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ABSTRACT
Since the conceptual foundations of nanoscale science were articulated in the mid-twentieth century, nanotechnology has evolved into a multidisciplinary field with applications spanning materials science, electronics, biotechnology, food systems, and agriculture. In horticulture, nano-enabled approaches are increasingly explored for crop nutrition, plant protection, postharvest preservation, and quality monitoring. Applications include nano-fertilizers and nano-encapsulated nutrients for improved delivery efficiency, nano-based formulations for disease and pest management, and nanostructured packaging materials that regulate gas exchange, enhance ultraviolet protection, and extend the shelf life of horticultural produce. Smart packaging systems incorporating nanosensors further support postharvest management by enabling real-time detection of spoilage-related parameters such as humidity, temperature, and gaseous metabolites during storage and transportation. Despite these promising applications, concerns remain regarding the potential risks of nanomaterials to plant systems, human health, and the environment, particularly in relation to phytotoxicity, bioaccumulation, and long-term ecological impacts. This review critically examines the benefits and limitations of nanotechnology in horticulture, with emphasis on nano-fertilizers, nano-encapsulated agro-inputs, and nano-based postharvest technologies. It also discusses the effects of nanomaterials on seed germination, plant growth, photosynthetic performance, oxidative balance, and phytotoxic responses, highlighting current knowledge gaps and the need for risk-informed, sustainable deployment strategies.
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Introduction
Richard Feynman’s 1960 lecture “There’s Plenty of Room at the Bottom” is widely regarded as an early conceptual stimulus for thinking about matter manipulation at extremely small length scales, rather than a formal explanation of nanotechnology in its modern sense. The contemporary field of nanotechnology emerged later through advances in materials science, surface chemistry, and nanoscale characterization techniques. Nanotechnology is currently defined as the design, characterization, production, and application of materials and systems with at least one dimension in the approximate range of 1–100 nm, where size-dependent physical, chemical, and biological properties may differ from those of bulk materials (Servin and White, 2016).
At the nanoscale, materials may exhibit altered reactivity, surface energy, optical behavior, and interfacial interactions due to increased surface-to-volume ratios and quantum confinement effects. Consequently, some nanoparticles demonstrate enhanced catalytic or redox activity compared with their bulk counterparts, although such behavior is not universal and depends strongly on particle composition, structure, and surface chemistry (Bhattacharyya et al., 2009; Bhattacharyya et al., 2016). These unique properties have led to the exploration of nanomaterials in diverse sectors including electronics, defense, food systems, biotechnology, and agricultural production, with particular emphasis on input efficiency, sensing, and postharvest management.
Within agriculture, nanotechnology is primarily applied to improve nutrient delivery, crop protection, food packaging, safety monitoring, and nutraceutical development, rather than for the generation of hybrid crop varieties, which are achieved through conventional and molecular breeding approaches. In the horticultural sector, nano-enabled fertilizers, controlled-release formulations, antimicrobial packaging materials, and nanosensors for quality monitoring are increasingly investigated as tools to enhance productivity and reduce postharvest losses (Handford et al., 2015). However, alongside these opportunities, concerns have emerged regarding the potential risks of nanomaterials to plant systems, human health, and the environment.
The small size, high reactivity, and persistence of certain nanomaterials may influence their uptake, translocation, and accumulation within biological systems, potentially affecting metabolic processes and ecological interactions (Chen et al., 2015). To address these issues, the discipline of nanotoxicology has developed to examine the physicochemical determinants of nanoparticle behavior, exposure pathways, biological interactions, and toxicological outcomes. Accordingly, comprehensive evaluation of nanoparticle properties, environmental fate, and biological effects is essential for their safe and sustainable use in horticulture (Iavicoli et al., 2017).
Definition
Nanotechnology refers to the deliberate design, manipulation, and application of materials and systems at the atomic, molecular, or supramolecular scale, typically within the size range of approximately 1–100 nm, as defined by the National Nanotechnology Initiative (NNI). This dimensional range is significant because materials at the nanoscale may exhibit size-dependent physicochemical properties, including altered surface reactivity, optical behavior, electrical conductivity, and interfacial interactions, which can differ from those observed in bulk materials (Vance et al., 2015).
It is important to note that classical mechanics does not exclude quantum effects; rather, quantum phenomena are always present but tend to become statistically negligible in large, bulk systems. At the nanoscale, however, quantum confinement and surface-dominated phenomena may exert a greater influence on material behavior, thereby affecting functional performance in biological and technological applications. These emergent properties underpin many nano-enabled innovations in agriculture, medicine, and materials science.
Several conceptual frameworks have attempted to describe the evolution of nanotechnology in terms of “generations,” ranging from relatively simple nanostructured materials to more complex nanosystems. While such classifications—including passive nanostructures, active nanostructures, integrated nanosystems, and molecular-scale systems—are useful for illustrating technological trends, they should be regarded as heuristic rather than definitive or universally applicable. In practice, progress in nanotechnology has been non-linear and application-specific, shaped by advances in synthesis, characterization, safety assessment, and regulatory acceptance rather than by discrete generational boundaries (Salaheldeen et al., 2015).
Horticultural Applications of Nanomaterials
Advances in nanotechnology have opened new avenues for improving horticultural production, particularly in nutrient management, crop protection, postharvest handling, and quality monitoring. Nano-enabled applications in horticulture include nano-formulated fertilizers, nano-encapsulated agrochemicals, antimicrobial coatings, nanosensors, and smart packaging materials designed to enhance input-use efficiency and reduce postharvest losses (Farooqui et al., 2016; Iavicoli et al., 2017).
Nano-fertilizers and nano-encapsulated nutrients are increasingly investigated for their ability to regulate nutrient release rates and improve nutrient-use efficiency. These formulations aim to supply plants with appropriate quantities of macro- and micronutrients while minimizing losses due to leaching, volatilization, or fixation in soil matrices. Rather than replacing conventional farming practices, such nano-enabled tools are best understood as complementary approaches that may enhance precision nutrient management under specific agronomic conditions. Adoption remains uneven, particularly in developing regions, due to cost, infrastructure, and regulatory constraints.
Nanomaterials used in horticultural inputs include carbon nanotubes and metal or metal oxide nanoparticles such as copper, silver, manganese, molybdenum, zinc, iron, silicon, and titanium, as well as nano-formulations of commonly used agrochemicals including phosphorus, urea, sulfur, validamycin, tebuconazole, and azadirachtin (Chhipa, 2017). Their effectiveness depends on particle size, surface functionalization, solubility, and interaction with plant and soil systems.
Contrary to earlier assumptions, nanoparticle size alone does not prevent translocation within plants. In fact, small size may facilitate movement depending on particle chemistry, dissolution behavior, and plant vascular anatomy. Some nanoparticles or their dissolved ionic forms may be taken up by roots and transported to aerial tissues, including edible organs, whereas others may remain largely confined to the rhizosphere or root tissues. Therefore, tissue distribution and accumulation should be considered context-dependent rather than assumed absent from fruits.
Nano-fertilizers are defined as formulations that either contain nutrients in nanoscale form or employ nanostructured carriers to improve nutrient delivery. Their high surface-area-to-volume ratio may enhance reactivity and availability, allowing lower application rates compared with conventional fertilizers. Macronutrients such as nitrogen, phosphorus, potassium, calcium, magnesium, and sulfur have been incorporated into nano-encapsulated systems using materials such as urea, oxides, chlorides, mesoporous silica, hydroxyapatite nanoparticles, and modified zeolites to enable controlled and sustained nutrient release (Liu and Lal, 2015; Wang et al., 2016a).
Micronutrients, required in trace amounts for plant metabolic processes, have also been formulated at the nanoscale to improve bioavailability and crop performance. For example, yttrium-doped γ-Fe₂O₃ nanoparticles used as an iron source enhanced leaf growth rates and chlorophyll content in soil-grown Brassica napus, demonstrating improved agronomic performance relative to conventional chelated iron under specific conditions (Palmqvist et al., 2017). Similarly, zinc nanoparticles applied to pearl millet (Pennisetum americanum) significantly increased shoot and root growth, chlorophyll content, soluble protein levels, biomass accumulation, and grain yield, highlighting their potential role in micronutrient management (Tarafdar et al., 2014).
In parallel with nutrient delivery systems, nanotechnology is being explored in the development of nano-insecticides and nano-formulated pesticides. These formulations aim to improve the stability, solubility, and controlled release of active ingredients, thereby reducing application frequency and off-target losses. However, it is inaccurate to assert that a fixed proportion of applied pesticides is lost during application; reported loss rates vary widely, often ranging between 30% and 70%, depending on formulation type, application method, crop canopy, and environmental conditions (Pandey et al., 2016).
Moreover, while excessive or inappropriate pesticide use can disrupt soil microbial communities, nitrogen fixation is fundamentally a biological process mediated by diazotrophic microorganisms such as Rhizobium and Azotobacter. Pesticides may indirectly affect nitrogen cycling by influencing microbial diversity and activity, but they are not a direct or universal cause of impaired nitrogen fixation. Immobilizing or encapsulating pesticides on nanoparticle carriers has therefore been proposed as a strategy to reduce environmental exposure, enhance target specificity, and mitigate unintended ecological effects, rather than as a replacement for biological nutrient processes (Singh and Prasad, 2017).
Creative Approaches to Stress Management in Horticulture
Horticultural crops are frequently exposed to a wide range of abiotic and biotic stresses that adversely affect growth, productivity, and quality. To mitigate these challenges, integrated stress management strategies have been developed that combine genetic, physiological, biological, biotechnological, and nano-enabled approaches. These strategies operate at different organizational levels of the plant system and are often complementary rather than mutually exclusive.
The use of stress-tolerant plant materials represents a fundamental strategy in horticultural stress management. Plants exhibit genotype-dependent adaptive responses such as osmotic adjustment, enhanced water-use efficiency, and modified growth dynamics that contribute to stress resilience. The selection of tolerant cultivars and rootstocks plays a critical role in buffering plants against adverse conditions. Grafting has emerged as an effective physiological intervention to improve tolerance to heavy metal toxicity, water deficit, salinity, and soil-borne stresses by enhancing root system efficiency and regulating ion and water transport. This approach is widely adopted in high-value horticultural crops such as cucurbits and eggplant, where rootstock–scion interactions significantly influence stress tolerance and yield stability (Khan et al., 2022).
Another important strategy involves the exogenous application of plant growth regulators and signaling molecules, which modulate stress responses by influencing hormonal balance and signal transduction pathways. These compounds are effective at low concentrations and exert their effects through tightly regulated metabolic turnover (Nadeem et al., 2016; Altaf et al., 2022). Salicylic acid, a key signaling molecule rather than a classical hormone, has been shown to regulate antioxidant defense, stomatal behavior, photosynthetic efficiency, seed germination, and senescence processes under stress conditions (Liu et al., 2022). Independent studies have demonstrated that salicylic acid can alleviate chilling injury in muskmelon during seed germination and enhance stress-responsive gene expression and soluble sugar accumulation in peach fruits under low-temperature stress, highlighting its species-specific but conserved role in stress signaling (Zhao et al., 2021).
The application of biological therapies, particularly biofertilizers, represents a sustainable approach to stress mitigation in horticulture. Beneficial soil microorganisms such as arbuscular mycorrhizal fungi and plant growth-promoting rhizobacteria enhance nutrient availability, improve soil structure, and modulate plant stress physiology. These microbial associations contribute to improved nutrient cycling and induce systemic tolerance to abiotic stresses, thereby supporting plant growth and productivity under suboptimal environmental conditions (Bhardwaj et al., 2014).
Advances in biotechnological tools have further strengthened stress management strategies by enabling precise identification and manipulation of stress-responsive genes. Techniques such as microRNA profiling, signaling pathway analysis, CRISPR/Cas-mediated genome editing, quantitative trait loci mapping, and genomic selection have enhanced the efficiency of crop improvement programs. These approaches facilitate the identification of target genes within crop genomes or breeding populations that regulate metabolic pathways, stress signaling, and adaptive responses, thereby improving selection accuracy and accelerating the development of stress-resilient cultivars (Anwer et al., 2020; Li et al., 2024).
More recently, the utilization of nanotechnology has gained attention as a complementary tool for stress mitigation in horticulture. Nano-enabled strategies include the application of nano-fertilizers through soil, foliar, or seed-coating methods, as well as the use of nanosensors for real-time monitoring of plant health and environmental conditions. These technologies can enhance nutrient availability, regulate oxidative balance, and improve photosynthetic performance under stress. Although nanotechnology does not replace genetic or biological approaches, it offers targeted and resource-efficient solutions that may help reduce the negative impacts of climate-induced abiotic stresses such as drought, salinity, and temperature extremes (Manzoor et al., 2022; Palmgren et al., 2024). A comprehensive understanding of stress physiology remains essential for integrating nano-enabled tools into sustainable horticultural management systems.

       Figure 1. Strategies for stress management in horticulture.
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Abiotic stressors such as drought, salinity, temperature extremes, and heavy metal contamination substantially limit plant growth, physiological performance, and yield in horticultural crops. A common physiological consequence of these stresses is the disruption of cellular homeostasis, particularly within chloroplasts and mitochondria, leading to enhanced production of reactive oxygen species (ROS). Under normal conditions, ROS act as signaling molecules involved in growth and stress acclimation; however, when their generation exceeds the plant’s antioxidant capacity, oxidative stress develops, impairing cellular functions (Ahluwalia et al., 2021).
Drought stress primarily affects plant water relations, resulting in reduced turgor, stomatal closure, diminished leaf expansion, and suppressed photosynthetic activity. These changes indirectly intensify ROS production by disturbing electron transport chains in chloroplasts and mitochondria. Salinity stress similarly induces oxidative stress, but through additional mechanisms such as ionic toxicity and osmotic imbalance, which interfere with enzyme activity and membrane integrity. Temperature extremes further exacerbate oxidative pressure: high temperatures destabilize proteins and membranes, while low temperatures slow metabolic processes and impair membrane fluidity, both of which contribute to ROS accumulation. Heavy metal stress operates through yet another pathway, in which metals disrupt redox balance, replace essential cofactors in enzymes, and interfere with electron transport, thereby intensifying ROS generation (Gane et al., 2014).
Excessive ROS do not directly cause cell lysis; rather, they damage membrane lipids, proteins, and nucleic acids, leading to organelle dysfunction and activation of programmed cell death pathways when damage becomes irreversible. This imbalance between ROS generation and scavenging can culminate in oxidative or nitro-oxidative stress, compromising growth and productivity under prolonged stress conditions (Raliya et al., 2016).
Within this physiological context, nanoparticles (NPs) have emerged as potential modulators of abiotic stress responses. Their reported benefits arise primarily through three interconnected mechanisms. First, certain NPs improve water retention and nutrient availability by modifying soil–root interactions, enhancing root hydraulic conductance, and improving nutrient uptake efficiency. For instance, titanium dioxide nanoparticles (TiO₂ NPs) have been shown to enhance nitrogen assimilation and drought tolerance in grapevines, while silicon dioxide nanoparticles (SiO₂ NPs) increased chlorophyll content and shoot growth in drought-stressed banana plants (Mahmoud et al., 2020; Daler et al., 2024).
Second, NPs may influence the plant antioxidant defense system. At appropriate doses, several nano-formulations stimulate the activity of antioxidant enzymes such as superoxide dismutase, catalase, and peroxidases, thereby limiting ROS accumulation and lipid peroxidation. For example, iron-based nanoparticles enhanced antioxidant enzyme activities in grape plants, whereas selenium nanoparticles increased phenolic content and antioxidant capacity in drought-stressed pomegranate, contributing to reduced oxidative injury (Mozafari et al., 2018; Zahedi et al., 2021).
Third, NPs can function as carriers for nutrients or bioactive compounds, improving their stability, bioavailability, and targeted delivery. This carrier function may indirectly enhance stress tolerance by optimizing nutrient supply and metabolic regulation under adverse environmental conditions (Arshad et al., 2021). Collectively, these mechanisms explain why nanotechnology is increasingly investigated as a complementary strategy for mitigating abiotic stress impacts in horticulture, although responses remain highly dependent on nanoparticle type, dose, exposure duration, and crop species.

1.1 Water Stress
Water deficit is one of the most pervasive abiotic constraints affecting horticultural crops, leading to reductions in flowering, fruit set, yield, and produce quality. Drought stress alters photosynthetic pigment composition, osmolyte accumulation, membrane stability, and enzymatic activity, ultimately impairing plant productivity (Alkhateeb et al., 2024). Recent studies suggest that nano-enabled interventions may partially alleviate these effects by modulating physiological and biochemical responses rather than eliminating stress itself.
For example, exogenous application of SiO₂ nanoparticles at 50 mg L⁻¹ to micropropagated banana cv. ‘Grand Nain’ under drought stress increased shoot growth and chlorophyll content while reducing malondialdehyde accumulation, indicating improved membrane stability and reduced lipid peroxidation (Mahmoud et al., 2020). Similarly, selenium nanoparticles applied to pomegranate plants under water deficit enhanced photosynthetic pigment levels, phenolic content, and antioxidant enzyme activity, while reducing hydrogen peroxide accumulation and lipid peroxidation. These effects were associated with moderated abscisic acid accumulation under severe drought conditions, suggesting improved stress regulation rather than stress elimination (Zahedi et al., 2019).
In vegetable crops, foliar application of zinc oxide nanoparticles to eggplant (Solanum melongena L.) improved relative water content, membrane stability index, and photosynthetic efficiency during drought stress, resulting in enhanced growth and yield parameters compared with untreated stressed plants (Semida et al., 2021). These findings collectively indicate that nano-based treatments can enhance drought tolerance by strengthening antioxidant defense systems, stabilizing cellular membranes, and improving water-use efficiency, although the magnitude of response varies with formulation and dose.
Table-1: Nano-enabled modulation of physiological and biochemical responses associated with drought tolerance in horticultural crops
	Horticultural crop species
	Nanomaterial / mode of application
	Major physiological and biochemical effects under drought stress
	References

	Mango (Mangifera indica L.)
	Foliar application of TiO₂ NPs (40, 60, 80 mg L⁻¹), Si NPs (50, 100, 150 mg L⁻¹), and Se NPs (5, 10, 20 mg L⁻¹)
	Improved vegetative growth, enhanced fruit quality attributes, and increased final yield under drought conditions compared with untreated stressed plants
	Almutairi et al., 2023

	Grape (Vitis vinifera L.)
	Fe NPs (0–40 µM) supplied via half-strength Hoagland solution under PEG-induced drought stress
	Drought stress reduced RWC and photosynthetic efficiency; Fe NP supplementation modulated antioxidant enzyme activity in a dose-dependent manner, with optimal concentrations partially mitigating oxidative damage
	Bidabadi et al., 2023

	Pomegranate (Punica granatum L.)
	Foliar application of TiO₂ NPs (0–30 mg L⁻¹) during flowering stages
	Enhanced biomass, fruit yield, and flavonoid accumulation; TiO₂ NPs partially alleviated drought-induced oxidative stress
	Mosa et al., 2022

	Strawberry (Fragaria × ananassa Duch.)
	SiO₂ NPs (50 and 100 mg L⁻¹) incorporated into MS medium under PEG-induced drought stress
	Increased root length and biomass, higher SPAD index, and elevated CAT and SOD activities, indicating enhanced drought tolerance
	Javan et al., 2024

	Strawberry (Fragaria × ananassa Duch.)
	Combined application of Fe₃O₄ NPs (0.08 and 0.8 ppm) and salicylic acid (0.01 and 0.05 mM) under PEG-simulated drought
	Improved morphological traits and growth parameters while reducing drought-associated growth inhibition
	Sener et al., 2023

	Tomato (Solanum lycopersicum)
	Foliar application of nano-nutrient solution (biochar-based NNS; 1–5%) following drought exposure
	Reduced lipid peroxidation, improved membrane stability, enhanced antioxidant enzyme activity, and increased biomass under drought stress
	Mozafari et al., 2018

	Tomato (Solanum lycopersicum)
	Soil application of nano-vermicompost (10 and 100 mg kg⁻¹) prior to drought stress
	Improved osmolyte accumulation, regulated antioxidant system, and reduced drought-induced oxidative damage
	Mubashir et al., 2023

	Potato (Solanum tuberosum L.)
	Fe₃O₄ NPs and ZnO NPs (0–5 ppm) under sorbitol-simulated drought stress
	Enhanced accumulation of phenolic compounds (quercetin, kaempferol) and improved antioxidant scavenging capacity
	Ahanger et al., 2021

	Okra (Abelmoschus esculentus L.)
	Iron nano-chelate applied at varying soil moisture levels (60–100% field capacity)
	Improved nutrient uptake efficiency and enhanced metabolic activity under water-limited conditions
	Sallam et al., 2022

	Eggplant (Solanum melongena L.)
	Foliar application of ZnO NPs (0, 50, 100 ppm) under deficit irrigation (60% ETc)
	Increased relative water content, membrane stability index, photosynthetic efficiency, and yield compared with untreated stressed plants
	Kobdani et al., 2021

	Coriander (Coriandrum sativum L.)
	Foliar application of Si NPs (1.5 mM) at 15-day intervals
	Enhanced essential oil yield, total phenolic content, and flavonoid accumulation under drought conditions
	Semida et al., 2021

	Pumpkin (Cucurbita pepo L.)
	Multi-walled carbon nanotubes (MWCNTs; 125–1000 µg mL⁻¹) in MS medium under PEG-induced drought
	At low concentrations, MWCNTs enhanced antioxidant enzyme activity and reduced oxidative damage; higher concentrations increased MDA and H₂O₂ levels, indicating dose-dependent phytotoxicity
	Afshari et al., 2021

	Pumpkin (Cucurbita pepo L.)
	Foliar application of nano-potassium (0.5–2.5‰) prior to irrigation
	Improved vegetative growth and facilitated nutrient transport and absorption under drought stress
	Hatami et al., 2017

	Chrysanthemum (cut flowers)
	Nano-based treatments under drought stress
	Reduced vascular blockage and extended vase life by approximately 3.2 days compared with untreated controls
	Kazemipour et al., 2013

	Moringa (Moringa oleifera)
	Foliar application of ZnO NPs (0.05–0.1%)
	Increased phenolic content and antioxidant activity while reducing chlorophyll degradation under drought stress
	Foroutan et al., 2019



1.2. Temperature Stress
Temperature fluctuations during the growing season exert a strong influence on plant physiological and biochemical processes, often resulting in reduced fruit quality, impaired photosynthetic performance, and damage to cellular membranes (Fischer et al., 2016). Exposure to supra-optimal temperatures disrupts protein stability, membrane integrity, and enzymatic activity, thereby interfering with normal growth and reproductive development, particularly during flowering and fruit set (Bita et al., 2013). Prolonged heat stress frequently accelerates plant developmental cycles and reduces yield by lowering the efficiency of photosynthetic carbon assimilation (Zhao et al., 2021), making it a major constraint in tropical and subtropical horticultural systems.
Plants respond to heat stress through the induction of molecular chaperones, including heat shock proteins (HSPs), which play a central role in maintaining protein folding, preventing aggregation, and stabilizing cellular structures under elevated temperatures. Enhanced synthesis and expression of HSPs contribute to improved thermotolerance by safeguarding metabolic processes during stress exposure. In this context, Shafqat et al. (2021) reported that multi-walled carbon nanotubes (MWCNTs) can modulate the expression of heat shock–related genes, suggesting a potential role for certain nanomaterials in stress signaling pathways.
Nanoparticles do not enable plants to “release extra energy” under heat stress. Rather, some nano-treatments may influence thermoregulatory processes by affecting stomatal conductance and transpiration rates, which enhance evaporative cooling and help maintain leaf temperature within a physiologically tolerable range (Qi et al., 2013). For example, low concentrations of titanium dioxide nanoparticles (TiO₂ NPs; 50–100 mg L⁻¹) were reported to improve photosynthetic activity, antioxidant capacity, and overall metabolic performance in tomato plants exposed to heat stress, thereby reducing heat-induced damage rather than generating additional energy (Qi et al., 2013).
Under low-temperature stress, antioxidant imbalance and membrane rigidification are common constraints. In this context, chitosan nanoparticles (CH-NPs)—defined as nanoscale formulations of the biopolymer chitosan—have been shown to enhance cold stress tolerance when applied at low concentrations. Their protective effects are primarily associated with activation of antioxidant defense systems and mitigation of oxidative damage, as demonstrated in banana plants subjected to chilling stress (Wang et al., 2021).

1.3. Salinity and/or Alkalinity Stress
Salinity is a major abiotic stress that severely restricts plant growth and productivity by disrupting water uptake, ion homeostasis, and enzymatic activity (Parihar et al., 2015). Excessive accumulation of sodium (Na⁺) and chloride (Cl⁻) ions in plant tissues induces ionic toxicity and osmotic stress, leading to cellular dehydration and structural damage (Ranjan et al., 2021). A primary physiological consequence of salinity stress is the reduction in stomatal conductance, which limits carbon dioxide diffusion into the leaf and consequently decreases intercellular CO₂ concentration (Ci), thereby constraining photosynthetic carbon fixation rather than increasing it.
Salt stress also induces nutritional imbalances by interfering with the uptake and transport of essential elements such as potassium, calcium, and magnesium, further impairing metabolic processes and growth (Etesami et al., 2018). To cope with these challenges, plants activate complex signaling networks that regulate osmolyte accumulation, antioxidant defense, and stress-responsive gene expression (Rashide et al., 2022).
Exogenous application of nanoparticles has been investigated as a means of mitigating salinity-induced damage through enhancement of antioxidant activity, regulation of osmotic balance, and stabilization of cellular membranes. For instance, copper nanoparticles have been shown to support tomato growth under saline conditions by helping maintain a favorable Na⁺/K⁺ ratio and improving ionic homeostasis (Pérez-De-Luque, 2017). Similarly, nano-selenium application to lemon verbena (Lippia citriodora Kunth) improved salinity tolerance by reducing electrolyte leakage, malondialdehyde accumulation, and hydrogen peroxide levels, while enhancing the synthesis of secondary metabolites associated with stress protection (Ghanbari et al., 2023).
Graphene oxide nanoparticles (GO-NPs) have also attracted attention for their potential role in alleviating salt and alkalinity stress. At low exposure levels (5–10 mg L⁻¹), GO-NPs were reported to partially protect strawberry plants from salinity-induced growth inhibition by modulating photosynthetic efficiency and electron transport processes. However, these effects appear to be concentration-dependent, underscoring the importance of dose optimization to avoid adverse physiological outcomes (Malekzadeh et al., 2023).

1.4. Heavy Metal Stress
Heavy metal stress represents a significant threat to horticultural productivity in the modern era, largely driven by anthropogenic activities such as industrialization, urbanization, and intensive agricultural practices (Emamverdian et al., 2015). The accumulation of metals such as cadmium (Cd), lead (Pb), cobalt (Co), nickel (Ni), and silver (Ag) in agricultural soils is frequently associated with the long-term use of chemical fertilizers, pesticides, and contaminated irrigation water (Alengebawy et al., 2021). These metals disrupt plant physiological and metabolic processes by interfering with enzyme function, redox balance, and nutrient uptake, ultimately reducing crop yield and quality, particularly in medicinal and vegetable species (Tiwari et al., 2018).
Nanoparticles have been widely explored for their capacity to mitigate heavy metal stress through immobilization, adsorption, and reduced bioavailability of toxic ions in soil–plant systems. Certain NPs can bind heavy metals, limiting their mobility and translocation into plant tissues. For example, hydroxyapatite nanoparticles can reduce metal toxicity by releasing phosphate ions that stabilize soil pH and facilitate metal precipitation, thereby decreasing metal uptake by plants (Chui et al., 2018). Magnetite nanoparticles (Fe₃O₄ NPs) have also been shown to significantly reduce cadmium concentrations in contaminated soils (Wang et al., 2020).
In addition to limiting metal uptake, nanoparticles may enhance plant tolerance by strengthening antioxidant defense mechanisms and reducing oxidative damage. Chitosan nanoparticles used as carriers for putrescine alleviated cadmium stress in grapevines by increasing antioxidant enzyme activity, phenolic compound accumulation, and anthocyanin content, while simultaneously lowering cadmium levels in roots and leaves (Panahirad et al., 2023). Similarly, application of Fe₃O₄ NPs at low concentrations markedly reduced the bioavailability of cadmium and lead in coriander plants, thereby limiting metal accumulation in edible tissues (Fahad et al., 2020).
Silicon dioxide nanoparticles have also demonstrated protective effects against metalloid toxicity. In tomato plants exposed to arsenic stress, SiO₂ NPs enhanced the activities of key antioxidant enzymes such as superoxide dismutase, catalase, and ascorbate peroxidase, while reducing arsenic translocation and oxidative injury, highlighting their potential role in mitigating heavy metal–induced stress responses (Gonzalez-Moscoso et al., 2022).
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Figure 2. Regulation of abiotic stress by nanoparticles.
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Biotic stress refers to the adverse effects imposed on plants by living organisms, including insects, nematodes, pathogenic microorganisms, and competing plant species. These stressors significantly influence plant growth, physiological performance, and yield stability by disrupting cellular integrity, nutrient allocation, and metabolic regulation. In horticultural systems, biotic stress is primarily associated with insect pests, fungal, bacterial and viral pathogens, and weeds, all of which compete with crops for resources or directly damage plant tissues.
Nanoparticles (NPs) have been investigated as novel tools for managing biotic stress due to their unique physicochemical properties; however, their biological activity is strongly dose-dependent. Inappropriate concentrations or formulations may induce phytotoxicity by disrupting cellular redox balance and increasing reactive oxygen species accumulation, thereby impairing apical growth, photosynthetic efficiency, biomass accumulation, and seed germination (Abou El-Nasr et al., 2025). Consequently, the beneficial or detrimental effects of NPs on plant–pathogen interactions depend on particle composition, size, surface chemistry, and exposure regime.
At optimized concentrations, several classes of NPs have been shown to enhance plant defense responses through multiple, interconnected mechanisms. These include stimulation of antioxidant enzyme activity, accumulation of phenolic compounds, modulation of stress-related signaling pathways, and enhancement of nutrient uptake and root system architecture. In particular, NPs may influence defense signaling mediated by salicylic acid and jasmonic acid, two key regulators of plant immune responses, thereby increasing resistance to pathogens and pests (Pascoli et al., 2018). Such responses reflect induced resistance rather than direct antimicrobial activity in many cases.
One important application of nanotechnology in biotic stress management lies in the nano-encapsulation of pesticides. Nanocarriers can improve the stability, solubility, and controlled release of fungicides and insecticides, reducing the frequency of application and limiting off-target contamination (Paradva and Kalla, 2023). Improved delivery efficiency has been reported for certain nano-formulated insecticides, although efficacy depends on particle size, surface charge, and compatibility with target organisms (Yin et al., 2023).
Some inorganic nanoparticles can also function as defense elicitors, activating plant innate immune responses rather than acting solely as toxic agents against pathogens. Copper- and silica-based nanoparticles, for example, have been shown to stimulate localized ROS signaling and phenolic compound synthesis, thereby strengthening structural and biochemical barriers against infection (Tortella et al., 2023). These responses resemble priming effects, in which plants exhibit faster or stronger defense activation upon pathogen challenge.
Selective targeting represents another potential advantage of nano-enabled pest control strategies. By tailoring nanoparticle formulation and delivery systems, it may be possible to preferentially affect specific pest species while minimizing exposure to beneficial organisms. Lipid-based nanocarriers, for instance, have been explored for targeted pest interference with reduced risk to non-target insects such as pollinators, although field-scale validation remains limited (Hooven et al., 2019; Ali et al., 2023).
From a functional perspective, nanoparticles used in biotic stress management can be broadly categorized into inorganic nanoparticles and polymeric nanoparticles. Certain inorganic NPs, such as silver nanoparticles, possess intrinsic antimicrobial properties against a range of plant-associated fungi and bacteria. However, their broad biocidal activity raises concerns regarding non-target effects and environmental persistence (Khan et al., 2021). In contrast, polymeric nanoparticles are primarily employed as delivery systems rather than active agents. Their value lies in enhancing bioavailability and enabling controlled release of active ingredients, thereby improving efficacy while reducing environmental exposure (Shakiba et al., 2020).
Polymeric nanoparticles have attracted increasing research attention due to their tunable degradation rates, compatibility with biological systems, and capacity to deliver pesticides, micronutrients, or signaling molecules in a spatially and temporally controlled manner. Their effectiveness, however, is contingent on the nature of the encapsulated compound and the release kinetics achieved under field conditions, which remain an active area of investigation (Khan et al., 2021).

Benefits of Nanotechnology in Horticulture
Nanotechnology offers several potential advantages in horticultural production, primarily through improved delivery efficiency, resource optimization, and targeted intervention. Nano-scale transport systems can enhance nutrient-use efficiency by reducing losses associated with leaching and volatilization, thereby supporting precise nutrient delivery at lower application rates. Similarly, nano-formulated pesticides may improve target specificity and persistence, although penetration capacity varies with particle size, surface charge, and formulation characteristics rather than being an inherent property of all nano-pesticides.
Nanostructured soil amendments have been reported to influence soil physical properties such as aeration and moisture retention, which may indirectly enhance drought resilience under specific conditions. In postharvest systems, nanotechnology-based packaging materials can regulate gas exchange and moisture dynamics, contributing to extended shelf life and reduced postharvest losses. Additionally, nanosensors integrated into monitoring systems enable real-time assessment of soil and environmental parameters, supporting data-driven decision-making in crop management.
Importantly, claims regarding “improved overall plant health” should be interpreted in terms of measurable physiological outcomes, such as increased photosynthetic efficiency, improved antioxidant capacity, enhanced nutrient uptake, or reduced disease incidence. Nanotechnology does not replace conventional agronomic or biological practices but may complement them by improving efficiency and precision when applied judiciously.

Applications of Nanoparticles in Horticultural Plants in Practice
In practical horticultural systems, nanoparticles have been explored for a range of applications, including controlled nutrient delivery, pest and disease management, stress mitigation, and growth regulation. Nanostructured fertilizers can reduce nutrient losses and improve uptake efficiency, particularly under stress conditions. Nano-encapsulation of insecticides has demonstrated improved pest control efficiency in crops such as cucumber when chitosan-based nanoparticles were used as carriers, although such outcomes remain formulation-specific (Ingle et al., 2022).
Nanoparticles have also been applied as seed-priming agents to enhance germination rates and early seedling vigor. Zinc oxide nanoparticles, for example, have been reported to improve early growth and germination under controlled conditions (Nile et al., 2018). Certain nanomaterials, such as titanium dioxide nanoparticles, have been shown to influence chlorophyll content and photosynthetic performance in aromatic and horticultural crops, although responses depend on dose and exposure duration (Ahmad et al., 2018).
In disease resistance studies, nano-selenium treatments have been reported to induce defense responses in crops such as strawberry by modulating antioxidant and defense-related pathways rather than through direct fungicidal action (Shakiba et al., 2020). While these findings highlight the potential of NPs in sustainable horticulture, large-scale field validation remains limited.

Future Perspectives and Challenges
The application of nanotechnology in horticulture holds promise for the development of intelligent fertilizer systems, improved crop protection strategies, and enhanced postharvest management. However, its contribution to precision horticulture should be viewed as incremental rather than transformative at present. Adoption is constrained by cost, regulatory uncertainty, and incomplete understanding of long-term environmental and health impacts.
Estimates suggesting that pests and diseases account for 20–40% of agricultural yield losses must be interpreted cautiously, as such figures vary widely depending on crop type, geographic region, and stress intensity. Consequently, generalized loss estimates should be contextualized rather than presented as universal values (Giorgetti et al., 2018).
Critical challenges remain in understanding nanoparticle fate in agro-ecosystems, including interactions with soil microbiota, persistence in plant tissues, trophic transfer, and human exposure risks. Comprehensive evaluation of nanoparticle physicochemical properties, dose–response relationships, and long-term ecological effects is essential before widespread adoption. Addressing these knowledge gaps will determine whether nanotechnology can be integrated safely and sustainably into future horticultural production systems.
Conclusion
Nanotechnology has emerged as a versatile and rapidly expanding field with increasing relevance to horticultural production, offering new possibilities for improving nutrient delivery, crop protection, stress tolerance, and postharvest management. At the same time, its application raises legitimate concerns regarding environmental safety, plant–soil interactions, and potential implications for food quality and human health. Consequently, understanding how nanomaterials interact with plant systems has become an important area of contemporary horticultural research. The evidence reviewed in this article indicates that nanomaterials can influence plant performance in multiple ways, depending on their chemical composition, size, surface properties, concentration, and mode of application. Under appropriate conditions, certain nanoparticles have been shown to support plant growth, enhance nutrient-use efficiency, and improve tolerance to biotic and abiotic stresses. These beneficial effects are commonly associated with improved antioxidant regulation, enhanced osmotic adjustment, stabilized cellular membranes, and more efficient delivery of nutrients or protective compounds. However, such responses are not universal and vary considerably across plant species, developmental stages, and environmental contexts. At the same time, the reviewed literature highlights that nanoparticle accumulation within plant tissues, particularly in roots and leaves, may occur under certain exposure scenarios. This raises important questions regarding long-term persistence, trophic transfer, and potential health risks, emphasizing that nanomaterials cannot yet be regarded as universally safe alternatives to conventional agro-inputs. Although some studies report economic and agronomic benefits through reduced input quantities and improved delivery efficiency of nano-formulated fertilizers or pesticides, these advantages must be weighed against incomplete knowledge of nanoparticle fate, biological reactivity, and environmental behavior.
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