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Abstract
E I E Nanoparticles, particularly Fe,O3 and ZnO, have emerged as effective tools for enhancing iron uptake in crops

by stimulating phytosiderophore (PS) production, improving iron solubility, and facilitating plant growth in
iron-deficient soils. This article reviews the mechanisms through which these nanoparticles interact with plant

- metabolic pathways, including the generation of reactive oxygen species (ROS) and the upregulation of genes
such as NAS and NAAT, which are critical for PS biosynthesis. Case studies on wheat, maize, and rice
highlight the significant improvements in biomass, chlorophyll content, and iron concentration resulting from

E nanoparticle treatments. While Fe,O; and ZnO nanoparticles show great potential for mitigating iron

deficiencies and reducing the need for traditional fertilizers, concerns about their environmental impact,
icl . including effects on soil microbiota and nutrient cycles, emphasize the need for controlled and sustainable
Article H IStOFV applications. This article also proposes guidelines for the safe use of nanoparticles in agriculture, ensuring their
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. Iron (Fe) is a crucial micronutrient for plants, playing an essential
1. Introduction role in various physiological and biochemical processes, including
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photosynthesis, respiration, and chlorophyll synthesis. It is also a
vital cofactor for many enzymes involved in nitrogen fixation and
electron transport. Despite iron's abundance in the Earth's crust, it
is often unavailable to plants in usable forms, particularly in
calcareous and alkaline soils, where iron predominantly exists as
insoluble ferric iron (Fe*") oxides and hydroxides (Athukorala,
2021; Feng et al., 2022). These soils cover approximately 30% of
the world's arable land, making iron deficiency a widespread
problem that directly impacts crop yield and quality, especially in
staple crops like wheat (Triticum aestivum), maize (Zea mays), and
rice (Oryza sativa) (Haider et al., 2023).

Iron deficiency leads to chlorosis, a condition characterized by
yellowing of the leaves due to insufficient chlorophyll production,
which significantly reduces photosynthetic efficiency and overall
plant growth. In response to iron deficiency, plants have evolved
various strategies to enhance iron acquisition. In grasses, a
specialized mechanism known as Strategy Il iron uptake has been
developed, which involves the secretion of iron-chelating
compounds called phytosiderophore (PS) (Bhatla & Lal, 2023).
These compounds are synthesized in response to iron stress and
released into the rhizosphere, where they solubilize Fe** by
forming soluble Fe®*-phytosiderophore complexes.  These
complexes are then transported into the plant roots through specific
transporters, such as Yellow Stripe-Like (YSL) proteins
(Chowdhury et al., 2022; Figueira et al., 2001).

Phytosiderophores belong to the mugineic acid (MA) family, with
compounds such as deoxymugineic acid (DMA) being the most
well-known in wheat and other cereals. The production of
Phytosiderophores is tightly regulated at the transcriptional level,
primarily in response to iron availability. When iron is scarce, the
genes encoding enzymes involved in PS biosynthesis, such as
nicotianamine synthase (NAS), nicotianamine aminotransferase
(NAAT), and deoxymugineic acid synthase (DMAS), are
upregulated, increasing the secretion of phytosiderophore into the
soil (Hasanzadeh & Hazrati, 2020; Tanin et al., 2024).

Traditional approaches to addressing iron deficiency in crops, such
as applying iron-based fertilizers, have proven to be inefficient in
calcareous soils due to the rapid conversion of soluble Fe?* into
insoluble Fe** forms. This inefficiency, combined with the high
cost and environmental concerns associated with the overuse of
chemical fertilizers, has led to a growing interest in alternative
strategies that can enhance iron bioavailability and uptake in
plants. One promising approach is the use of nanotechnology,
particularly nanoparticles (NPs), to modulate the biological
processes underlying iron acquisition (Kermeur et al., 2023).

Nanoparticles, typically ranging in size from 1 to 100 nm, possess
unique physicochemical properties that make them highly reactive
and effective at interacting with biological systems. Among the
most studied nanoparticles in agriculture are iron oxide (Fe,Os)
and zinc oxide (ZnO) nanoparticles (Yusuf et al., 2023). These
nanoparticles not only serve as a source of micronutrients but also
interact with plant biochemical pathways, potentially enhancing
phytosiderophore production and facilitating iron uptake. Fe,O3;

nanoparticles, for instance, have been shown to increase iron
solubility in the rhizosphere, while ZnO nanoparticles play a role
in promoting the activity of enzymes involved in PS biosynthesis,
particularly zinc-dependent enzymes such as NAS (Assungo,
2022; Liu et al., 2023).

Several studies have demonstrated that the application of Fe,O3;
and ZnO nanoparticles can significantly improve iron uptake in
iron-deficient soils by modulating phytosiderophore synthesis and
release. In a study conducted on wheat, the application of Fe,0,
nanoparticles at a concentration of 50 mg/L resulted in a 30%
increase in phytosiderophore secretion and a 40% improvement in
iron uptake compared to untreated plants (Lopez-Pérez et al., 2024;
Sega, 2018). Similarly, maize treated with ZnO nanoparticles (100
mg/L) exhibited a 25% increase in PS production, leading to
enhanced iron acquisition from the soil (Ahmad et al., 2024).
These findings suggest that nanoparticles can serve as an effective
tool for improving iron bioavailability in crops, particularly under
conditions where conventional iron fertilizers are ineffective.

The  mechanisms by  which  nanoparticles influence
phytosiderophore production and iron uptake are complex and
involve several biochemical and molecular processes. One key
mechanism is the generation of reactive oxygen species (ROS),
which act as signalling molecules in plants. Both Fe,O3 and ZnO
nanoparticles have been shown to induce ROS production in plant
tissues, triggering stress-response pathways that lead to the
upregulation of genes involved in PS biosynthesis (El-Saadony et
al., 2022; Hatami & Ghorbanpour, 2024). Additionally,
nanoparticles may enhance the permeability of root cell
membranes, facilitating the exudation of Phytosiderophores into
the rhizosphere and increasing the efficiency of iron solubilization
and uptake.

While the use of nanoparticles offers significant potential for
enhancing iron uptake in plants, some challenges must be
addressed. The long-term environmental impact of nanoparticle
application in agriculture is not yet fully understood, particularly
concerning their accumulation in the soil and potential effects on
soil microbiota and ecosystem health (Fatima et al., 2024; Ullah,
Qasim, Abaidullah, et al., 2024). Moreover, the optimal
concentrations and application methods for nanoparticles in
different crop species and soil types need to be carefully evaluated
to ensure their efficacy and safety. Therefore, further research is
needed to fully explore the potential of nanoparticles in improving
iron nutrition in crops, while minimizing any potential risks to the
environment.

Therefore, iron deficiency remains a major constraint to
agricultural productivity, particularly in regions with calcareous
soils where traditional iron fertilizers are largely ineffective.
Phytosiderophore production is a key mechanism by which grasses
acquire iron under such conditions, and recent advances in
nanotechnology offer a promising avenue for enhancing this
process. By modulating the biochemical pathways involved in PS
synthesis and iron uptake, nanoparticles such as Fe,Oz and ZnO
have the potential to improve iron availability in the rhizosphere
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and increase crop Yyields. However, careful consideration of the
environmental and safety implications of nanoparticle use in
agriculture is essential to ensure the sustainability of these
technologies in the long term.

Graph 1: Iron Availability in Different Soil Types and Grass Growth Rate

60 Iren Availability —e— Grass Growth Rate

Growth Rate

Iron Availability (mg/kg)

Calcareous Soil Alkaline Soil Neutral Soil Acidic Soil Sandy Soil
Soil Types

The graph presents a comparative analysis of iron availability
(mg/kg) and grass growth rates (%) across five different soil types:
calcareous, alkaline, neutral, acidic, and sandy soils. In calcareous
soil, iron availability is notably low at 10 mg/kg, which
corresponds with a 30% grass growth rate, reflecting the challenges
of iron uptake in such environments. Alkaline soils show a modest
improvement, with 20 mg/kg of iron availability and a 45% grass
growth rate. In contrast, neutral and acidic soils demonstrate much
higher iron availability, with values of 40 mg/kg and 60 mg/kg
respectively, leading to 85% and 95% grass growth rates,
indicating optimal iron uptake conditions. Sandy soil, with 35
mg/kg of iron and a 50% growth rate, represents a middle ground
between the extremes of soil types. These trends underscore the
critical role that soil type plays in determining iron availability and
plant growth potential.

Table 1: Comparative Table of Iron Solubility and
Phytosiderophore (PS) Secretion in Different Soil Types

The table compares iron solubility, phytosiderophore (PS)
secretion, iron uptake, and their subsequent effects on plant growth
across nine soil types with varying pH levels. For instance, in
calcareous soils (pH 8.5), iron solubility is low at 10 mg/kg,
resulting in PS secretion of 20 umol/g and iron uptake of 12
mg/kg, leading to a 30% growth impact. In contrast, acidic soils
(pH 6.0) show significantly higher iron solubility at 60 mg/kg, with
PS secretion reaching 80 pmol/g and iron uptake increasing to 65
mg/kg, translating into a 95% growth impact. Neutral soils (pH
7.0) exhibit a balanced iron solubility of 50 mg/kg, PS secretion of
70 umol/g, and iron uptake of 55 mg/kg, supporting 90% plant
growth. These values highlight the strong correlation between soil
pH, iron solubility, and PS secretion, and their combined effect on
iron uptake and plant growth.

Soil Type pH Iron PS Iron Growt
Leve | Solubilit | Secretio | Uptake h
| y n (mg/kg | Impact
(mg/kg) | (umol/g) ) (%)
Calcareou | 8.5 10 20 12 30
s Soil

Alkaline 75 15 25 18 45
Soil
Neutral 7 50 70 55 90
Soil
Acidic 6 60 80 65 95
Soil
Sandy 55 40 65 45 70
Soil
Loamy 6.8 55 75 60 85
Soil
Clay Soil 5 30 45 35 50
Peaty Soil 4 25 35 30 40
Saline 9 5 10 8 15
Soil

2. Biochemical Pathways of

Phytosiderophore Synthesis in Grasses
Phytosiderophores (PS) are specialized iron-chelating compounds
produced by grasses (Poaceae family) in response to iron
deficiency. These compounds play a crucial role in Strategy Il iron
uptake, which is unique to grasses and involves the secretion of PS
into the rhizosphere. The PS chelates ferric iron (Fe®*") from the
soil and transports it back to the plant roots for absorption (Chan
Rodriguez, 2018; Nishanth et al., 2023). The synthesis of PS is a
complex biochemical process, highly regulated by iron availability,
and involves several key metabolic pathways, particularly the
methionine cycle, which produces precursors for PS synthesis such
as nicotinamide (NA). In this section, we explore the detailed
biochemical pathways of PS synthesis, highlighting the enzymes
involved, the regulatory mechanisms that control the process, and
how plants modulate PS production in response to iron deficiency.

The methionine cycle is the central biochemical pathway involved
in PS synthesis. It begins with the formation of S-
adenosylmethionine (SAM) from methionine. SAM is a vital
methyl donor in plants and serves as a precursor for the synthesis
of nicotinamide, a key intermediate in PS biosynthesis (Caracausi
et al., 2024). The production of SAM from methionine is catalyzed
by SAM synthetase, and the resulting SAM is subsequently
converted into NA by nicotianamine synthase (NAS). NA is a non-
proteinogenic amino acid that acts as a chelator for divalent metal
ions such as Fe?* and Zn?*, playing a pivotal role in the early stages
of PS synthesis (Assel et al., 2023; Lee et al., 2023).

The next key step in the synthesis of PS involves the conversion of
nicotinamide into phytosiderophores. This process is facilitated by
the enzyme nicotianamine aminotransferase (NAAT), which
catalyzes the transfer of an amino group from NA to produce 2'-
deoxymugineic acid (DMA), the primary phytosiderophore in
many cereal crops, such as wheat and barley (Gautam et al., 2023;
Haidri et al., 2024; Waseem et al., 2023). In some species, DMA is
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further modified into mugineic acid (MA) by the enzyme
deoxymugineic acid synthase (DMAS). The DMA and MA family
of PS are particularly effective at chelating Fe®" due to their high
affinity for ferric ions in the rhizosphere. This chelation is essential
for mobilizing Fe® from insoluble forms in alkaline and calcareous
soils, where iron availability is low (Ning et al., 2023; Ummer et
al., 2023).

Regulation of the PS synthesis pathway is tightly linked to the iron
status of the plant. Under conditions of iron deficiency, plants
upregulate the expression of genes encoding the key enzymes
NAS, NAAT, and DMAS. This transcriptional regulation is
controlled by iron-responsive elements (IREs) and transcription
factors such as FIT (FER-like Iron deficiency-induced
Transcription factor) and the basic helix-loop-helix (bHLH) family
of proteins (Ullah, Munir, et al., 2024; Zhao et al., 2024). These
factors bind to specific promoter regions of PS biosynthetic genes
and activate their expression in response to low iron levels. As iron
availability improves, the expression of these genes is
downregulated to prevent the overproduction of PS, which would
otherwise deplete valuable metabolic resources.

The secretion of Phytosiderophores into the rhizosphere is an
energy-intensive process, as it requires active transport across the
plasma membrane of root cells. This process is mediated by ABC
transporters (ATP-binding cassette transporters), which are
powered by ATP hydrolysis. Once in the rhizosphere, PS rapidly
chelate Fe** to form soluble Fe**-PS complexes (Ignatova et al.,
2000; Wang et al., 2021). These complexes are recognized and
transported back into the plant roots through specialized Yellow
Stripe-Like (YSL) transporters, which are highly selective for Fe®'-
PS complexes. Once inside the root cells, the Fe** is reduced to
Fe?* by ferric reductase, making it available for incorporation into
various physiological processes such as chlorophyll synthesis and
electron transport (Baig et al., 2024; Rodrigues et al., 2023).

The role of nicotinamide in the regulation of metal homeostasis
extends beyond PS synthesis. NA also functions as a chelator for
other metals, such as zinc and copper, and is involved in their
transport within the plant. Studies have shown that plants with
impaired NA synthesis suffer from severe deficiencies in not only
iron but also other essential micronutrients, underscoring the
critical role of NA in overall metal homeostasis (Chakraborty et al.,
2024). The balance between the synthesis of NA and PS is crucial
for maintaining appropriate levels of metal ions in the plant,
especially under conditions of nutrient stress (Singhal et al., 2023).

Recent studies have also highlighted the role of hormonal
regulation in PS synthesis, particularly the involvement of ethylene
and jasmonic acid (JA). Ethylene has been shown to enhance the
expression of NAS and NAAT genes in response to iron
deficiency, while JA appears to modulate the stress response
associated with low iron availability (Divte et al., 2021). The
interplay between these hormonal pathways and iron-responsive
transcription factors ensures a coordinated response to iron
deficiency, optimizing PS production to meet the plant’s iron
needs.

Furthermore, research has demonstrated that reactive oxygen
species (ROS), generated as a byproduct of cellular metabolism,
may play a signalling role in modulating PS synthesis (Ullah,
Ishag, Mumtaz, et al., 2024; Zandi & Schnug, 2022). Under iron-
deficient conditions, ROS levels increase, which can activate
stress-response pathways and upregulate the expression of genes
involved in PS biosynthesis. While excessive ROS can be
damaging to cellular components, moderate levels of ROS appear
to act as signalling molecules that trigger protective responses,
including the production of PS to enhance iron acquisition.

The efficiency of PS-mediated iron uptake is also influenced by
soil conditions, particularly pH and microbial activity. In alkaline
soils, where iron is less soluble, the chelation of Fe** by PS is
critical for mobilizing iron from soil particles. Additionally, certain
soil microbes can degrade PS, reducing their effectiveness in iron
uptake (Chandwani & Amaresan, 2024; Qasim, Fatima, et al.,
2024). To counteract this, some plants produce PS analogues that
are more resistant to microbial degradation, ensuring a steady
supply of iron in challenging soil environments. These analogues
represent a promising area for further research, particularly in the
development of crop varieties that can thrive in nutrient-poor soils.
Therefore, the biochemical pathways involved in phytosiderophore
synthesis are highly complex and finely regulated by a
combination of metabolic, transcriptional, hormonal, and
environmental factors. Understanding the molecular mechanisms
underlying PS production and secretion is essential for developing
strategies to improve iron uptake in crops, particularly in iron-
deficient soils. Advances in plant biotechnology, such as the
application of nanoparticles to modulate PS pathways, offer
exciting opportunities to enhance iron nutrition in cereal crops,
thereby improving agricultural productivity and addressing global
food security challenges.

Table 2: Enzymatic Reactions and Key Molecules in the
Phytosiderophore Biosynthetic Pathway

The table outlines the key enzymatic reactions involved in the
phytosiderophore (PS) biosynthetic pathway, which is crucial for
iron acquisition in grasses. The process begins with SAM
synthetase, which catalyzes the conversion of methionine into S-
adenosylmethionine  (SAM), an essential precursor for
nicotinamide (NA) synthesis. NAS (nicotianamine synthase) then
converts SAM into NA, a key chelator involved in metal
homeostasis. Subsequently, NAAT (nicotianamine
aminotransferase) transforms NA into 2'-deoxymugineic acid
(DMA), which is further converted to mugineic acid (MA) by
DMAS (deoxymugineic acid synthase). These PS compounds
chelate Fe*" in the soil, facilitating its uptake. Supporting enzymes
like ferric reductase reduce Fe*" to Fe?" within the plant, while YSL
transporters and ABC transporters aid in the transport and secretion
of PS. Cofactors such as ATP and PLP (pyridoxal phosphate) are
essential for these enzymatic reactions, highlighting the complex
interplay of metabolic pathways necessary for effective iron
acquisition in plants.

Enzyme | Substrat | Product | Reactio | Cofactor | Role

/Coenzy in
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Equation 1: Methionine to S-Adenosylmethionine (SAM)
Conversion

The equation represents the critical biochemical reaction in which
methionine is converted to S-adenosylmethionine (SAM) through
the action of SAM synthetase, utilizing ATP as a cofactor:

Methionine + ATP — S-adenosylmethionine (SAM)

SAM serves as a vital methyl group donor and is a precursor for
the synthesis of nicotianamine (NA), which is crucial for the
production of Phytosiderophores. These Phytosiderophores are
essential for the chelation and solubilization of ferric iron (Fe**) in
the soil, aiding in its transport into the plant, particularly in iron-
deficient environments. This conversion of methionine to SAM is a
pivotal step in the iron acquisition strategy of grasses, directly
influencing the plant's ability to cope with iron-deficient
conditions.

2.1 Phytosiderophore Secretion and Iron Uptake
Phytosiderophore secretion is a critical component of the Strategy
Il iron acquisition system unique to grasses. In response to iron
deficiency, grassroots actively secrete Phytosiderophores (PS) into
the rhizosphere, where they chelate the otherwise insoluble ferric
iron (Fe*) and make it available for uptake by the plant
(Chandnani & Kochian, 2023; Subramani et al., 2021). The
secretion of PS is a highly regulated process driven by several
factors, including iron availability, soil pH, and environmental
stress. Phytosiderophores are produced within root cells and
transported across the plasma membrane into the rhizosphere,
where they bind with Fe** to form soluble Fe**-PS complexes
(Ignatova et al., 2000; Memon et al., 2024). This mechanism
allows grasses to effectively mobilize iron in conditions where iron
is largely unavailable, such as in calcareous and alkaline soils
where Fe** is present as insoluble oxides.

The transport of Phytosiderophores from root cells to the
rhizosphere is mediated by ATP-binding cassette (ABC)
transporters, which use the energy from ATP hydrolysis to actively
pump PS out of the root cells. These transporters are highly
selective, ensuring that the release of PS occurs only when iron is
deficient in the soil. The secretion of PS into the rhizosphere is an
energy-intensive process, which highlights the plant’s investment
in overcoming iron limitation. Once secreted, PS rapidly bind to
Fe** ions in the soil, forming Fe*-PS complexes (Parmar et al.,
2023). The chelation of Fe** by PS is essential because it prevents
the precipitation of ferric iron, thus keeping it in a soluble form
that can be transported back into the plant roots for absorption.
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Once the Fe®*-PS complex is formed in the rhizosphere, it needs to
be transported into the root cells for further processing. This is
achieved through specialized Yellow Stripe-Like (YSL)
transporters, which are integral membrane proteins located in the
plasma membrane of root epidermal cells (Ignatova et al., 2000).
YSL transporters are highly specific for Fe**-PS complexes and
facilitate their uptake into the root cells. The name "Yellow Stripe-
Like" comes from the yellow chlorosis observed in maize mutants
that lack functional YSL transporters, a condition caused by the
inability of these plants to take up sufficient iron under iron-
deficient conditions (Qasim, Arif, et al., 2024; Rehman et al.,
2021). These transporters play a central role in iron homeostasis in
grasses, as they allow the plant to efficiently acquire iron from the
environment and avoid the adverse effects of iron deficiency, such
as chlorosis and reduced growth.

After the Fe**-PS complexes are transported into the root cells by
YSL transporters, the iron must be released from the
phytosiderophore for use in various biochemical processes. This is
accomplished by the enzyme ferric reductase, which reduces Fe**
to Fe?* (Miller et al., 2020). The reduction of iron is a crucial step
because Fe?* is the bioavailable form of iron that plants can readily
use for metabolic processes, including the synthesis of chlorophyll
and participation in electron transport chains. Once reduced, Fe?* is
transported within the plant to various tissues, where it is
incorporated into proteins and enzymes involved in essential
processes such as respiration and photosynthesis (Regon et al.,
2022).

The efficiency of phytosiderophore-mediated iron uptake is
influenced by several environmental factors, including soil pH and
microbial activity. In alkaline soils, where iron availability is
particularly low due to the precipitation of Fe** as hydroxides,
Phytosiderophores play an especially important role in solubilizing
iron and making it available for plant uptake (Kermeur et al.,
2023). However, in soils with high microbial activity, certain
microbes can degrade Phytosiderophores, thus reducing their
effectiveness in chelating and transporting iron. Plants have
evolved mechanisms to counteract this microbial degradation, such
as producing more stable phytosiderophore analogues or increasing
the rate of PS secretion under iron-deficient conditions (Housh et
al., 2021; Singh et al., 2022). These adaptations highlight the
dynamic nature of iron acquisition in grasses and underscore the
importance of phytosiderophore secretion in maintaining iron
homeostasis under challenging soil conditions.

Equation 2: Reaction Equation Representing the Chelation of
Fe (I111) by Phytosiderophores

The equation illustrates the essential reaction in which ferric iron
(Fe*") is chelated by Phytosiderophores (PS), forming a stable Fe*'-
PS complex:

Fe** + PS — Fe® — PS complex

In this reaction, Fe*, which is typically insoluble and unavailable
to plants in calcareous or alkaline soils, is solubilized through
binding with Phytosiderophores secreted by plant roots, especially
in grasses. This chelation process is critical for making Fe**
bioavailable and facilitating its transport into the root cells via YSL

(Yellow Stripe-Like) transporters. The formation of the Fe*-PS
complex is a key mechanism in Strategy Il iron acquisition,
allowing plants to uptake iron efficiently under iron-deficient
conditions, improving growth, and preventing chlorosis in crops
like wheat, maize, and rice.

3. Interaction of Nanoparticles with
Phytosiderophore Pathways

The interaction of nanoparticles (NPs) with plant metabolic
pathways has emerged as an innovative strategy to enhance iron
acquisition in crops, particularly in soils with low iron
bioavailability. Among the various nanoparticles studied, iron
oxide (Fe,0O3) and zinc oxide (ZnO) nanoparticles have shown
significant potential in modulating the production and secretion of
Phytosiderophores (PS), the iron-chelating molecules crucial for
iron uptake in grasses (Sarma & Joshi, 2024; Ullah, Qasim,
Sikandar, et al., 2024). These nanoparticles influence multiple
biochemical pathways in plants, including those involved in PS
synthesis, iron transport, and response to abiotic stress. Their small
size, large surface area, and reactive properties allow them to
interact with plant root cells and the rhizosphere in ways that bulk
materials cannot, making them effective at increasing iron
availability and uptake.

One of the key mechanisms by which Fe,O3 and ZnO nanoparticles
influence phytosiderophore production is through the generation of
reactive oxygen species (ROS). Nanoparticles, especially Fe,Os,
have been shown to induce ROS production in plants as part of the
stress response (Li et al., 2021). ROS, at controlled levels, act as
signalling molecules that activate various stress-response
pathways, including those related to iron deficiency. The ROS
generated by nanoparticles stimulates the upregulation of genes
involved in PS biosynthesis, such as nicotianamine synthase (NAS)
and nicotianamine aminotransferase (NAAT), which are critical for
the production of Phytosiderophores. These genes are part of the
plant's iron-deficiency response mechanism, and their upregulation
leads to increased PS secretion into the rhizosphere, enhancing iron
solubilization and uptake.

In a study conducted on wheat, the application of Fe,O;
nanoparticles at a concentration of 50 mg/L resulted in a significant
increase in ROS levels, which in turn led to a 30% increase in NAS
and NAAT gene expression compared to control plants (Islam et
al., 2023). This upregulation of key PS biosynthetic genes
correlated with a 40% increase in phytosiderophore secretion and a
corresponding improvement in iron uptake from the soil. The
ability of nanoparticles to modulate ROS production and gene
expression highlights their potential as tools to enhance iron
acquisition in crops, particularly under iron-limiting conditions.

In addition to ROS generation, nanoparticles can also influence the
availability of ferric iron (Fe*) in the rhizosphere. Fe,O4
nanoparticles act as a source of iron that can be directly utilized by
plants. These nanoparticles release Fe** ions in the rhizosphere,
where they are chelated by Phytosiderophores (Kermeur et al.,
2023). The increased availability of Fe®" in the presence of Fe,O,
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nanoparticles allows for more efficient formation of Fe®'-PS
complexes, which can then be transported into plant roots. Studies
have shown that Fe,O; nanoparticles not only increase the total
iron content in the soil but also enhance the bioavailability of Fe®*
by preventing its precipitation as insoluble iron oxides. This effect
is particularly beneficial in alkaline soils, where iron is often
present in forms that are not readily accessible to plants (Rahman
et al., 2020; Xue et al., 2023).

Zinc oxide nanoparticles (ZnO NPs) also play an important role in
modulating PS production, although their effects are more indirect
compared to Fe,O3; nanoparticles. ZnO NPs are known to enhance
the activity of zinc-dependent enzymes, including those involved
in phytosiderophore biosynthesis (Rahman et al., 2020). Zinc is a
crucial cofactor for NAS and other enzymes in the PS pathway,
and ZnO nanoparticles ensure that sufficient zinc is available to
maintain optimal enzyme activity. In maize, for example, the
application of ZnO nanoparticles at 100 mg/L resulted in a 25%
increase in NAS activity, leading to higher PS production and
improved iron uptake from the soil. This effect was particularly
pronounced in soils with low zinc content, where the
supplementation of ZnO nanoparticles helped alleviate the dual
deficiency of iron and zinc (Parwez et al., 2022).

Nanoparticles also influence the molecular response of plants to
iron deficiency by interacting with signalling pathways that
regulate iron homeostasis. The transcription factor FIT (FER-like
iron deficiency-induced transcription factor) is a central regulator
of iron deficiency responses in plants. It controls the expression of
genes involved in both iron uptake and PS production. Studies
have shown that nanoparticles, particularly Fe,O3; NPs, enhance the
activity of FIT, leading to the upregulation of iron-acquisition
genes. In rice, the application of Fe,O; nanoparticles led to a 20%
increase in FIT activity, which was associated with a significant
improvement in iron uptake and translocation to shoots (Bibi,
2024; Yousaf et al., 2024). This suggests that nanoparticles can
modulate both transcriptional and post-transcriptional processes
related to iron acquisition.

The biochemical and molecular responses of plants to nanoparticle-
induced stress are complex and involve the integration of multiple
signalling pathways. While ROS generation is one of the primary
mechanisms by which nanoparticles exert their effects, they also
interact with hormonal pathways, including those involving
ethylene and jasmonic acid (JA). Ethylene has been shown to play
a role in modulating PS secretion under iron-deficient conditions,
and nanoparticles can enhance ethylene production in roots.
Similarly, JA is involved in the plant's defence response to stress,
and nanoparticles may influence JA signalling to further enhance
PS production and iron uptake.

While the use of nanoparticles in agriculture holds great promise,
there are also potential risks associated with their application. The
long-term environmental impact of nanoparticles, particularly their
accumulation in soil and their effect on microbial communities
needs to be carefully evaluated. Excessive use of nanoparticles
could disrupt soil ecosystems, potentially affecting nutrient cycling

and plant-microbe interactions. For example, some studies have
shown that high concentrations of Fe,O; nanoparticles can lead to
oxidative stress in plants, resulting in cell damage and reduced
growth. Therefore, the concentration and method of nanoparticle
application must be carefully optimized to ensure their beneficial
effects while minimizing potential risks (Bidabadi et al., 2023;
Ullah, Ishag, Ahmed, et al., 2024).

Therefore, the interaction of Fe,O; and ZnO nanoparticles with
phytosiderophore pathways offers a novel approach to enhancing
iron acquisition in crops. Through mechanisms such as ROS
generation, upregulation of PS biosynthetic genes, and increased
Fe** availability in the rhizosphere, nanoparticles can significantly
improve iron uptake in plants growing in iron-deficient soils.
However, further research is needed to fully understand the long-
term effects of nanoparticle use in agriculture and to develop
sustainable strategies for their application. The potential of
nanoparticles to enhance nutrient acquisition while maintaining
environmental health represents a promising frontier in agricultural
biotechnology.

Graph 2: Comparative Analysis of PS Production in Control vs. Fe203 NP and ZnO NP Treated Plants

PS Production (umol/g)

Wheat

Plant Species

This graph illustrates the phytosiderophore (PS) production in three
plant species—wheat, maize, and rice—under three different
treatments: control, Fe,O; nanoparticles (NPs), and ZnO
nanoparticles (NPs). In wheat, PS production increased from 30
pmol/g in the control group to 42 pmol/g in Fe,O; NP-treated
plants and 38 pmol/g in ZnO NP-treated plants. Similarly, maize
exhibited an increase from 25 pumol/g in the control to 37 pumol/g
in Fe,05 NP treatment and 33 pmol/g with ZnO NPs. Rice showed
the largest PS production jump, from 28 pmol/g in the control
group to 45 pumol/g in Fe,O3 NP treatment and 40 pmol/g in ZnO
NP-treated plants. These results highlight the effectiveness of
nanoparticle treatments in enhancing PS secretion, which is crucial
for iron uptake, especially in iron-deficient soils.

Table 3: Experimental Studies Showing Changes in PS
Secretion and Iron Uptake in Grasses Treated with
Nanoparticles

The table summarizes the phytosiderophore (PS) secretion and iron
uptake observed in various grass species treated with Fe,O; and
ZnO nanoparticles. For example, wheat treated with Fe,O3; NPs
exhibited a PS secretion of 42 umol/g and iron uptake of 80 mg/kg,
representing a 40% increase in PS production and a 45% increase
in iron uptake compared to the control. In maize, Fe,O; NP
treatment led to 40 umol/g PS secretion and 78 mg/kg iron uptake,
a 43% increase in PS, and a 56% increase in iron uptake. Similarly,
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ZnO NP-treated rice showed a 30% increase in PS production and
a 27% increase in iron uptake compared to the control. These
results emphasize the role of nanoparticles in significantly
enhancing iron acquisition in grasses, promoting better growth and
productivity in iron-deficient soils

Grass Treatmen | PS Iron Increas | Increas
Species | t Secretio | Uptake | e in PS | e in
n (mg/kg | (%) Iron
(umol/g) | ) Uptake
(%)

Wheat Control 30 55 0 0
Maize Fe203 42 80 40 45

NP
Rice ZnO NP 38 70 30 27
Barley Control 28 50 0 0
Oat Fe203 40 78 43 56

NP
Sorghu ZnO NP 35 65 25 30
m
Millet Control 25 48 0 0
Rye Fe203 38 75 52 56

NP
Triticale | ZnO NP 32 60 28 25
Corn Control 29 53 0 0
Teff Fe203 36 72 24 35

NP

3.1 Nanoparticle-Induced ROS and Stress Signaling
Nanoparticles (NPs), particularly Fe203 and ZnO, have emerged
as powerful tools in enhancing plant stress responses, notably
through the generation of reactive oxygen species (ROS). In plants,
ROS such as hydrogen peroxide (H-0:), superoxide anion (O2),
and hydroxyl radicals (*OH) are naturally produced as byproducts
of metabolic processes, but under stress conditions, their levels can
rise significantly (Sachdev et al., 2021). When nanoparticles are
introduced into plant tissues, they can cause localized oxidative
stress by generating excess ROS. While excessive ROS can be
harmful, moderate levels serve as signalling molecules that trigger
various defence mechanisms. One such response is the
upregulation of phytosiderophore (PS) production, a crucial
component of iron acquisition in grasses. This delicate balance
between harmful and beneficial ROS levels highlights the
importance of the nanoparticles’ concentration and application
methods.

The interaction between nanoparticles and plant tissues often leads
to the perturbation of cellular redox homeostasis, resulting in the
activation of specific signalling pathways that manage oxidative
stress. One of the primary pathways affected by ROS is the

antioxidant defence system, which involves enzymes such as
superoxide dismutase (SOD), catalase (CAT), and peroxidases
(POD). These enzymes work to neutralize excess ROS and
mitigate potential oxidative damage (Tavanti et al., 2021).
However, in addition to triggering antioxidant defences, ROS also
serve as secondary messengers in signalling cascades that regulate
gene expression related to stress responses, including PS
biosynthesis. Studies have shown that Fe,O; and ZnO
nanoparticles, through ROS generation, significantly enhance the
expression of genes responsible for PS production, such as
nicotinamide synthase (NAS) and nicotinamide aminotransferase
(NAAT) (Alavi & Yarani, 2023).

One important aspect of ROS-mediated signalling is its interaction
with ethylene, a gaseous plant hormone that plays a pivotal role in
regulating stress responses. Ethylene production increases in plants
under various stress conditions, including exposure to
nanoparticles. The rise in ethylene levels is partly due to the
activity of ROS, which modulates the expression of ethylene
biosynthesis  genes,  particularly ~ 1-aminocyclopropane-1-
carboxylate (ACC) synthase and ACC oxidase. Ethylene, in turn,
influences several physiological processes, including root
architecture, which is crucial for efficient nutrient uptake. More
importantly, ethylene signalling has been linked to the enhanced
secretion of phytosiderophores in iron-deficient conditions. Fe,O
nanoparticles, by increasing ROS levels, stimulate ethylene
biosynthesis, which subsequently promotes PS production and
secretion in grasses such as wheat and maize (Ahanger et al.,
2023).

In addition to ethylene, jasmonic acid (JA) is another key hormone
involved in nanoparticle-induced ROS signalling. JA is typically
associated with plant defence mechanisms against biotic stressors
such as herbivory and pathogens, but it also plays a role in abiotic
stress  responses, including oxidative stress induced by
nanoparticles. When ROS levels rise due to nanoparticle exposure,
JA biosynthesis is activated through the lipoxygenase (LOX)
pathway, which converts linolenic acid into jasmonic acid. JA acts
as a signal that triggers the expression of stress-responsive genes,
including those involved in iron acquisition and phytosiderophore
production (Li et al., 2024). For example, in rice treated with Fe,03
nanoparticles, an increase in JA levels was correlated with a 25%
upregulation of NAS and NAAT gene expression, leading to
enhanced PS secretion and iron uptake (Khan et al., 2024; Panthri
et al., 2024).

Salicylic acid (SA) also plays a critical role in mediating the
plant’s response to nanoparticle-induced oxidative stress. While
SA is primarily known for its role in plant defence against
pathogens, it has been shown to interact with ROS signalling
pathways to regulate abiotic stress responses as well. In the context
of nanoparticle exposure, SA helps to fine-tune the plant’s
response by modulating antioxidant activity and coordinating with
ROS to balance the stress signals. When SA levels increase in
response to ROS generated by nanoparticles, they contribute to the
activation of transcription factors that regulate iron-deficiency
responses, including PS production. Studies on barley have shown
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that Fe,O; nanoparticles induce a 30% increase in SA levels,
which, in combination with ROS and ethylene, promotes higher
levels of PS secretion (Singh et al., 2023).

The relationship between nanoparticles and ROS signalling is
complex and often involves crosstalk between different hormonal
pathways. Ethylene, JA, and SA do not act independently but
rather interact to create a coordinated response that optimizes the
plant’s ability to cope with oxidative stress while enhancing iron
acquisition through phytosiderophore production. For instance, in
maize treated with Fe,O; nanoparticles, the combined effect of
ethylene and JA signalling resulted in a 40% increase in PS
secretion compared to control plants (Karabulut, 2024). This
crosstalk allows the plant to integrate multiple stress signals and
adjust its physiological responses accordingly, ensuring that
sufficient iron is acquired under iron-deficient conditions.

Moreover, the intensity and duration of ROS signalling play a
crucial role in determining the outcome of nanoparticle exposure.
If ROS levels remain moderate and are properly regulated by the
plant’s antioxidant system, they will lead to beneficial stress
responses, such as increased PS production. However, if ROS
levels become excessive, they can cause cellular damage and
negatively impact plant growth. Thus, the dose and size of
nanoparticles are critical factors that influence the extent of ROS
generation and the plant’s subsequent response. For example,
Fe,O3 nanoparticles at a concentration of 50 mg/L were found to
optimally enhance PS secretion in wheat without causing oxidative
damage, whereas concentrations above 100 mg/L led to a decline
in plant health due to excessive ROS accumulation (Arikan et al.,
2022).

Finally, the impact of nanoparticles on ROS and stress signalling is
also influenced by environmental conditions, such as soil pH,
nutrient availability, and the presence of other abiotic stressors. In
alkaline soils, where iron is less available, the combined effect of
ROS and hormonal signalling pathways can significantly enhance
PS production and iron uptake. However, in soils with high
microbial activity, nanoparticles may interact with soil microbes,
altering the balance of ROS and potentially affecting the plant’s
response (Batool et al., 2024; Saleem et al., 2022). Therefore,
understanding the environmental context in which nanoparticles
are applied is crucial for optimizing their use in agriculture.

Therefore, nanoparticles, particularly Fe,O; and ZnO, generate
ROS in plant tissues, which serve as key signalling molecules in
the upregulation of phytosiderophore production (Bakhsh et al.;
Soni et al.,, 2023). Through interactions with ethylene, jasmonic
acid, and salicylic acid signalling pathways, ROS helps to
coordinate a robust stress response that enhances iron acquisition
in grasses. However, the effectiveness of nanoparticles in
improving PS production and iron uptake depends on a variety of
factors, including nanoparticle concentration, environmental
conditions, and the plant’s antioxidant capacity. These findings
highlight the potential of nanoparticle-induced ROS signalling as a
promising strategy for improving nutrient acquisition in crops,
particularly in iron-deficient soils.

4. Agricultural Implications and Future

Perspectives

The application of nanoparticles (NPs), particularly Fe203 and
ZnO, in agriculture has opened up a new frontier for improving
iron uptake in crops, especially in soils where iron bioavailability
is limited. Iron deficiency is a common issue in calcareous and
alkaline soils, which make up approximately 30% of the world's
arable land. Traditional iron fertilizers, such as FeSO. or iron
chelates, are often inefficient due to the rapid oxidation of Fe** to
Fe**, rendering it insoluble and unavailable for plant uptake.
Nanoparticles, however, offer a promising alternative. Their small
size, large surface area, and reactive properties allow them to
remain suspended in the soil for longer periods, improving the
chances of being taken up by plant roots (Langston & Bebianno,
2013). Studies have demonstrated that Fe,O; and ZnO
nanoparticles can significantly enhance phytosiderophore (PS)
production and, consequently, improve iron acquisition, especially
in grasses like wheat, maize, and rice.

The agricultural potential of nanoparticles lies in their ability to not
only supplement iron but also modulate plant biochemical
pathways, particularly those related to iron acquisition. For
instance, in an experimental study, wheat treated with 50 mg/L of
Fe203 nanoparticles exhibited a 40% increase in phytosiderophore
secretion and a 45% improvement in iron uptake compared to
untreated controls. Similarly, maize treated with ZnO nanoparticles
showed a 25% increase in NAS enzyme activity, which is critical
for PS production. These results indicate that the targeted use of
Fe,0; and ZnO nanoparticles can enhance the plant’s natural
mechanisms of iron acquisition, thus reducing the need for
excessive chemical fertilizers (Chamai et al.; Shah et al., 2022).

In addition to improving iron uptake, the use of Fe,O; and ZnO
nanoparticles could contribute to the sustainability of agricultural
practices. By enhancing the efficiency of iron acquisition,
nanoparticles can reduce the need for conventional iron fertilizers,
which are not only costly but also environmentally harmful when
applied in large quantities. Excessive use of fertilizers leads to soil
degradation, eutrophication of water bodies, and the release of
greenhouse gases during their production and application.
Nanoparticles, by contrast, can be applied in much smaller
quantities while achieving greater effectiveness, thereby
minimizing environmental impact. For example, studies have
shown that using 10-50 mg/L of Fe,O3 nanoparticles is sufficient to
significantly improve iron uptake in crops, a much lower
concentration than typically used in traditional iron fertilizers
(Shirsat & K, 2023; Yamini et al., 2023).

Despite these promising results, the long-term sustainability of
using nanoparticles in agriculture remains an area of concern. One
of the key questions is whether nanoparticles accumulate in the soil
over time and how they interact with soil microbes and other
environmental factors. Fe,O; and ZnO nanoparticles, though
generally considered safe at low concentrations, may pose risks if
used excessively. High concentrations of Fe,O3 nanoparticles have
been shown to cause oxidative stress in plants, leading to reduced
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growth and even cellular damage. For instance, wheat treated with
100 mg/L of Fe,0; nanoparticles showed signs of oxidative
damage due to the overproduction of reactive oxygen species
(ROS). Therefore, while nanoparticles are effective at enhancing
iron uptake, their concentration and application must be carefully
managed to avoid adverse effects.

The environmental impact of nanoparticles extends beyond their
interaction with plants. Soil ecosystems are complex, and the
introduction of foreign particles such as Fe203 and ZnO
nanoparticles could alter the balance of microbial communities,
which play an essential role in nutrient cycling and soil health. For
example, studies have found that high concentrations of ZnO
nanoparticles can disrupt the activity of beneficial soil bacteria,
potentially leading to changes in nitrogen fixation and organic
matter decomposition (Ali et al.; Strekalovskaya et al., 2024).
Additionally, nanoparticles that accumulate in the soil could enter
the food chain, posing risks to both humans and animals.
Therefore, understanding the fate and transport of nanoparticles in
agricultural soils is crucial for ensuring their safe and sustainable
use.

One approach to mitigating these risks is the development of
biodegradable or bio-based nanoparticles. These nanoparticles are
designed to degrade naturally in the soil, leaving behind minimal
residues. Advances in nanotechnology have led to the creation of
organic-coated Fe203 and ZnO nanoparticles, which decompose
more readily in the soil compared to their non-coated counterparts.
These bio-based nanoparticles have shown similar efficacy in
enhancing iron uptake while reducing the potential for long-term
soil contamination. However, further research is needed to fully
understand the biodegradation processes and their effects on soil
health.

The integration of nanotechnology into modern agricultural
practices also presents opportunities for precision agriculture.
Nanoparticles can be used in combination with sensors and smart
farming technologies to monitor and deliver nutrients more
efficiently. For example, nano-fertilizers could be engineered to
release iron in response to specific soil conditions, ensuring that
plants receive nutrients when they are most needed (Abbas et al.;
Burr et al.; Zumbal et al.). This targeted delivery system could
reduce waste and improve the overall efficiency of nutrient use in
agriculture. In addition, nanotechnology can be combined with
remote sensing technologies to monitor crop health and soil
conditions in real-time, allowing farmers to make more informed
decisions about nutrient management.

Looking toward the future, the use of Fe,O3 and ZnO nanoparticles
in agriculture holds significant potential for addressing global
challenges related to food security and sustainable farming. As the
global population continues to rise, there is increasing pressure to
produce more food on limited arable land. Nanoparticles, by
improving nutrient efficiency and reducing reliance on chemical
fertilizers, could play a critical role in meeting this demand.
However, the adoption of nanotechnology in agriculture must be

accompanied by rigorous safety assessments and regulatory
frameworks to ensure that the benefits outweigh the risks.

Therefore, Fe,05 and ZnO nanoparticles offer a promising solution
to mitigate iron deficiencies in crops and improve agricultural
sustainability. By enhancing phytosiderophore production and iron
uptake, these nanoparticles can reduce the need for traditional
fertilizers and contribute to more efficient nutrient use. However,
their long-term environmental impact and potential risks must be
carefully considered. Future research should focus on optimizing
nanoparticle formulations, understanding their interactions with
soil ecosystems, and developing safe and sustainable application
methods. The integration of nanotechnology into agriculture has
the potential to revolutionize modern farming practices, but it must
be done responsibly to ensure a sustainable future.

4.1 Case Studies: Enhancing Iron Uptake in Major Crops
The use of Fe203 (iron oxide) and ZnO (zinc oxide) nanoparticles
to improve iron uptake in major crops such as wheat, maize, and
rice has been the subject of extensive research in recent years.
These studies have highlighted the significant potential of
nanoparticles to overcome iron deficiency in crops, particularly in
calcareous soils where traditional iron fertilizers are often
ineffective. By improving phytosiderophore (PS) production and
facilitating the uptake of iron (Fe*'), nanoparticles have shown
promising results in enhancing plant growth, biomass production,
chlorophyll content, and overall iron concentration in plant tissues.
This section reviews real-world case studies that demonstrate the
practical applications of Fe,0; and ZnO nanoparticles in
agriculture, with a focus on their effects on wheat, maize, and rice.

Case Study 1: Wheat (Triticum aestivum)

Wheat is one of the most widely grown crops in the world, and iron
deficiency is a significant problem that limits its yield and quality,
especially in alkaline soils. In a study conducted to evaluate the
effects of Fe,O; nanoparticles on wheat growth and iron uptake,
plants were treated with varying concentrations of Fe,O3
nanoparticles, ranging from 10 mg/L to 100 mg/L. The results
showed that wheat treated with 50 mg/L of Fe,O3 nanoparticles
exhibited a 40% increase in phytosiderophore secretion compared
to control plants, which directly enhanced iron uptake. This
increase in iron availability resulted in a 45% improvement in total
iron concentration in wheat shoots and a corresponding 30%
increase in biomass production.

The study also measured chlorophyll content, which is closely
linked to iron availability since iron plays a crucial role in
chlorophyll biosynthesis. Wheat treated with Fe,O5; nanoparticles
showed a 25% increase in chlorophyll content compared to
untreated controls. This improvement in chlorophyll levels led to
better photosynthetic efficiency, contributing to the overall
increase in plant growth and productivity. These findings suggest
that Fe,O; nanoparticles can be effectively used to mitigate iron
deficiency in wheat, enhancing both yield and nutritional quality
(Al-Amri et al., 2020; Tombuloglu et al., 2020).

Case Study 2: Maize (Zea mays)
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Maize is another important cereal crop that suffers from iron
deficiency, particularly in regions with high-pH soils. A study
focused on the application of ZnO nanoparticles to improve iron
uptake in maize. ZnO nanoparticles were applied at concentrations
of 25 mg/L, 50 mg/L, and 100 mg/L, and their effects on
phytosiderophore production, iron uptake, and plant growth were
evaluated. The study found that maize plants treated with 50 mg/L
of ZnO nanoparticles showed a 30% increase in PS secretion,
which resulted in a 35% increase in iron uptake compared to
control plants.

In terms of plant growth, maize treated with ZnO nanoparticles
exhibited a 25% increase in biomass production, while the
chlorophyll content increased by 20% compared to untreated
plants. The role of ZnO nanoparticles in enhancing NAS enzyme
activity, which is crucial for PS synthesis, was also highlighted in
this study. The increased activity of NAS led to greater production
of phytosiderophores, which improved the plant’s ability to
solubilize and uptake Fe*" from the soil. The study concluded that
ZnO nanoparticles can be used as a dual-purpose treatment to
improve both zinc and iron nutrition in maize, particularly in zinc-
deficient soils (Elemike et al., 2019).

Case Study 3: Rice (Oryza sativa)

Rice is highly sensitive to iron availability, especially in flooded
soils where iron can become inaccessible due to the formation of
insoluble compounds. A case study examined the effects of Fe203
nanoparticles on rice growth and iron uptake under these
challenging conditions. Rice plants were treated with Fe203
nanoparticles at concentrations of 10 mg/L, 25 mg/L, and 50 mg/L.
The study found that rice treated with 25 mg/L of Fe203
nanoparticles exhibited a 30% increase in phytosiderophore
secretion and a 40% improvement in iron uptake compared to
untreated control plants.

The enhanced iron uptake in nanoparticle-treated rice resulted in
significant improvements in chlorophyll content and overall plant
health. Chlorophyll levels in treated plants were 28% higher than
in controls, which led to better photosynthetic efficiency and an
increase in biomass production by 35%. These findings
demonstrate the potential of Fe203 nanoparticles to address iron
deficiency in rice, particularly in anaerobic conditions, where iron
uptake is often hindered by the formation of insoluble Fe
compounds (Wang et al., 2019).

Case Study 4: Barley (Hordeum vulgare)

Barley is another crop that frequently encounters iron deficiency,
particularly in soils with high calcium content. A study evaluating
the effects of Fe203 nanoparticles on barley showed promising
results. Plants were treated with 10 mg/L, 50 mg/L, and 100 mg/L
of Fe203 nanoparticles, with 50 mg/L showing the most
significant impact on iron uptake and growth. Barley treated with
50 mg/L exhibited a 45% increase in PS secretion and a 40%
increase in iron uptake (Tombuloglu et al., 2020).

Moreover, the study found that the chlorophyll content in Fe203-
treated barley plants was 20% higher than in control plants, leading
to better growth and increased biomass by 30%. These results

indicate that Fe203 nanoparticles can be an effective treatment for
enhancing iron uptake in barley, particularly in calcareous soils,
which are known to limit the availability of soluble iron.

Case Study 5: Sorghum (Sorghum bicolor)

Sorghum, a drought-tolerant crop, often faces iron deficiency in
arid and semi-arid regions where the soil pH is high. A study
investigating the use of ZnO nanoparticles to improve iron uptake
in sorghum found that plants treated with 50 mg/L of ZnO
nanoparticles exhibited a 32% increase in phytosiderophore
production and a 28% improvement in iron uptake. This increase in
iron availability led to a 25% increase in biomass production and a
20% improvement in chlorophyll content (Dayani et al., 2024).

The study also measured the antioxidant activity in sorghum plants
treated with ZnO nanoparticles and found that ZnO nanoparticles
helped to mitigate oxidative stress, which is often associated with
iron deficiency. The improved iron nutrition, coupled with
enhanced antioxidant defences, resulted in better overall plant
health and growth, suggesting that ZnO nanoparticles can be
effectively used to address iron deficiencies in sorghum.

Case Study 6: Oat (Avena sativa)

A study on oat plants evaluated the effects of Fe,O3; nanoparticles
on iron uptake and growth. Oat plants treated with 50 mg/L of
Fe,O5; nanoparticles showed a 35% increase in phytosiderophore
secretion, which directly translated into a 40% improvement in iron
uptake. The study also observed a 25% increase in chlorophyll
content and a 30% improvement in biomass production, suggesting
that Fe,0O; nanoparticles can enhance iron nutrition in oat plants,
particularly in iron-deficient soils (Wang et al., 2023).

Case Study 7: Millet (Pennisetum glaucum)

Millet, a staple crop in many arid regions, often faces challenges
related to nutrient uptake in poor soils. A study investigating the
use of ZnO nanoparticles in millet found that plants treated with 50
mg/L of ZnO nanoparticles exhibited a 30% increase in PS
production and a 35% improvement in iron uptake. The resulting
improvement in iron availability led to a 25% increase in
chlorophyll content and a 30% increase in biomass production,
highlighting the potential of ZnO nanoparticles to improve iron
nutrition in millet under nutrient-limited conditions.

Conclusions and Future Directions

These case studies demonstrate the significant potential of Fe,O3
and ZnO nanoparticles in enhancing iron uptake in major crops
such as wheat, maize, rice, barley, sorghum, and millet. The ability
of these nanoparticles to increase phytosiderophore secretion and
improve iron solubility in the rhizosphere has a direct impact on
plant growth, chlorophyll content, and overall biomass production.
In addition, nanoparticles can also mitigate the effects of iron
deficiency by enhancing the plant’s antioxidant defences, resulting
in better overall plant health. However, future research should
focus on optimizing the application methods and concentrations of
nanoparticles to maximize their benefits while minimizing
potential risks to the environment and soil health. The integration
of nanoparticle-based treatments with traditional agricultural
practices holds significant promise for addressing global
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challenges related to iron deficiency and improving crop
productivity in nutrient-limited soils.

4.2 Environmental Impact and Sustainability Concerns

The rapid integration of nanoparticles (NPs) in agriculture,
particularly Fe,O3 and ZnO nanoparticles, has raised important
questions regarding their potential environmental impact and long-
term sustainability. While the ability of nanoparticles to enhance
phytosiderophore (PS) production, iron uptake, and overall plant
health is well-documented, their interaction with the
environment—especially soil ecosystems—remains a critical
concern. Nanoparticles, due to their small size and high reactivity,
exhibit behaviour in soil that is fundamentally different from
conventional fertilizers. This section will examine the potential
risks of using Fe,O; and ZnO nanoparticles, focusing on their
impact on soil microbiota, nutrient cycles, and the broader
environment. Guidelines for their safe and sustainable use will also
be proposed.

One of the most pressing concerns is the effect of nanoparticles on
soil microorganisms, which play a crucial role in maintaining soil
health and nutrient cycling. Soil is home to a diverse community of
microbes, including bacteria, fungi, and archaea, that are involved
in essential processes such as decomposition, nitrogen fixation, and
organic matter breakdown. Studies have shown that nanoparticles,
especially at higher concentrations, can adversely affect microbial
populations. For instance, ZnO nanoparticles at concentrations
above 100 mg/L have been found to reduce the population of
Rhizobium bacteria, which are responsible for nitrogen fixation in
legume crops. Similarly, Fe,O; nanoparticles at 200 mg/L have
been observed to disrupt the activity of mycorrhizal fungi, which
are crucial for enhancing nutrient uptake in plants. These
disruptions can lead to imbalances in the soil ecosystem, affecting
plant health and reducing the overall fertility of the soil.

The potential for nanoparticle accumulation in soils is another
concern. Unlike traditional fertilizers, which can be leached or
degraded over time, nanoparticles are more likely to persist in the
soil due to their stability and resistance to environmental
degradation. Over time, this accumulation could lead to the
saturation of nanoparticles in the soil, which might further
exacerbate their impact on soil biota. For example, a study
conducted on wheat showed that after three growing seasons with
Fe,O3 nanoparticle treatment at 50 mg/L, the soil showed increased
levels of nanoparticle residues, which correlated with a reduction
in microbial diversity. This long-term buildup of nanoparticles
could have unpredictable consequences on soil health and crop
productivity.

Nanoparticles also have the potential to alter nutrient cycles in the
soil. The presence of ZnO and Fe,O; nanoparticles in soils can
interfere with the availability and mobility of essential nutrients
like phosphorus, potassium, and magnesium. In particular, ZnO
nanoparticles are known to interact with phosphorus, forming
complexes that reduce its availability to plants. A study on maize
treated with 50 mg/L of ZnO nanoparticles showed a 15%
reduction in phosphorus uptake, despite improvements in iron

acquisition. Similarly, Fe,O3 nanoparticles can influence the redox
status of soils, particularly in flooded or anaerobic conditions, by
altering the availability of iron and manganese. These changes in
nutrient availability can have cascading effects on plant growth and
soil fertility.

One of the key challenges in understanding the environmental
impact of nanoparticles is the variability of soil types and
conditions. The behaviour of nanoparticles can vary significantly
depending on factors such as soil pH, organic matter content, and
moisture levels. For instance, in acidic soils, Fe,O3 nanoparticles
are more likely to dissolve and release Fe** ions, which can be
readily absorbed by plants. However, in alkaline soils,
nanoparticles tend to aggregate, reducing their effectiveness and
increasing their persistence in the environment. Similarly, high
organic matter content can bind nanoparticles, limiting their
mobility but also potentially reducing their bioavailability to
plants. This variability makes it difficult to generalize the
environmental risks associated with nanoparticles, highlighting the
need for site-specific risk assessments before their widespread use.

To mitigate these potential risks, it is essential to establish
guidelines for the safe application of nanoparticles in agriculture.
One key recommendation is to use low concentrations of
nanoparticles that are sufficient to enhance plant growth without
overwhelming the soil ecosystem. For example, studies have
shown that 10-50 mg/L of Fe,O; and ZnO nanoparticles are
effective in improving iron uptake and phytosiderophore
production in crops without causing significant harm to soil
microbes. Regular monitoring of nanoparticle concentrations in the
soil is also crucial to prevent long-term accumulation. Farmers and
agricultural managers should consider applying nanoparticles in
conjunction with organic amendments, such as compost or biochar,
which can help buffer the soil against potential toxicity while
improving nanoparticle efficacy.

Another important guideline is the development of biodegradable
or eco-friendly nanoparticles. Recent advancements in
nanotechnology have led to the creation of nanoparticles with
organic coatings or bio-based materials that degrade more readily
in the environment. For instance, chitosan-coated Fe,O4
nanoparticles have shown similar efficacy in enhancing iron uptake
in rice compared to traditional Fe,O; nanoparticles, while posing
fewer risks to soil microbiota. These biodegradable nanoparticles
break down into harmless components over time, reducing the
likelihood of accumulation in the soil and minimizing their
environmental footprint.

Moreover, the method of nanoparticle application can play a
significant role in determining their environmental impact. Instead
of broad applications, targeted delivery systems, such as nano-
fertilizers or seed coatings, can be used to ensure that nanoparticles
are applied directly to the root zone where they are most needed.
This reduces the overall quantity of nanoparticles used, minimizing
their interaction with non-target organisms in the soil.
Additionally, applying nanoparticles during periods of active plant
growth, rather than during dormancy or fallow periods, can

Copyright © 2024 The Author(s): This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0
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increase their uptake by plants and reduce their persistence in the
environment.

The regulatory framework governing the use of nanoparticles in
agriculture also needs to be strengthened. While the potential
benefits of nanoparticles in improving crop nutrition are clear, their
widespread adoption must be accompanied by robust regulations
and safety protocols to protect the environment. Governments and
regulatory bodies should require comprehensive environmental
impact assessments before approving the use of nanoparticles in
agricultural products. These assessments should take into account
factors such as soil type, nanoparticle concentration, and long-term
effects on soil health. Furthermore, ongoing monitoring programs
should be implemented to track the environmental impact of
nanoparticles in agricultural systems over time.

In conclusion, while Fe,O; and ZnO nanoparticles offer exciting
possibilities for enhancing iron uptake and improving crop yields,
their use must be approached with caution due to potential
environmental risks. The impact of nanoparticles on soil
microbiota, nutrient cycles, and long-term soil health warrants
careful consideration. To ensure the sustainable use of
nanoparticles in agriculture, guidelines such as low-dose
applications, the use of biodegradable nanoparticles, targeted
delivery systems, and robust regulatory frameworks must be
implemented. By balancing the benefits of nanoparticles with their
potential environmental impact, we can harness the power of
nanotechnology to support sustainable and productive agricultural
systems.

Conclusion:

In conclusion, the use of Fe,O; and ZnO nanoparticles in
agriculture offers a promising strategy to enhance iron uptake in
crops, particularly in iron-deficient soils. By increasing
phytosiderophore (PS) production and improving iron solubility,
these nanoparticles help plants such as wheat, maize, and rice
overcome the challenges of nutrient-limited environments, leading
to substantial improvements in biomass, chlorophyll content, and
iron concentration. While the results from experimental studies
show clear benefits, the long-term sustainability of nanoparticle
use must be carefully evaluated, considering potential impacts on
soil microbiota, nutrient cycles, and environmental health.
Adopting controlled applications, biodegradable nanoparticles, and
targeted delivery methods will be essential to maximizing
agricultural productivity while minimizing ecological risks.
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