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ABSTRACT
Many methods in the fields of communication, defence, food, biotechnology, electrical, chemical, sports, and agriculture have been developed as a result of Richard Feynman's explanation of nanotechnology. Insecticides, nutraceuticals, food processing, packaging, safety, nutrition, hybrid varieties, synthetic chemicals, and biotechnology are all using nanotechnology in gardens. However, these applications still prompt concerns about possible risks to people and the environment. It has been demonstrated that using nanotechnology, which possesses the properties of nanoparticles, is highly beneficial for both scientific and technological purposes. Formulations based on nanotechnology offer several methods to prevent the growth and spread of microbes while also enhancing the quality and shelf life of horticultural products. Specifically, the new edible package covering (film) regulates gas exchange and provides improved protection against UV radiation and other hazardous wavelengths. Increasing strength through product labelling with nano biosensors is regarded as a basic procedure for automated storage product control. This review's objective is to go over the benefits and implications of applying nanotechnology to the horticultural industry. These advantages focus on the main applications of nanotechnology, such as nano fertilizers or nano-encapsulated nutrients; the negative effects of nanomaterials on plant germination and growth; the effects of phytotoxicity and natural processes (photosynthesis); and some theories about mechanisms in metabolic processes.
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Introduction
Richard Feynman's "there are plenty of room at the bottom" conference served as the catalyst for the definition of the word "nanotechnology" (Feynman, 1960). Nanotechnology, according to Servin and White (2016), is the study of techniques and material manipulation in the range of one to one hundred nanometers. Nanoparticles differ from bulk materials in their catalytic activity due to their high surface to volume ratio (Bhattacharyya et al., 2009, 2016) and quantum processes occurring at the nanoscale. Nanoparticles have been used by the communication, military, food, biotechnology, electrical, chemical, sports, and horticultural industries. Hybrid crop varieties, synthetic chemicals, and biotechnology pertaining to food processing, packaging, safety, nutrition, pesticides, and nutraceuticals are all experiencing innovation and change in the agriculture sector (Handford et al., 2015). The application of nanotechnology in the horticultural sector has raised concerns about potential harm to people and the environment. The size of the nanomaterials may affect metabolic processes in humans and plants, as well as potential bioaccumulation (Chen et al., 2015).
In order to limit the main problem and create regulatory recommendations, the science of nanotoxicology was created to explore the consequences and mechanisms. Thus, the scientific community must concentrate on the physico-chemical and hazardous properties, circumstances, biological mechanisms, and toxicological and environmental impacts of nanoparticles utilized in horticulture (Iavicoli et al., 2017). This review's primary goal is to increase our knowledge of how nanomaterials—such as metallic, oxide, biocompounds, and composites—interact with plant biological processes like germination and growth. We will also look at how using nanoparticles affects photosynthesis, physiological changes, affectation, and toxicity.
Definition
Nanotechnology is the manipulation of matter at the atomic, molecular, and supramolecular levels. This matter alteration must take place between 1 to 100 nm, according to the National Initiative for Nanotechnology (NNI). This size is significant because of the mechanic-quantum phenomena, as opposed to materials at greater scales or bulk, where the phenomena are associated with classical mechanics (Vance et al., 2015). According to the NNI, the development of nanotechnology has gone through four generations. The first generation, which lasted from 2000 to 2005, is referred to as the "passive nanostructures" era. During this time, the materials' passive properties were used exclusively for one function. As they are used, the second generation's "active multitask nanostructures" (2005–2010) will change. The third generation (2010–2015) is known as "nano systems," where several nanotools work together to achieve a common objective. The fourth and last generation (2015–2020) is referred to as the "molecular nano systems" age (Salaheldeen et al., 2015). This includes atomic and molecular electronics' ingenious design, which allows a simple product to have a variety of uses.
[bookmark: Nanomaterials_classification_and_manufac][bookmark: Horticultural_applications_of_the_nanoma]Horticultural applications of the nanomaterials
Nanotechnology developments could lead to new applications in horticulture. These applications include the use of nanocides for plant treatment, disease prevention, water purification, chemical sensors, and the conversion of food and agricultural waste into electricity (Farooqui et al., 2016). Recently, nano fertilizers and nano-encapsulated nutrients have also been utilized to standardize plant growth and development by releasing the appropriate amount of nutrients. Additionally, it lowers environmental risks and boosts crop output (Iavicoli et al., 2017). 
Precision farming has replaced traditional farming methods because of nanotools like nano fertilizer. These useful tools have been made from a variety of nanoparticle types, including carbon nanotubes, Cu (5 nm), Ag (5–10 nm), Mn (10–20 nm), Mo (10–20 nm), Zn (20–30 nm), Fe (20 nm), Si (20–30 nm), Ti (25–40 nm), their oxides, and nano formulations of common horticultural inputs like phosphorus, urea, sulfur, validamycin, tebuconazole, and azadiractina (Chhipa, 2017).
These constituents are present in roots and leaves but absent from final products such as fruits due to their size. Functionalized nanomaterials, nanoencapsulation, or nano formulation can be used to administer active ingredients in a site-specific and controlled manner. According to Liu and Lal (2015), a nano fertilizer is specifically in charge of giving the plant one or more micro or macronutrients, which enhances crop growth and even yield. Compared to conventional fertilizers, a high volume-to-surface ratio of nanomaterial lowers the quantity and boosts the effectiveness of macronutrient nano fertilizers. Calcium (Ca), magnesium (Mg), potassium (K), phosphorus (P), nitrogen (N), sulfur (S), and other macronutrients have been combined with nanotechnology as nano-encapsulated materials to deliver the appropriate amount of the nutrient and remove the need for additional costs to purchase regular fertilisers (Wang et al., 2016a). Among the chemicals used for this purpose are urea, chlorides, and oxides.
      Mesoporous silica, hydroxyapatite nanoparticles, and urea-modified zeolites have been shown to be sources of nitrogen macronutrients that can release nitrogen gradually and under control over extended periods of time (Liu and Lal, 2015). Micronutrients are trace elements that plants require in quantities less than 100 parts per million for a range of metabolic processes. These micronutrients improve the quality of nutrition and plant development (Chhipa, 2017). Therefore, the potential of yttrium doping-stabilized γ-Fe2O3 nanoparticles as a plant fertilizer was investigated. A nutritious solution was used to irrigate soil-grown Brassica napus plants. The growth rate of leaves increased from 33 to 50% and SPAD measurements of chlorophyll increased from 47 to 52 when compared to fully fertilized plants, suggesting superior agronomic qualities over chelated iron (Palmqvist et al., 2017).
To boost agricultural yields, zinc nanoparticles (Zn NPs) were used as a nano fertiliser on pearl millet (Pennisetum americanum). The findings show that the 6-week-old plants significantly outperformed the control in terms of shoot length (15.1%), root length (4.2%), root area (24.2%), chlorophyll content (24.4%), total soluble leaf protein (38.7%), and plant dry biomass (12.5%). Using zinc nano fertilizer increased grain output by 37.7% at crop maturity (Tarafdar et al., 2014). Additionally, Imtiaz et al. (2010) discovered that applying zinc nanoparticles as a source of micronutrients improved the relative yields of rice, wheat, maize, potatoes, sunflower, and sugarcane when compared to the control treatment, which did not use the nano fertilizer.
        However, several major manufacturers of horticulture chemicals are investigating the use of nanotechnology in nano insecticides. While using all of this new technology has benefits like speeding up plant germination, growth, and development, there are threats to the environment (Pandey et al., 2016). Because 90% of the chemicals are lost to the atmosphere during application or runoff, the use of pesticides not only has an adverse effect on the ecosystem but also costs farmers money. Its careless use also results in inadequate nitrogen fixation, bioaccumulation, decreased soil biodiversity, and disease resistance. The pesticide is adhered to or immobilized over nanoparticles in order to lessen all of these issues (Singh and Prasad, 2017).
Creative Approaches to Stress Management in Horticulture
The following are some efficient methods used to control stress in horticultural crops:
1. Plant materials: In order to thrive, plants have developed a variety of coping mechanisms. Among these include osmotic adjustment, rapid growth, increased water usage efficiency (WUE), and more. Better rootstocks and cultivars are essential for stress adaptation with different levels of tolerance. Grafting is used as an additional strategy to increase tolerance to heavy metals, water scarcity, saline soil, and other environmental difficulties. Cucurbits and eggplant are among the high-yielding fruits and vegetables that use this method [Khan et al. 2022].
2. Exogenously applied phytohormones: Horticulture plants are progressively adopting the capacity to tolerate a range of stressors, and these chemicals are essential for regulating many signal transduction pathways under stress [Nadeem et al. 2016]. Their metabolism controls their impact because they are eliminated from chemical systems in trace amounts [Altaf et al. 2022]. One hormone that favourably influences a number of developmental processes, such as respiration, the antioxidant defence system, stomatal aperture changes, cell reproduction, seed germination, seedling growth, photosynthetic processes, and delaying plant senescence, is salicylic acid (SA), for example, according to Liu et al. (2022). SA treatment decreased chilling harm on muskmelon plant seed germination and increased total soluble sugars and cold-response Peach fruit's gene expression [Zhao et al., 2021].
3. Use of biological therapies: One strategy to support agricultural sustainability, particularly in times of stress, is the use of biofertilizers. These improve the interaction between soil, arbuscular mycorrhizal fungi (AMF), and plant growth-promoting rhizobacteria (PGPR) and are helpful in increasing plant production by improving nutrient cycling in the soil or cultivating tolerance to a variety of abiotic stresses [Bhardwaj et al. 2014].
4. Use of biotechnological tools: The development of transgenic lines and improvements in a range of biotechnological tools have been made possible by the introduction of modern molecular or biotechnological tools, such as miRNA identification and signalling pathway analysis [Li. et al. 2024], CRISPR/Cas-mediated genome editing, quantitative trait loci (QTL) mapping, and genomic selection (GS). With the use of these technologies, the targeted gene—which is involved in different metabolic processes, signalling pathways, and gene expression—can now be located and identified more precisely in the new genome. According to Anwer et al. (2020), this technique improves plant yield and advances knowledge of physiological and molecular pathways as well as stress responses.
5. [image: ]Utilization of nanotechnology: This technology has great potential to improve stress-reduction techniques and lessen the effects of climate change. The development of nano-enabled technologies to support plant growth includes the use of nano fertilizers in a variety of ways (such as soil irrigation, foliar spray, and seed coating), genetic engineering of plants to increase defence-related phytohormones and photosynthetic efficiency, and nanosensors to track plant health in real time. NPs can be used as nano fertilizers to increase plant yields under stressful circumstances, according to a number of studies [Manzoor et al. 2022]. Abiotic stresses brought on by climate change, global warming, human activity, and other unavoidable causes frequently result in the degradation of natural resources and a decline in agricultural output [Palmgren et al. 2024]. As seen in Figure 1, new approaches, such as the use of NPs and other technologies, are being investigated to reduce the negative impacts of these pressures on horticultural plants. Thus, knowledge of these abiotic stresses is necessary for creating effective management plans and boosting plant resilience.
       Figure 1. Strategies for stress management in horticulture.
1. [bookmark: Role_of_Nanoparticles_on_Abiotic_Stresse]Impact of Nanoparticles on Abiotic Stressors
Stressors in the environment hinder a plant's ability to grow, develop, and produce. Several studies demonstrate that plants exposed to different stimuli produce reactive oxygen species (ROS) that induce oxidative damage [Ahluwalia et al. 2021]. Among other physiological changes in plants, drought results in wilting, reduced leaf area, decreased photosynthetic activity, and eventually poor development or plant mortality. It may also result in oxidative stress, which degrades cells and destroys mitochondria and chloroplasts. Salinity can cause ionic toxicity, impaired cellular activity, and osmotic stress, which limits a plant's capacity to absorb water.
           This could lead to chlorosis, reduced growth rates, and leaf necrosis. Heat stress from high temperatures can lead to denaturation of proteins, an increase in respiration rates, and a decrease in photosynthetic efficiency. On the other hand, low temperatures can damage cells, reduce metabolic activity, and result in frost damage. By producing reactive oxygen species (ROS), causing oxidative stress, and damaging enzyme systems necessary for growth and development, heavy metals can interfere with plant metabolism. These unfavorable conditions change the metabolism of ROS, which are extremely reactive chemical intermediates based on oxygen [Gane et al. 2014]. Even though antioxidant defense mechanisms defend against oxidative stress, overuse of them can be harmful. Proteins, nucleic acids, and membrane lipids are examples of macromolecules that can be harmed by high ROS concentrations.
Nitro-oxidative stress and plant cell death could result from this imbalance [Raliya et al. 2016]. NPs are a useful rolling tool for strengthening abiotic stress resistance in plants. Through three main pathways, they support a number of physiological and biochemical processes that reduce stress. (I) Improving water retention and nutrient uptake: NPs improve soil structure and root interaction, which increases water retention and nutrient availability and absorption. For example, titanium dioxide (TiO2) NPs improved nitrogen uptake and drought tolerance in grape plants [Daler et al. 2024], whereas silicon dioxide (SiO2) NPs improved chlorophyll content and shoot growth in drought-stressed banana plants [Mahmoud et al. 2020].
[bookmark: Water_Stress_](II) By increasing antioxidant activity, NPs can promote the synthesis of antioxidant enzymes, which helps plants scavenge reactive oxygen species and lessen oxidative damage [Fallah et al. 2024]. Iron nanoparticles (Fe NPs) also increased antioxidant enzyme activity in grape plants [Mozafari et al. 2018], but selenium nanoparticles (Se NPs) elevated phenolic compounds and antioxidant enzymes in drought-stressed pomegranate plants [Zahedi et al. 2021]. (III) NPs efficiently transport nutrients and growth regulators as carriers for substances that lower stress, increasing their efficacy and bioavailability [Arshad et al. 2021]. By reducing abiotic stressors, nanotechnology holds great promise for safeguarding the future of agriculture worldwide. It has been demonstrated that NPs can help plants overcome a variety of obstacles by enhancing their growth, development, and output. Here, it is investigated in the following important areas:
1.1. Water Stress   
In addition to reducing flowering, water stresses decreased plant life, productivity, and quality in fruit and vegetable crops by changing the amounts and roles of pho-tosynthetic pigments, osmolyte content, and enzyme activity [Alkhateeb et al. 2024]. Nanotechnology has recently been incorporated into agricultural systems. In addition to decreasing crop production, increasing yield, and reducing nutritional and economic failures during drought stress, a variety of NP varieties have been developed to promote balance by altering the amounts and functions of photosynthetic pigments, osmolyte content, and enzyme activity. Water stressors also affected fruit and vegetable crops [Kandhol et al. 2022]. When applied exogenously to micro-propagated banana cv. "Grand Nain" under drought stress, SiO2 NPs at a rate of 50 mg L−1 have been shown to increase shoot growth and chlorophyll content, protect cellular membranes by lowering malondi-aldehyde (MDA) levels, and lessen oxidative damage to plants [Mahmoud et al. 2020]. Additionally, when pomegranate plants are subjected to drought stress, selenium nanoparticles (Se-NPs) at a dose of 20 mg L−1 and a size of 10 nm increase levels of photosynthetic pigment in leaves, phenolic content, and antioxidant enzymes while decreasing stress-induced lipid peroxidation and H2O2 content. In contrast to previous treatments, severe drought stress markedly increased the amount of phytohormone stored as abscisic acid [Zahedi et al. 2019]. According to vegetable research, the plants' membrane stability index, relative water content (RWC), and photo-synthetic efficacy all rose when ZnO-NPs were topically given to aubergine (Solanum melongena L.) for 30 to 45 days following transplanting [Semida et al. 2021].
Table 1. gives a summary of the nanomaterials that impact gene expression and cause biochemical and physiological changes to increase horticulture crops' tolerance to drought stress.
	Horticulture Crop Species
	Nanomaterials/Addition Method
	Effects
	References

	Mango
Mangifera indica L.


	TiO2 NPs (40, 60, and 80 mg/L), silicon (Si) NPs (50, 100, and 150 mg/L), and selenium (Se) NPs (5, 10, and 20 mg/L) are applied topically.

	NPs greatly enhanced the vegetative parameters of mango trees during drought when compared to the unsprayed plants during the experimental seasons, increasing the metrics pertaining to fruit quality and final production.
	[Almutairi et al. 2023]


	Grape
Vitis vinifera L.

	Iron nanoparticles (Fe NPs) in 7% polyethylene glycol (PEG) were introduced to the growth to simulate drought stress. Fe NPs were dissolved in half-strength Hoagland solution without Fe-EDTA at various concentrations (0, 5, 10, 20, 30, and 40 µM).

	By producing more H2O2 and MDA, the plants' physiological integrity was preserved, resulting in a decrease in leaf RWC, chlorophyll content, and chlorophyll fluorescence (Fv/Fm). This was especially true at the optimal antioxidant dosage of 30 µM Fe NPs.
	[Bidabadi et al. 2023)


	
Pomegranate
Punica granatum L.

	Ag NPs, or silver nanoparticles, were sprayed three times with 7.5 and 10 mg L−1 of titanium nanoparticles (TiO2 NPs) at the beginning of flowering, at full bloom, and a month later. NPs are sprayed on leaves at concentrations of 0, 10, 20, and 30 mg/L−1.
	Fruit quality, yield, and biomass all rose in tandem with the quantity of bioactive compounds. When drought stress is present, TiO2 NPs are a helpful technique for increasing plant yields. Flavonoids increased as a result of TiO2 NPs.

	[Mosa et al. 2022]


	Strawberries Fragaria × ananassa Duch.

	After adding 50 and 100 mg L−1 of SiO2 NPs, or nano-silicon dioxide, to an MS medium containing PEG at varying concentrations, the plantlets were cultivated for 35 days.
	increased root weight and length, leaf count, SPAD index, CAT, and SOD activity, all of which indicate improved resilience to water stress.
	[Javan et al. 2024]


	
	The combined effects of the treatments—Fe3O4 NPs at 0.08 and 0.8 ppm and salicylic acid (SA) at 0.01 and 0.05 mM—on branch number and other phenotypic parameters were examined under drought stress at three levels, namely 5 and 10%, which were simulated by PEG.
	While reducing the negative impacts of drought stress, strawberry plantlets cultivated in vitro with Fe4 NPs and SA increased the number and quality of morphological and growth parameters.

	[Sener et al. 2023]



	Tomato
Solanum lycopersicum
	Following two weeks of drought stress, three concentrations of a biochar (NNS) foliar nanonutrient solution were applied: 0%, 1%, 3%, and 5%.

	increased plant biomass with exogenous NNS infusion, hence mitigating the impacts of dryness-induced oxidative stress. It decreased lipid peroxidation, improved membrane integrity, and decreased the buildup of ROS while raising levels of secondary metabolites, osmolytes, and antioxidant enzymes.
	[Mozafari et al. 2018]


	
	Within 20 days of germination, seedlings were moved to pots containing soil and nano-vermicompost (NV) at concentrations of 10 and 100 mg kg−1 of soil. After that, it is exposed to drought stress for fifteen days.
	NV supplementation enhanced membrane function, ROS production, and lipid peroxidation. Strict regulation of the antioxidant system, osmolytes, and secondary metabolites also protected damage caused by drought.
	[Mubashir et al. 2023]


	Potato
Solanum tuberosum L.
	magnetite (Fe3O4 NPs) and zinc oxide (ZnO NPs). Using potato plantlets, NPs were applied at 0.0, 2.5, and 5.0 ppm, while sorbitol was used at 0.0, 1, 2, 3, and 4 Mm to mimic the effects of drought on micropropagation, microtuberization, and certain biochemical characteristics.
	enhanced production of quercetin and kaempferol and their capacity to scavenge the 2,2-diphenyl-1-picrylhydrazyl radical.

	[Ahanger et al. 2021]


	Okra
Abelmoschus esculentus L.
	Apply iron nano-chelate (Fe N-C) nanofertilizer at 100%, 80%, and 60% of soil field capacity at 3.5, 7, and 10 kg ha1 during drought stress.
	Fe N-C increased the efficiency of nutrient absorption into plant tissues and boosted plant metabolism.
	[Sallam et al. 2022]


	Eggplant
Solanum melongena L.
	100% crop evapotranspiration (ETc) with complete irrigation; 60% ETc under drought stress; ZnO NPs at concentrations of 0, 50, and 100 parts per million.

	ZnO NP-treated water-stressed plants exhibited enhanced growth traits, increased yield, and reduced drought stress. These improvements included improved RWC and membrane stability index, enhanced photosynthetic efficiency, and better stem and leaf anatomical features.
	[Kobdani et al. 2021]


	Coriander
Coriandrum Sativum L.
	Three foliar treatments of 1.5 mM silicon nanoparticles (Si NPs) and Si-bulk were carried out at intervals of 15 days.

	Following Si NPs treatment, the ideal essential oil (EO) quality and quantity rose along with total phenolic content (TPC) and total flavonoid content (TFC).
	[Semida et al. 2021]


	Pumpkin
Cucurbita pepo L.
	Using MS media containing 3% sucrose and 0.8% agar with or without MWCNTs at varying doses of 125, 250, 500, and 1000 µg mL−1 for germination, multi-walled carbon nanotubes (MWCNTs) were produced under water stress. PEG was added at a rate of 150 g/L of medium to repeat this process.
	By boosting the activity of antioxidant enzymes at low dosages, MWCNTs protect seedlings from oxidative damage. Excess ROS are scavenged by these enzymes. Significant amounts of oxidative damage indicators, like MDA and H2O2, were observed, however.

	[Afshari et al. 2021]


	
	0.5, 1.5, and 2.5 parts per thousand of nano-potassium (K NPs) were sprayed three days before irrigation.

	Plant development was improved and element transport and absorption in the leaves were expedited by the effective usage of K NPs. Plant development was improved and element transport and absorption in the leaves were expedited by the effective usage of K NPs.
	[Hatami et al. 2017]



[bookmark: Temperature_Stress_]          Cut chrysanthemum flowers and other drought-stressed plants avoided vascular obstruction and had a 3.21-day longer vase life than the control treatment [Kazemipour et al. 2013]. Additionally, foliar spraying 0.1% and 0.05% ZnO-NPs onto Moringa seedlings increased their phenolic contents and antioxidant activities while also significantly reducing the degradation of chlorophyll [Foroutan et al, 2019].
1.2. Temperature Stress
Variations in temperature over the growing season can cause a variety of physiological abnormalities in plant cells, including decreased fruit quality, slowed photosynthesis, and damage to cell membranes [Fischer et al. 2016]. By harming the intermolecular connections required for robust growth in the summer heat, severe alterations may impede plant development and fruit set [Bita et al. 2013]. Heat stress frequently shortens a plant's life cycle and lowers productivity because it lowers photosynthetic activity efficiency [Zhao et al. 2021]. In tropical and subtropical regions, heat stress can become a major problem that lowers productivity. In reaction to heat stress, plants create molecular chaperones and heat shock proteins. A heat shock protein boosts resistance to heat stress and aids other proteins in maintaining stability under strain. Furthermore, Shafqat et al. (2021) report that multiwall carbon nanotubes enhance heat shock protein synthesis and gene expression. NPs help plants release extra energy during heat stress by boosting transpiration rate and stomatal conductance [Qi et al. 2013]. The physiological and metabolic activities of tomato plants under heat stress were reported to be enhanced by a minor dosage of 50–100 mg L−1 of titanium dioxide nanoparticles (TiO2 NPs) [Qi et al. 2013]. By activating the antioxidant and reducing oxidative stress, CH-NPs given topically at lower concentrations may significantly boost banana resistance to cold stress [Wang et al. 2021].
1.3 Salinity and/or Alkalinity Stress
Plant growth and productivity are significantly reduced by salinity, which also changes the activity of enzymes [Parihar et al. 2015]. Furthermore, it results in a build-up of Na+ and Cl− ions in the cytosol, which significantly affects the structure of cells [Ranjan et al. 2021]. Due to salt accumulation in the mesophyll cells, which lowers stomatal conductance, carbon dioxide is absorbed and the concentration of CO2 within the leaf rises [Malekzadeh et al. 2023]. By increasing osmolyte synthesis, antioxidant activity, and stress-related gene expression, an exogenous application of NPs can mitigate the adverse effects of salt stress. It can also improve growth-related characteristics and productivity [Ali et al. 2021]. Furthermore, by triggering stress-responsive genes and controlling signal transduction pathways, plants adjust to and withstand salt stress [Rashide et al., 2022]. Because of the imbalance in nutrient levels it creates, plants have severe nutritional shortages [Etesami et al. 2018]. Cu NPs have been demonstrated to support tomato plant growth and maintain a balanced Na+/K+ ratio when salt stress is present [Pérez-De-Luque, A. 2017]. The information that is now available suggests that some NPs may promote plant development and growth in the presence of salt stress. The treatment of selenium to lemon verbena (Lip-pia citriodora Kunth) showed improved salinity tolerance by decreasing leaf electrolyte leakage, malondialdehyde, and H2O2 accumulation and increasing the production of secondary metabolites [Ghanbari et al. 2023]. Graphene oxide nanoparticles (GO-NPs) show promise in mitigating the effects of salt stress. At exposure concentrations of 5 and 10 mg/L of GO-NPs, strawberries may be slightly protected against the adverse effects of salt or alkalinity stress, per a different study [Malekzadeh et al. 2023]. GO-NPs improve the morphology and physiology of growth and development in stressed plants by modifying the electron transport chain and the photosynthetic system.




1.4 Heavy Metal Stress
        Heavy metal stress is one of the detrimental factors lowering plant output in the present era. Heavy metal pollution worldwide is caused by human activities such as urbanization and industry [Emamverdian et al. 2015]. Heavy metal stress in plants has also increased as a result of the use of chemical pesticides and fertilizers, which are agricultural tools that adversely affect plants with heavy metals like cadmium (Cd), lead (Pb), cobalt (Co), nickel (Ni), and silver (Ag) [Alengebawy et al. 2021]. In addition to physiological and morphological issues, heavy metals also induce metabolic pathway failure, which directly impairs plant development. This has an impact on the quantity and quality of plants produced, especially medicinal and vegetable crops [Tiwari et al. 2018].
The effectiveness of NPs in reducing heavy metal stress has been the subject of numerous studies. Recently introduced NPs have the ability to alter and absorb heavy metals in soil, reducing their mobility and bioaccumulation. Hydroxyapatite nanoparticles (NPs) can influence copper reduction and boost the bioavailability of heavy metals while preserving the pH of the soil by releasing phosphate ions [Chui et al. 2018]. Fe3O4 NPs treatment has reduced the amounts of Cd metal in soil [Wang et al. 2020]. NPs can reduce ROS by boosting the antioxidant system [Wu et al. 2017].
      For example, grapevines under Cd stress conditions showed how NP treatments reduced the detrimental effects of stress by increasing antioxidant enzymatic activities, total phenolic compounds, anthocyanins, and lowering Cd content in leaf and root when chitosan NPs were used as a putrescine carrier [Panahirad et al. 2023]. Similarly, the bioavailability of Cd and Pb dropped by 97.37% and 98.55%, respectively, when coriander plants were treated with 10 mg L−1 Fe3O4 NPs [Fahad et al. 2020]. Additionally, SiO2 NPs boost the activity of the antioxidant enzymes SOD, CAT, and APX, decreasing translocation and partially lowering arsenic toxicity in tomato plants, as demonstrated in ref. [Gonzalez-Moscoso et al. 2022] (Figure 2).
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Figure 2. Regulation of abiotic stress by nanoparticles.
2. [bookmark: Role_of_Nanoparticles_on_Biotic_Stress_]Role of Nanoparticles on Biotic Stress 
            Biotic stress is the term used to describe the harmful effects that living organisms have on plants. These pressures can have a significant effect on plant growth, development, and production. Among the significant examples of biotic stress are:
Pests: For example, nematodes and other plant-eating insects can directly harm plant tissues by nibbling on leaves, stems, or roots. Aphids, caterpillars, and beetles are common pests. They could also be disease carriers.
Pathogens: These include microorganisms that can damage plants, such as bacteria, viruses, and fungi. Signs of pathogenic diseases include wilting, leaf patches, and root rot. Bacterial blight, downy mildew, and viral infections like mosaics are a few examples.
Weeds: Unwanted plants known as weeds compete with crops for resources like space, light, water, and nutrients. By hiding crops, harboring pests, and serving as disease reservoirs, they can lower agricultural productivity and quality.
When given incorrectly, NPs can be phytotoxic to crops due to the increased concentration of chemicals inside the cell and the appearance of cell toxicity, which increases the number    of free radicals in the cells [Abou El-Nasr et al. 2025]. It is important to keep in mind that NP reactions are dose-dependent and can have a significant impact on apical growth, photosynthetic efficiency, plant biomass, and seed germination.
               By increasing phenolic levels, increasing the activity of antioxidant enzymes in plants, encouraging the synthesis of hormones like salicylic acid and jasmonic acid, which are critical for plant immune responses, enhancing nutrient uptake, fortifying root architecture, making plants more resilient overall, and increasing plant resistance against pathogens, NPs improve plant defense, according to Pascoli et al. (2018). NPs have enormous potential to enhance farming practices, particularly the management of pests and illnesses. Below is an explanation of how they work in certain applications:
(a) NPs have the ability to encapsulate fungicides or insecticides, allowing for their regulated and delayed release and administration [Paradva, K.C. and Kalla, S. 2023]. Consequently, fewer applications are needed, and the possibility of environmental contamination is reduced. By improving the solubility and stability of insecticides, NPs can boost their efficacy [Yin et al. 2023].
(b) Some NPs can function as elicitors, triggering physiological reactions that improve stress tolerance and strengthen plants' resistance to infections. The plant's innate immune system can be stimulated by copper or silica-based NPs, leading to defense mechanisms that boost resistance to infection. ROS production and enhanced phenolic compound buildup, which strengthen plant defense mechanisms, may be the cause of this [Tortella et al. 2023].
(c) NPs can be designed to be selectively harmful to specific pests, allowing them to target particular pests without endangering non-target organisms by minimizing their effects on beneficial and non-target organisms [Ali et al. 2023]. For example, targeted dispersion of lipid-based NPs might alter pest behavior without endangering pollinators like bees [Hooven et al. 2019].
                              Regarding applications that focus on biotic stress, there is a notable difference between the two main types of NPs (organic and inorganic NPs): (i) Ag NPs, for instance, have direct antifungal and antibacterial activity against nematodes, fungus, and bacteria that infect plants. Khan et al. (2021) claim that inorganic nanoparticles frequently possess an inherent capacity to fight illness. (ii) Polymeric nanoparticles (PNPs) are primarily used as nanocarriers, which enhance bioavailability and enable the efficient release of the active ingredient [Shakiba et al. 2020]. Because of their potential for controlled release and environmental protection of active compounds, PNPs have been the focus of much research in recent years.
       PNPs' exceptional stability and ability to release active compounds in a particular plant target zone have sparked a lot of interest in their use in agriculture. Additionally, because PNPs are biocompatible and biodegradable, they are not very harmful. Because of their delayed release, these NPs can also contain a large number of active chemicals with little effect on the environment. Therefore, PNPs often need to be coupled with other active components, including antibiotics, insecticides, herbicides, or even micronutrients, in order to be effective [Khan et al. 2021].
Benefits of Nanotechnology in Horticulture (Mehta et al. 2023)
· In order to ensure that plants receive the greatest nutrients possible while using less fertiliser and reducing environmentally harmful nutrient runoff, nanoscale transporters provide precise nutrient delivery.
· Nanopesticides provide targeted and enhanced pest control while reducing pesticide use and environmental impact by more effectively penetrating plant tissues and insect exoskeletons.
· By improving aeration, reducing soil erosion, and boosting crop resistance to drought, nanomaterials' improved soil structure and moisture retention encourage healthier plant growth.
· Harvested fruits and vegetables have a longer shelf life when temperature, moisture, and gas exchange are controlled by nanotechnology in packaging materials. This reduces food waste and maintains product quality.
· Nanotechnology promotes sustainable horticultural methods by reducing chemical usage, maximising resource use, and decreasing environmental effect.
· Accurate decision-making and resource allocation enabled by real-time data on soil and ambient conditions gathered from nanosensors and monitoring systems increase crop management and resource use efficiency.
· The controlled release of biopesticides or helpful microorganisms made possible by nanotechnology encourages natural pest management methods and reduces dependency on chemical pesticides. 
· Nanotechnology improves the general health and productivity of plants, which leads to higher crop yields and better crop quality.
· Nanotechnology facilitates the customisation of solutions to specific horticultural needs, offering precision and adaptability in crop management;
· Nanoscale sensors and moisture management technologies encourage effective irrigation water use, conserving this vital agricultural resource.
Applications of Nanoparticles in Horticultural Plants in the Real World
The main goals of NPs' many uses in horticultural plants are to improve development, increase resistance to pests and diseases, facilitate nutrient delivery, and support sustainable farming techniques. The following are some noteworthy practical applications of NPs in horticultural crops: 
(a) Enhancement of Nutrient Uptake: Fertilisers with controlled or slow release can be made by NPs. Nanostructured fertilisers reduce leaching loss and enhance nutrient absorption.
(b) Disease and Pest Management: By improving their distribution to the intended area and lowering the amount needed, NPs can increase the effectiveness of insecticides. For example, it has been demonstrated that chitosan nanoparticles (NPs) encasing insecticides are an effective method of controlling pests in crops such as cucumbers [Ingle et al. 2022].
(c) Stress Mitigation: NPs can lessen the effects of abiotic conditions like salinity and drought on horticultural crops. For example, silica nanoparticles (NPs) improve overall plant health and yield by increasing drought tolerance in plants such as cucumbers [Rakesh et al. 2024].
(d) Growth Enhancement: To increase germination rates and seedling vigor, NPs can be administered during seed priming. Zinc oxide nanoparticles, for instance, have been shown to boost early development and crop germination rates [Nile et al. 2018].
(e) Enhanced Photosynthesis: In horticultural crops, some NPs, such titanium dioxide (TiO2), can increase the amount of chlorophyll and photosynthetic efficiency. For instance, TiO2 NPs have been demonstrated to boost Mentha piperita L. growth and net photosynthetic rate [Ahmad et al. 2018].
(f) [bookmark: Future_and_perspectives_of_the_use_of_na]Disease Resistance: NPs can cause plants to become systemically resistant to diseases. For example, it has been demonstrated that selenium nanoparticles trigger defense responses against fungal infections in crops such as strawberries (Fragaria × ananassa) [Shakiba et al. 2020]. By improving nutrient uptake, pest and disease control, stress tolerance, and total crop yield, the application of NPs in horticultural crops has significant promise for improving agricultural operations. These uses may result in more sustainable and effective horticulture systems as research develops.
Future and perspectives of the use of nanomaterials and challenges
[bookmark: Conclusion]The perspectives of applying nanotechnology to horticulture to create intelligent fertilizers (fertilizer delivery, biofertilizers, micronutrient supply, and nano herbicides) that will enhance plant disease resistance, growth, and nutrition divide the challenges of developing precision horticulture. With the growing usage of nanoparticles in consumer products and agricultural uses, nanotechnology is expected to revolutionize numerous fields. Additionally, It has developed into an intriguing method for improving plant growth under biotic and abiotic stress, particularly when sustainability is taken into account. NPs can significantly improve plant growth and potentially mitigate the negative effects of phytopathogens during biotic stress. According to Giorgetti et al. (2018), biologic stress is a significant factor in agricultural output loss, accounting for 20–40% of losses brought on by pests and diseases. Producing and gaining a better knowledge of the nanomaterials that can be used in gardening is another endeavour. We need to be aware of all of its physical and chemical properties in order to comprehend the possible effects of its use. Lastly, there is a dearth of knowledge regarding the interactions of nanomaterials with biological systems, ecosystems, dangers, toxicological effects, and human exposure levels.
Conclusion
     Because of its wide range of applications, including its potential harm to the crop's final product and complete disruption of the natural environment, as well as its advantages for better germination processes and the prudent use of pesticides or nutrients, research on how NMs interact with different vegetal materials has drawn attention. 
It is necessary to emphasise a few noteworthy aspects of all the information that has been examined. (i) Because of the nature of NMs, their application may help plants by encouraging growth or boosting crop yield; (ii) Depending on the type of seed and concentration, metal-based NMs seem to work well. In this work, we have examined the different types of NPs and preparation methods (both top-down and bottom-up), highlighting their potential use in agriculture to increase horticulture plants’ resistance to stress. However, most of these materials concentrate in the roots and leaves, which leads to a serious problem with NMs accumulation and renders it an unfeasible alternative for agricultural harvest due to the potential health risks to humans. (III) Economic savings have been observed through the use of nanopesticides/herbicides or nanonutrient delivery; however, more research regarding the hazardous properties and biological reactivity of nanomaterials is required to address the lack of information regarding toxicological and environmental effects. They can reach plant tissues through foliar spray or root systems, enhancing nutrient uptake and provide protection against reactive oxygen species (ROS) generated during stressful situations. The study looks into how NPs can lessen a variety of biotic and abiotic stressors. They achieve this through boosting antioxidant defences, managing osmotic adjustment, and promoting healthy development through improved nutrition delivery and signalling pathways. 
The field of proteome and transcriptome studies has to be developed further in order to provide information about the stress produced by NMs at the gene level.
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