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ABSTRACT 

Nanotechnology is increasingly being explored as a modern approach to make agriculture more sustainable, 

especially through the use of zinc (Zn) and selenium (Se) nanoparticles in seed science. This review focuses on 

how these nanoparticles improve seed germination, early seedling growth, and the ability of plants to withstand 

environmental stresses. Zinc nanoparticles, particularly ZnO, support important plant processes such as enzyme 

activity, nutrient absorption, and hormone balance, which are essential for healthy early growth, while selenium 

nanoparticles, although not considered essential for plants, play a valuable role in strengthening antioxidant 

systems, controlling harmful reactive oxygen species, and helping plants tolerate stresses like drought, salinity, 

and heavy metal exposure. When applied through seed priming (nanopriming), these nanoparticles activate key 

internal processes such as enzyme function, hormonal regulation, and energy mobilisation, resulting in faster and 

more uniform germination. However, their effects are highly dependent on concentration, as optimal levels 

promote growth while excessive amounts may cause toxicity. The combined use of zinc and selenium 

nanoparticles often produces better results due to their complementary roles, improving photosynthesis, biomass 

accumulation, and overall plant resilience, although further research is still needed to optimise their use and ensure 

environmental safety for long-term agricultural applications. 
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1. INTRODUCTION  

The global population is projected to reach about 9.7 billion by 2050, creating immense pressure on agriculture 

to provide food and nutrition for all(Kah, Kookana et al. 2018). Yet, climate change and environmental stresses 

such as rising temperatures, drought, soil salinity, and heavy metal pollution are increasingly threatening crop 

productivity (Calicioglu et al., 2019). While conventional fertilisers and pesticides have historically enhanced 

crop yields, their low use efficiency has contributed to serious environmental concerns, including eutrophication 

and the development of pest resistance (Tilman et al., 2002; Savci, 2012). Nanotechnology offers a promising 

solution for sustainable agriculture, with nano-enabled inputs improving nutrient use and crop protection (Adisa 

et al., 2019; Jakhar et al., 2022). Among these, selenium and zinc nanoparticles stand out in seed science for their 

roles in enhancing germination, seedling vigour, and early plant growth. Selenium nanoparticle seed priming 

strengthens antioxidant defences, balances reactive oxygen species, and increases tolerance to stresses like 

drought, salinity, and metal toxicity (Hawrylak-Nowak et al., 2018; Djanaguiraman et al., 2018; El-Ramady et 

al., 2021). Zinc nanoparticles, particularly ZnO, act as cofactors for enzymes involved in protein synthesis, 

carbohydrate metabolism, and hormone regulation, improving germination, nutrient uptake, and seedling 

development (Rizwan et al., 2017; Rameshraddy et al., 2020; Singh et al., 2021). However, knowledge on their 

mechanisms, optimal application methods, dose responses, and environmental impacts remains limited and 

fragmented. This review evaluates the synthesis, application, physiological mechanisms, and stress-mitigating

effects of selenium and zinc nanoparticles in seed science and agricultural technology. It also highlights research 

gaps and future directions to guide their safe integration into sustainable crop production. 
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2 Physiological Roles of Zinc in Plants 

Zinc is an essential micronutrient that plays a fundamental role in plant metabolism, growth, and development. It 

is a structural or catalytic cofactor for about 300 enzymes that are involved in important physiological and 

biochemical processes, including the regulation of nucleic acids, protein synthesis, membrane integrity, and 

glucose metabolism. (Rai-Kalal & Jajoo, 2021). Zinc is also critically involved in the biosynthesis of auxins, 

particularly indole-3-acetic acid (IAA), which regulates cell division, elongation, and overall plant morphogenesis 

(Marschner, 2012). Additionally, adequate zinc nutrition enhances photosynthetic efficiency, stabilises cellular 

membranes, and improves plant tolerance to both biotic and abiotic stresses such as drought, salinity, and oxidative 

damage ( Broadley et al., 2012).  Seed priming with Zn boosts seed vigour, germination, early seedling 

development, biomass accumulation, photosynthetic performance, and levels of sugars, total nitrogen, proteins, 

and other micronutrients across various crops(Faizan et al., 2018) 

The application of zinc in nanoparticle form, particularly zinc oxide nanoparticles (ZnO NPs), has emerged as a 

promising strategy to improve zinc bioavailability and utilisation in plants. Due to their nanoscale size and high 

surface-area-to-volume ratio, ZnO NPs interact more effectively with seed surfaces, root tissues, and cellular 

components, leading to enhanced uptake, translocation, and physiological efficiency compared to conventional 

zinc fertilisers (Sharma et al., 2021; Dimkpa et al., 2019; Raliya et al., 2017). This improved efficiency enables 

effective zinc delivery at lower application rates, thereby reducing potential toxicity risks while maintaining or 

enhancing plant growth and productivity, making ZnO NPs a sustainable alternative for modern agriculture (Kah 

et al., 2018; Subbaiah et al., 2016) 

 

3. Physiological roles of selenium in plants. 

While selenium is not officially considered an essential nutrient for plants, research has shown that it can offer 

notable benefits for plant growth and resilience when present in the right amounts(Hu, Su et al. 2022) . Selenium 

(Se), a component of selenoproteins, supports starch and ATP production (Turakainen et al., 2006), maintains 

water balance, and protects chlorophyll under drought conditions (Kaklewski et al., 2008; Kuznetsov & 

Kuznetsov, 2003)  

Transforming selenium from its ionic states—such as selenite and selenate—into nanoparticles has been found to 

lower its toxicity, all while preserving or even amplifying its beneficial effects (García-Locascio, Valenzuela et 

al. 2024). Compared to traditional ionic forms, selenium nanoparticles are less reactive, which means they can be 

used more safely at higher concentrations without causing harm to plants. This combination of greater safety and 

increased bioavailability makes selenium nanoparticles especially appealing for uses like seed priming and foliar 

sprays in agriculture. 

 

4. Seed Priming with Zinc and Selenium Nanoparticles 

4.1 Mechanisms of Nanopriming 

Seed priming is an effective pre-sowing technique that enhances germination, seedling vigour, and stress tolerance 

by initiating early metabolic processes without radicle emergence. It involves partial hydration followed by 

redrying, which activates physiological and molecular mechanisms such as antioxidant defence systems and DNA 

repair, ultimately improving seed performance under diverse environmental conditions (Paparella et al., 2015). 

Studies have shown that seed priming significantly improves germination rate, uniformity, and crop establishment, 

making it a widely adopted strategy in modern agriculture (Farooq et al., 2019; Tian et al., 2023). Furthermore, 

primed seeds exhibit enhanced stress resilience and synchronised germination due to the accumulation of essential 

proteins and transcripts required for rapid growth (Afzal, 2023). The technique is also cost-effective and versatile, 

ranging from simple hydropriming methods to advanced biostimulant-based approaches, thereby benefiting both 

smallholder and commercial farming systems (Dawadi & Karki, 2023). Recently, researchers have begun adding 

nanoparticles to the priming solution—a method known as nanopriming. This allows the nanoparticles to penetrate 

the seed coat and interact directly with the embryo inside. 

Through these interactions, nanopriming can set off a variety of beneficial changes within the seed, not only at 

the physiological level but also in terms of biochemistry and gene expression. Seeds treated this way often show 

better quality and performance. The improvements are believed to come from several factors: the seeds absorb 

water more efficiently, important metabolic pathways are activated, enzymes work more effectively, hormonal 

signals are better regulated, and the seed’s antioxidant systems are prepared to handle stress.(Paparella, Araújo et 

al. 2015, Mahakham, Sarmah et al. 2017, Zulfiqar 2021)  

Applying zinc oxide nanoparticles (ZnO NPs) during seed priming has been shown to improve both seed 

germination and early seedling growth through several interrelated mechanisms. These nanoparticles enhance the 

activity of key enzymes such as α-amylase, proteases, and dehydrogenases, which aid in breaking down and 

mobilising stored carbohydrates and proteins to nourish the growing embryo(Abdel Latef, Abu Alhmad et al. 

2017, Salama, Osman et al. 2019). Additionally, optimal doses of ZnO NPs can promote the regulated production 

of reactive oxygen species (ROS), which function as signalling molecules involved in gene activation for 

germination and in overcoming seed dormancy (Ghafariyan, Malakouti et al. 2013). The gradual release of zinc 

ions from these nanoparticles also supports auxin synthesis, stabilises cellular membranes, and facilitates protein 

metabolism—factors that collectively drive cell division, elongation, and robust early seedling development 

(Alabdallah & Alzahrani, 2020)  
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Selenium nanoparticles (SeNPs) help seeds cope with oxidative stress by working through multiple, 

interconnected pathways. One of their main roles is to boost the plant’s antioxidant defence system—they do this 

by increasing the activity of crucial enzymes like superoxide dismutase (SOD), catalase (CAT), ascorbate 

peroxidase (APX), and glutathione peroxidase (GPX). Together, these enzymes form a protective shield, helping 

germinating seeds handle the oxidative challenges they face during the early stages of growth. (Hawrylak-Nowak, 

Hasanuzzaman et al. 2018). This antioxidant support is especially important right after seeds begin to absorb water 

and during the initial stages of germination, periods when the restart of metabolism can cause a surge in reactive 

oxygen species. In addition to bolstering antioxidant defences, selenium nanoparticles also play a role in managing 

plant hormones. They help adjust the levels of abscisic acid (ABA) and gibberellic acid (GA), tipping the balance 

in favour of breaking dormancy and kickstarting germination. (Ishtiaq et al., 2023). By helping to maintain redox 

balance in the cell, selenium nanoparticles play a key role in switching on genes involved in germination and 

boosting seed vigour, whether conditions are ideal or stressful. Studies have shown that SeNPs can support these 

genetic and physiological processes across a range of environments (Hasanuzzaman, Bhuyan et al. 2020) 

Overall, nanopriming with zinc and selenium nanoparticles represents a modern seed enhancement approach that 

integrates micronutrient delivery, redox regulation, hormonal modulation, and metabolic activation. The 

combined action of these nanomaterials results in faster and more uniform germination, improved seedling 

establishment, and enhanced tolerance to environmental stresses, highlighting nanopriming as a promising and 

sustainable strategy for improving crop productivity (Zulfiqar et al., 2021; García-López et al., 2024). 

 

4.2 Effects on Germination Parameters 

Substantial experimental evidence shows that nanopriming with zinc- and selenium-based nanoparticles has a 

pronounced positive effect on seed germination behaviour and early seedling development. In comparison with 

conventional priming techniques, nanoparticle-assisted priming consistently promotes faster radicle emergence, 

improved germination synchrony, and higher seedling vigour. These improvements are primarily associated with 

enhanced seed hydration, rapid initiation of metabolic processes, and more efficient utilisation of stored food 

reserves during the early phases of germination(Kah 2015, Rastogi, Zivcak et al. 2017, Tamindžić, Azizbekian et 

al. 2023). The shortening of mean germination time observed after nanopriming reflects more uniform 

germination, which is essential for achieving consistent crop establishment and competitive growth in field 

environments. 

In horticultural crops, seed treatment with selenium nanoparticles has been widely reported to enhance key 

germination traits, including germination percentage and vigour indices. These positive responses are largely 

attributed to improved antioxidant defence, better maintenance of cellular redox balance, and reduced oxidative 

damage during seed imbibition and the onset of germination (Hawrylak-Nowak et al., 2015; Ahmad et al., 2021; 

El-Ramady et al., 2022). Improvements recorded under laboratory and nursery conditions often translate into 

superior early establishment in the field, underscoring the agronomic relevance of selenium-based nanopriming 

in vegetable production systems. 

Cereal crops similarly exhibit strong responses to zinc-based nanopriming. Several studies have demonstrated that 

ZnO nanoparticle seed treatments significantly increase germination percentage, seedling length, and overall 

vigour, leading to more robust early growth compared with untreated seeds(Dimkpa, Singh et al. 2018, Faizan, 

Bhat et al. 2021). Enhanced chlorophyll accumulation and improved photosynthetic efficiency in young seedlings 

indicate that the benefits of nanopriming extend beyond germination and contribute to improved physiological 

performance during subsequent growth stages (Tripathi et al., 2017; Singh et al., 2023). Comparable responses 

have been observed in oilseed crops, where the combined application of zinc and selenium nanoparticles under 

abiotic stress conditions resulted in higher final germination rates, faster germination, and increased antioxidant 

enzyme activities compared with hydroprimed and non-primed seeds (Rady et al., 2020; Abdel-Latef et al., 2022). 

Overall , these findings clearly indicate that nanopriming with zinc and selenium nanoparticles consistently 

enhances germination efficiency, speed, and uniformity across a wide range of crop species. Improvements in 

early germination and seedling growth parameters are critical for successful crop establishment and stress 

tolerance, highlighting nanoparticle-based seed priming as a promising and sustainable approach for improving 

agricultural productivity under both optimal and stress-affected conditions (Khan et al., 2019; Nile et al., 2022). 

4.3 Concentration-Dependent Effects 

When applied at moderate concentrations, typically between 25 and 400 ppm, zinc oxide nanoparticles (ZnO NPs) 

generally promote seed germination and early seedling development, though the ideal dose varies depending on 

crop species and treatment method. ZnO NP seed treatment in soybeans improves root and shoot growth and 

supports physiological functioning in legume crops; however, excessive concentrations disrupt antioxidant 

balance, increase the accumulation of reactive oxygen species, and have a detrimental effect on plant growth 

(Ghafariyan et al., 2013; Latef et al., 2017 The effectiveness of nanoparticle priming is highly concentration-

dependent, with both stimulatory and inhibitory effects possible depending on the dose applied. This biphasic 

response, often described as hormesis, is characteristic of many nanomaterial-plant interactions. At low to 

moderate concentrations, nanoparticles typically promote germination and growth, while excessive concentrations 

can induce phytotoxicity (Rico, Majumdar et al. 2011)  

Seed priming using selenium nanoparticles (SeNPs) produces a distinctly dose-dependent effect, where positive 

physiological responses are observed only within an optimal concentration window. Across different crop species, 

low to moderate SeNP concentrations (approximately 1–50 mg L⁻¹) have been shown to enhance seed 
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germination, seedling vigour, and early growth performance. In cereal crops such as rice and maize, appropriately 

dosed SeNP priming improved seedling establishment by strengthening antioxidant defence systems and 

maintaining cellular redox balance, while excessive concentrations resulted in delayed germination and growth 

inhibition (Dong, Huang et al. 2025)). These studies collectively demonstrate that the success of SeNP seed 

priming is highly contingent upon precise dose optimisation, which varies according to plant species, 

developmental stage, and nanoparticle physicochemical properties. 

Concentrations between 100 and 300 ppm enhanced germination, seedling vigour, and zinc bioavailability by 

improving metabolic activity during early growth stages(Sedghi, Hadi et al. 2013). For rice, concentrations around 

100 ppm proved effective for promoting germination and starch metabolism (Sharma et al., 2021). However, 

concentrations exceeding 500 ppm often resulted in reduced germination or seedling abnormalities, highlighting 

the importance of dose optimisation. 

 

5. Molecular and Biochemical Mechanisms 

5.1 Hormone Regulation During Germination 

The transition from seed dormancy to germination is controlled by a complex hormonal balance, mainly involving 

the antagonistic interaction between abscisic acid (ABA) and gibberellic acid (GA). ABA is responsible for 

maintaining dormancy, while GA promotes germination by stimulating embryo growth and enzymatic activity 

required for reserve mobilisation (Nonogaki et al., 2010; Shu et al., 2016). Recent studies have highlighted that 

nanoparticle-based seed priming (nanopriming) can influence these hormonal pathways, thereby enhancing 

germination and seedling establishment under both normal and stress conditions (Rico et al., 2011; Latef et al., 

2017). 

In rapeseed (Brassica napus), nanopriming with selenium nanoparticles (SeNPs) and zinc oxide nanoparticles 

(ZnO NPs) has been shown to significantly regulate the expression of ABA-related genes such as BnCYP707A1, 

BnCYP707A3, and BnCYP707A4, leading to reduced ABA accumulation and the release of seeds from dormancy 

(El-Badri et al., 2021). This reduction in ABA content plays a key role in initiating germination processes. 

Additionally, nanoparticles have been reported to enhance reactive oxygen species (ROS) signalling and 

antioxidant defence mechanisms, which further support hormonal regulation during seed germination (Bailly, 

2004; Latef et al., 2017). 

Conversely, nanopriming also promotes the upregulation of gibberellin biosynthesis genes such as BnGA20ox, 

BnGA3ox, and BnCPS, especially under stress conditions like salinity (El-Badri et al., 2021). These genes encode 

enzymes essential for GA production, and their increased expression leads to higher GA levels that stimulate 

embryo elongation and accelerate germination. The coordinated regulation of ABA degradation and GA 

biosynthesis demonstrates that nanoparticles act as key modulators of hormonal signalling pathways (Nonogaki 

et al., 2010; Shu et al., 2016). 

Overall, nanoparticle-mediated seed priming enhances germination by fine-tuning hormonal balance, improving 

oxidative stress tolerance, and activating metabolic processes required for early seedling growth, making it a 

promising strategy for sustainable agriculture (Rico et al., 2011; Latef et al., 2017). 

5.2 Antioxidant Defence System Activation 

During germination, seeds undergo rapid metabolic activation, which leads to increased oxygen consumption and 

the generation of reactive oxygen species (ROS), resulting in oxidative stress. Nanoparticle-based seed priming 

has been shown to enhance antioxidant defence systems, thereby protecting cellular structures during germination 

and early seedling establishment (Bailly, 2004; Paparella et al., 2015). 

Experimental evidence indicates that selenium nanoparticle (SeNP) priming significantly enhances antioxidant 

enzyme activities in germinating seeds. In rice, SeNP treatment increased the activities of superoxide dismutase 

(SOD) and catalase (CAT), particularly during later stages of germination, while ascorbate peroxidase (APX) 

activity remained relatively stable, suggesting selective regulation of antioxidant pathways (Hu et al., 2022). This 

targeted modulation helps maintain redox homeostasis without triggering excessive stress responses. 

Similarly, in wheat exposed to drought stress, selenium nanoparticles have been reported to significantly enhance 

the activities of key enzymes involved in the ascorbate–glutathione cycle, including monodehydroascorbate 

reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione reductase (GR), glutathione peroxidase 

(GPX), and catalase (Ikram et al., 2020). These enzymes play a crucial role in detoxifying hydrogen peroxide and 

maintaining intracellular redox balance, thereby protecting cells from oxidative damage and improving stress 

tolerance (Gill & Tuteja, 2010; Noctor & Foyer, 1998). 

In addition to selenium, zinc oxide nanoparticles (ZnO NPs) have also been reported to enhance antioxidant 

defence mechanisms by improving enzymatic activity and reducing oxidative damage in plants under stress 

conditions (Faizan et al., 2018). Zinc supplied through ZnO nanoparticles supports the activity of antioxidant 

enzymes and contributes to membrane stability, thereby minimising lipid peroxidation and cellular injury. 

Nanoparticle-mediated seed priming strengthens antioxidant defence systems by regulating key enzymatic 

pathways, maintaining redox homeostasis, and reducing oxidative damage, ultimately leading to improved 

germination performance and enhanced tolerance to environmental stresses (Paparella et al., 2015; Gill & Tuteja, 

2010). 

5.3 Enzyme Activation and Reserve Mobilisation 

Successful germination depends on the efficient mobilisation of stored reserves such as starch, proteins, and lipids, 

which provide energy and essential metabolites for the developing embryo. This process is closely associated with 
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the activation of hydrolytic enzymes, including α-amylase, proteases, and lipases, which are responsible for the 

breakdown of stored reserves during germination (Finch-Savage & Leubner-Metzger, 2006; Rajjou et al., 2012). 

Nanoparticle-based seed priming has been reported to influence germination processes and seedling establishment 

by enhancing physiological and biochemical activities within the seed. These improvements are often associated 

with increased metabolic efficiency and may contribute to enhanced activity of enzymes involved in reserve 

mobilisation (Weitbrecht et al., 2011). Higher α-amylase activity facilitates the hydrolysis of starch into sugars, 

supplying energy necessary for the developing embryo. (Rajjou et al., 2012). Protease enzymes play a key role in 

converting storage proteins into amino acids for protein synthesis, aiding cell division and seedling growth. 

Meanwhile, lipids are mobilised by lipases and undergo β-oxidation to provide energy via the glyoxylate cycle 

during early seedling establishment.(Graham, 2008; Eastmond & Graham, 2001). 

 

6. Impact on Seedling Growth and Development 

6.1 Root and Shoot Development 

The benefits of nanoparticle-based seed priming extend beyond germination and significantly influence early 

seedling growth and development. In particular, enhanced root system development is essential for successful 

plant establishment, as it improves water and nutrient uptake, strengthens anchorage, and contributes to overall 

plant vigour (Ma et al., 2010; Nair & Chung, 2014). Studies have reported that nanoparticle-treated seeds exhibit 

improved root and shoot elongation due to enhanced metabolic activity and more efficient physiological 

functioning during early growth stages (Tripathi et al., 2017). 

In direct-seeded rice, nanoparticle priming with selenium and zinc has been shown to significantly improve 

seedling growth parameters, including root and shoot length, within the initial weeks after sowing (Adhikary et 

al., 2022). The observed increase in seedling vigour was associated with enhanced metabolic processes, improved 

mobilisation of nutrients, and strengthened antioxidant defence systems during early development. These findings 

highlight the ability of nanoparticle priming to accelerate early growth and improve crop establishment under field 

conditions. 

Selenium nanoparticles, in particular, have been reported to enhance root development and improve plant water 

status under both normal and stress environments (Feng et al., 2013). This effect is likely linked to the modulation 

of phytohormones such as auxins and the protection of actively dividing root meristem cells from oxidative 

damage. Additionally, nanoparticle treatments have been shown to improve root architecture by stimulating lateral 

root formation and increasing root surface area, thereby enhancing the plant’s capacity for water and nutrient 

uptake ( Nair & Chung, 2014). 

6.2 Biomass Accumulation and Vigour 

Biomass accumulation during the initial stages of plant growth is a key factor determining successful seedling 

establishment and overall crop yield. Seedling vigour, characterised by quick germination, uniform emergence, 

and strong early development, can be effectively enhanced through nanoparticle-based seed priming techniques 

(Paparella et al., 2015; Farooq et al., 2019). Zinc (Zn) and selenium (Se) nanoparticles have been extensively 

studied for their ability to improve these traits by regulating metabolic processes, strengthening antioxidant 

systems, and optimising nutrient availability during germination and early seedling growth (Rizwan et al., 2019; 

Hasanuzzaman et al., 2020). 

Priming seeds with zinc oxide (ZnO) nanoparticles has been found to promote biomass accumulation by 

enhancing the activity of enzymes responsible for mobilising stored reserves. In wheat, treatment with ZnO 

nanoparticles resulted in noticeable increases in seedling dry weight, as well as improved root and shoot 

development, leading to higher overall vigour. These improvements are mainly linked to the stimulation of 

hydrolytic enzymes such as α-amylase, which play a key role in breaking down starch into usable energy. As a 

result, seedlings are able to grow more quickly and establish more effectively during the early stages (Raliya et 

al., 2015). 

Selenium nanoparticles also play an important role in enhancing biomass by supporting photosynthesis and 

reducing oxidative stress in plants. In rice, seeds treated with Se nanoparticles showed higher chlorophyll levels, 

improved photosynthetic activity, and increased overall biomass. These positive effects are mainly due to the 

protection of chloroplast structure and a reduction in oxidative damage, which together help improve carbon 

assimilation and maintain steady plant growth (Hartikainen et al., 2000; Feng et al., 2013). 

Apart from improving physiological processes, nanoparticle priming also brings about noticeable changes in plant 

morphology that support biomass accumulation. Plants treated with zinc nanoparticles often show better root 

growth and increased branching, which helps them absorb water and nutrients more efficiently. For instance, in 

maize, Zn-based nanopriming improved root system development and nutrient uptake, ultimately resulting in 

higher biomass production and stronger early establishment of seedlings (Subbaiah et al., 2016). 

6.3 Photosynthetic Efficiency 

Nanoparticle-based interventions are increasingly recognised for their ability to enhance photosynthetic efficiency 

in developing seedlings, thereby promoting improved plant growth and productivity. Zinc (Zn) plays a 

fundamental role in chlorophyll biosynthesis, maintenance of chloroplast integrity, and activation of key enzymes 

involved in photosynthesis. In contrast, selenium (Se) contributes primarily through its role in reinforcing 

antioxidant defence systems, thereby protecting the photosynthetic machinery from oxidative damage. The nano-

formulation of these micronutrients enhances their solubility, uptake, and translocation within plant tissues, 
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resulting in improved physiological performance compared to conventional forms (Dimkpa & Bindraban, 2016; 

Hussain et al., 2019). 

Experimental studies have demonstrated that zinc-based nanoparticles significantly improve photosynthetic 

parameters such as net photosynthetic rate, stomatal conductance, and chlorophyll fluorescence. These 

improvements are closely associated with enhanced chlorophyll accumulation and increased efficiency of 

photosystem II (PSII), which collectively contribute to improved energy conversion and biomass production in 

seedlings (Liu et al., 2021; Gao et al., 2018). Furthermore, zinc has been shown to alleviate stress-induced 

degradation of photosynthetic pigments, restoring chlorophyll a, chlorophyll b, and total chlorophyll content under 

adverse environmental conditions, thereby maintaining photosynthetic stability (Tavallali et al., 2010; Zhang et 

al., 2014). 

Selenium nanoparticles further enhance photosynthetic performance by protecting chloroplast membranes and 

associated enzymes from reactive oxygen species (ROS)-induced damage, particularly under abiotic stresses such 

as drought, salinity, and high temperature. By improving antioxidant capacity and maintaining cellular redox 

homeostasis, selenium enables plants to sustain efficient photosynthetic activity even under stress conditions 

(Feng et al., 2013; Hasanuzzaman et al., 2011). The combined application of zinc and selenium nanoparticles 

often results in synergistic effects, where zinc supports structural and enzymatic processes while selenium 

enhances stress tolerance through antioxidative protection. This complementary interaction ultimately leads to 

superior photosynthetic efficiency and improved overall plant performance compared to individual treatments 

(Dimkpa & Bindraban, 2016; Gao et al., 2018). 

 

7. Stress Tolerance Enhancement 

7.1 Drought Stress Mitigation 

Drought stress is one of the most severe abiotic constraints limiting global crop productivity, significantly 

impairing plant physiological processes, growth, and yield stability. In this context, nanoparticle-based seed 

priming has emerged as an advanced strategy to enhance drought tolerance and sustain crop performance under 

water stress conditions. Selenium nanoparticles (SeNPs), owing to their enhanced bioavailability and surface 

reactivity, have been reported to improve plant stress tolerance by modulating antioxidant defence systems and 

maintaining cellular redox homeostasis under drought conditions (Zhang et al., 2019; Li et al., 2020). 

In cereal crops such as wheat, selenium nanoparticle treatments have been shown to enhance drought tolerance 

by promoting root system development and improving water uptake efficiency. These adaptations enable plants 

to maintain higher relative water content (RWC) and reduce drought-induced wilting. Moreover, SeNP-treated 

plants exhibit significantly lower levels of oxidative stress markers, including malondialdehyde (MDA) and 

hydrogen peroxide (H₂O₂), indicating efficient scavenging of reactive oxygen species (ROS) and improved 

cellular protection under drought stress (Zhang et al., 2019; Wang et al., 2020). 

Similarly, in tomato and other horticultural crops, selenium nanoparticle application enhances drought tolerance 

by strengthening antioxidant enzyme activities, stabilizing membrane integrity, and improving osmotic adjustment 

through increased accumulation of compatible solutes such as proline. These physiological responses support 

sustained cellular hydration and metabolic activity under water stress conditions, thereby enabling plants to 

maintain growth and productivity even under prolonged drought exposure (Li et al., 2020; Xu et al., 2021). 

The drought tolerance conferred by selenium nanoparticles is associated with multiple coordinated physiological 

and biochemical adjustments, including enhanced root architecture that facilitates efficient water acquisition and 

improved stomatal regulation contributing to better water use efficiency. In addition, SeNP-mediated enhancement 

of antioxidant defence systems plays a crucial role in minimising oxidative damage caused by drought-induced 

reactive oxygen species. These responses are further supported by improved osmotic adjustment through the 

accumulation of compatible solutes, which helps maintain cellular turgor and metabolic activity under water-

deficit conditions. Together, these interconnected mechanisms enable plants to sustain functional stability and 

growth under drought stress (Hussain et al., 2021; Elkelish et al., 2020). 

7.2 Salt Stress Tolerance 

The accumulation of soluble salts creates osmotic pressure and ionic toxicity that severely hinder seed 

development. Nanoparticle seed priming has emerged as an efficient strategy to overcome these constraints by 

initiating physiological readiness. Priming with zinc oxide or selenium nanoparticles triggers controlled hydration 

and metabolic activation without immediate radicle emergence. This process facilitates the creation of seed coat 

nanopores, improving the influx of water and signalling molecules while stimulating hydrolytic enzymes like 

alpha-amylase to fuel rapid growth under saline conditions (Rane et al., 2022). 

At the molecular level, the application of zinc and selenium nanoparticles helps maintain cellular homeostasis by 

regulating the transport of ions and the stabilisation of protein structures. Salinity stress typically leads to the 

displacement of essential potassium ions by sodium, disrupting enzymatic functions; however, nanoparticle-

treated plants show an enhanced ability to exclude sodium at the root interface or sequester it within vacuoles. 

This is often achieved through the modulation of the salt overly sensitive signalling pathway and the upregulation 

of high-affinity potassium transporters (Hassan et al., 2022). Furthermore, selenium nanoparticles have been noted 

for their role in enhancing the thickness of the cell wall and increasing the deposition of lignin and hemicellulose, 

which provides a physical barrier against salt infiltration and prevents the collapse of vascular tissues under 

osmotic dehydration (Aparna et al., 2023). 
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The defensive capabilities provided by nanoparticle priming are largely centered on the mitigation of oxidative 

damage. Salinity triggers the production of reactive oxygen species that lead to lipid peroxidation and the 

degradation of chlorophyll pigments. Zinc oxide nanoparticles contribute to the structural integrity of superoxide 

dismutase, while selenium acts as a cofactor for glutathione peroxidase, creating a robust enzymatic shield that 

neutralises free radicals before they can damage the cellular machinery (Siddiqui & Al-Whaibi, 2023). Recent 

studies have demonstrated that this primed state allows for higher photosynthetic efficiency and the maintenance 

of leaf turgor even when soil salinity levels are high (Noman et al., 2020). By fostering a balance between 

hormonal signalling and antioxidant defence, these nanomaterials ensure that crop productivity is stabilised in 

marginalised agricultural landscapes (Gupta & Maurya, 2024). 

7.3 Heavy Metal Stress Alleviation 

Heavy metal contamination of agricultural soils poses serious threats to food security and human health. Selenium 

nanoparticles (SeNPs) have emerged as an effective strategy to alleviate heavy metal toxicity in plants through 

multiple physiological and biochemical pathways. 

Studies have shown that selenium can significantly reduce the uptake of toxic metals by plant roots and limit their 

translocation to shoots, thereby protecting edible plant parts from contamination (Feng, Wei, & Tu, 2013; Elkelish 

et al., 2019). In nanoparticle form, selenium exhibits enhanced bioavailability and reactivity, allowing more 

efficient interaction with plant systems. SeNPs improve membrane stability, regulate mineral nutrient balance, 

activate antioxidant defence systems, and maintain photosynthetic efficiency under stress conditions. These 

combined effects enhance plant growth and tolerance in environments contaminated with metals such as cadmium, 

lead, arsenic, and chromium (Hasanuzzaman et al., 2020). 

The mechanisms of heavy metal stress alleviation include immobilisation and sequestration of metal ions, 

reducing their bioavailability in plant tissues; activation of antioxidant enzymes to counteract reactive oxygen 

species; improved uptake and utilisation of essential nutrients to maintain cellular homeostasis; and regulation of 

metal detoxification pathways (Filek et al., 2012; Elkelish et al., 2019). Additionally, selenium can compete with 

toxic elements for uptake sites or transporters, thereby reducing their accumulation and toxicity within plant 

tissues (Feng et al., 2013). 

 
Fig.1 Zinc-Selenium seed treatment enhances the seedling vigour under various abiotic stresses 

Zn:Zinc, Se: selenium ; NaCl: salinity ; Pb: Lead, Cr: Chromium , Hg: Mercury(Heavy metals) 

 

8. Synergistic Effects of Combined Zinc and Selenium Nanoparticles 

8.1 Complementary Mechanisms 

The combined application of zinc and selenium nanoparticles has gained increasing attention due to their 

synergistic effects, which often surpass the outcomes of individual applications. This synergy is primarily 

attributed to the complementary physiological and biochemical roles of zinc and selenium in plants, particularly 

under environmental stress conditions. Zinc is an essential micronutrient involved in enzyme activation, protein 

synthesis, membrane stability, and regulation of growth hormones such as auxins, whereas selenium plays a 

critical role in enhancing antioxidant defence systems, maintaining cellular redox homeostasis, and protecting 

plants against oxidative damage (White & Broadley, 2009; Gupta & Gupta, 2017). 

Recent studies have demonstrated that the combined application of zinc and selenium, particularly in nanoparticle 

or priming-based approaches, significantly improves seed germination, seedling vigour, and biomass 

accumulation compared to individual treatments (Rizwan et al., 2019; Hussain et al., 2020). These improvements 

Zn Se 

Drought Salt stress Heavy metal stress Early Germination High root growth 

Tolerant seedlings 

Seeds treated 

with Zinc and 

Selenium 
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are associated with enhanced metabolic activity, efficient nutrient mobilisation, and better early-stage plant 

establishment. Furthermore, co-application of Zn and Se has been shown to improve root development and 

nutrient uptake efficiency, enabling plants to better tolerate abiotic stresses such as heavy metal toxicity and 

salinity (Rizwan et al., 2019; Elkelish et al., 2019). 

The synergistic interaction between zinc and selenium is mediated through multiple interconnected mechanisms. 

Zinc supports structural and catalytic functions by activating a wide range of enzymes and promoting auxin 

biosynthesis, thereby enhancing cell division and elongation (Cakmak, 2008). In contrast, selenium enhances 

antioxidant capacity by stimulating enzymes such as superoxide dismutase, catalase, and glutathione-related 

systems, which mitigate oxidative stress and protect cellular structures (Gupta & Gupta, 2017; Elkelish et al., 

2019). Additionally, both elements contribute to improved photosynthetic performance through distinct pathways, 

with zinc playing a key role in chlorophyll synthesis and enzyme regulation, while selenium protects chloroplast 

structures and maintains photosystem efficiency under stress conditions (Djanaguiraman et al., 2010; Hussain et 

al., 2020). 

8.2 Optimal Ratios and Concentrations 

Determining optimal ratios and concentrations for combined nanoparticle treatments is essential for maximising 

plant growth benefits while minimising potential toxicity or antagonistic interactions. The effectiveness of zinc 

and selenium nanoparticle combinations is highly dependent on plant species, environmental conditions, and 

application methods such as seed priming or foliar application. Both micronutrients exhibit concentration-

dependent behaviour, where insufficient levels may limit physiological processes while excessive concentrations 

can induce oxidative stress and disrupt cellular homeostasis, emphasising the need for precise optimisation (Wang 

et al., 2016; Prasad et al., 2012). 

Experimental studies have demonstrated that the combined application of zinc and selenium nanoparticles at 

moderate concentrations significantly enhances seed germination, seedling vigour, and biomass accumulation 

compared to individual treatments. In cereal crops, co-application of ZnO and Se nanoparticles improves 

enzymatic activity, accelerates metabolic processes during germination, and enhances nutrient mobilisation, 

resulting in improved early seedling establishment and uniform growth (Zhao et al., 2017; Chen et al., 2020). 

These responses are strongly dose-dependent, with moderate concentrations producing optimal outcomes, 

whereas higher concentrations may inhibit growth due to nanoparticle-induced toxicity. Furthermore, the optimal 

ratio of Zn and Se may vary across developmental stages, reflecting changing nutrient requirements during plant 

growth (Chen et al., 2020; Prasad et al., 2012). 

Under abiotic stress conditions such as salinity, combined nanopriming with zinc and selenium has been shown 

to improve plant tolerance more effectively than individual applications. Studies in oilseed and horticultural crops 

indicate that balanced concentrations of Zn and Se nanoparticles enhance antioxidant enzyme activities, regulate 

ion homeostasis, and improve osmotic balance, thereby reducing stress-induced damage and maintaining cellular 

stability (Kumar et al., 2018; Wang et al., 2016). In contrast, excessive application of single elements may lead to 

oxidative imbalance, metabolic disruption, and reduced plant growth. These findings highlight that moderate and 

well-balanced combinations of zinc and selenium nanoparticles are more effective than high-dose single-element 

applications due to improved coordination of physiological and biochemical processes (Zhao et al., 2017; Kumar 

et al., 2018). 

 

Table 1: Effect of Zinc and Selenium nanoparticles in different crops under various abiotic stress 

conditions 

Crop Treatment Dose  Application 

Method 

Stress 

Condition 

Key Observations Reference 

Wheat 

(Triticum 

aestivum) 

ZnO 

nanoparticles 

10–50 

mg/L 

Seed priming Drought Seeds showed better 

germination and 

improved 

photosynthetic activity 

under stress 

(Rai-Kalal & 

Jajoo, 2021) 

Wheat 

(Triticum 

aestivum) 

ZnO 

nanoparticles 

~100 

mg/L 

Soil application Salinity Helped plants manage 

salt stress by reducing 

sodium toxicity and 

improving defence 

systems 

(Rizwan et 

al., 2017) 

Rice (Oryza 

sativa) 

ZnO 

nanoparticles 

20–60 

mg/L 

Seed priming Salinity Improved seed vigour 

and supported enzyme 

activity during early 

growth 

(Dimkpa et 

al., 2019) 

Maize (Zea 

mays) 

ZnO 

nanoparticles 

25–100 

mg/L 

Seed priming Drought Supported better 

seedling growth and 

(Prasad et 

al., 2012) 
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improved tolerance to 

water stress 

Common 

bean 

(Phaseolus 

vulgaris) 

ZnO 

nanoparticles 

25–50 

mg/L 

Seed priming Salinity Helped maintain ion 

balance and improved 

overall seedling growth 

(Rady et al., 

2020) 

Groundnut(A

rachis 

hypogaea) 

ZnO 

nanoparticles 

~1000 

mg/L 

Soil application No stress Increased yield and 

enhanced nutrient 

uptake under normal 

conditions 

(RameshRed

dy et al., 

2020) 

Tomato 

(Solanum 

lycopersicum

) 

ZnO 

nanoparticles 

10–30 

mg/L 

Foliar spray Salinity Improved plant growth 

and boosted antioxidant 

activity 

(Singh et al., 

2021) 

Chickpea 

(Cicer 

arietinum) 

ZnO 

nanoparticles 

20–40 

mg/L 

Seed priming Drought Encouraged root 

development and 

improved metabolic 

activity 

(Jakhar et 

al., 2022) 

  

Mustard 

(Brassica 

juncea) 

ZnO 

nanoparticles 

25–75 

mg/L 

Foliar spray Salinity Enhanced 

photosynthesis and 

reduced cellular 

damage 

(Sharma et 

al., 2021) 

Barley 

(Hordeum 

vulgare) 

 

ZnO 

nanoparticles 

20–50 

mg/L 

Seed priming Salinity Improved early 

seedling growth and 

vigour 

(El-Ramady 

et al., 2021) 

 

Lentil (Lens 

culinaris) 

ZnO 

nanoparticles 

10–30 

mg/L 

Seed priming Drought Promoted better root 

growth and early 

establishment 

(Adisa et al., 

2019) 

Sorghum 

(Sorghum 

bicolor) 

Selenium 

nanoparticles 

~500 

mg/L 

Foliar spray Drought Reduced oxidative 

damage and improved 

photosynthesis 

(Djanaguira

man et al., 

2018) 

Sunflower 

(Helianthus 

annuus) 

ZnO 

nanoparticles 

50 

mg/L 

Seed priming Seed priming Improved biomass and 

water-use efficiency 

(Dimkpa et 

al., 2019) 

Canola 

(Brassica 

napus) 

Selenium 10–40 

µM 

Seed priming Drought Reduced oxidative 

damage and improved 

yield 

(Ahmad et 

al., 2021) 

Camelina 

(Camelina 

sativa) 

Selenium 10–40 

µM 

Seed priming Drought Strengthened 

antioxidant system and 

supported growth 

(Ahmad et 

al., 2021) 

 

 

9. Safety and Environmental Considerations 

While nanoparticles offer significant advantages in agricultural applications, their safe and sustainable use 

requires careful evaluation of potential environmental and human health impacts. Biosynthesised nanoparticles, 

particularly those produced using plant-based extracts, are generally considered more biocompatible and 

environmentally friendly than chemically synthesised counterparts due to their surface-bound organic compounds, 

which can reduce toxicity and improve stability in biological systems (Iravani, 2011; Ahmed et al., 2016). 

The environmental fate of nanoparticles in soil–plant systems remains a critical area of investigation. Once 

introduced into soil, zinc and selenium nanoparticles may undergo transformation processes such as dissolution, 

aggregation, or interaction with soil organic matter, influencing their mobility and bioavailability. Several studies 

have reported that these nanoparticles can release ionic forms that are absorbed by plants through conventional 

nutrient uptake pathways, while a fraction may persist in particulate form and accumulate in plant tissues (Servin 

& White, 2016; Lv et al., 2019). Such behaviour highlights the complexity of nanoparticle dynamics in 

agroecosystems and the need for controlled application strategies. 

Experimental evidence has also demonstrated that nanoparticles are capable of penetrating seed structures and 

interacting with internal tissues. For instance, studies on crop seeds have shown that nanoparticles can traverse 

seed coats and localise within endosperm or embryonic tissues, thereby influencing germination and early seedling 
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development (Ma et al., 2010; Rastogi et al., 2017). While this confirms their effectiveness in enhancing 

physiological processes, it also raises important concerns regarding nanoparticle translocation, persistence, and 

potential accumulation in edible plant parts. Consequently, comprehensive research on nanoparticle 

bioaccumulation, biotransformation, and long-term toxicity within food chains is essential to ensure the safe 

implementation of nanotechnology in agriculture (Kah et al., 2018; Servin & White, 2016). 

 

10.CONCLUSION 

Zinc and selenium nanoparticles show strong potential in enhancing seed performance, plant growth, and stress 

tolerance due to their high bioavailability and complementary physiological roles. Their combined application 

offers synergistic benefits, improving productivity and resilience in crops. However, their effective use requires 

careful optimisation of dosage and application methods to avoid toxicity. Further research on environmental safety 

and long-term impacts is essential to ensure their sustainable use in agriculture. 
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