nano-fertilizers and nano-pesticides that leverage pH, enzymatic, or moisture-triggered release to minimize environmental runoff and maximize bioavailability.
Furthermore, we explore the cutting-edge integration of nanosensors and "Internet of Plants" (IoP) technologies for real-time monitoring of abiotic and biotic stresses. While nanotechnology offers a path toward a "Second Green Revolution" by enhancing photosynthetic efficiency and stress resilience, we also address the critical bottlenecks of phytotoxicity, trophic transfer risks, and the long-term impact on the soil microbiome.
To ensure a balanced overview, it is essential to note that while these technologies show transformative potential, they are accompanied by significant limitations. Concerns regarding environmental persistence, bioaccumulation in edible tissues, and the disruption of beneficial mycorrhizal networks must be mitigated through "Safety-by-Design" strategies. Additionally, the field faces regulatory hurdles due to fragmented frameworks that often fail to account for nanomaterial transformations within complex agroecosystems. Addressing these ecological and regulatory challenges is indispensable for the responsible and sustainable integration of nanotechnology into global food systems.
. 

Keywords: Nano-agronomy, Precision Agriculture, Nano-bio Interactions, Nutrient Use Efficiency (NUE), Sustainable Food Security, Stimuli-responsive Delivery.
1. Introduction:
Modern agriculture stands at a critical juncture, facing the dual challenge of feeding a burgeoning global population, projected to reach nearly 10 billion by 2050, while simultaneously mitigating the severe environmental consequences of conventional farming practices(Parra-López et al., 2024). The "Green Revolution," a transformative period in the mid-20th century, undeniably played a pivotal role in averting widespread famine by ushering in high-yielding crop varieties, synthetic fertilizers, and chemical pesticides(Arora & Mishra, 2024). However, this remarkable success came at a significant and increasingly unsustainable cost(Ruttan, 2011). Extensive reliance on these high-input methods has led to widespread soil degradation, characterized by nutrient depletion, compaction, and salinization(Țopa et al., 2025). Water bodies suffer from eutrophication due to nutrient runoff, while broad-spectrum pesticides decimate beneficial insect populations, disrupt delicate ecosystems, and contribute to the emergence of resistant pests(Ullah & Shabir, 2023). Furthermore, the agricultural sector is a major contributor to greenhouse gas emissions, exacerbating climate change and compromising the long-term sustainability of agroecosystems (Pandey & Mishra, 2024). A comprehensive critique of the "Green Revolution"'s limitations reveals an urgent need for a new paradigm that prioritizes ecological balance, resource efficiency, and environmental stewardship, moving beyond mere yield maximization to embrace holistic sustainability (Sharrock, 2016).
In response to these pressing global challenges, the scientific community has increasingly turned its attention towards nanotechnology, heralding the advent of a "Nano-Revolution" in agriculture(Gupta et al., 2025). This emerging interdisciplinary field, termed nano-agronomy, promises to address the deeply entrenched shortcomings of conventional agriculture by offering unprecedented precision and control at the molecular and atomic levels (Singh et al., 2023). The scope of nano-agronomy is broad and ambitious: it aims to radically enhance input efficiency—meaning more crop output with fewer resources like water, nutrients, and agrochemicals—thereby drastically reducing the environmental footprint of farming, while simultaneously restoring and maintaining ecological balance within agricultural systems (Anné et al., 2024). By harnessing the unique physicochemical properties of nanomaterials, such as their extraordinarily high surface-to-volume ratio, quantum mechanical effects, and novel morphological characteristics, researchers are developing innovative solutions that fundamentally transcend the capabilities of traditional agrochemicals and practices (Ghorbani et al., 2024).
The integration of nanotechnology into agricultural practices offers transformative potential across virtually every domain of crop production and protection(Ghorbani et al., 2024). This includes the development of advanced nano-fertilizers and nano-pesticides engineered for targeted and controlled release, ensuring active ingredients are delivered precisely to where and when they are needed, thereby minimizing waste, reducing dosage requirements, and mitigating off-target environmental contamination (Lowry et al., 2024). Furthermore, nanosensors are poised to revolutionize crop monitoring and precision agriculture, providing real-time, highly granular data on critical parameters such as soil moisture, macronutrient levels, pest presence, and plant health indicators(O. et al., 2025). This data enables highly localized, responsive, and data-driven management strategies(Neeraj et al., 2024). Understanding the complex interactions between engineered nanomaterials and biological systems is paramount; this encompasses a detailed analysis of how nanoparticles interact with the soil matrix, their mechanisms of root uptake and foliar penetration, and their subsequent translocation within the plant vascular system(Lowry et al., 2024). Beyond optimizing nutrient delivery and pest control, nano-agronomy also explores the potential for physiological reprogramming of plants to enhance their resilience against abiotic stresses like drought and salinity, and to improve photosynthetic efficiency(Al‐Dossary et al., 2025). Crucially, as this field advances, meticulous attention must be paid to the potential impacts on soil microbiomes, rigorously evaluating both beneficial and detrimental effects, and assessing phytotoxicity and trophic transfer risks to ensure consumer safety and ecosystem health (Atanda et al., 2025). Finally, robust considerations of economic feasibility, comprehensive life cycle assessments, and responsive regulatory frameworks are indispensable for the responsible and sustainable integration of these cutting-edge technologies into global agricultural systems, guiding the transition towards a truly sustainable future for food production that harmonizes productivity with ecological integrity (Saikanth et al., 2024).
In response, nano-agronomy has emerged as a "Nano-Revolution," utilizing the unique physicochemical properties of materials at the molecular and atomic levels. By harnessing high surface-to-volume ratios and quantum effects, researchers are developing innovative solutions that far exceed the capabilities of traditional practices. This includes:
· Precision Delivery: Engineering nano-fertilizers and nano-pesticides for targeted, stimuli-responsive release to minimize waste and off-target contamination.
· Granular Monitoring: Utilizing nanosensors and the "Internet of Plants" (IoP) to provide real-time data on soil health, nutrient levels, and pest presence.
· Physiological Reprogramming: Enhancing plant resilience against abiotic stresses, such as drought and salinity, and improving photosynthetic efficiency through "nano-bionic" interfaces.
However, the path toward this "Second Green Revolution" requires a rigorous assessment of potential risks. Meticulous attention must be paid to phytotoxicity, the long-term impact on soil microbiomes, and the transfer of nanomaterials through the food chain to ensure consumer safety. Ultimately, the integration of these technologies depends on robust life cycle assessments and responsive regulatory frameworks that harmonize agricultural productivity with global ecological integrity.
2. Physicochemical Properties of Agricultural Nanomaterials
Nanomaterials exhibit unique physicochemical properties that distinguish them from their bulk counterparts, enabling revolutionary applications in agriculture(Zaman et al., 2025). Central to their efficacy is the extraordinarily high surface-to-volume ratio, which amplifies reactivity and functionality(Mittal et al., 2020). For instance, nanoparticles with dimensions below 100 nm possess surface areas orders of magnitude greater than micron-sized particles, facilitating enhanced adsorption of nutrients, agrochemicals, and biomolecules (El‐Saadony et al., 2022). This property underpins controlled-release nano-fertilizers, where active ingredients are tethered to the surface, minimizing leaching and maximizing bioavailability (Ghorbani et al., 2024; Singh et al., 2023).
Quantum mechanical effects further define nanomaterial behavior(Zulfiqar et al., 2019). At nanoscale, discrete energy levels emerge due to quantum confinement, altering electronic, optical, and magnetic properties. In nano-pesticides, these effects enable size-tunable fluorescence for tracking or plasmonic enhancement for targeted photodegradation of pests. Gold or silver NPs, for example, display localized surface plasmon resonance, boosting photocatalytic activity under sunlight, which degrades pesticide residues efficiently while reducing environmental persistence (Lowry et al., 2024).
Morphology—encompassing shape (spherical, rod-like, cubic) and crystallinity—profoundly influences interactions with biological systems. Rod-shaped carbon nanotubes exhibit superior penetration through plant cuticles compared to spheres, owing to anisotropic diffusion. Mesoporous silica NPs, with ordered pores, serve as carriers for micronutrients, releasing payloads via diffusion gradients tailored to soil conditions (Ghorbani et al., 2024, Atanda et al., 2025; Lowry et al., 2024). These properties collectively enable precise nano-agronomy, though rigorous assessment of stability under field variability remains essential for scalability (Singh et al., 2023).
3. The Soil-Nano Interface: Adsorption and Bioavailability
Nanoparticles introduced into agricultural soils engage in complex interactions at the soil-nano interface, primarily with soil organic matter and clay minerals, which govern adsorption dynamics, mobility, and ultimate bioavailability to plant roots. SOM, comprising humic substances, polysaccharides, and proteins, adsorbs onto NP surfaces through multifaceted mechanisms including electrostatic attraction, hydrogen bonding, π-π interactions, and hydrophobic effects (Dannert et al., 2019). This adsorption often forms a dynamic protein corona or eco-corona, encapsulating NPs and modifying their physicochemical properties such as size, charge, and reactivity. For instance, humic acids can stabilize metallic NPs like CuO or ZnO by increasing negative surface charge, enhancing colloidal dispersion, while excessive coating may induce aggregation under high SOM conditions (Ghorbani et al., 2024; Singh et al., 2023). Clay minerals, such as montmorillonite and kaolinite, further mediate NP retention via cation exchange capacity, interlayer intercalation, and edge-site complexation. High-CEC clays promote irreversible binding of positively charged NPs (e.g., chitosan-coated ones), reducing leaching but limiting bioavailability (Lowry et al., 2024).
pH and salinity profoundly influence corona formation and NP bioavailability. Soil pH modulates the zeta potential, with acidic conditions (pH < 5) protonating NP surfaces and SOM functional groups, diminishing electrostatic repulsion and favoring aggregation. Conversely, alkaline pH enhances deprotonation, promoting stability. Rhizosphere exudates can shift local pH, as observed in wheat where root secretions elevate pH, modulating CuO NP dissolution (Lowry et al., 2024). Salinity, prevalent in irrigated farmlands, introduces divalent cations (e.g., Ca²⁺, Mg²⁺) that compress the electrical double layer, screening charges and accelerating flocculation(Ghorbani et al., 2024). This disrupts corona integrity, exposing bare NP surfaces prone to rapid SOM binding or root exclusion. Corona alterations—thicker in saline media due to salt-induced protein unfolding—hinder endocytotic uptake by roots, as enlarged hydrodynamic diameters exceed apoplastic pores (~5-20 nm) (Atanda et al., 2025). These factors underscore the need for pH-responsive NP designs, like pH-sensitive polymers, to optimize nutrient delivery while minimizing off-target soil retention. Rigorous field trials are essential to quantify these interactions under variable agroecosystems, ensuring nano-agronomy's sustainability (Ghorbani et al., 2024; Singh et al., 2023).
4. Mechanisms of Root Uptake and Radial Transport
Nanoparticles enter plant roots via two primary pathways: apoplastic and symplastic, each presenting distinct barriers and facilitation mechanisms that dictate bioavailability and radial transport. The apoplastic pathway enables extracellular movement through hydrophilic cell walls (pore sizes 5–20 nm) and intercellular spaces, driven by diffusion gradients and root pressure. Small NPs (<10 nm), such as quantum dots or silica NPs, traverse freely due to their hydrodynamic diameter fitting pore constraints (Chandrashekar et al., 2023). However, the Casparian strip—a suberized, lignified band in the endodermal cell walls—acts as a selective filter, blocking apoplastic continuity and compelling NPs to transition to symplastic routes. This barrier enhances selectivity, excluding larger aggregates while permitting surface-functionalized NPs to impregnate via transient chemical alterations or mechanical deformation (Lowry et al., 2024).
Symplastic uptake occurs intracellularly through plasmodesmata, ~20–50 nm cytoplasmic channels interconnecting cells. NPs are shuttled via chaperone-assisted diffusion or cytoskeletal transport involving actin filaments and myosin motors. Endocytosis at the plasma membrane internalizes NPs into vesicles, fusing with PD for cell-to-cell transit. Key facilitators include aquaporins and ion channels. AQPs, particularly nodulin-26-like intrinsic proteins, exhibit size- and charge-selective pores (~0.3 nm radius) that transport metalloids (e.g., Si, B) and potentially metallic NPs like ZnO or Ag by hydrated ion mimicry (Singh et al., 2024). Studies show NIP6;1 in rice facilitates boron-NP uptake, underscoring AQP plasticity under stress (Atanda et al., 2025). Ion channels, such as ZIP family transporters for Zn/Fe, enable vectorial uptake of metallic NPs via receptor-mediated endocytosis, where NPs bind transporters, inducing membrane invagination.
Surface properties modulate pathway preference: cationic NPs (\zeta > +20 mV) favor symplastic endocytosis due to electrostatic attraction to anionic cell walls, while anionic counterparts prefer apoplastic diffusion(Rennick et al., 2021). Rhizosphere pH shifts from root exudates further tune uptake, as acidic conditions enhance dissolution of metal oxide NPs, generating bioavailable ions (Lowry et al., 2024). Radial transport culminates in xylem loading via pericycle cells, influenced by phloem-xylem exchange. These mechanisms underpin nano-fertilizer efficacy, yet field-scale validation is needed to address variability in crop species and soil matrices (Ghorbani et al., 2024; Singh et al., 2023).
5. Foliar Penetration and Stomatal Kinetics
Foliar nanoparticle delivery bypasses soil but is limited by the hydrophobic cuticle, where penetration depends on wetting, lipophilic partitioning, and coatings (e.g., PEG/fatty acids) that reduce contact angle; cutinases can transiently open pores and cuticular transformations (e.g., dissolution) may occur (Elliott & Compton, 2022; Lowry et al., 2024). Stomata provide a size- and humidity-dependent route (optimal at RH >80%), while surface charge and leaf morphology (e.g., trichomes) shape uptake and safety, requiring crop-specific, field-validated designs (Lowry et al., 2024; Atanda et al., 2025; Ghorbani et al., 2024; Singh et al., 2023).
6. Vascular Translocation and Long-Distance Signaling
Vascular translocation enables systemic NP movement from uptake sites to distant sinks through xylem (transpiration-driven upward convection, favoring <50 nm NPs) and phloem (bidirectional source–sink flow with xylem–phloem exchange), often modeled as (J=-D\nabla C+vC) (Lowry et al., 2024). Surface functionalization can improve phloem unloading at reproductive sinks, while charge tuning alters sieve-tube passage: cationic NPs transit faster and anionic NPs may aggregate and slow transport (Lowry et al., 2024). Rhizosphere organic acids and ROS-mediated plasmodesmal gating further modulate mobility and signaling, but crop-specific anatomy demands species-tailored models and field validation (Atanda et al., 2025; Ghorbani et al., 2024; Singh et al., 2023).
7. Nano-Fertilizers: Precision Nutrient Management
Nano-fertilizers revolutionize precision agriculture by encapsulating essential nutrients in nanomaterials for controlled release, minimizing losses and enhancing bioavailability. Synthesis of slow-release systems typically involves polymer coatings or metal-organic frameworks that degrade gradually under soil moisture or enzymatic activity. For instance, urea-loaded chitosan nanoparticles exhibit diffusion-controlled release following Fickian kinetics, where flux J = -D partial C x}, prolonging nitrogen availability by 30–50 days compared to conventional urea (Singh et al., 2023). Stimuli-responsive designs further advance this: pH-sensitive mesoporous silica NPs dissolve in acidic rhizospheres (pH 4.5–6), triggered by root exudates, while redox-responsive systems leverage glutathione gradients in plant cells for targeted unloading (Lowry et al., 2024).
Comparative analysis highlights Nano-Urea, Nano-DAP, and micronutrient-doped mesoporous silica as frontrunners. Nano-Urea, comprising 1–100 nm urea particles stabilized by surfactants, achieves 80–90% nitrogen use efficiency, reducing volatilization by 25% via slow hydrolysis and stomatal uptake (Ghorbani et al., 2024). Nano-DAP, with diammonium phosphate in hydroxyapatite matrices, sustains phosphorus delivery, countering soil fixation and boosting root proliferation by 40% in cereals. Micronutrient-doped mesoporous silica (e.g., Fe/Zn-loaded SBA-15) offers high surface area (~800 m²/g) for ion exchange, with pore sizes (2–50 nm) enabling size-selective release. These outperform bulk fertilizers: Nano-Urea increases wheat yields by 15–20%, Nano-DAP enhances maize P-uptake 2-fold, and silica hybrids mitigate micronutrient deficiencies without toxicity (Atanda et al., 2025; Singh et al., 2023).
These innovations address agrochemical inefficiencies, yet challenges persist in scalability and soil interactions. Field trials underscore variability across matrices, emphasizing "safety-by-design" for degradability (Ghorbani et al., 2024; Lowry et al., 2024). Integrating nano-fertilizers promises sustainable nutrient stewardship, aligning with global food security goals.
Nano-pesticides harness nanomaterials to encapsulate active ingredients, revolutionizing pest control by enhancing stability, enabling targeted delivery, and minimizing off-target effects. Traditional pesticides suffer from rapid degradation by UV light, photolysis, and environmental dilution, leading to frequent reapplication and ecological risks (Ghorbani et al., 2024). Encapsulation strategies address this by embedding AIs within polymeric nanoparticles (e.g., chitosan or silica matrices, 10–200 nm), forming protective shells that shield against UV-induced photodegradation. These nano-formulations exhibit prolonged half-lives—up to 10-fold longer than free AIs—via diffusion-controlled release governed by Fick's laws: J = -D {C}{ x}, where J is flux, D is the diffusion coefficient, and  is the concentration gradient across the shell (Singh et al., 2023). Nano-capsules further improve adhesion to insect cuticles, boosting uptake efficiency by 30–50% while reducing drift and runoff (Ghorbani et al., 2024).
Smart-release mechanisms elevate precision: stimuli-responsive nanoparticles trigger AI discharge only upon pest-specific cues, such as enzymatic hydrolysis in the gut or pH shifts (pH 5–7 in insect midguts vs. neutral environments). For instance, enzyme-cleavable peptide linkers on mesoporous silica NPs release neurotoxins exclusively when ingested by target pests like aphids or beetles, achieving 80–95% mortality at 10x lower doses than conventional sprays (Singh et al., 2023). Redox-sensitive systems exploit glutathione gradients in pest cells for on-demand unloading. These innovations mitigate non-target impacts on pollinators and soil microbiomes, aligning with sustainable pest management (Atanda et al., 2025).
Field trials validate nano-pesticides: chitosan-AI hybrids reduced Helicoverpa armigera damage in cotton by 40%, with minimal residue accumulation (Ghorbani et al., 2024). Challenges include scalability and regulatory hurdles, necessitating "safety-by-design" for biodegradability (Lowry et al., 2024). Integrating nano-pesticides promises reduced chemical loads, preserving biodiversity while securing yields.
9. Nanosensors and the "Internet of Plants" (IoP)
Nanosensors enable real-time, nanoscale monitoring of soil and plant health, using CNTs/graphene/metal oxides to detect moisture, nutrients, and pathogen VOCs with very low detection limits (e.g., sub-µM for NPK ions) and early disease signals (Singh et al., 2023). When networked into an “Internet of Plants,” sensor data sent via low-power links can drive AI/edge decisions for irrigation and input timing, with field demonstrations reporting ~30–40% water savings and ~15% yield gains, and ML-based VOC analytics predicting outbreaks days ahead (Ghorbani et al., 2024; Singh et al., 2023). Key hurdles are drift, soil-matrix interference, and scalable, biodegradable encapsulation (Lowry et al., 2024). This supports closed-loop, sustainable intensification (Atanda et al., 2025; Ghorbani et al., 2024).
10. Physiological Reprogramming and Stress Mitigation
Nanomaterials drive physiological reprogramming in plants, enhancing resilience to abiotic stresses and photosynthetic efficiency through targeted biochemical modulation and "nano-bionic" interfaces. These innovations address oxidative bursts from drought, salinity, heat, and heavy metals, which overwhelm endogenous defenses and curtail yields (Ghorbani et al., 2024).
Nano-agents like cerium oxide (nano-CeO2) and selenium (Se) act as ROS scavengers, upregulating essential enzymes such as superoxide dismutase (SOD) and catalase (CAT).
· Drought Resilience in Wheat: Field-relevant studies show nano-CeO_2 boosts SOD and CAT activities by 2–4-fold, reducing lipid peroxidation by 40–60% and securing 15–25% yield gains under stress.
· Salinity Mitigation in Maize: Nano-selenium elevates glutathione metabolism, neutralizing ion toxicity and sustaining growth in saline environments.
Nanoparticles (NPs) form hybrid interfaces with the photosynthetic apparatus to amplify light capture and electron transport.
· Light-Harvesting Efficiency: Carbon dots and nano-silicon intercalate thylakoid membranes, optimizing antenna complexes and increasing quantum yield by 20–35%.
· Real-World Application in Tomatoes: Attaching nano-TiO_2 to chlorophyll has been shown to increase net photosynthesis by 30% by reducing photoinhibition.
While these "nano-wonders" offer a path to sustainable intensification, real-world scalability faces hurdles.
· Yield Performance: Combined stress trials confirm that nano-enhanced redox homeostasis can preserve significant portions of yield that would otherwise be lost to climate-induced stressors.
· Safety-by-Design: Practical adoption requires "safety-by-design" to manage dose-dependent phytotoxicity and potential soil accumulation
Biochemical Impact: Modulation of Antioxidant Enzyme Systems.: Abiotic stressors generate reactive oxygen species, damaging membranes and proteins. Nano-agents like cerium oxide (nano-CeO₂) and selenium nanoparticles act as ROS scavengers, upregulating superoxide dismutase, catalase, peroxidase, and ascorbate peroxidase. For instance, nano-CeO₂ boosts SOD and CAT activities by 2–4-fold in wheat under drought, reducing malondialdehyde (lipid peroxidation marker) levels by 40–60% and preserving membrane integrity (Singh et al., 2023). Nano-selenium similarly elevates glutathione metabolism in maize under salinity, mitigating ion toxicity and sustaining growth. These effects stem from NPs mimicking metalloenzymes, cycling between oxidation states to neutralize superoxide radicals, with regeneration by H2O2 (Ghorbani et al., 2024). Field trials confirm 15–25% yield gains under combined stresses, underscoring nano-enhanced redox homeostasis (Atanda et al., 2025).
The "Nano-Bionic" Effect: Enhancing Chlorophyll Light-Harvesting. NPs form hybrid interfaces with photosynthetic apparatus, amplifying light capture and electron transport. Nano-silicon and carbon dots intercalate thylakoid membranes, optimizing chlorophyll antenna complexes and PSI/PSII ratios. This boosts quantum yield by 20–35%, elevating CO₂ fixation rates under low-light or stress conditions. In tomatoes, nano-TiO₂ attachment to chlorophyll enhances photon absorption, reducing photoinhibition and increasing net photosynthesis by 30% (Singh et al., 2023). Mechanisms involve Förster resonance energy transfer, where NP excitons funnel energy to reaction centers.
Challenges include dose-dependent phytotoxicity and soil interactions, demanding "safety-by-design" for bioavailability (Lowry et al., 2024). Integrating these fosters stress-tolerant crops, aligning with sustainable intensification (Atanda et al., 2025; Ghorbani et al., 2024).
11. Impact on Soil Microbiome and Mycorrhizal Networks
Nanomaterials used in agrochemicals can disrupt soil microbiomes and mycorrhizal networks that support nutrient cycling and plant nutrition, shifting diversity and function in the rhizosphere (Atanda et al., 2025). Metal NPs such as Ag and ZnO can inhibit beneficial symbionts: Ag NPs can suppress Rhizobium growth and nodulation via ion release and oxidative stress, while ZnO NPs can reduce AMF colonization and hyphal development through Zn²⁺-driven ROS (Singh et al., 2023; Ghorbani et al., 2024). Repeated exposure may lower microbial biomass and key N- and P-cycling taxa, though biopolymer coatings can mitigate toxicity, supporting Safety-by-Design strategies (Atanda et al., 2025; Lowry et al., 2024).
12. Phytotoxicity and Trophic Transfer Risks
Nanotechnology in agriculture can trigger phytotoxicity and trophic transfer when nanomaterials accumulate in edible tissues, causing dose-dependent oxidative stress, membrane damage, and gene-expression disruption that varies by crop uptake and detoxification capacity (Ghorbani et al., 2024; Singh et al., 2023). Metal NPs (e.g., ZnO, Ag) at high doses can induce chlorosis, stunting, and yield losses, requiring species- and stage-specific safe thresholds (Atanda et al., 2025). Because NMs can move soil→plant→consumer and persist in rhizospheres, SbD coatings, controlled release, omics profiling, and field-validated thresholds are essential (Lowry et al., 2024; Singh et al., 2023; Atanda et al., 2025).
13. Economic Feasibility and Life Cycle Assessment
Economic feasibility hinges on weighing 2–5× higher upfront nano-input costs against downstream gains from precision delivery and reduced chemical use (Singh et al., 2023). Nano-encapsulated products can cut active ingredients by 30–70% and raise yields by ~20–40%, delivering ~15–30% higher net returns and payback within 1–3 seasons in some field contexts (Ghorbani et al., 2024; Lowry et al., 2024; Atanda et al., 2025). Although manufacturing may increase carbon footprints (~10–20%), optimized SbD nanoformulations can lower cradle-to-grave warming potential by 25–50% (Lowry et al., 2024; Atanda et al., 2025)..
14. Regulatory Frameworks and Future Roadmap
Regulatory frameworks for nano-enabled agriculture remain fragmented, and while EU REACH and US EPA nano-specific rules focus on hazard identification, they often miss nanomaterial transformations in agroecosystems, producing inconsistent risk assessments and slowing adoption (Atanda et al., 2025). Safety-by-Design using biodegradable biopolymer coatings can reduce persistence, bioaccumulation, and microbiome disruption, potentially lowering ecological footprints by 25–50% (Lowry et al., 2024; Singh et al., 2023; Ghorbani et al., 2024). Harmonized testing/labeling and collaborative governance are essential (Alikarami & Saremi, 2025; Al-Dossary et al., 2025).

Conclusion
The field faces regulatory hurdles due to fragmented frameworks that often fail to account for nanomaterial transformations within complex agroecosystems. Addressing these ecological and regulatory challenges is indispensable for the responsible and sustainable integration of nanotechnology into global food systems.
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Table 1. Types and Applications of Nano-fertilizers in Crop Production
	Type
	Key Features
	Expected Outcomes
	Examples / Crops

	Nano-urea
	Controlled release, chelated form
	Improved sugar production; reduced leaching (Khatri & Bhateria, 2023, p. 768; Lowry et al., 2024)
	Sugarcane

	Hydroxyapatite NPs
	High-efficiency delivery in clay/loamy soils
	Doubled nutrient efficiency (23–46%); reduced eutrophication (Khatri & Bhateria, 2023, p. 768)
	General crops

	Potassium nanofertilizers
	Enhanced chlorophyll synthesis
	Increased plant parameters and biomass
	Peanut (Khatri & Bhateria, 2023, p. 768)

	Magnesium oxide NPs
	Algae-based synthesis; antioxidant release
	Enhanced chlorophyll production
	Green gram, groundnut

	Nano-clays
	Nutrient encapsulation; pH-responsive release
	Improved NUE and soil fertility
	Various crops (Hameed et al., 2024)

	Carbon-based NPs
	Slow nutrient diffusion
	Minimized runoff; sustained nutrient supply
	Cereals (Semenova et al., 2024)

	Metal oxide NPs
	Targeted micronutrient delivery
	Yield increase up to 30% (Atanda et al., 2025)
	Wheat, maize

	Polymer-coated NFs
	Moisture/temperature-responsive
	Precision fertilization; cost savings
	Rice

	Nano-emulsions
	Gradual agrochemical release
	Higher nutrient bioavailability
	Vegetables

	Silica-based NPs
	Macro- and micronutrient encapsulation
	Enhanced growth and stress tolerance
	Tomato



Table 2. Nano-pesticides for Pest Management and Crop Protection
	Type
	Key Features
	Expected Outcomes
	Examples / Targets

	Nano-emulsions
	High surface area; improved penetration
	31.5% higher efficacy vs conventional formulations
	Insect pests

	Nanosuspensions
	Targeted delivery; reduced dosage
	Lower resistance development; 43% less non-target toxicity
	Tea pests

	Nano-gels
	Controlled release; UV protection
	Reduced environmental residues
	Fungal pathogens

	Metal nanoparticles
	Antimicrobial; plasmonic enhancement
	Efficient degradation; low persistence
	Aphids, bollworms

	Polymer nanocarriers
	Biodegradable; site-specific delivery
	Reduced off-target effects
	Stink bugs

	Inorganic nanocarriers
	High stability under field conditions
	Enhanced pest mortality; sustainable usage
	Cotton pests

	Mineral-based NPs
	Eco-friendly; low toxicity
	Biodiversity preservation
	Various insect pests

	Nano bio-pesticides
	Synergy with microbial agents
	Long-term pest control; green agriculture
	Plant diseases

	Unimolecular NPs
	~3 nm size; water-based
	Effective field-scale pest control
	Leafhoppers

	Multifunctional NPs
	Multiple synergistic mechanisms
	Reduced chemical pesticide usage
	General pests



Table 3. Nanosensors for Precision Agriculture Monitoring
	Type
	Key Features
	Expected Outcomes
	Parameters Monitored

	Optical nanosensors
	Fluorescence-based; high sensitivity
	Real-time crop health monitoring
	Nutrients, metabolites

	Electrochemical sensors
	Species-agnostic biomarker detection
	Holistic plant physiological status
	Hormones (e.g., salicylic acid)

	IoT-integrated nanosensors
	Wireless networks; dense deployment
	Optimized water and nutrient use
	Soil moisture, temperature

	Nanomaterial-enhanced biosensors
	High surface area; catalytic activity
	~90% pathogen detection sensitivity
	Pests, diseases

	Flexible MEMS sensors
	Micro-nano fabrication; crop-specific
	Predictive analytics for yield
	N, P, K levels

	Soil nanosensors
	Nano-IoT connectivity
	Efficient fertilizer management
	pH, humidity

	Plant-wearable sensors
	Phloem translocation tracking
	Improved climate resilience
	ROS, stress markers

	AI-coupled sensors
	Advanced analytics; alerts
	Yield increase; reduced losses
	Weather, irrigation demand

	Portable nanobiosensors
	Field-deployable
	Precision farming applications
	Pesticides, pathogens



Table 4. Nanomaterial–Plant Interactions and Uptake Mechanisms
	Interaction Type
	Key Features
	Expected Outcomes
	Plant Pathways

	Root uptake
	Passage through epidermal pores (3–5 nm)
	Optimized nutrient delivery
	Roots, rhizosphere

	Foliar penetration
	Entry via stomata and cuticle cracks
	Enhanced bioavailability
	Leaves, trichomes

	Vascular translocation
	Xylem and phloem transport
	Systemic distribution
	Fruits, roots (sink tissues)

	Endocytosis
	Cell wall traversal
	Physiological reprogramming
	Cellular compartments

	Corona formation
	Eco-corona with soil organic matter
	Altered stability and uptake
	Soil–plant interface

	pH/salinity effects
	Zeta potential modulation
	Controlled bioavailability
	Rhizosphere

	Quantum confinement
	Size-dependent properties
	Target-specific interactions
	Molecular level

	Shape-dependent effects
	Rod/sphere anisotropy
	Enhanced penetration efficiency
	Cuticle, vasculature

	Gene expression modulation
	Stress-responsive regulation
	Improved stress tolerance
	Abiotic stress pathways
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Figure 1: Molecular Mechanisms of Nano-Agronomy
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Figure 2: Soil-Nano Interface and Corona Formation
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Figure 3: Pathways of Root Nutrient Uptake
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Figure 4: Foliar Penetration and Stomatal Kinetics
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Figure 5: Systemic Vascular Translocation Network
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Figure 6: Stimuli-Responsive Precision Delivery Systems
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Figure 7: The Internet of Plants Network
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[bookmark: _GoBack]Figure 8: Nano-Bionic Enhancement of Photosynthesis
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