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Abstract: A ground-breaking method for raising plant stress tolerance and germination rates is
nano-based seed treatment. By manipulating materials at the nanoscale, nanotechnology offers
special qualities that can greatly improve seed performance. The mechanisms by which
nanomaterials enhance seed germination, nutrient uptake and resilience to environmental stress
are examined in this chapter. Additionally, it looks at several kinds of nanomaterials, including
as metal oxides, carbon-based nanoparticles and polymeric nanoparticles, that are employed in
seed treatment. With an emphasis on sustainable farming methods, the chapter goes on to address
the benefits, possible drawbacks and hopes for the future of nano-based seed treatments.
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1 Introduction

World food production must increase 50% by 2050 to meet the needs of 9 billion people
(Frona et al., 2019). We are driven to find technology solutions that can ensure food
security for future generations due to the world's rapidly changing climate and rising
food demand. The main component needed for agricultural development is seed, which
contains the genetic potential of the variants and ultimately decides the yield.
Environmental factors have a significant impact on seed germination, the crucial initial
stage of a plant's life cycle (Lal et al., 2023; Nawaz et al., 2023). Extreme temperatures,
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salt, drought and nutrient shortages are examples of abiotic stressors that can
significantly impair seed germination, resulting in subpar crop establishment and lower
yields. Similarly, seed viability and germination success can be jeopardized by biotic
stressors, such as pathogenic attacks by bacteria, fungus and pests (Begum et al., 2024).

Under adverse conditions, traditional seed preparation techniques like chemical
priming and coating have had only patchy effectiveness increasing germination
efficiency and stress tolerance. Because of the special physicochemical characteristics
of nanoparticles, including their larger surface area, improved reactivity and capacity to
cross biological barriers, nanotechnology presents a possible substitute. In order to
improve seed vigour and stress tolerance, nano-based seed treatments can boost seed
metabolism, improve nutrient and water uptake and provide pathogen protection.
Nanoparticles on the nanoscale (less than 100 nm) have the capacity to contribute to a
new technology-based agricultural revolution (Anderson 2021). NPs can load and
deliver agrochemicals (e.g., fertilizers and pesticides) with controlled releases,
biomolecules (e.g., nucleotides, proteins, activators) and monitoring plant health (e.g.,
sensors) (An et al., 2020).

Agri-nano sustainability can use NPs to stimulate plant growth, increase crop
productivity, protect plants, improve soil quality and detect pathogens and pesticide
residues (Dziergowska and Izabela 2022). During the last decade, NPs have been widely
used as fertilizers or metal fertilizers (Younis et al., 2019). NPs can enter into cell by
direct diffusion, endocytosis and channel process (Nile et al., 2022). The entry of NPs
into plant cells can facilitate via the plasmodesmata (Roberts 2003), aquaporins (Madeira
et al., 2016), ion channels (Schwab et al., 2016), cuticle membrane and stomata
(Chichiricco and Poma 2015), vasculature (Kolitsi et al., 2020). Positive impacts of NPs
in plants can be achieved via foliar spray, root exposure and seed priming to improve
plant performance under biotic and abiotic stress conditions (Wu and Li 2022 & Fiol et
al., 2021).

2 Types of Nanomaterials Used in Seed Treatment

Nanomaterials used in seed treatment can be categorized into multiple classes according
on their physical and chemical composition. These include silica-based nanoparticles,
metal and metal oxide nanoparticles, carbon-based nanomaterials, and polymeric
nanoparticles. Each type of nanomaterial has special properties that make it useful for
improving seed germination, stress tolerance, and seedling growth.

2.1 Silver Nanoparticles (AgNPs)
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Mechanism of Action: AgNPs, or silver nanoparticles, are well-known for their strong
antibacterial capabilities. They produce silver ions (Ag*), which attach to protein thiol
groups and cause infections' cells to malfunction. This encourages proper seedling
development and guards against infections spread by seeds. Protecting seeds from fungal
and bacterial infections enhances their viability and ensures healthy seedling
development. Improved water uptake and stimulated antioxidant enzyme activity
promote seed germination and root elongation, leading to stronger plant growth.

2.2 Zinc Oxide Nanoparticles (ZnO NPs)

Amylase and catalase, two enzymes involved in seed metabolism that convert starch to
sugars and guard against oxidative stress, are activated by ZnO nanoparticles. ZnO NPs
make zinc, a micronutrient that is crucial for plant growth, more readily available.
Improves seed vigour and germination rates. Enhances root and shoot growth. Increases
tolerance to drought and salt stress by boosting antioxidant enzyme activity.

2.3 Iron Oxide Nanoparticles (FesO4 NPs)

Iron oxide nanoparticles have magnetic qualities that can affect the orientation and
growth of roots and they provide bioavailable iron to seeds, boosting photosynthesis and
chlorophyll synthesis. Enhances iron uptake and metabolism. Improves seedling vigor
and stress tolerance. Strengthens root and shoot growth under low iron conditions.

2.4 Copper Nanoparticles (Cu NPs)

For a number of enzymes involved in photosynthesis and respiration, copper is an
essential cofactor. By releasing copper ions gradually and under control, CuNPs enhance
seedling establishment and stress resistance. Stimulates plant defense responses.
Improves seed germination and seedling vigor. Enhances resistance to fungal infections.

2.6 Nanomaterials Based on Carbon

The ability of carbon-based nanomaterials, like graphene oxide and carbon nanotubes
(CNTs), to improve cell wall permeability, boost seedling growth, and increase nutrient
and water intake has attracted attention.

2.6.1 Carbon Nanotubes (CNTs): CNTs have the ability to penetrate seed coverings
and form nanochannels, which makes it easier for nutrients and water to be absorbed.
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Additionally, they serve as transporters of bioactive compounds, enhancing early
seedling development and seed metabolism. Enhances water uptake and seed hydration.
Promotes root elongation and seedling vigour. Facilitates targeted delivery of nutrients
and bio-stimulants.

2.6.2 Graphene Oxide (GO): Graphene oxide produces an environment that is
favourable for the growth of roots and shoots and increases the surface area accessible
for nutrient absorption. Improves seed germination rate. Increases root and shoot growth.
Enhances stress tolerance by modulating hormone levels.

2.7 Silica-Based Nanoparticles

It is well recognized that silica-based nanoparticles (SiO, NPs) can increase plant
defense mechanisms, improve nutrient uptake, and increase mechanical strength. SiO,
NPs increase seeds' tolerance to infections and mechanical stress by fortifying their cell
walls and boosting their structural integrity. They also control how much water and
nutrients are absorbed. Strengthens seed coat integrity, enhances resistance to drought
and salinity and improves nutrient uptake and seed metabolism.

2.8 Polymeric Nanoparticles

Polymeric nanoparticles play a crucial role in agriculture by enabling the controlled and
sustained delivery of nutrients, hormones, and bioactive molecules directly to seeds.
Chitosan nanoparticles, derived from a biopolymer with antimicrobial and bio-
stimulatory properties, form a protective coating around seeds, reducing pathogen
attacks and enhancing germination. These nanoparticles improve seedling vigour,
regulate the release of nutrients and growth stimulants, and strengthen resistance against
fungal and bacterial infections. For instance, chitosan-based nanoparticles have been
shown to boost germination rates and seedling strength in rice and wheat under stress
conditions. Polyvinyl alcohol (PVA) nanoparticles encapsulate nutrients and bio-
stimulants, ensuring controlled and targeted release while improving seed adhesion and
water retention. The potential of polymeric nanoparticles to enhance crop resilience and
productivity has been demonstrated by the successful improvement in seedling vigor and
drought tolerance in soybeans achieved by PVA-based seed coverings.
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Table 1. An outline of the traits and impacts of the various metal and metal oxide nanoparticles (NPs) utilized in seed priming.

Type

Concentration of

of NMs Seed name NMs Key findings References
Asparagus officinalis 100 mg/L Levels of ascorbic acid and chlorophyll | o 5 200g)
improved
Cabbage (Brassica oleracea) 20-40 ppm mcrez_;\seq yield, nutr_ltlonal quality, seed (Zhou et al., 2022)
germination, and seedling growth
Eruca sativa 10 mg/L The length of the roots developed (Vannini et al., 2013)
Jasmine rice (Oryza sativa cv. After 24 hours of incubation, the catalase
KDML105) 10, 20 mg/L activity of primed seeds increased by 71% (Mahakham et al., 2017)
Pea (Pisum sativum) 60 ppm Better germination of seeds (Mukherjee et al., 2014)
increases the amount of chlorophyll and | (Bagherzadeh Homaee and
Potato (Solanum tuberosum) 150 ppm catalase activity. Ehsanpour, 2016)
Rice (Oryza sativa) (KDML 105) | 5 and 10 ppm Increasing the expression of aquUaporin genes | o ot a1 2021)
to improve seed germination
Saffron (Crocus sativus) 40, 80, 120 ppm Root development was enhanced b_y blocking (Bagherzade et al., 2017)
Ag ethylene and conventional stress signals

Sugarcane (Saccharum spp.)

25 and 50 mg/L

Antioxidant defenses are overpowered by
excessive ROS generation

(Bello-Bello et al., 2017)

Thale cress (Arabidopsis
thaliana)

0-100 uM

Hormonal signaling-related genes are
triggered

(Syu et al., 2014)

0.01-100 mg/L

Evapotranspiration, biomass, and root length
all rise

(Syu et al., 2014)

0.2 or 0.5 mg/L

The amount of aguaporin transcripts rose

(Qian et al., 2013)

Vanilla planifolia

25 and 50 mg/L

Enhanced antioxidant responses and nutrient
absorption in plantlets

(Spinoso-Castillo et al.,
2017)

Vicia faba

12.5, 25, 50 and
100 mg/L

Micronuclei, chromosome abnormalities, and
the mitotic index are all noticeably elevated.

(Patlolla et al., 2012)

Watermelon (Citrullus lanatus)

2 mg/mL

The efficiency of germination has increased.

(Almutairi and
Alharbi,2015)
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Changes in the manifestations of roots and

capacity to scavenge ROS.

10 mg/L (Vannini et al., 2014)
shoots
Wheat (Triticum aestivum) 0.01-1.0 mg/L Imprqvement of root anql aerial biomass, seed (Salachna et al., 2019)
germination, and seed vigor
10 mg/L Lowgrs ROS toxicity and promotes early (Kannaujia et al., 2019)
seedling development.
Cabbage (Brassica juncea) 0-400 mg/L Longer roots (Bisht et al., 2014)
Flame lily (Gloriosa superba) 500-1000 uM Enha_nceq vegetative growth and  seed (Gopinath et al., 2014)
germination
5 Germination and physiology improved
Maize (Zea mays) 5-15mg/L without any toxicity (Amott etal., 2021)
5-15 ppm Encouragement of the germination of seeds | (Mahakham et al., 2016)
Au Mustard greens (B. juncea) 10 and 25 mg/L A higher amount of chlorophyll (Arora et al., 2012)
Nicotiana tabacum 30, 100 mg/L Improvement of growth (Judy et al., 2011)
Onion (Allium cepa) lllg/? 500, 1000 A rise in the mitotic index (Alharbi et al., 2017)
Pearl millet (Pennisetum 20-50 mg/L _Lengthgnmg the rqots_ and shoots and (Parveen et al., 2016)
glaucum) increasing seed germination
;Z?:Zﬁ:;ss (Arabidopsis 10-80 mg/L Encouragement of the germination of seeds | (Kumar et al., 2013)
Bufalo berry (Shepherdia . . . L
canadensis) green alder (Alnus 20-40 pg/mL The bseo_:]d_lmg V|g((j)r index and germination (Ali et al., 2020)
viridis) rate both increase
25 pg/mL A higher rate of germination (Lahiani et al., 2015)
C Modification of the seed membrane, s .
| q . q | d (Haghighi and Teixeira da
Tomato (Solanum lycopersicum) accelerated germination, and accelerate Silva, 2014)
10-40 mg/L plant growth ’
Aquaporin up-regulation promotes tomato | (Khodakovskaya et al.,
seedling germination and development 2013)
CeO; Rapeseed (Brassica napus) 0.1 mM Increased amounts of salicylic acid and better (Khan et al., 2022)
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Commpn bean (Phaseolus 1-1000 mg/L. Excesswe.lev«-als had detrimental impacts on (Duran et al., 2017)
vulgaris) seed germination
Indian mustard (Brassica juncea) | 500 mg/L SOD activity in roots and shoots was (Nair and Chung, 2015)
markedly elevated
CuO . 100, 200 and 400 | Soybean roots showed increased expression .
Soybean (Glycine max) mg/L of the genes PAL, C4H, and CAD (Nair and Chung, 2014)
Wheat (Triticum aestivum) seeds
of varieties galaxy-13, Pakistan- 20-40 ppm Development of resistance to abiotic stress (Yasmeen et al., 2017)
13 and NARC-11.
Garden pea (Pisum sativum) 75 ppm Decreased stress from drought (Mazhar et al., 2023)
Kobresia capillifolia 10-100 mg/L E;?\?S;ed photosynthetic rate and Rubisco (Sun et al., 2023)
. . 60 mM and 80 Significantly improve the osmotic stress-
Mungbean (Vigna radiata) MM induced development of plants (Ul Haqg et al., 2023)
. . 30 pg/mL High levels of antibacterial activity (Ahuja et al., 2019)
Rice (Oryza sativa). 10-160 mg/L. Enhanced absorption of water (Guha et al., 2022)
FeO Sorghum (Sorghum bicolor) 10-500 ppm Higher water content in leaves (Maswada et al., 2018)
Watermelon (Citrullus lanatus) .
and Nakay varieties) 20-160 ppm Increased plant growth regulator activity (Kasote et al., 2019)
Wheat (Triticum aestivum) seeds It increases wheat's resistance to abiotic
of varieties galaxy-13, Pakistan- 20-40 ppm Stressors (Yasmeen et al., 2017)
13 and NARC-11.
Wheat (Triticum aestivum), types
WL711 (low-iron genotype) and 25-1000 pg/mL. | A higher yield of harvest (Sundaria et al., 2019)
IITR26 (high-iron genotype).
MnO, | Jalapeno (Capsicum annuum) 0.1-1 mg/mL Development of salinity resistance (Ye et al., 2020)
Mo Chickpea (Cicer arietinum) 10 mg/L An increase in harvest and antioxidant | (Shcherbakova et al.,
enzymes 2017)
Se Rapeseeds (Brassica hapus) 150 umol /L Enhanced salt tolerance and seed germination | (El-Badri et al., 2022)
. . . - . (Bravo Cadena et al.,
SiO, Pea seeds (Pisum sativum) 2 mg/mL Increased vitality of seeds and seedlings 2018)
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Rice (Oryza sativa)

125 mg/L

The rice roots showed a considerable rise in
lipid peroxidation

(Rico et al., 2013)

Tomato (Solanum lycopersicum)
and (Lycopersicum esculentum)

8 g/L

Positively affect tomato seed germination

(Siddiqui and Al-Whaibi,
2014)

Wheat (Triticum aestivum)

300-1200 ppm

Reduced cadmium uptake

(Hussain et al., 2019)

Activate antioxidant systems to shield

TiO, Chickpea (Cicer arietinum) 10-2500 mg/L seedlings from oxidative damage caused on | (Mohammadi et al., 2014)
by cold stress.
Chilli (Capsicum annuum) 750-1250 mg/kg Strong antibacterial action g%'zlgf p Kumar et al.,
\(/:uolg]:r]ios ;‘ bean (Phaseolus 1-5000 ppm Enhance biomass (Savassa et al., 2018)
Lupin (Lupin istermis) 20-60 mg/L. High salinity resistance (Abdel Latef et al., 2017)
200 ppm (Iionhanced seed vigor index and germination (Sharma et al., 2022)
Maize (Zea mays) Reduced cobalt uptake and enhanced the
500 ppm photosynthetic machinery to lessen its | (Salam et al., 2022)
Zn0O toxicity
Morinaa oleifera 10 ppm Enhanced early growth and bioactive | (Garza-Alonso et al.,
9 PP compounds 2021)
Improved seed vigor, metabolic profiles, .
. . 10 pmoL. nutrient uptake and yield (Adhikary etal., 2022)
Rice (Oryza sativa) Promoted early growth and resilience against
50-100 ppm . v9 g (Li etal., 2021)
cadmium toxicity
. Improves  sorghum  germination, seed
Sorghum (Sorghum bicolor) 10-500 ppm development, and resistance to salt (Maswada et al., 2018)
Wheat (Triticum aestivum) 25-100 ppm Decrease the absorption of cadmium (Rizwan et al., 2019a)
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Table 2. Nano-agrochemical-based future nanosystems for improving seed germination and storage.

Nano systems

Description

Key features

Limitations

References

Nanocapsules

Nanoscale vesicular systems
composed of a polymeric membrane
encircling a liquid core.

Sustained release Incremental
agrochemical selectivity
efficacy Extremely highly
efficient Reproducibility 100 %
encapsulation efficiency

limited ability to
encapsulate agricultural
chemicals, prone to
instability and leaking

(Kothamasu et al.,
2012)

/A solid sphere with an active
ingredient dissolved or disseminated
within it that adsorbs or becomes

Excellent biodegradability, less
toxicity, and increased efficacy

IAdhesion issues
Hydrophobicity prevents

Nanospheres of insecticides or fertilizers  hydrophilic agrochemicals [(Pereira etal., 2019)
stuck on the surface of a homogenous .
. even at lower dosages from being loaded
matrix system
. i Ineffective loadi
A colloidal structure made of Improved capacity to ne e_c'_uve oading
- - encapsulate drugs Easy capacities for
amphiphilic monomers with long - hili hemicals Inad
Nanomicelles  |hydrophilic tails and hydrophobic preparatlo_n Hydrophilic corona agrochemicals Ina equate (Li et al., 2022)
of nano micellar decrease in  |stability
heads. .
toxicity
Cross-linked swellable polymer Costly approach There may
networks were used to create three-  |Agrochemicals are released be harmful traces of
Nanogels dimensional hydrogels that could under control. gives out surfactants or monomers (Luo et al., 2021)
retain water without dissolving in moisture. left behind
aqueous solutions.
The physical properties of fibers with [Lightweight, non-toxic, and The process is low yield
Nanofibers Py prop g gnt, ' Needs a lot of voltage. (Farias et al., 2019)

nanometer-diameter diameters vary

having a high surface-to-

Nanofiber in situ deposition
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depending on the polymer
composition.

\volume ratio in comparison to
other nanoparticles

on many substrates is
challenging.

Nanoemulsions

I/An emulsion is the heterogeneous
dispersion of two immiscible liquids
with a mean droplet size of 20-200
nm.

Enhanced stability in the body
Improved pesticide absorption
is achieved by smaller droplets
with a greater surface area.

Minimal toxicity
Unpredictable absorption
Low solubility

(De Castro e Silva et
al., 2019)

Nanosuspension

/A submicron colloidal dispersion of
nano sized chemical particles
stabilized with surfactants.

/A submicron colloidal mixture
of chemical particles that are
nanoscale and stabilized by
surfactants.

Preparation requires high
energy techniques;
Maintenance is costly and
Difficult to maintain
physical stability

(Sutradhar et al.,
2013)

Nanoliposomes

/A new technique for encapsulating
and delivering bioactive substances,
such plant hormones, is submicron
bilayer lipid vesicles.

High surface area, a stability
profile that is acceptable, and
the ability to retain size across
the nanoscale range. Both
biodegradable and nontoxic.

'The mechanical energy
employed in the
manufacturing process has
the potential to break down
lipid structures.

(Aguilar-Perez et al.,
2020)
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3 Mechanism of Action

The unique physicochemical characteristics of nano-based seed treatments-such as their
small size, high surface area-to-volume ratio, improved reactivity, and capacity for
cellular and molecular interaction—are largely responsible for their efficacy in
enhancing germination and stress tolerance. These properties allow nanomaterials to
penetrate seed coats, modulate biochemical pathways, enhance nutrient and water uptake
and protect against environmental and biological stress factors. The mechanisms through
which nano-based seed treatments improve seed performance can be broadly categorized
into the following key pathways:

3.1 Enhanced Water Uptake and Nutrient Absorption

Nanoparticles (NPs) have a major impact on improving the availability of water and
nutrients, which are essential for seed germination and the early development of
seedlings. NPs promote water uptake and nutrient absorption by altering the permeability
of the seed coat and affecting ion transport channels. Metal and carbon-based
nanoparticles create nano-scale pores in the seed coat, accelerating water imbibition the
first step in germination. This rapid hydration activates enzymes and triggers the
breakdown of stored nutrients, leading to faster germination and seedling establishment.
For instance, carbon nanotubes (CNTSs) form nano-channels that enhance water flow,
while FesO4 nanoparticles improve the uptake of iron and other micronutrients, boosting
seedling vigour. Additionally, nanoparticles act as carriers for essential nutrients like
zinc, iron, and magnesium, increasing their solubility and bioavailability. Metal and
metal oxide NPs, such as ZnO and FesO., enhance nutrient mobilization by interacting
with ion transport channels, ensuring efficient nutrient delivery to the growing embryo.
ZnO nanoparticles, for example, improve zinc availability and enzyme activity, while
Fe;0s nanoparticles promote iron transport and chlorophyll synthesis, enhancing
photosynthesis and overall seedling health.

3.2 Antimicrobial and Antioxidant Effects

Nanomaterials, particularly silver (Ag) and zinc oxide (ZnO) nanoparticles, exhibit
strong antimicrobial and antioxidant properties, protecting seeds from fungal and
bacterial pathogens that often cause seedling failure. While ZnO and SiO; nanoparticles
produce reactive oxygen species (ROS) that harm bacterial and fungal cells, their direct
antibacterial effect entails the release of metal ions like Ag* and Cu?* that destroy
microbial cell walls and metabolic processes. This improves seedling establishment and
lowers seed-borne diseases. For instance, it has been demonstrated that silver

https://deepscienceresearch.com 71



nanoparticles (AgNPs) stop the growth of fungi on rice and wheat seeds, hence avoiding
pre-emergence damping-off. Furthermore, the synthesis of antioxidant enzymes
including as catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD) is
stimulated by metal oxide nanoparticles like ZnO and FeO.. These enzymes shield seed
cells from oxidative damage brought on by environmental stressors like salinity and
drought. Increased antioxidant enzyme activity promotes stress tolerance, as observed in
maize, where ZnO nanoparticles boost SOD and CAT activity, enhancing seedling
survival under salt stress. These multifunctional properties of nanomaterials make them
valuable tools for improving seed health and resilience in challenging agricultural
conditions.

3.3 Hormonal Regulation and Gene Expression

Nanoparticles play a vital role in regulating plant hormones and influencing gene
expression, thereby enhancing seed germination and stress resilience. Nano-based seed
treatments can modulate hormone levels, affecting key physiological processes. For
instance, nanoparticles interact with hormone biosynthetic pathways, balancing essential
hormones such as abscisic acid (ABA), which inhibits germination under stress,
gibberellins (GA), which promote seed germination and root/shoot growth, and auxins,
which enhance root elongation and cell division. Studies have shown that Fe;Oa
nanoparticles increase gibberellin levels in rice, accelerating germination, while carbon
nanotube (CNT) treatments enhance auxin activity, leading to improved root
development. Additionally, nanoparticles influence gene expression by activating or
suppressing stress-responsive genes. They upregulate heat shock proteins (HSPs) to
protect cells from oxidative damage, activate aquaporin genes to improve water
transport, and stimulate defense genes to enhance resistance against pathogens and
environmental stress. For example, ZnO nanoparticles have been found to increase
aquaporin gene expression in wheat under drought stress, improving water uptake and
germination rates. These interactions highlight the potential of nanotechnology in
optimizing seed performance and resilience under adverse conditions.

3.4 Controlled Release of Nutrients and Bioactive Compounds

To maximize seedling growth and development, polymeric and silica-based
nanoparticles offer a regulated and prolonged release of nutrients, hormones, and
biostimulants. In order to avoid nutrient loss from leaching and to ensure sustained
availability throughout the early phases of seedling development, these nanoparticles
encapsulate vital nutrients and release them in response to environmental conditions like
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pH and moisture. For example, it has been demonstrated that chitosan nanoparticles
containing phosphate and nitrogen increase the effectiveness of nutrient uptake in rice
seedlings. Furthermore, nanoparticles make it possible to administer growth regulators
and biostimulants precisely to the seed embryo, enhancing stress resilience and
encouraging early vigor. A notable example is polyvinyl alcohol (PVA) nanoparticles
coated with cytokinin, which stimulated faster cell division and increased shoot biomass
in soybean. By regulating nutrient availability and delivering growth-enhancing
compounds with precision, nano-based seed treatments contribute to improved seedling
establishment, resource efficiency, and overall agricultural sustainability.

3.5 Stress Alleviation and Protection Against Environmental Factors

Seed treatments based on nanotechnology increase stress tolerance by strengthening the
seed's resistance to abiotic stresses such salt, drought, and extremely high or low
temperatures. In order to maintain cell turgor and avoid dehydration, these nanoparticles
promote the accumulation of osmolytes such as proline and carbohydrates, which aid in
osmoregulation. Improved water retention allows seeds to survive in arid conditions, as
seen in wheat seedlings treated with SiO2 nanoparticles, which exhibited higher proline
levels and improved drought resistance. Additionally, metal oxide nanoparticles such as
Zn0O and TiO: provide thermal and UV protection by absorbing harmful radiation and
minimizing heat-induced oxidative stress. For instance, ZnO nanoparticles have been
shown to enhance germination rates in barley under high-temperature conditions. By
offering protection against environmental stresses, nano-based treatments contribute to
improved seed viability, seedling vigour, and overall crop resilience in challenging
agricultural conditions.

3.6 Encouragement of Root and Shoot Development

Since they promote cell division, elongation, and structural strength, nanoparticles are
essential for promoting the growth of roots and shoots. Because ZnO and FeO.
nanoparticles increase the flexibility of cell walls, roots can delve deeper into the soil for
improved nutrient uptake and anchoring. By encouraging the growth of root hair, carbon
nanotubes (CNTs) improve root development even more and improve the plant's
capacity to absorb vital nutrients and water. In the meantime, silica nanoparticles fortify
the tissues of shoots, enhancing their mechanical resistance to pests and wind. As an
illustration of how nanotechnology might improve early seedling growth and overall
plant vigor, maize seeds treated with carbon nanotubes showed noticeably longer roots
and more nutrient absorption.
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4 Benefits of Nano-Based Seed Treatment

Seed germination, seedling vigor, and stress tolerance are all improved by nano-based
seed treatment. Nanomaterials' high surface area, nanoscale size, and special reactivity
allow them to interact directly with seed cells and metabolic pathways, improving seed
performance. By improving water and nutrient uptake, protecting against pathogens, and
enhancing stress resilience, nanotechnology provides a powerful tool for sustainable
agriculture. One of the primary benefits is the enhanced germination rate and seedling
vigour. Nanoparticles improve water uptake and nutrient availability, accelerating the
germination process. Their role in activating enzymes and metabolic pathways ensures
the efficient conversion of stored nutrients into energy, leading to faster root and shoot
development. For example, zinc oxide (ZnO) nanoparticles have been shown to increase
the germination rate of maize under drought stress by improving water and zinc uptake,
resulting in stronger seedlings.

The enhanced nutrient intake and efficiency made possible by metal and metal oxide
nanoparticles, such as ZnO and FeQy, is another significant benefit. These nanoparticles
deliver essential micronutrients directly to seeds, promoting balanced growth and higher
seedling biomass. FesO4 nanoparticles, for instance, have been found to enhance iron
availability in rice, leading to improved chlorophyll synthesis and greater photosynthesis
efficiency, ultimately boosting crop productivity.

Nano-based seed treatments also provide protection against pathogens, reducing seed
mortality and increasing seedling survival rates. Silver (Ag) and copper (Cu)
nanoparticles possess strong antimicrobial properties that safeguard seeds from fungal
and bacterial infections. Research has demonstrated that silver nanoparticles effectively
prevented fungal infections in wheat seeds, leading to higher seedling emergence rates
and improved crop establishment.

Additionally, by promoting the synthesis of antioxidant enzymes like catalase (CAT)
and superoxide dismutase (SOD), nanotechnology improves stress tolerance. These
enzymes aid in reducing oxidative stress, and plants that have better osmoregulation are
more resilient to heat, salinity, and drought. By boosting proline formation and fortifying
cell walls, silicon dioxide (SiO-) nanoparticles, for instance, have been shown to improve
drought tolerance in wheat, assisting plants in retaining moisture and fending against
dehydration. The precise and regulated transportation of growth regulators and nutrients
is another important advantage. Polymeric nanoparticles, such as chitosan and polyvinyl
alcohol (PVA), allow for the slow and controlled release of essential nutrients and bio-
stimulants. This sustained nutrient supply ensures steady seedling development,
reducing nutrient wastage. Studies show that chitosan nanoparticles significantly
enhance nitrogen uptake in rice, resulting in improved seedling vigour and growth
efficiency.
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Finally, by reducing the need for excessive fertilizers and pesticides, nano-based seed
treatments help to lessen their influence on the environment. Because of their great
efficiency, less agrochemicals are needed, which reduces runoff and leaching that pollute
the environment. ZnO nanoparticles, for example, have been demonstrated to improve
wheat's nutrient use efficiency, lowering reliance on artificial fertilizers and encouraging
more environmentally friendly farming methods. Nano-based seed treatments present a
viable way to improve crop yield, safeguard the environment, and guarantee food
security in a fast-changing climate by incorporating these cutting-edge technologies into
contemporary farming.

5 Challenges and Limitations

One major challenge in nano-based seed treatments is the high production cost of
nanomaterials, especially metal and polymer-based nanoparticles. Their complex
synthesis makes large-scale application economically unfeasible. For instance, silver
nanoparticles (AgNPs) offer antimicrobial and growth benefits, but their high-cost limits
widespread use. Cost-effective synthesis methods are needed for broader adoption.

Another concern is nanoparticle toxicity and environmental impact. Metal
nanoparticles like zinc oxide (ZnO) and copper oxide (CuQO) can accumulate in soil,
affecting microbial diversity and plant health. They may also enter the food chain, raising
bioaccumulation and human health risks. Excessive ZnO exposure, for example, can
cause root toxicity in wheat seedlings, underscoring the need for controlled application
and risk assessments. Regulatory and safety issues further hinder adoption. The lack of
clear guidelines from bodies like the EPA and EU limits investment in nanotechnology
research. Standardization challenges also persist due to variations in nanoparticle
synthesis, soil conditions, and crop responses. For example, ZnO nanoparticles affect
rice and wheat differently depending on soil characteristics, making uniform application
difficult.

Lastly, it is yet unknown how nanomaterials may affect agriculture in future generations.
Long-term exposure to iron oxide (FeO.) nanoparticles may decrease beneficial soil
microorganisms, according to studies, which could have an impact on soil fertility. To
fully comprehend their ecological impact and persistence, more research is required.
Unlocking the full potential of nano-based seed treatments in sustainable agriculture
requires addressing these issues through long-term research, standardization, regulatory
frameworks, environmental assessments, and cost-effective synthesis.
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6 Recent Advances and Future Prospects

Silver nanoparticles (AgNPs) have been found to enhance germination rates and stress
tolerance by boosting antioxidant enzyme activity while also protecting seeds from
fungal and bacterial infections. AgNPs have improved seedling vigor in wheat and rice
under salinity stress. Advances in nanotechnology have demonstrated significant
improvements in seed germination, stress tolerance, and plant growth through the use of
nanoparticles. Recent research has highlighted the promising potential of nano-based
seed treatments in improving seed germination, seedling vigor, and stress tolerance
across a variety of crops.In a similar vein, it has been demonstrated that carbon
nanotubes (CNTSs) promote root elongation and seed water intake by increasing cell wall
permeability, which in turn promotes the development of root hairs and the movement
of nutrients. Research on soybean and maize has shown that seeds treated with carbon
nanotubes (CNTSs) have greater water absorption and faster root growth. Furthermore,
zinc oxide nanoparticles (ZnO NPs) have demonstrated efficacy in boosting the activity
of enzymes like catalase (CAT) and superoxide dismutase (SOD), which improves
metabolic efficiency in the face of salinity and drought stress. ZnO NPs have been
demonstrated to dramatically increase barley germination rates during drought,
underscoring their potential to support seedling vigor and stress tolerance. These
developments highlight how nanotechnology is revolutionizing contemporary
agriculture and opening the door to more sustainable and effective agricultural
production.

Future research in nanotechnology for agriculture holds immense promise,
particularly in developing biodegradable nanomaterials, smart delivery systems, stress-
resilient crops, and precision agriculture integration. The focus should be on eco-friendly
nanoparticles like chitosan, silica, and polymer-based materials to minimize
environmental impact while reducing soil accumulation and toxicity concerns.
Engineered nanoparticles with targeted release mechanisms can enhance nutrient and
hormone delivery at critical growth stages, with pH and moisture-responsive
nanomaterials optimizing nutrient availability. Moreover, the combination of gene
editing and nano-based treatments can improve stress tolerance and disease resistance,
with nanoparticles serving as carriers for CRISPR/Cas systems to refine crop genetics.
Additionally, the integration of nano-based seed treatments with smart sensors and data-
driven techniques can revolutionize precision agriculture, allowing real-time monitoring
of crop health and nutrient levels. This holistic approach will pave the way for
sustainable farming practices, higher yields, and improved agricultural efficiency.
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Conclusions

A major development in agricultural technology, nano-based seed treatment offers
higher disease resistance, better stress tolerance and faster germination rates.
Nanoparticles can help seeds resist harsh climatic conditions and increase crop output
by facilitating improved nutrient uptake and metabolic activation. To ensure the safe and
efficient deployment of this technology, however, issues pertaining to toxicity,
environmental impact and regulatory control must be resolved. To optimize the
advantages of nano-based seed treatment in sustainable agriculture, future research
should concentrate on refining nanoparticle compositions, enhancing delivery methods
and creating thorough safety regulations.
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