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Metal nanoparticles (MNPs) are emerging as powerful inputs for sustainable
agriculture due to their high surface reactivity, bioavailability, and controlled
release properties leading to better resource availability and higher productivity.
This technical review critically examines the application of eight metal
nanoparticle (MNP) formulations—zinc, iron, copper, silver, calcium, titanium,
gold, and selenium—in enhancing agronomic and economic traits in agriculture.
The review highlights the potential of these MNPs to improve crop yield, disease
resistance, nutrient uptake, and overall plant health, offering insights into their
mechanisms of action and practical applications in sustainable farming. ZnO-
NPs, Fe,O3z-NPs, Cu-NPs, and Ag-NPs have proven to enhance nutrient use
efficiency in crops. ZnO and Fe,Oz-NPs improve nutrient uptake, boost
photosynthesis, and increase stress tolerance, especially to drought and
salinity. Cu-NPs and Ag-NPs stand out for their antibacterial and antifungal
properties, offering a novel approach to managing plant diseases. Calcium
and titanium nanoparticles boost resilience under salt and oxidative stress. Au-
NPs and Se-NPs enhance antioxidant activity and growth, but their effects are
dose-dependent. Higher MNP concentrations may cause adverse effects,
highlighting the need for careful optimization. In conclusion, while metal
nanoparticles (MNPs) hold great potential for enhancing crop plant traits,
issues such as dosage optimization, formulation protocols, and environmental
and toxicological concerns need careful consideration. To overcome these
challenges, the integration of green technologies using microbial and phyto-
metabolites could provide safer, more sustainable alternatives, ensuring effective
and environmentally friendly use of MNPs in agriculture.
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Introduction

Climate change and global warming have significantly affected
agricultural crop production worldwide, leading to reduced yields
and altered crop viability. The global population has been steadily
rising, currently exceeding 8 billion people, and is expected to reach
around 9.7 billion by 2050 (UNSD, 2022). This rapid population
growth places immense pressure on agriculture: grain production
must increase by 60% to meet the global food demand by 2050 (Food
and Agriculture Organization of the United Nations, 2020). The
current scenario demands sustainable agriculture, i.e., the food
resources to be used in a manner that enables minimum waste
and maximum agricultural yield (Axelos and Van de Voorde, 2017).
Healthy crop and quality food grain and fruit production are
essential for ensuring food security, improving nutrition, and
supporting sustainable agricultural practices. To achieve this goal
a combination of effective farming techniques, precision agriculture
technologies, and cultural, agronomical practices such as crop
rotation, organic fertilization, and reduced use of inorganic
chemicals (Food and Agriculture Organization of the United
Nations, 2020) is needed. Additionally, adopting crop varieties
that are resilient to biotic stresses (insects, pests, diseases) and
tolerant to abiotic stresses (drought, heat, salinity) is crucial for
producing healthy crops under changing climatic conditions
(Haggag et al, 2015). These integrated approaches would not
only boost crop yields but also ensure that food is nutritious,
safe, and high-quality, benefiting both consumers and the
environment.

Nanotechnology offers the potential to revolutionize agriculture
by enhancing crop production, improving resource efficiency, and
promoting sustainability (Dziergowska and Michalak, 2022).
Through the development and use of nanofertilizers, precise and
controlled nutrient delivery to the crop with reduced waste, and
minimal environmental pollution concern from excess fertilizer use
(Sharma et al., 2022). Nanomaterials can also be used to improve soil
health by enhancing water retention and facilitating soil remediation
(Raj et al,, 2024). These advancements contribute to higher crop
yields, reduced chemical inputs, and more sustainable farming
practices, addressing the global food demand while minimizing
agriculture’s ecological footprint. Nanopesticides, which target
specific pests and diseases, offer an eco-friendlier alternative to
pesticides,  thereby
environmental impact (Upadhyaya et al, 2020). Furthermore,

conventional  chemical lowering  the

nanotechnology-based formulations have been reported to
improve seed treatments, enhance germination rates, boost stress
tolerance, and support early plant growth by modulating molecular
processes within plants (Nile et al., 2022; Soliman et al., 2016).
Nanotechnology is a biotechnological advancement with the

potential to revolutionize the agriculture sector by enhancing crop

production, improving resource efficiency, and fostering
sustainability.  Through the development and wuse of
nanofertilizers, precise and controlled nutrient delivery is

achieved with reduced waste and minimal environmental
pollution, addressing key limitations of conventional fertilizers. In
addition to nanofertilizers, several other nanotechnological
interventions are transforming agricultural practices. Nano-
priming represents one such innovation in seed treatment

technology. By pre-treating seeds with nanoparticles, nano-
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priming enhances seed germination and seedling vigor through
the modulation of reactive oxygen species (ROS) signaling and
hormonal balances such as gibberellic acid (GA) and abscisic
acid (ABA) as shown in Figure 1. This process not only
accelerates the initiation of metabolic activities essential for
growth but also improves overall stress tolerance during early
development.

Similarly, nano-pesticides offer an advanced approach to plant
protection. Unlike conventional pesticides, nano-pesticides leverage
the unique properties of nanoparticles for controlled release and
targeted delivery of active ingredients. This improves the specificity
of pest control, reduces the required chemical dosage, and

minimizes adverse environmental impacts. The enhanced
efficiency of nano-pesticides in disease management and pest
suppression  contributes significantly to sustainable crop

protection strategies. Additionally, nano-biosensors are emerging
as valuable tools in precision agriculture. These devices, engineered
at the nanoscale, enable real-time monitoring of plant physiological
states, soil nutrient levels, and the presence of pathogens. By
detecting specific biochemical markers, nano-biosensors facilitate
timely interventions and data-driven decisions, thus supporting
optimal crop management and improving yield outcomes.

Nanotechnological interventions in agriculture also pose
significant challenges, including environmental and health risks;
their small size and high reactivity can lead to unintended
bioaccumulation in soil, water, and organisms (Atanda et al,
2025). Additionally, the high cost of producing nanoparticles and
formulating them into practical agricultural products limits their
widespread adoption, especially for small, and marginal farmers.
Limitations in regulatory frameworks and standardized guidelines
for the safe use of nanomaterials in agriculture have hampered their
approval and integration into mainstream agronomic practices
(Kumari et al, 2024). However, despite these challenges,
nanotechnology has been employed in soil nutrition and health
management for improving nutrient delivery, pest and disease
management, seed treatment, and stress resilience (Sharma et al.,
2022). This review critically examines metal-based nanoparticles
and their role in improving fertilizer use efficiency, with examples
and illustrations.

Metal nanoparticle-based formulations are emerging as
their
characteristics, such as high reactivity, large surface area, and the

transformative tools in agriculture due to unique
ability to target specific biological processes. Nanoparticles like silver
(Ag), zinc oxide (ZnO), copper (Cu), iron oxide (FeO), and titanium
dioxide (TiO,) are being used in fertilizers and pesticides to improve
crop growth, pest control, and nutrient delivery (Wani and Kothari,
2018). For instance, zinc oxide nanoparticles act as effective
nanofertilizers by promoting nutrient absorption and boosting
photosynthetic activity, while silver and copper nanoparticles
serve as powerful antimicrobial agents to protect crops from
fungal and bacterial infections (Malandrakis et al., 2019). Such
also feature  slow-release

formulations are designed to

mechanisms, ensuring sustained delivery of nutrients or
pesticides, reducing environmental losses, and minimizing the
need for frequent applications (Bajpai et al, 2020). Although
challenges such as environmental risks and production costs
persist, these innovations have the potential to increase crop

yields, improve product quality, and reduce the environmental
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Applications of Metal-Based Nanoparticles in Agriculture: enhancing crop growth, stress tolerance, and food quality through precision agriculture

and nanotechnology.

impact of traditional agricultural practices, promoting more
sustainable farming techniques. This review presents an elaborate
detailing of the applications of metal
their

reproduction, economic and viable production besides assuring

nanoparticles-based

formulations and implications on crop growth,

excellent quality produce (Figure 1).

Application of nanotechnology in
improving crop growth, and
economic yield

Nanoparticle based seed priming technology is the proven
nanobiotechnological intervention in breaking dormancy and
improving seed germination efficiency. Nanoparticle seed
the

agricultural biotechnology, offering innovative approaches to

priming  (Nano-priming) represents advancement in
enhance seed germination and seedling development. The process
employs nanoparticles that interact with the seed’s biological
systems through a sophisticated cascade of cellular and molecular
mechanisms. Upon contact with the seed coat, these nanoparticles
trigger Reactive Oxygen Species (ROS) signaling pathways, initiating
a controlled stress response that stimulates antioxidant production
within the seed tissues (Nile et al., 2022). This initial response sets in
motion a complex series of metabolic events, characterized by
enhanced cellular activities including accelerated cell division, cell
wall extension, and increased respiratory enzyme function (Nile
etal,, 2022; Khan et al., 2022; Bajpai et al., 2020). The metabolic shift
notably affects starch metabolism, where elevated a-amylase activity

facilitates the conversion of stored starch into soluble sugars,
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providing readily available energy for germination. The process is
further regulated by sugar signaling pathways that coordinate with
aquaporin-mediated water uptake mechanisms. The significant
aspect of this priming technique is that it is influencing the
phytohormonal balance, specifically modulating gibberellic acid
(GA) and abscisic acid (ABA) levels, which are crucial for
breaking seed dormancy (Nile et al, 2022; Khan et al, 2022).
The culmination of these synchronized physiological and
biochemical modifications manifests in enhanced radicle growth
and improved seedling establishment. This intricate interplay
between nanomaterials and seed biology demonstrates the
potential of nanotechnology in developing more efficient and
effective seed treatment methods for modern agriculture (Figure 2).

Nanofertilizers with a particle size of less than 100 nm, serve
as macro- or micronutrient fertilizers. They are used for
improving as well as increasing agricultural yields.
Nanofertilizers are basically nanomaterials which provide
nutrients to the growing plants as well as support their growth
and improve production. They act in two ways, one is that they
supply nutrients to the plants and other is that they can serve as
carriers of nutrients and only help in transporting and releasing
nutrients (i.e., without being directly utilized as a source of
2022).

nanofertilizers in crop improvement program is because of

nutrients) (Kaningini et al, The application of
their advantageous properties like large surface area, cation
exchange capacity, ion adsorption, complexation, etc., and the
availability of an unlimited number of nanoparticles on the
possess different

compositions having different active sites resulting in different

surface. Different nanoparticles surface

reactivity in context to processes like adsorption and redox
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reactions. These properties of nanoparticles can be utilized
successfully to synthesize nanoparticles for the wuse in
agriculture (Wani and Kothari, 2018).

Metal nanoparticles have been researched for new possibilities in
the field of agriculture. This is due to their small size and other
unique properties. Nanofertilizers are advantageous over traditional
fertilizers because of their large surface area and small size, higher
penetration rate, higher solubility, and increased uptake, resulting in
the increased growth rate and yield of the plants (Francis et al.,
2020). It has also been observed that metal nanofertilizers induce the
process of seed germination. Metal nanoparticles have also been
studied for their efficiency as pesticides. Therefore, the application of
nanofertilizers and nanopesticides will decrease the crop production
cost as well as minimize the environmental pollution concerns.
Moreover, certain metal nanoparticles can also play a dual role as
both fertilizers and pesticides.

Introduction of metal nanoparticles (MNPs) into the plant
system, results in physiological changes by interacting with plant
cells tissues, stimulates and induces seed germination, enhance
photosynthetic pigment content, and improve plant health
(Paulami et al.,, 2023). Various metal ions, metal oxides, polymer-
based nanomaterials, carbon nanotubes, engineered nanomaterials,
and nanoformulations with active ingredient based nanofertilizers
and nanopesticides have showed their potentials in sustainable
agriculture production (Chhipa, 2019.).

Some MNPs show promise in suppressing plant disease by
directly inhibiting pathogens (e.g, in the case of Ag) or
improving delivery of essential micronutrients and stimulating

Frontiers in Nanotechnology

plant defense mechanisms (e.g., in the case of Cu). Metal/metal
oxide exposure was found to have a significant positive impact on
crop growth and/or plant disease suppression. For instance, nCuO
was found to improve disease suppression in eggplants by 69%,
while increasing Cu root content by 32% and plant fresh weights by
64%. Several reports have demonstrated the impacts of ENP
amendments on soil health and crop yields (Asadishad et al,
2018). This review highlights the fabrication and utilization of
different metal nanoparticles and explains the principal and
technical considerations for the formulations.

Different type of metal nanoparticles

Significance of Zinc nanoparticles in plant
nutrition and physiology

Zinc is one of the essential micronutrients required for plant
metabolism which participates in activating enzymes such as RNA
polymerase, carbonic anhydrase, and alcohol dehydrogenase. Zn
deficiency reduces plant growth, but when present in excess, toxic
effects are observed via cytotoxic reactions. Therefore, uptake and
transport of zinc by plants should be strictly controlled. Zn ions also
have diverse roles and are involved in photosynthesis, lipid,
carbohydrate and nucleic acid metabolism. In addition, they act
as key component of ‘zinc fingers’, transcription factors, which
regulate cell proliferation and differentiation process and also
play a critical role in chloroplast development and its associated

frontiersin.org
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functions like photosystem II repair process (Sturikova et al., 2018).
Zn is also involved in scavenging reactive oxygen species and
protecting plants against oxidative damage (Jamal et al., 2018).
Zinc plays a pivotal role in stabilization of membranes and
structural balancing conformation maintenance of membrane
integrity protein by ROS production and scavenging as it is
present in superoxide dismutase (Zn-SOD) (Burman et al., 2013).
Zinc also regulates growth under drought conditions and
dysfunction of antioxidants in plants and helps relieve damage
caused by dehydration and enhances plant response during post
stress rehydration process (Panda, 2017).

Size of ZnO-NPs and their characterization

The dimensions and structural properties of ZnO nanoparticles
(ZnO-NPs) significantly influence their interaction with plant systems.
Typically, ZnO-NPs used in agricultural applications range from 10 to
50 nm, which is the optimal size for absorption and eliciting
physiological responses. These nanoparticles are evaluated using
techniques such as Transmission Electron Microscopy (TEM),
Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), and
High-Resolution TEM (HRTEM) to determine their size, shape,
crystallinity, and distribution. For instance, 30 nm ZnO-NPs (TEM)
enhanced seed germination and seedling vigor in rice (Upadhyaya et al,,
2017), while 25 nm particles (HRTEM, SEM) improved water uptake
and stress resilience in green gram (Kathiravan et al,, 2024). Similarly,
particles sized 20-30 nm (SEM, TEM) were associated with increased
antioxidative responses in crops like chickpea and pearl millet (Burman
etal., 2013; Kumar et al., 2024). However, particles larger than 50 nm or
applied at concentrations exceeding 1,500 ppm often led to phytotoxic
effects including reduced root length and seedling growth
(Rameshraddy et al,, 2017; Sarkhosh et al., 2022). Therefore, careful
control of nanoparticle dimensions and precise characterization is
essential to maximize their benefits while minimizing adverse effects
in agricultural applications.

Mode of action of Zn-nanoparticles

(ZnO-NPs) improve plant resistance to abiotic stresses, especially
physiological and molecular
mechanisms. They enhance antioxidant protection by increasing the

salinity, by influencing various

levels of enzymes such as superoxide dismutase, catalase, and
peroxidases, which reduce oxidative stress (Faizan et al, 2021).
ZnO-NPs additionally affect gene expression, modulating more than
1,400 genes related to ion transport, osmotic equilibrium, and stress
signal transduction. Significantly, ZnO-NPs improve the absorption of
potassium (K*) and calcium (Ca®*) while restricting sodium (Na*)
entry, helping to maintain ionic equilibrium during salinity stress
(Abideen et al, 2022). These nanoparticles enhance photosynthetic
efficiency, chlorophyll levels, and biomass yield by safeguarding
chloroplasts against oxidative harm, resulting in increased net
photosynthetic rates and improved seedling development (Pérez-
Velasco et al, 2021). ZnO-NPs additionally influence hormone
signaling, impacting phytohormones such as abscisic acid and
auxins that control growth and responses to stress. This leads to
enhanced root structure and better water retention during stressful
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conditions (Abideen et al.,, 2022). Additionally, ZnO-NPs provide vital
zinc, addressing nutrient shortages and enhancing growth, energy
metabolism, and resilience to stress (Abideen et al, 2022). In
general, ZnO-NPs serve as bio stimulants, improving plant stress
resilience and yield via various molecular mechanisms (Figure 3).

Application of Zn-nanoparticles:
case studies

Zinc oxide nanoparticles (ZnO-NPs) have potential to increase
food crop yield and improve plant health. Nano-priming of rice seed
with ZnO-NPs (up to 1,000 ppm) was reported to have improved
germination, biomass, enhanced radicle and plumule length, and
increased antioxidant activity, contrary effect such as reduced seed
germination and seedling vigor was recorded at higher
concentration, ie., <15000 ppm (Upadhyaya et al, 2017
Rameshraddy et al., 2017). Foliar spray of Zinc-NPs was found
to improve shoot and root growth, increase fresh and dry weight
(Farooq et al., 2023; Sohail et al., 2022; Faizan et al., 2021; Rossi et al.,
2019; Ralia et al., 2015; Burman et al., 2013; Sabir et al., 2014), and
increase chlorophyll content (Sohailet al., 2022; Rossi et al., 2019).
Application of ZnO-NPs in salt stress conditions, reduces the
deleterious effects of salinity stress in tomato and C. tinctorius by
increasing the protein content and antioxidative enzyme activities of
peroxidase (POX), superoxide dismutase (SOD), and catalase (CAT)
(Faizan et al,, 2021; Yasmin et al, 2021). Ahmed et al. (2021)
reported that foliar application of ZnO-NPs on resulted in
increased total soluble solids (TSS), induced hardness, besides
improving the titratable acidity, ascorbic acid, and lycopene
contents. ZnO-NPs have also been reduced to improve salinity
stress tolerance trait in many crop plants. For instance, in green
gram (Vigna radiata) ZnO-NPs application @ 500ppm resulted in
improved water uptake, increased antioxidant activity, and reduced
lipid peroxidation (Kathiravan et al., 2024). Similarly, common
beans (Phaseolus vulgaris), applications of 100-200 ppm ZnO-NP
enhanced salt stress resistance by improving antioxidant enzyme
activities and enhanced chlorophyll content (Gupta et al., 2024a).
Seed priming with ZnO-NPs increased the rate of germination and
also enhanced the radicle and plumule length (Afrayeem and
2017; Sarkhosh et al, 2022; Panda, 2017;
Rameshraddy et al., 2017). However, contrary results have also
been with higher ZnO-NP

peanut, >250 ppm in tomato, 1,500 ppm in rice, etc.) which

Chaurasia,
concentration (2,000 ppm in

includes decreased water content, smaller roots, and marginal
cytotoxicity (Burman et al, 2013; Sarkhosh et al, 2022
Rameshraddy et al, 2017). These results indicates that zinc
nanoparticles based nanofertilizers have positive effect on crop
growth and yield when applied as nanofertilizers in both basal
soil application and foliar spray. ZnO-NPs have also shown
positive effects on seed germination, as shown in Table 1.

Iron nanoparticle significance in physiology
and potential application

Iron (Fe) is an essential micronutrient required for plant growth
and development which is critical role for chlorophyll synthesis,
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their structural configuration and functioning. Iron deficiency leads
to chlorosis, which affects plant health significantly. Due to the rapid
transformation of Fe into plant-unavailable forms like Fe (III) and
limited mobility in the phloem cell of plants; the traditional soil
application of inorganic Fe fertilizers is unsuccessful (Rengel
et al., 1999).

Transcriptomic studies have indicated that Fe-NPs affect genes
involved in metal ion balance, cell wall production, and defense
signaling pathways, thus enhancing stress resistance (Bidi et al.,
2021). In agriculture, Fe-NPs facilitate gene silencing by effectively
transporting small interfering RNA (siRNA) to plants. This method
assists in silencing genes that hinder growth or disease resistance,
thereby improving plant resilience to challenges such as drought,
salinity, and pathogen invasions. The capacity of Fe-NPs to enhance
gene transfer and increase plant stress resilience underscores their
promise in boosting agricultural efficiency and stress control
(Shahzad et al., 2025) as shown in Figure 4.

Iron nanoparticles (Fe-NPs) used in plant systems usually range
in size from 4 nm to 100 nm, and their morphology and crystallinity
are confirmed using advanced techniques such as TEM, SEM, AFM,
and XRD. The most effective Fe-NPs are in the range between
10 and 50 nm, where they promote seed germination, root
elongation, and stress resistance. For instance, Fe-NPs measuring
16-20 nm, as confirmed by TEM and FE-SEM, significantly
enhanced root development and antioxidative responses in
chickpea and gum trees (Palchoudhury et al, 2018; Singh
et al.,, 2021).

Iron nanoparticles, namely, iron oxide nanoparticles (Fe,Os-
NPs), are novel innovative formulations that were developed for
improving structural stability and biocompatibility (Vézquez-Nufez
etal., 2018). Fe,O53-NPs were found to enhance chlorophyll content,
root elongation, and seed germination in a variety of crops along
with enhanced growth and yield under abiotic stress conditions
especially drought, and salinity. In a study done by Adress and
coworkers (2020) Fe,O; nano-coat (20 ppm) application on wheat
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seeds was observed to have increased biomass and reduced oxidative
damage, while soil applications of higher dose (100 ppm) Fe,O53-NPs
improved growth and also alleviated cadmium stress. In maize (Zea
mays), seed priming with 20 ppm Fe,O3-NPs was reported to have
enhanced root elongation, germination index, and vigor, while
higher concentrations (50-100 ppm) negatively impacted the
seed germination, however, it was found to have improved
physiological traits such as enhanced leaf water content,
improved photosynthetic efficiency, and good kernel attributes,
including cob length and kernel weight (Mazhar et al., 2024;
Jalali et al., 2017) (Table 2).

Similarly, in sunflower 50 ppm Fe,O;-NPs application
demonstrated an improved biomass, increased leaf size, and
photosynthetic activity (Gupta et al, 2024b). In chickpea, seed
priming with 4-12 ppm Fe,O3-NPs enhanced radicle and
plumule growth, while higher concentrations beyond 12 ppm
showed inhibition of growth (Srivastava et al, 2014a; Pawar
et al,, 2019). Broader leaf morphology, increased biomass, and
enhanced mineral content under hydroponic conditions using
Fe,03-NPs in seed priming (10-20 ppm) was proved in spinach
with improved overall growth under abiotic stress (Srivastava et al.,
2014b; Sun et al., 2023). Peanut treated with 500 ppm Fe,O5-NPs
during seed priming showed higher protein and carbohydrate
content, and soil application at 1000 mg/kg improved growth
and chlorophyll levels, though higher concentrations reduced
amino acid content (Rui et al, 2016; Vazquez-Nunez et al,
2018). Even under droughtstress conditions showed less adverse
effects was Fe,O3- NPs, as they stabilized heavy metals in the soil and
enhance the stress tolerance mechanisms (Lei et al.,, 2018; Adrees
et al., 2020).

Phytotoxic effects were recorded at higher concentrations of
Fe,03-NPs application (>1,000 ppm). For instance, in flax, barley,
ryegrass, and Arabidopsis, germination inhibition, decreased seed
yield, reduced seedling vigor, and root growth was recorded
(Bombin and LeFebvre, 2015). Although Fe,O;-NPs have good
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TABLE 1 Representative examples of effect of application of Zinc Nanoparticles (Zn-NPs) in different crop plants.

Application

method

Concentration
used (PPM)

Effect

NP-

size (hm)

Characterization

REEE S

Rice (Oryza Seed priming 5-50 Improved germination, 30 TEM Upadhyaya et al.
sativa) biomass, enhanced radicle (2017)
and plumule length,
increased antioxidant
activity
500-1000 Improved seed germination | 30 - Rameshraddy et al.
and seedling vigour index (2017)
1500 Toxic to seedlings and
seedling vigour
Pearl millet Seed priming 150 Improved seed germination | 20-30 SEM and TEM Kumar et al. (2024)
(Pennisetum and vigor index, increased
glaucum) antioxidative qualities
Chickpea (Cicer | Foliar spray 1.5 Improved shoot growth and | 20 XRD Burman et al., 2013,
arietinum) dry weight Sarkhosh et al., 2022
2 Improved seed weight and 45+ 5 SEM
yield
10 Adverse effects on plant 13 XRD Valadkhan et al.
growth and decreased (2015)
relative water content
Peanut (Arachis | Seed priming 1000 Promoted seed germination, | 25 HRTEM Sabir et al., 2014,
hypogaea) plant growth, increased root E’rasad et al,, 2012
and shoot length Sebesta et al,, 2021
Khan and Siddiqui
2000 Decreased plant growth and (2018)
pod yield
Green gram Seed priming 500 Enhanced water imbibition, | 25 HRTEM, SEM Kathiravan et al.
(Vigna radiata) antioxidant enzyme activity, X-rays (2024)
and reduced lipid
peroxidation
Common bean Seed priming, foliar | 100and 200 Enhanced salt stress 87.52 TEM and selected area Gupta et al. (2024a)
(Phaseolus and soil application resistance, antioxidant electron diffraction pattern
vulgaris) activity, increased (SAED)
chlorophyll and carotenoid
content
Canola (Brassica | Foliar spray 15 Increased chlorophyll and 30-50 SEM Sohail et al. (2022)
napus) carotenoid content, fresh
and dry weight of root and
shoot
Seed Priming 10 and 25 Increased root length, 45+ 5 SEM Sarkhosh et al.
seedling growth (2022)
50-100 Reduced root length
Safflower Foliar spray 17 Protected against salinity ~10 TEM Yasmin et al. (2021)
(Carthamus stress
tinctorius)
Tomato Foliar and soil 25-200 Increased biomass and 25+35 TEM Raliya et al,, 2015,
(Solanum application chlorophyll content Farooq et al., 2023
lycopersicum) Increased shoot length, root
length, number of roots,
number of shoots, leaf area,
fruit yield, weight of
tomatoes and
photosynthetic activity
>250 Drastically affected root 50-60 Beta size analyzer (BT 90)
length
Seed Priming 750 Increased germination, seed | ~50 TEM Ghosh et al. (2024)

vigour index, photosynthetic
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TABLE 1 (Continued) Representative examples of effect of application of Zinc Nanoparticles (Zn-NPs) in different crop plants.

Application Concentration Effect NP- Characterization References

method used (PPM) size (nm)

pigments, TSS, soluble
protein, phenol, proline, and
antioxidant potential

10, 50, 100 Increased chlorophyll ~25 + 3.5 - Faizan et al. (2021)
content, Shoot, Root length,
Increased fresh and dry

weight
Chilli Seed priming 250 Increased seed germination, | 35-40 XRD Afrayeem and
(Capsicum root length, shoot length and Chaurasia, 2017,
annuum) seedling growth Sarkhosh et al., 2022

700 Decreased shoot and root 45+ 5 SEM

length
Coffee (Coffea Foliar spray 10 Increased fresh weight, dry | 68.14 TEM Rossi et al. (2019)
arabical.) weight, and photosynthetic

rate
Radish Foliar spray 100 Increase the leaf area, ~50 nm TEM Mahawar et al.
(Raphanus photosynthetic electron (2024)
sativus L.) transport rate, the PSII

quantum yield, proton
conductance and mineral

content
Bitter gourd Seed priming 100 Increase in germination ~48-150 TEM Wagas Mazhar et al.
(Momordica percentage, total phenolic (2024)
charantia L.) content, total flavonoid

content
Sweet basil Foliar spray 20 Increase in plant hight, 10.5-15.5 nm | Transmission Electron El-Kereti et al.
(Ocimum number of branches, Microscopy (TEM) (2013)
basilicum) biomass, essential oil level

o
!

[ Fe NPs Uptake and Internal Transport ]

“.[ Absorbed by roots or leaves ]

——*[ Transported via xylemand phloem ]

| l |

[ Cellular Response to Fe NPs ] [ Gene Expression Modulation ] [ Stress Resistance ]
Mechanisms Triggered

Enhances Antioxidant < > ( > < >
Enzymes (Superoxide Regulates Metal lon Alters transcription of Activates defense signaling Improves nutrient
Dismutase, Catalase, Balance stress-response genes pathways absorption & metabolism
Peroxidase
Influences cellwall
Enhances drought &
salinity tolerance

Increases pathogen
resistance

Reduces Oxidative Stress
(by neutralizing reactive
oxygen species, ROS)

production genes
(strengthening plant
structure]

FIGURE 4
Schematic representation of flow diagram showing the mechanism of action of Fe-NPs in plants.

potential, it is evident that the fabrication/formulation and ~Copper nanoparticles principles, technical
conjugation requires systematic study for understanding their =~ aspects and applications

absorption, translocation, and potential toxicity mechanisms in

order to ensure safe and efficient administration across a range Copper (Cu) is an important micronutrient for plants, which is
of crops (as mentioned in Table 2). mainly found in chloroplasts, accounting for about 70% of the total
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TABLE 2 Representative examples of the effect of the application of Iron Nanoparticles (Fe-NPs) in different crop plants.

Application

method

Concentration
(ppm)

Effect

Characterization

References

Wheat (Triticum
aestivum L.)

Rice (Oryza
sativa)

Chickpea (Cicer
ariinum L.)

Corn/Maize (Zea
mays)

Seed coating

Soil application

20

100

Increased biomass, prevented
oxidative damage

Improved plane growth and
physiology under drought
stress, Alleviated cadmium
stress and increased chlorophyll
content

Improved plant growth and
production under normal water
conditions

20-40

50-100

TEM

Vézquez-Nuiez
et al. (2018)

Adrees et al.
(2020)

Seed priming

Foliar and Soil
application

Hydroponics

Seed priming

Seed priming

Seed priming

Foliar spray

Soil application

increased germination and
growth of seedling

2.5

25

25

80

Declined germination and
growth of seedling and
phytotoxic effect

Mitigating Pb-induced
oxidative stress

Improvement of oxidative
tolerance and minimizing Pb
uptake

Increased plant growth, radicle
length and dry weight

Enhanced seedling growth,
radicle and plumule length,
fresh and dry weight

>12

5.54

Inhibited seedling growth,
decreased radicle and plumule
length, decreased fresh and dry
weight

Enhanced root growth

27.7

20

50 and 100

100

800

Reduced root growth

Promoted root elongation,
increased germination index
and vigor index

Decreased germination rate and
root length

Improved Chlorophyll
Content, photosynthetic
characteristics, seed ferritin,
antioxidant activity and overall
plant growth and development

Increase in plant height, leaf
area, biomass, nutrient
distribution

10.25 £ 7.7

20-30

50 £ 0.2

16

17.7 £ 3.9

15-20

20.31,11.63

AFM

SEM

FE-SEM

FE-SEM

TEM

TEM

Zetasizer Nano Z Sdynamic
lights cattering instrument

XRD, TEM

Alam et al. (2015)

Salmen and
Alharbi (2024)

Ghouri et al.
(2024)
Srivastava et al.

(2014a)

Pawar et al. (2019)

Palchoudhury
et al. (2018)

Li et al. (2016)

Jalali et al. (2017)

Yousaf et al. (2024)

Seed Priming

75

Improved the leaf relative water
content, water potential,
photosynthetic water use
efficiency, and leaf intrinsic
water use

Increased total chlorophyll
content, total flavonoids, and
ascorbic acid

Improved cob length, number
of kernel rows per cob, and
kernel weight

10-40

TEM

Mazhar et al.
(2024)
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TABLE 2 (Continued) Representative examples of the effect of the application of Iron Nanoparticles (Fe-NPs) in different crop plants.

Concentration Effect

Characterization References

Application

method

(ppm)

Peanut (Arachis 500 Increased protein and 20-40 XRD Vazquez-Nuiez
hypogaea) carbohydrate content et al. (2018)
Soil application 1000 Improved plant growth, dry 20 TEM Rui et al. (2016)
mass and total chlorophyll
2-1000 Increased fresh biomass, no 20 TEM Rui et al. (2018)
effect on root and shoot
biomass
50and 500 Decreased total amino acid
content
Sunflower Seed priming 50 Increase in plant biomass, leaf | <50 TEM Gupta et al.
(Helianthus size, and photosynthetic (2024b)
annuus L.) activity
Flax (Linum Seed priming 1000-2000 Inhibited seed germination 1-20 - El-Temsah and
usitatissimum) Joner (2012)
Barley (Hordeum
vulgare) and
Ryegrass (Lolium
perenne)
Thale cress Supplementation in 25 Decreased seedling and root 12 TEM Bombin and
(Arabidopsis Plant Tissue Culture length, increased amounts of LeFebvre (2015)
thaliana) media aborted pollen, decreased seed
yield
Soil application 500 Plant biomass increased by 54 +1 (UPA-150, Microtrac, Yoon et al. (2019)
through enhanced Montgomeryville,
photosynthesis and increase in PA,United States)
root length and leaves
Spinach Seed priming 80 Increased biomass, leaf count, | 600-700 SEM Srivastava et al.
(Spinacia broader leaf morphology and (2014b)
oleracea) increased concentration of Ca,
Mn and Zn in leaves
Hydroponic growth 50-200 Enhanced growth rate, 30-40 3D topography Jeyasubramanian
increased root and shoot length et al. (2016)
and improved wet and dry
biomass
SEED priming 10-20 Improves overall growth and 50 - Sun et al. (2023)
development in AS stressed
spinach
Gum tree Supplementation in 25 Increased superoxide dismutase | 4.17 + 1.22 | TEM Singh et al. (2021)
(Eucalyptus Plant Tissue Culture activity, total soluble sugar and
tereticornis) media proline activity, decreased
malondialdehyde
concentration (markers of
combating stress)

copper. It is important in chlorophyll synthesis and the synthesis of
other pigments and has crucial role in carbohydrate and protein
metabolism (Grusak, 2001). Copper nanoparticles (CuNPs)
demonstrate potent antimicrobial characteristics by disrupting
membranes, releasing Cu** ions, generating ROS, and causing
DNA damage. They disrupt bacterial membranes, especially in
Gram-negative bacteria, enhancing permeability and leading to
cell lysis (Hussan et al, 2024; Ingle et al, 2014). Cu®" ions
interfere with protein activity and energy metabolism, whereas
ROS induce oxidative stress, harming lipids, proteins, and DNA,
resulting in cell death (Rai et al.,, 2018) as shown in Figure 5. The
interplay of these factors renders CuNPs effective against a wide

Frontiers in Nanotechnology

variety of microorganisms. These characteristics render CuNPs
promising for use in medicine, agriculture, and environmental
remediation; however, additional research is necessary to assess
their long-term impact (Ingle et al., 2014).

Copper nanoparticles (Cu-NPs) used in plant studies typically
range in size from 10 nm to 100 nm, with certain agglomerates
reaching larger sizes depending on synthesis techniques and
application conditions. Characterization instruments such as
TEM, SEM, Zeta Particle Analyzer, and XRF have been
extensively used to evaluate particle shape, size range, and
elemental composition. For instance, research involving wheat
and mung bean employed Cu-NPs smaller than 50 nm,

frontiersin.org


https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fnano.2025.1576582

Kumar et al.

10.3389/fnano.2025.1576582

( Cu-NPs

Molecular Responses

—

l

Physiological Responses

|

ROS Generation &
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Genotoxic Effects & DNA
Damage

Bacterial Membrane &
Metabolism Disruption

) ( J

Enhanced Bactericidal
Action

Disrupts membrane
integrity & Enzyme
inactivation

Inhibits ATP synthesis &
metabolic enzymes

Disrupts essential metal
cofactors, leading to
metabolic dysfunction

Bacterial antioxidant
systems fail > Severe
cellular damage

FIGURE 5

Cu-NPs interact with DNA,
causing strand breaks

Cu* ions replace essential
cofactors, further inhibiting
enzymatic function

Cu-NPs synthesized with
Azadirachta indica
extracts show higher

efficact

Loss of proton motive
force, ATP depletion, &
metabolic collapse

Leakage of intracellular
content leads to cell death
Influences endophytic and

pathogenic microbes

Increased Cu* ion release,
improving antimicrobial
potency

Improved biotic stress
tolefrance

Schematic flow diagram showing molecular and physiological responses of application of Cu-NPs in plants. ROS: Reactive oxygen species, Cu?*:

Copper ions.

confirmed by TEM and NTA, and demonstrated improvement in
growth and physiological factors (Rai et al., 2018; Jahagirdar et al.,
2020). Similarly, Cu-NPs measuring 20-50 nm, as seen via SEM and
TEM, were found to enhance antioxidant levels and yield-related
characteristics in crops such as tomato and chili (Lopez-Vargas et al.,
2018; Uddin et al., 2022). However, at higher doses or larger particle
sizes—specifically in the 200-500 nm range used in tomato soil
applications—Cu-NPs could potentially cause growth-inhibition or
toxic effects, particularly on crops like coriander, barley, and cotton
(Lopez-Lima et al., 2021; Zuverza-Mena et al., 2015). The variety of
particle sizes and differences in plant reactions underscore the
necessity for thorough nanoparticle characterization and dose
adjustment when applying Cu-NPs in agriculture.

Cu deficiency leads to reduction in yield and results in
physiological disorders such as necrosis, deformation, and
discoloration of young leaves, leading to stunted growth. It also
affects the development of seeds, grains, and fruits (Lawlor et al.,
2004). A prime reason for Cu deficiency in plants is restriction of
bioavailability due to its immobilization in soil organic matter
(Grusak, 2001).

Copper nanoparticles (Cu-NPs) rank among the most utilized
nanoparticles that are used in agriculture. Like all other metal
nanoparticles, the efficacy of the Cu-NPs also depends largely on
its concentration as the low concentrations of Cu-NPs can promote
growth, but higher concentrations show toxic effects. For instance,
Adhikari et al. (2012) have demonstrated that Cu-NPs up to
2,000 ppm promoted seed germination in soybean and chickpeas,
but beyond this concentration resulted in contrary results. Similarly,
30 ppm Cu-NPs significantly increased the yield, chlorophyll
content, spikes per pod number, leaf area, and crop grain weight
(Hafeez et al,, 2015). Lopez-Vargas et al. (2018) reported higher
levels of lycopene, flavonoids, and antioxidant activity in the
tomatoes treated with 50-500 ppm of Cu-NP. Uddin et al
(2022) reported that the growth and yield of chilli plants was
improved by Cu-NPs (3000ppm). Seed priming of wheat

Frontiers in Nanotechnology

11

(30 ppm) resulted in increased grain yield, leaf area, chlorophyll
content, and growth rates (Hafeez et al., 2015; Rai et al., 2018).

Seed priming with Cu-NPs (100 ppm) improved growth and
germination in mung bean (V. radiata), while callus cultures grown
on MS media fortified with Cu-NPs (3 ppm) increased phenolic
contents (Jahagirdar et al.,, 2020; Igbal et al., 2017) (Table 3). In
mustard, supplementation of 250-300 ppm Cu-NPs in plant tissue
culture media improved in-vitro seed germination efficiency (Tamil
Elakkiya et al., 2022). Tomatoes responded positively to foliar sprays
of Cu-NPs (50-500 ppm) with increased lycopene content and
antioxidant activity (Lopez-Vargas et al., 2018). Supplementation
of Cu-NPs in tomato reduced Fusarium wilt disease in greenhouse
(Lopez-Lima et al., 2021). In chili (Capsicum frutescens), 300 ppm of
foliar application enhanced growth, pod length and yield (Uddin
et al., 2022) (Table 3).

Notably, Cu-NPs have been known to cause adverse effects in
plants such as wheat, yellow squash, and mung beans by perforating
their cell membranes and disrupting normal cellular functioning at
higher concentrations of (2,000-3,000 ppm) (Lee et al, 2008).
Musante and White (2012) found that in sweet potatoes
exposure to Cu-NPs had lowered the biomass. These results
indicate that concentration-dependent effects of Cu-NPs on plant
growth were recorded (Hafeez et al,, 2015; Le Van et al, 2016;
Zuverza-Mena et al., 2015; Rajput et al, 2018). In Water lettuce
application of Cu-NPs (0.89 ppm) resulted in blackened roots and
stunted growth at 0.89 ppm in hydroponic systems, along with
decreased ascorbic acid and amino acid content (Olkhovych et al.,
2016) (Table 3).

Silver nanoparticles and its application in
improving crop growth and yield parameters

Silver nanoparticles (Ag-NPs) are potential agents to enhance
agricultural output through better seed germination, growth of
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TABLE 3 Representative examples of effect of application of Copper Nanoparticles (Cu-NPs) in different crop plants.

Application Concentration Effect Size  Characterization References
method (ppm)
Wheat (Triticum = Seed priming 30 Increased growth rate, <50 TEM Rai et al. (2018)
aestivum) chlorophyll, leaf area, number of
pots, number of grain yield
Soil application 30 Improved growth and yield 12-20 Zeta Particle Analyzer Hafeez et al.
(2015)
Mung bean Seed priming 100 Improved growth, nutrition and = ~50 NTA Jahagirdar et al.
(Vigna radiata) enhanced germination (2020)
in vitro 3 Increases phenolic content of 11.5 Particle Size Analyzer (BT- | Igbal et al. (2017)
callous culture 90 nanolaser)
Brassica napus L | Foliar application 25 Increased plant height, number of =~ 60-100 = SEM, TEM Rameen et al.
silique, number of seeds, siliqua (2024)
length, 1000-seed weight,
biological yield, and harvest
index. Reduced the accumulation
of erucic acid
Coriander Hydroponics system 400-800 Reduced root growth, biomass, ~20 XRF analysis AlQuraidi et al.
(Coriandrum chlorophyll a and b content, (2019)
sativum) increased hydrogen peroxide and
malondialdehyde content
(indicating stress induction)
Soil application 0-80 Reduced germination and shoot = ~20 TEM Zuverza-Mena
elongation et al. (2015)
Spring Barley Seeds grown on filter paper = 10,000 Inhibited seed germination and 40-60 TEM Rajput. et al.,
(Hordeum kept in a petri plate having plant growth, affected root and 2017
vulgare) nanoparticle suspension shoot length
Soil application 10,000 Inhibited seed germination and 10 to SEM Burachevskaya
plant growth, affected root and 100 et al. (2021)
shoot length
Water lettuce Addition in hydroponics 0.89 Blackening and perishing of <100 TEM Olkhovych et al.
(Pistia stratiotes) = system existing roots followed by (2016)
inhibition of new growth
Decreased ascorbic acid, amino
acid and acylcarnitine content
Tomato Foliar spray 50-500 Increased lycopene content, 50 SEM Lopez-Vargas
(Solanum flavonoids content and et al. (2018)
lycopersicum) antioxidant activity
Chilli (Capsicum | Foliar spray 3000 Enhanced plant growth, pod 25 to TEM Uddin et al.
frutescens) length, pod weight and pod yield = 86 (2022)
per plant
French basil Foliar spray 500 Increased chlorophylls and 4.51 TEM Elbanna et al.
(Ocimum carotenoids (2024)
basilicum)
Bt cotton Supplementation in Plant 10 Increased expression of Bt Toxin = <50 Kasana et al.
Tissue Culture media encoding gene (2017)
Soil application 1000 Hindered growth and 30+ 10 SEM Le van et al.
development of, decreased uptake (2016)
of essential nutrient

plants and defense against several pathogens (Kale et al., 2021).
Silver nanoparticles (Ag-NPs) used in agriculture usually range from
10 to 50 nm, with most characterization performed via TEM, along
with occasional use of SEM, XRD, and other methods. Research
shows that nanoparticles sized between 20 and 50 nm had
significantly benefitted crops such as wheat and lentils, leading to
improved growth, enhanced stress resistance, and increased
chlorophyll levels (Igbal et al, 2019; Budhani et al, 2019).
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However, very small sizes or high concentrations have shown
lethality and toxicity effects in sensitive species like Arabidopsis
and rice, leading to root damage or hormonal disruptions (Mirzajani
et al., 2013; Geisler-Lee et al., 2014). Thus, both the size of the
nanoparticles and their application method are vital for the
effectiveness and safety of Ag-NPs. Ag-NPs interfere with plant
cell membranes via electrostatic interactions, attaching to elements
such as lipopolysaccharides and teichoic acids, and aid in
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Diagrammatic representation of molecular, biochemical and physiological mechanism of action of Ag-NPs in plants.

penetration. In plants, exposure to AgNP boosts antioxidant
enzymes such as superoxide dismutase and catalase to reduce
ROS damage and decreases the expression of genes linked to
stress-induced senescence (Jha and Pudake, 2016). AgNPs further
boost immunity by regulating phytohormones like salicylic and
jasmonic acid, which enhances stress tolerance and disease
resistance in agricultural contexts (Sarmast and Salehi, 2016;
Mikhailova, 2020) (refer to Figure 6).

The foliar treatment with Ag-NPs has proven to be successful in
preventing plant diseases such as molds, rot and wilt. For instance,
exposure of Indian mustard to 75 ppm of Ag-NPs enhanced shoot
growth, and similar effects were recorded in cowpea (50 ppm) root
serve nodulation (Pallavietal, 2016), enhance photosynthetic
efficiency, chlorophyll content and plant strength (Hojjat and
Kamyab, 2017).

Seed priming with Ag-NPs has significantly enhanced
germination rates and plant growth across various species. As an
example, Indian mustard seeds treated with Ag-NPs at 100 and
500 ppm increase in length of the root and shoot, total chlorophyll
and protein levels (Pandey et al., 2014; Asanova et al, 2019).
Similarly, seedling treatments of arugula salad with Ag-NPs
(10 ppm) resulted in promotion of root elongation (Vannini
et al., 2013). In cowpea seed priming at 750 ppm of Ag-NPs
enhanced germination (Maity et al, 2018). In tissue culture and
hydroponic systems, Ag-NPs have shown enhanced growth
attributes. In vitro germination experiments resulted in higher
germination and PDA media enriched with 100 ppm Ag-NPs
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was phenomenally successful in protecting plants against fungal
rot (Kim et al., 2012). Seed priming of Ag-NPs in wheat @ 50 ppm
conferred drought tolerance, and foliar application on borage plants
at 20-60 ppm increased seed yield, plant height, and leaf count
(Elkelish et al., 2024; Seif Sahandi et al., 2011) (Table 4).

Despite its benefits, the effects of Ag-NPs are extremely dose-
dependent and differed with plant species, nanoparticle size, and
environmental conditions. In general, low to moderate quantities
improved growth and yield, while higher doses showed adverse
effects. High levels of Ag-NPs in hydroponic systems decreased
transcription and biomass in zucchini plants (Almutairi and
Alharbi, 2015). Silver, recognized as the second most hazardous
metal, has been found to reduce both plant biomass and the
transpiration rates in Cucurbita pepo, while also inducing
chromosomal abnormalities in Allium cepa root tips (Stampoulis
et al, 2009; Kumari et al, 2009). Ag-NPs poses significant
environmental concerns as silver ions are released from
nanoparticles seep into the surrounding environment. Plants,
being primary producers of the food web, are directly affected
which disturbs the ecological equilibrium (Yan and Chen, 2019).
Although Ag-NPs have shown promise in enhancing crop yield and
resilience, their use in agroecosystem needs toxicological analysis
(Table 4). Silver nanoparticles seem to have scope for improving
crop yields and, diseases management. Nonetheless, environmental
consequences function as a setback for its direct utilization.
Refinement Ag-NPs formulations, and optimum for field use

needs to be worked out for tapping its fullest potential.
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TABLE 4 Representative examples of effect of application of Silver Nanoparticles (Ag-NPs) in different crop plants.

Application

method

Concentration
(ppm)

Effect

Characterization

References

Rice (Oryza Irrigation 0.30-60 Damaged the morphology = 18.34 TEM Mirzajani et al.,
sativa L.) and structural features of 2013, Mu et al,,
cell, decreased total soluble 2024
carbohydrates, ROS
production and death of
root tissue
Seed priming 1000 Cell wall breakage 20- approx SEM Mehmood (2018)
(Negative effect)
Wheat Soil application at 50 and 75 Protected against heat 34 Debye-Scherrer equation Igbal et al. (2019)
(Triticum trifoliate stage stress, improved root
aestivum) length, shoot length, plant
fresh and dry weight
Root tip treatment 10, 20, 30, 40 and 50 Caused various types of 25 to 70 TEM Abdelsalam et al.
chromosomal aberrations (2018)
Seed Priming 50 Drought tolerance 50 ppm TEM Elkelish et al.
(2024)
Seed priming 0.06-0.5 Increased root and shoot 10 TEM Asanova et al.
fresh mass, increased root (2019)
length
5 Inhibition of the initial
growth
Lentil (Lens Soil application 10 Increased germination 90 TEM Hojjat and Ganjali
culinaris percentage despite of (2016)
medikus) increase in mean
germination time.
Improved seed
germination under
drought stress
Seed priming <50 Improved root length and | 20 + 4 TEM Budhani et al.
mass (2019)
>50 Reduction in root length
and mass
Indian Mustard | Supplementation in 50 Increased root and shoot 29 TEM Sharma et al.
(Brassica Plant Tissue Culture length, vigour index of (2012)
Jjuncea) media seedlings
Foliar spray 75 Improved shoot 24.35 Approx =~ TEM Pallavi et al.
parameters (2016)
Seed priming 100 and 500 Increased root/shoot 47 Approx TEM Pandey et al.
length, chlorophyll and (2014)
protein content
Addition into 1 mM and 3 mM Reduced seedling growth, = 4.8-39.5 TEM Vishwakarma
hydroponics system caused oxidative stress et al. (2017)
Brassica Foliar application 25 Increased plant height, 60-100 SEM, TEM Rameen et al.
napus L number of silique, number (2024)
of seeds, siliqua length,
1000-seed weight,
biological yield, and
harvest index. Reduced the
accumulation of erucic acid
Barley Seed priming 1 Promoted root elongation | 5 to 35 TEM Gruyer et al.
(Hordeum (2013)
vulgare)
Fenugreek Nanoparticle solution 1 Increased leaf number, root = 8-21 HR-TEM Jasim et al. (2017)
(Trigonella added to sprouted length, shoot length and
foenum) seedlings placed on agar wet weight

in a conical flask
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TABLE 4 (Continued) Representative examples of effect of application of Silver Nanoparticles (Ag-NPs) in different crop plants.

Application

method

Concentration
(ppm)

Effect

Characterization

References

Black Gram Seed priming 50 Enhanced seed 11-20 Approx TEM Krishnasamy et al.
(Vigna mungo germination, seedling (2024)
(L.) Hepper) growth. Increase in root
length, pod and grain
weight. Increase in
phenolics, carbohydrates,
and antioxidant activity
Pea (Pisum Seed priming 50 and 100 Enhanced disease 5 to 20 TEM Statanowska et al.
sativum) resistance against Fungal (2024)
pathogens (F. avenaceum
and D. pinodes)
Cowpea Foliar spray 50 Promoted growth and 24.35 TEM Pallavi et al.
increased root nodulation (2016)
Foliar spray 50 and 75 Improvement in growth, 35 and 40 TEM Mehta et al. (2016)
root nodulation and shoot
parameters
Seed priming 750 Enhanced germination <90% are 100 = TEM Maity et al. (2018)
Thale cress Supplementation in 1or25 Increased seedling biomass = 20 TEM Kaveh et al. (2013)
(Arabidopsis Plant Tissue Culture
thaliana) media
Supplementation in 10-150 Inhibited root 20 TEM Sun et al. (2017)
Plant Tissue Culture gravitropism; Reduced
media auxin accumulation in root
tips; Downregulated
expression of auxin
receptor-related genes
Irrigation 0.075-0.3 Prolonged vegetative and | 20 X-Ray Spectroscopy Geisler-Lee et al.
shortened reproductive (2014)
growth; Decreased
germination rates of
offspring
Grown on media 300 Inhibition of root 41 + 1.5 TEM Sosan et al. (2016)
elongation and leaf
expansion, decreased
photosynthetic efficiency
Soil application or 12.5 Toxic effect on pod quality = 10 and 12 TEM Ke et al. (2020)
and offspring seed growth
Corn (Zea Seed priming 1500 Increased germination rate = 20 Purchased Almutairi and
mays) and percentage Alharbi (2015)
Seed priming 20 to 60 Increase root lengths, leaf = 10 TEM Asanova et al.
surface area, chlorophyll, (2019)
increase in shoot
100 Increase in biomass 20 Acquired from US Research Sillen et al. (2015)
Nanomaterials, Inc., Houston,
Texas, United States.
Watermelon Seed priming 2000 Increased germination rate = 20 Purchased Almutairi and
(Citrullus and percentage Alharbi (2015)
lanatus)
PDA Media 100 90% effective against Black =~ 7-25 - Kim et al. (2012)
rot a fungus disease
Zucchini Seed priming 500 and 2500 Increased germination rate = 20 Purchased Almutairi and
(Cucurbita and percentage Alharbi (2015)
pepo)
Capsicum Seed priming 50 Increased seed 25 and 45 TEM Mawale and
(Capsicum germination, seedling Giridhar (2024)
annuum L) length, seedling weight,

seedling vigour index,
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TABLE 4 (Continued) Representative examples of effect of application of Silver Nanoparticles (Ag-NPs) in different crop plants.

Concentration Effect

(ppm)

Application

method

Characterization References

Arugula salad
(Eruca sativa)

Seedling treatment 10

Borage plant 20-60
(Borago

officinalis L.)

Foliar spray

Role of Ca-NPs in agricultural
production systems

Calcium plays a key role in improving abiotic stress tolerance as
Ca®" regulate affect heavy metal transporter genes, limiting uptake
and protecting plants from adverse consequences (Bose and
Pottosin, 2011). Calcium serves as both primary and secondary
messenger in the signal transduction pathways coordinating the
abiotic and biotic stress response pathways, reproductive phase
transition and induction of flowering. Ca** ions also play major
role in conferring microbial competence which is the prime factor
exploited for bacterial transformation and genetic engineering
studies. Calcium deficiency is characterized by dark-brown
lesions on plant tissues and associated physiological functions,
thereby retarding growth, development, and progression of
phenological stages. (de Freitas and Mitcham, 2012). After
Ca**  engages
dependent protein kinases (CDPKs), initiating stress-responsive

absorption, with calmodulins and calcium-
signaling pathways (Jha and Pudake, 2016). Ca-NPs improve
tolerance to salt stress by modulating ion channels, reducing Na*
absorption, and preserving ionic equilibrium, leading to a growth
increase of up to 20% in saline environments (Hafez et al.,, 2021;
Zhao et al., 2020). They additionally enhance the expression of genes
involved in antioxidant protection, modification of the cell wall, and
membrane restoration, increasing plant resilience (Jha and
Pudake, 2016).

Ca-NPs enhance the cell wall architecture through cross-linking
with pectins, boosting rigidity and lowering permeability, which
supports pathogen resistance and stress durability. They also
regulate hormone signaling, improving water use efficiency,
nutrient absorption, and growth during stress (Obomighie et al.,
2025) (refer Figure 7). Field experiments indicate that Ca-NPs
decrease nutrient leaching by 30% and enhance soil carbon
sequestration by 15%, providing environmental advantages
(Francis et al., 2024). These effects position Ca-NPs as a valuable
resource for enhancing crop yield and promoting sustainable
agriculture. Utilization of novel technologies, such as application
of CaO-NPs can provide calcium nutrients for optimal requirement
for growth, while addressing potential deficiencies.

Calcium foliar sprays or seed treatments have demonstrated
induction of a genetic network governing several biochemical
pathways. In strawberries (Fragaria x Ananassa), Ca-NP foliar
application @ 100 and 200 ppm, reduced the incidence of
Botrytis cinerea. It also improved the levels of essential vitamins
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germination speed and
index, phytochemicals
significantly increased
chlorophyll, carotenoids

Increased root elongation 10

Increased seed yield, leaf 25
count and plant height

TEM Vannini et al.
(2013)
Purchased Seif Sahandi et al.

(2011)

(E, C, and A), phenolics, and flavonoids, and increased peroxidase
activity leading to enhanced plant health and nutritional quality
(Mogazy et al., 2022). Previously Ca-NPs @200 ppm concentration
significantly reduced B. cinerea infections, increased growth, and
strengthened the plant’s defense mechanisms (Mogazy et al., 2022).
Foliar sprays of calcium nanoparticles, at different varying
concentrations (50, 100, and 200 ppm) significantly increased
shoot and root length, the number of roots and shoots, leaf area,
fruit output, and fruit weight in Solanum lycopersicum (tomatoes)
for enhanced productivity and economic benefits (Farooq et al.,
2023). In canola (Brassica napus L.), foliar application of Ca-NPs
(100 ppm) boosted plant biomass, improved nutrient absorption,
gas exchange, photosystem II efficiency, and increased antioxidant
activity which attributed plant resilience and productivity under
water-stressed drought situations (Ayyaz et al., 2022) (as shown
in Table 5).

Calcium nanoparticles (Ca-NPs) applied in crops typically range
from 5 to 90 nm, with most studies uses particles of 10-30 nm size
range. These are commonly characterized by TEM or SEM, with
occasional use of Beta Size Analyzer (e.g., Farooq et al, 2023).
Smaller Ca-NPs (e.g., 5-14 nm) have shown significant benefits in
vegetables and fruits, such as tomato and strawberry, enhancing
yield, defense against pathogens, and nutrient content (Mogazy
et al, 2022; Farooq et al., 2023). In oilseed and legume crops,
slightly larger particles (~25-32 nm) improved germination and
growth (Mazhar et al,, 2023).

Seed priming with Ca-NPs (250 ppm) enhanced the
germination percentage and length of roots and shoots in mung
bean (V. radiata) and enhanced early growth promotion (Mazhar
et al., 2023). In rice, in vitro in Hogland solution and treated with
Ca-NPs (10 and 20 ppm) improved root and shoot length and
increasing antioxidant activity conferring stress
(Upadhyaya et al., 2017) (as mentioned in Table 5).

tolerance

Use of titanium nanoparticles in crop growth
and nutrition

Titanium has plant growth promoting effects and providing
titanium in the form of nanoparticles to plants can improve plant
growth and yield (Faraz et al., 2022). Root or leaves application of Ti
in small amounts has been reported to enhance plant performance
via stimulation of activities of antioxidant enzymes, increased
chlorophyll content and enhanced photosynthetic efficiency
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TABLE 5 Representative examples of effect of application of Calcium Nanoparticles (Ca-NPs) in different crop plants.

Application Concentration Effect Size  Characterization  References
method (ppm)
Rice (Oryza sativa) = Hydroponics 10 and 20 Increased root length, shoot length 30 - Upadhyaya et al.
application and antioxidant activity (2017)
Mung bean (Vigna = Seed priming 250 Improved germination, increased root = 29, 32, TEM Mazhar et al.
radiata) and shoot length and 25 (2023)
Canola (Brassica Foliar Spray 100 Increased plant biomass, nutrient 60 t0 90 = Scanning electron Ayyaz et al.
napus L.) acquisition, boosted gas exchange, microscope (2022)
photosystem II efficiency and
antioxidant activity under drought
stress
Foliar spray 100 Improved drought tolerance, mineral | - - Ayyaz et al.
nutrient uptake and Inhibitor- (2024)
Mediated Photosystem II Performance
Tomato (Solanum  Foliar Spray 50, 100 and 200 Increased shoot length, root length, 5 to 10 Beta size analyzer (BT 90) = Farooq et al.
lycopersicum) number of roots, number of shoots, (2023)
leaf area, fruit yield, weight of
tomatoes
Alfalfa Soil and foliar 100 Ameliorate cadmium toxicity 30-40 SEM and TEM Hussan et al.
(2024)
Okra Foliar spray 200 Improvement in key antioxidative - - Raza et al. (2024)
(Abelmoschus enzymes, nutritional content and
esculentus) modulation of stress markers
Strawberry Foliar Spray 100 and 200 Protected against plant pathogen 14 TEM Mogazy et al.
(Fragaria x (Botrytis cinera), increased vitamin (2022)
ananassa) content (E, C, A), peroxidase, mineral
content, phenolics and flavonoids
hence enhancing nutrient uptake and also improving characterized using SEM, TEM, and XRD. NPs around

stress tolerance.

Titanium dioxide nanoparticles (TiO, NPs) used in agriculture
generally range from 10 to 115 nm, with most studies reporting
effective results at 15-60 nm. These particles are typically
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15-30 nm are often associated with enhanced germination,

17

seedling vigor, and stress tolerance, while those larger than
80 nm tend to show negative effects like DNA damage, oxidative
stress, and inhibited germination. Thus, TiO, NPs in the 15-30 nm
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range are considered optimal for promoting plant growth and
minimizing toxicity.

Titanium dioxide nanoparticles(nTiO,) have been hypothesized
to function in three different way; 1) pro-oxidant and anti-oxidant
roles by modulating reactive oxygen species signaling, 2)
manipulation of the nitrogen level in plants via modulation of
conversion rate of inorganic to organic nitrogen, and 3)self-
modulating role by altering its function and availability by its
shape, size and concentration changes. Therefore, in plants, the
overall functioning of TiO, involves a complex interaction. Ti-NPs
initiate a series of molecular processes in plants, stimulating essential
hormonal pathways, notably abscisic acid (ABA) and salicylic acid
(SA), that manage stress responses and boost pathogen defense
(Razavizadeh et al., 2023). Ti-NPs also influence membrane-bound
ion transporters, enhancing nutrient absorption, particularly for
phosphorus, copper, zinc, and calcium, by altering root structure
and exudate characteristics. These enhancements lead to a 20% rise
in crop yield, elevating photosynthetic efficiency by improving
electron transport in chloroplasts and augmenting ATP
production, which aids in growth and stress reactions (Francis
et al., 2024). Ti-NPs trigger a temporary oxidative burst that is
regulated by antioxidant enzymes such as superoxide dismutase,
catalase, and peroxidases, aiding plants in managing oxidative stress
(Choudhary et al., 2020). Moreover, Ti-NPs affect the structure of
cell walls and the dynamics of ion channels, enhancing resilience
to stress.

Genomic research indicates that Ti-NPs enhance the expression
of genes associated with metal ion binding, oxidative stress response,
and production of secondary metabolites, while reducing the activity
of growth-inhibitory genes, thereby altering the plant’s metabolic
balance in favor of stress tolerance (Meraj et al., 2020) (Figure 8).
TiO, nanoparticles, a type of Ti-NPs, facilitate effective electron
transfer, decrease nutrient loss, and improve soil carbon storage,
thereby promoting sustainable agriculture (Francis et al., 2024). The
synergy of these effects enhances plant development, output, and
adaptability to environmental conditions (Jalil et al., 2019).
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However, TiO,-NPs also exhibited genotoxic effects as reported
in A. cepa, Z. mays, Vicia narbonensis and Nicotiana Tabacum (Cox
et al,, 2016; Ruffini Castiglione et al., 2011). Foliar application of
TiO,-NPs at 2,4, and 6ppm in coriander plants recorded positive
effects like increased plant height, fruit yield, no. of branches, amino
acid content, total sugars, phenols and chlorophyll contents (Khater,
2015). Similarly in Broad bean and Wheat positive effects with foliar
spray of TiO,-NPs were recorded (Abdel Latef et al., 2018; Irshad M.
A. et al, 2021). Foliar sprays of TiO,-NPs on Maize plants at 0.02%
concentration improved plant growth, dry matter, and final forage
yield (Ghooshchi and Lotfi, 2015). In coriander, the root and shoot
fresh biomass significantly increased by 50 ppm TiO,-NPs, however
use of TiO,-NPs in hydroponics (400 ppm) decreased root length,
fresh biomass and water content (Hu et al., 2020). Seed priming at
40 ppm in onion improved storage of onion seed stored in
aluminum foil (Khan et al., 2023) (Table 6). It also has been
reported that the positive effects of Ti are virtue of its interaction
with other nutrients especially Fe. Ti and Fe were reported to have
synergistic as well as antagonistic relationships. Perhaps at times of
Fe deficiency, Ti induces the expression of genes associated with Fe
uptake in plants indicating its alternative role as cofactor for
regulating some transcription factor. It was evident from some
studies that Ti competes with Fe for proteins or ligands when
present in higher concentration (Ruffini Castiglione et al,
2011) (Table 6).

Gold nanoparticle (Au-NPs)

Gold nanoparticles (Au-NPs) have a vital function in plant
nanobiotechnology because of their distinctive characteristics,
with
functionalization. They mainly penetrate plants through the roots

compatibility biological ~ systems, and  simple
using apoplastic or symplastic pathways and move to above-ground
tissues through the xylem. The effectiveness of uptake is influenced

by nanoparticle size, charge, and surface chemistry (Zhu et al., 2012;
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TABLE 6 Representative examples of effect of application of Titanium Nanoparticles (Ti-NPs) in different crop plants.

Application

method (ppm)

Concentration

Effect

Size

Characterization

References

Wheat (Triticum
aestivum)

Foliar spray 40

Provided disease tolerance against
spot blotch disease caused by fungus
Bipolaris sorokiniana

Foliar spray 100

Seed priming 20 and 40

Maize (Zea mays) | Seed priming 2000-40,000

Foliar spray 200

Increased height, spike length,
straw, grain yield and improved
chlorophyll concentration

Improved germination attributes,
osmotic and water potential,
carotenoid, total phenolic, and
flavonoid content, soluble sugar and
proteins, proline and amino acid
content, superoxide dismutase
activity, and reduce
malondialdhehyde (MDA) content

Mitotic index reduction and
chromosomal aberration

Improved plant growth; dry matter
and final forage yield

15-30

30-95

<100

FESEM and TEM

SEM

Purchased

Purchased

Irshad et al.,, 2021a,
Irshad et al., 2021b

Mustafa et al.
(2022)

Ruffini Castiglione
et al. (2011)

Ghooshchi and
Lotfi (2015)

Seed Priming 60

Improved germination percentage,
germination energy, seedling vigor
index, lengths of root and shoot,
fresh and dry weights of seedling,
potassium ion (K+) concentration,
relative water content (RWC), total
phenolic and proline and contents,
superoxide dismutase (SOD),
catalase (CAT) and phenylalanine
ammonia lyase (PAL) activities

10-25

SEM

Shah et al. (2021)

Broad bean
(Vicia faba L.)

Foliar spray 100

Increased shoot length, leaf area,
root dry weight, chlorophyll b
content, soluble sugars and proline
content, enhanced activities of
antioxidant enzymes under salt
stress

20-25

XRD
TEM

Abdel Latef et al.
(2018)

Seed priming 15-60

240

Mung bean
(Vigna radiata)

Seed priming/ 2500
imbibition

seed priming 50

Improves seed germination
percentage and reduces seedling
time

Decreases seed germination
percentage

Ameliorated arsenic toxicity by
enhancing growth traits and protein
content

Maximum root length and shoot
length and highest seedling vigor
index

250

Reduced root and shoot length and
reduced germination

60

105-115

15,17

15.17

SEM

DLS

XRD

XRD

Kushwah and Patel
(2020)

Katiyar et al. (2020)

Mathew et al.
(2021)

Narbon bean
(Vicia
narbonensis)

Seed priming 2000-40,000

Mitotic index reduction and
chromosomal aberration

<100

Purchased

Ruffini Castiglione
et al. (2011)

Coriander 2,4 and 6
(Coriandrum

Sativum L.)

Foliar spray

Increased plant height, fruit yield,
number of branches, amino acid
content, total sugars, phenols and
chlorophyll content

19.5-20

TEM

Khater (2015)

Hydroponic growth 50

Improve the nutritional quality of
coriander plants without causing
significant oxidative stress

83.7

Nano Measurer 1.2.5

Hu et al. (2020)
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TABLE 6 (Continued) Representative examples of effect of application of Titanium Nanoparticles (Ti-NPs) in different crop plants.

Application Concentration Effect Size Characterization  References
method (ppm)
400 Decreased root length, fresh
biomass and water content
Onion (Allium Seeds priming 10-30 Enhanced seed germination and 21 Obtained from the Laware, and Raskar
cepa) seedlings growth researchers (2014)
Increased amylase, proteaseand
antioxidant activity
40-50 Inhibited seed germination, reduced
hydrolytic and antioxidant enzyme
activity
Onion bulb treatment | 1000 DNA damage in root meristem cells | 50 Purchased Demir et al. (2014)
4 mM Increased lipid peroxidation and 100 Purchased Ghosh et al. (2010)
DNA damage
Seed priming 40 Improves storage of onion seed if 50-80 Purchased Khan et al. (2023)
stored in aluminum foil bag
Supplementation in 25,000 Decreased seed germination and <100 Purchased Frazier et al. (2014)
plant Tissue Culture root length
media
Tomato Seed priming and 25 and 50 Increased seed germination, and 50-100 =~ SEM Sonawane et al.
(Solanum foliar spray Seedling vigor (2021)
lycopersicum)

Lietal., 2016). At the molecular level, Au-NPs affect gene expression
and metabolic functions, mainly by producing reactive oxygen
species (ROS). While low levels of ROS serve as signaling
molecules that trigger stress-responsive genes and boost defense
strategies, an excessive buildup can result in oxidative stress, which
can cause lipid peroxidation, protein oxidation, and DNA damage.
In reaction to this, plants increase the expression of antioxidant
defense genes, such as superoxide dismutase (SOD), catalase (CAT),
and peroxidases (POD), to mitigate oxidative harm (Li et al., 2016;
Zhu et al., 2012) (Figure 9).

Au-NPs also influence phytohormone signaling, especially
auxins and cytokinins, which affect the development of roots and
shoots. Furthermore, they modify metal homeostasis by interfering
with ion transporters, altering the absorption of micronutrients such
as iron, zinc, and copper. This can either enhance nutrient uptake
and photosynthesis or lead to imbalances that may cause growth
inhibition and metabolic issues (Zhu et al., 2012). In Mentha spicata
L. (spearmint), foliar and root applications of Au-NPs (1-100 PPM)
resulted in their accumulation in plant tissues, with dose-dependent
effects on growth and physiology (Peshkova et al., 2024). Similarly,
in parsley, a foliar spray of AuNPs (1-100 PPM) led to their
accumulation in aerial parts and a dose-dependent increase in
metal content (Peshkova et al,, 2025). Wheat subjected to soil
applications of Au-NPs (10-100 mg/L) exhibited impacts on seed
germination and plant growth parameters (Venzhik et al,
2022) (Table 7).

In hydroponic culture, Arabidopsis thaliana exposed to Au-NPs
(50-200 PPM) showed altered gene expression related to stress
responses, along with the accumulation of nanoparticles in roots and
shoots (Siddiqi and Husen, 2016). Tobacco seedlings treated with
Au-NPs (10-50 PPM) demonstrated uptake and distribution of
nanoparticles, though potential phytotoxicity was noted at higher
concentrations (Nair, 2016). Brassica juncea grown in soil with

Frontiers in Nanotechnology

50 PPM Au-NPs experienced enhanced growth and seed yield
(Arora et al, 2012)) (Table 7). Seed treatments with Au-NPs
(10-50 PPM) positively influenced P. vulgaris (common bean)
and Maiz, leading to increased shoot and root length, higher
chlorophyll content, and enhanced carbohydrate and protein
accumulation (Salama, 2012). In rice, foliar application of AuNPs
(20-100 PPM) led to improved growth, yield attributes, and
increased nutrient uptake (Wang C. et al., 2022). Furthermore,
seed priming of rice with 2,000 ppm Au-NPs resulted in the
highest recorded root length (6.62 cm) (Ndeh et al, 2017)
(Table 7). These findings suggest that gold nanoparticles can be
beneficial in plant growth and stress mitigation; however, their
effects vary depending on the plant species, application method,
and concentration.

Gold nanoparticles (AuNPs), typically ranging from 1 to 70 nm,
exhibit diverse effects on plants depending on their size,
concentration, and method of application. At smaller sizes
(1-5 nm), AuNPs accumulate efficiently in tissues of spearmint
and parsley, showing dose-dependent physiological effects. In crops
like wheat, rice, and corn, sizes between 10 and 50 nm enhance seed
germination, shoot/root growth, and nutrient uptake, particularly
when applied via foliar spray or seed treatment. However, higher
concentrations or larger particle sizes (up to 100 nm) may cause
phytotoxicity, as seen in tobacco. Overall, AuNPs around 10-30 nm
are generally optimal for promoting plant growth and
physiological benefits.

Selenium nanoparticles
Selenium nanoparticles (Se-NPs) have shown considerable

promise in improving plant growth, resilience to stress, and
physiological reactions in numerous plant species. Se-NPs
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FIGURE 9
Schematic flow diagram showing molecular and physiological responses of application of Au-NPs in plants. SOD: Superoxide Dismutase, CAT:
Catalase, and POD: Peroxidase.

TABLE 7 Representative examples of the effect of the application of Gold Nanoparticles (Au-NPs) in different crop plants.

Effect NP-
size

(nm)

Concentration Characterization References

(ppm)

Application

method

Mentha spicata L. Foliar and Root 1-100 Accumulation of AuNPs in plant | 1-5 TEM Peshkova et al.
(Spearmint) Application tissues; dose-dependent effects on (2024)
growth and physiology
Petroselinum Foliar Spray 1-100 Accumulation of AuNPs in aerial = 1-4 TEM Peshkova et al.
crispum (Mill.) parts; dose-dependent increase in (2025)
(Parsley) metal content
Triticum aestivum | Soil Application 10-100 Impact on seed germination and | 25-70 TEM Venzhik et al.
(Wheat) plant growth parameters (2022)
Arabidopsis Hydroponic Culture | 50-200 Altered gene expression related to | 24 TEM Siddiqi and Husen
thaliana stress responses; accumulation of (2016)
AuNPs in roots and shoots
Nicotiana xanthi Seedling Exposure 10-50 Uptake and distribution of 2-100 X-ray absorption Nair (2016)
(Tobacco) AuNPs; potential phytotoxicity at spectroscopy
higher concentrations
Brassica juncea Soil Application 50 Enhanced growth and seed yield | 10-50 - Arora et al. (2012)
(Indian mustard)
Phaseolus vulgaris | Seed Treatment 10-50 Increased shoot and root length; | 10-30 UV spectral analysis Salama (2012)
(Common bean) higher chlorophyll content
Zea mays (Corn) Seed Treatment 10-50 Enhanced growth parameters; 10-30 UV spectral analysis Salama (2012)
increased carbohydrate and
protein contents
Oryza sativa (Rice) | Foliar Spray 20-100 Improved growth and yield 40 TEM Wang et al.
attributes; increased nutrient (2022b)
uptake
Seed Priming 2000 highest root length (6.62 cm) <60 - Ndeh et al. (2017)
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Schematic flow diagram showing physiological and hormonal responses of application of Se-NPs in plants.

improve plant resilience to abiotic and biotic stresses by modulating
antioxidant defenses, metabolic processes, and gene regulation. In
the face of abiotic stressors like drought, salinity, vanadium, and
heavy metal toxicity, Se-NPs—particularly when combined with
organic materials such as olive solid waste—aid in regulating ROS
levels by boosting antioxidant enzymes (SOD, CAT, APX, GPX) and
non-enzymatic antioxidants (ASC, GSH), thus preserving redox
(Albgmi 2023).  They the
phenylpropanoid pathway, boosting secondary antioxidants such

balance et al, stimulate
as flavonoids and phenolics (Ahmad et al., 2021), while also aiding
sulfur metabolism to produce glutathione (El Saadony et al., 2021).

Under biotic stress conditions, Phyto-mediated Se-NPs enhance
the activity of antioxidant enzymes and increase metabolites such as
sesamin and y-tocopherol, thereby improving defense mechanisms
and membrane stability (Ahmad A. et al,, 2024). They stabilize
chlorophyll and regulate phytohormones to improve growth and
photosynthesis (Adhikary et al., 2022; Albqmi et al., 2023). Se-NPs
are taken up by roots and converted into bioavailable seleno-amino
acids, which help in detoxifying heavy metals (Wang C. et al., 2022;
Zahedi et al,, 2021). The use of phytochemicals in green synthesis
enhances the biocompatibility and ROS-scavenging abilities of Se-
NP (Sentkowska et al., 2024; Grudniak et al., 2025) as shown in
Figure 10. In wheat, the application of Se-NPs on leaves at levels of
0.01%, 0.05%, and 0.1% enhanced growth in saline environments,
resulting in greater shoot and root biomass (Zafar et al., 2024).
Similarly, Se-NPs administered through foliar spray (25 pM) and at
10 PPMs successfully alleviated drought stress by improving
physiological responses and regulating reactive oxygen species
(ROS) metabolism (Hasanuzzaman et al., 2024).

In Daucus carota (carrot), a soil application of 20 PPM Se-NPs
led to increased growth and better physiological tolerance when
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exposed to heavy metal stress (El-Batal et al., 2023). Oryza sativa
(rice) cultivated in hydroponic systems with 0.5 PPM Se-NPs
demonstrated enhanced antioxidant activity; however, at elevated
concentrations, selenium nanoparticles revealed a dual effect,
promoting growth enhancement and oxidative stress (Freire
et al., 2024) (Table 8).

Selenium nanoparticles (SeNPs), typically sized between 10 and
90 nm, have demonstrated significant benefits for various crops
under abiotic stress. In wheat, foliar treatments at concentrations of
0.01-25 ppm improved growth and biomass during saline and
drought conditions, with optimal effects noted at about 50 nm
(Hasanuzzaman et al,, 2024; Zafar et al, 2024). Rice seedlings
exposed to 0.5 ppm SeNPs in hydroponic systems displayed
enhanced antioxidant activity (Freire et al, 2024). Coriander
treated with 40-60 ppm SeNPs showed increased levels of
phenolic and flavonoid compounds, as well as a higher yield of
essential oils (Babashpour-Asl et al., 2022). Similarly, tomato and
carrot plants benefited from SeNPs when faced with heavy metal
stress, exhibiting improved growth and physiological resilience at
nanoparticle sizes ranging from approximately 10-90 nm (Ahmad I.
et al., 2024; El-Batal et al., 2023).

The application of Se-NPs on leaves showed positive effects in
aromatic and medicinal plants. In coriander, Se-NPs at 40-60 PPM
raised the levels of phenolic and flavonoid compounds while
boosting essential oil (EO) production under stress conditions
(Babashpour-Asl et al, 2022). Likewise, in tomato, a foliar
application of 20 PPM Se-NPs enhanced plant growth and heavy
metal stress tolerance by modulating secondary metabolites and
improving physiological traits (Ahmad A. et al., 2024) (Table 8).
These results indicate that selenium nanoparticles may significantly
contribute to boosting plant resilience against abiotic stresses,
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TABLE 8 Representative examples of effect of application of Selenium Nanoparticles (Se-NPs) in different crop plants.

Concentration Effect

(ppm)

Application

method

Characterization References

Triticum aestivum  Foliar Application 0.01-1 Improved growth under saline 40 SEM Zafar et al. (2024)
(Wheat) conditions; increased shoot and
root biomass
Foliar Application 10-25 Mitigated drought stress effects; = 50.1 £ 5.6 | SEM and TEM Hasanuzzaman
improved physiological et al. (2024)
responses
Oryza sativa (Rice) =~ Hydroponic Culture 0.5 enhancing the antioxidant 50.1 £56 | TEM Freire et al. (2024)
activity of rice seedlings
Coriandrum Foliar Application 40-60 increased phenolic and flavonoid = 10-45 TEM Babashpour-Asl
sativum contents as well as EO yield et al. (2022)
(Coriander)
Solanum Foliar Application 20 Enhanced growth and 70-90 TEM Ahmad et al.
lycopersicum physiological tolerance under (2024b)
(Tomato) heavy metal stress
Daucus carota Soil Application 20 Enhanced growth and 9.85-11.82 = HRTEM El-Batal et al. (2023)
(Carrot) physiological tolerance under
heavy metal stress
improving antioxidant responses, and fostering growth. Off-ta rget studies and risk of NPs on
Nonetheless, their impacts differ according to species, pPOllinator
concentration, and environmental factors, highlighting the

necessity for precise optimization of application techniques.

Recent advancements in metal NPs
production

The synthesis of metal nanoparticles has been directed to more
environmentally friendly and sustainable techniques, such as the use
of biological metabolites. Involvement of higher energy, high cost
and toxic chemicals are major setbacks of physical and chemical
methods of MNPs synthesis. In contrast, the green synthesis
approaches using primary and secondary metabolites like
proteins, carbohydrates, lipids, nucleic acids, enzymes, vitamins,
organic acids, alkaloids, flavonoids, and terpenes have shown good
metal reduction and stabilization properties. Biomolecules work as
reducers by different mechanisms that can include deprotonation,
nucleophilic reactions, transesterification, ligand binding, or
chelation to initiate stable MNPs (Acharya et al.,, 2025). One of
the most prominent examples of this green synthesis approach is the
use of microorganisms in the agricultural sector (Bahrulolum et al.,
2021). The microbial synthesis of MNPs offers a quick, cost-
effective, clean, non-toxic, and environment-friendly alternative
over conventional ways. Numerous microorganisms, such as
bacteria, fungi, yeasts, and microalgae, have been used to control
plant pathogens as whole cell formulations (Damodaran et al., 2019)
or metabolite-based selections using bioimmmunization technology
(Damodaran et al., 2023). These studies have implications for the
development of metabolite conjugated nano-formulations and
nano-biosensors that could be used in disease management and
diagnostics of plant pathogens. Green syntheses of nanoparticles
which are nontoxic and alsoshows promise in terms of particle sizes,
shapes, compositions, and physicochemical properties and thus are
amenable to wide-ranging applications in agriculture.
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The adoption of engineered nanoparticles (NPs) in agriculture
offers potential benefits but also poses emerging risks to non-target
insects, especially pollinators. When TiO,-NPs are integrated into
plant systems, they can be ingested by insects, leading to a range of
responses from harmless interactions to toxic effects, influenced by
the species of insect and the levels of exposure (Viana et al., 2025).
Metal-based nanoparticles, including silver and zinc oxide NPs,
have been linked to potential threats to non-target organisms.
Research indicates that these can disrupt foraging behaviors and
reproductive success in bees and other beneficial insects (Kannan
et al., 2020). Similar concerns arise with nano-based pesticides
applied via seed treatments or leaf sprays, where pollinators might
inadvertently collect these particles while foraging, potentially
accumulating them in their bodies and facing stress or even
2019). Plant-derived metal
nanoparticles, developed using plant extracts and primarily
pests, these pests.

overall impact remains

mortality (Hooven et al,

targeting storage control
their
under-researched. Initial findings suggest they can diminish

pest populations, but there may be adverse effects on beneficial

effectively

Nevertheless, environmental

insects, necessitating further investigation (Baliyarsingh and
Pradhan, 2023). employing
nanotechnology to enhance pesticide efficacy have contributed

Furthermore, seed treatments
to reduced environmental runoff and improved utilization of
active ingredients; however, the implications for pollinators are
still unclear. Preliminary studies indicate that extensive research is
crucial to assess bee exposure levels and potential harm (Shelar
et al., 2023) (Table 9). Overall, these findings emphasize the need
for a careful risk-benefit analysis prior to implementing
nanotechnology in crop protection. While nanoparticles present
significant promise for sustainable pest management, safeguarding
pollinators will demand comprehensive field trials, established
safety assessments, and regulations governing the design and
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TABLE 9 Nanoparticles and their effect on pollinators and insects.

Nanoparticle type Application

Observed effects on pollinators/Insects

10.3389/fnano.2025.1576582

References

Titanium Dioxide (TiO,) NPs Incorporated into plant

systems

Metal-based NPs (e.g., Silver, Zinc
Oxide)

Used in nanopesticides

Seed treatment and foliar
application

Nano-based Pesticides
toxicity

Ingestion by insects led to varying effects, including potential toxicity
depending on the species

Potential risks to non-target organisms, including pollinators; effects on
foraging behavior and reproduction observed

Bees may collect these particles, leading to accumulation and potential

Viana et al. (2025)

Kannan et al. (2020)

Hooven et al. (2019)

Phyto-derived Metallic NPs Applied against storage pests

Nano-enabled Seed Treatments Enhancing pesticide delivery

application of nanoparticles to minimize harm to critical
ecosystem components.

Conclusion

This review analyzes the use of eight key metal nanoparticles—zinc,
iron, copper, silver, calcium, titanium, gold, and selenium—in
enhancing crop growth, physiology, and yield. Due to their high
surface-area-to-volume ratio and unique properties, these MNPs not
only serve as nutrients but also modulate gene expression, hormone
activity, and stress responses in crops as outlined in the review. Zinc
oxide nanoparticles (ZnO-NPs) boost germination, photosynthesis, and
stress tolerance under drought and salinity. Iron oxide (Fe,O5-NPs)
promotes chlorophyll synthesis, antioxidant activity, and mitigates
heavy metal stress via gene regulation. Copper nanoparticles (Cu-
NPs) enhance growth and defense but can be toxic at high doses.
Silver nanoparticles (Ag-NPs) improve germination and vigor through
strong antimicrobial action, though their reactivity raises phytotoxicity
concerns. Calcium nanoparticles (Ca-NPs) support membrane stability,
signaling, and stress resilience. Titanium dioxide (TiO,-NP) improves
photosynthesis, nutrient uptake, and regulates stress and hormone
pathways. Gold nanoparticles (Au-NPs), though less explored, aid
growth and stress tolerance via auxin, cytokinin, and ROS
regulation. (Se-NPs)
resistance by activating antioxidant defenses and

stress
secondary

Selenium  nanoparticles enhance
metabolism.

While metal nanoparticles (MNPs) offer clear agronomic
benefits, their effects work in highly dose- and crop-specific
manner. Optimal concentrations promote growth and stress
tolerance, but levels can hinder

germination, and disrupt cellular balance. Determining safe

excess cause toxicity,
application levels is essential. Ecological concerns such as impacts
on soil microbial population and dynamics, nutrient cycling process,
and ecosystem stability, highlight the need for robust risk
assessments and long-term monitoring trails. Although, high
costs are involved in nano-synthesis or nanoformulation’s
preparation and poses scalability issues which limits their
widespread use, presently the green synthesis using microbes and
plant metabolites offers a sustainable and eco-friendly alternative
approach. Bioconjugated MNPs are often more biocompatible and
can be tailored for targeted agricultural functions such as integrating
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Effective against target pests; however, implications for non-target insects
require further study

Improved pesticide utilization; potential reduction in environmental runoff,
but effects on pollinators need assessment

Baliyarsingh and Pradhan
(2023)

Shelar et al. (2023)

them in nutrient management, plant protection, and crop
With
interdisciplinary efforts, MNPs can support climate-resilient and

management practices. responsible innovation and

resource-efficient agriculture.
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