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Abstract 

Nanoparticles, particularly Fe2O3 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 

nanoparticle treatments. While Fe2O3 and ZnO nanoparticles show great potential for mitigating iron 

deficiencies and reducing the need for traditional fertilizers, concerns about their environmental impact, 

including effects on soil microbiota and nutrient cycles, emphasize the need for controlled and sustainable 

applications. This article also proposes guidelines for the safe use of nanoparticles in agriculture, ensuring their 

long-term benefits while minimizing ecological risks. 

 

Keywords: Fe2O3 nanoparticles, ZnO nanoparticles, Phytosiderophores, iron uptake, environmental 

sustainability 

1. Introduction 
Iron (Fe) is a crucial micronutrient for plants, playing an essential 

role in various physiological and biochemical processes, including 

 

 
Global Journal of Arts Humanity and Social Sciences  

ISSN: 2583-2034   

Abbreviated key title: Glob.J.Arts.Humanit.Soc.Sci  

Frequency: Monthly 

Published By GSAR Publishers  

Journal Homepage Link:  https://gsarpublishers.com/journal-gjahss-home/  

 

Volume - 4 Issue - 9 Sept 2024 Total  pages 741-757 DOI:   10.5281/zenodo.13859692 

https://gsarpublishers.com/journal-gjahss-home/


Global Journal of Arts Humanity and Social Sciences 

ISSN: 2583-2034    
 

Copyright © 2024 The Author(s): This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 
International License (CC BY-NC 4.0).  

742 

 

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 (Fe3+) 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 II 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 Fe3+ by 

forming soluble Fe3+-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 Fe2+ into 

insoluble Fe3+ 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 (Fe2O3) 

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. Fe2O3 

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 (Assunção, 

2022; Liu et al., 2023). 

Several studies have demonstrated that the application of Fe2O3 

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 Fe2O3 

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 (López-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 Fe2O3 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 Fe2O3 and ZnO 

have the potential to improve iron availability in the rhizosphere 
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and increase crop yields. 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. 

 
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 µmol/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 µmol/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 µmol/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 

Leve

l 

Iron 

Solubilit

y 

(mg/kg) 

PS 

Secretio

n 

(µmol/g) 

Iron 

Uptake 

(mg/kg

) 

Growt

h 

Impact 

(%) 

Calcareou

s Soil 

8.5 10 20 12 30 

Alkaline 

Soil 

7.5 15 25 18 45 

Neutral 

Soil 

7 50 70 55 90 

Acidic 

Soil 

6 60 80 65 95 

Sandy 

Soil 

5.5 40 65 45 70 

Loamy 

Soil 

6.8 55 75 60 85 

Clay Soil 5 30 45 35 50 

Peaty Soil 4 25 35 30 40 

Saline 

Soil 

9 5 10 8 15 

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 II iron 

uptake, which is unique to grasses and involves the secretion of PS 

into the rhizosphere. The PS chelates ferric iron (Fe3+) 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 Fe2+ and Zn2+, 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 Fe3+ due to their high 

affinity for ferric ions in the rhizosphere. This chelation is essential 

for mobilizing Fe3+ 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 Fe3+ to form soluble Fe3+-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 Fe3+-

PS complexes. Once inside the root cells, the Fe3+ is reduced to 

Fe2+ 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, 

Ishaq, 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 Fe3+ 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 Fe³⁺ in the soil, facilitating its uptake. Supporting enzymes 

like ferric reductase reduce Fe³⁺ to Fe²⁺ 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

/Coenzy

Role 

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 (Fe³⁺) 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 

II 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 (Fe3+) 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 Fe3+ to form soluble Fe3+-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 Fe3+ 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 

Fe3+ ions in the soil, forming Fe3+-PS complexes (Parmar et al., 

2023). The chelation of Fe3+ 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 Fe3+-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 Fe3+-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 Fe3+-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 Fe3+ 

to Fe2+ (Müller et al., 2020). The reduction of iron is a crucial step 

because Fe2+ 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, Fe2+ 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 Fe3+ 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 (III) by Phytosiderophores 

The equation illustrates the essential reaction in which ferric iron 

(Fe³⁺) is chelated by Phytosiderophores (PS), forming a stable Fe³⁺-

PS complex: 

Fe3+ + PS → Fe3+ − PS complex 

In this reaction, Fe³⁺, 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 Fe³⁺ 

bioavailable and facilitating its transport into the root cells via YSL 

(Yellow Stripe-Like) transporters. The formation of the Fe³⁺-PS 

complex is a key mechanism in Strategy II 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 (Fe2O3) 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 Fe2O3 and ZnO nanoparticles 

influence phytosiderophore production is through the generation of 

reactive oxygen species (ROS). Nanoparticles, especially Fe2O3, 

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 Fe2O3 

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 (Fe3+) in the rhizosphere. Fe2O3 

nanoparticles act as a source of iron that can be directly utilized by 

plants. These nanoparticles release Fe3+ ions in the rhizosphere, 

where they are chelated by Phytosiderophores (Kermeur et al., 

2023). The increased availability of Fe3+ in the presence of Fe2O3 
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nanoparticles allows for more efficient formation of Fe3+-PS 

complexes, which can then be transported into plant roots. Studies 

have shown that Fe2O3 nanoparticles not only increase the total 

iron content in the soil but also enhance the bioavailability of Fe3+ 

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 Fe2O3 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 Fe2O3 NPs, enhance the 

activity of FIT, leading to the upregulation of iron-acquisition 

genes. In rice, the application of Fe2O3 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 Fe2O3 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, Ishaq, Ahmed, et al., 2024). 

Therefore, the interaction of Fe2O3 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 

Fe3+ 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. 

 

This graph illustrates the phytosiderophore (PS) production in three 

plant species—wheat, maize, and rice—under three different 

treatments: control, Fe2O3 nanoparticles (NPs), and ZnO 

nanoparticles (NPs). In wheat, PS production increased from 30 

µmol/g in the control group to 42 µmol/g in Fe2O3 NP-treated 

plants and 38 µmol/g in ZnO NP-treated plants. Similarly, maize 

exhibited an increase from 25 µmol/g in the control to 37 µmol/g 

in Fe2O3 NP treatment and 33 µmol/g with ZnO NPs. Rice showed 

the largest PS production jump, from 28 µmol/g in the control 

group to 45 µmol/g in Fe2O3 NP treatment and 40 µmol/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 Fe2O3 and 

ZnO nanoparticles. For example, wheat treated with Fe2O3 NPs 

exhibited a PS secretion of 42 µmol/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, Fe2O3 NP 

treatment led to 40 µmol/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 

Species 

Treatmen

t 

PS 

Secretio

n 

(µmol/g) 

Iron 

Uptake 

(mg/kg

) 

Increas

e in PS 

(%) 

Increas

e in 

Iron 

Uptake 

(%) 

Wheat Control 30 55 0 0 

Maize Fe2O3 

NP 

42 80 40 45 

Rice ZnO NP 38 70 30 27 

Barley Control 28 50 0 0 

Oat Fe2O3 

NP 

40 78 43 56 

Sorghu

m 

ZnO NP 35 65 25 30 

Millet Control 25 48 0 0 

Rye Fe2O3 

NP 

38 75 52 56 

Triticale ZnO NP 32 60 28 25 

Corn Control 29 53 0 0 

Teff Fe2O3 

NP 

36 72 24 35 

3.1 Nanoparticle-Induced ROS and Stress Signaling 

Nanoparticles (NPs), particularly Fe2O3 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 (H₂O₂), 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 Fe2O3 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. Fe2O3 

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 Fe2O3 

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 Fe2O3 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 Fe2O3 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, 

Fe2O3 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 Fe2O3 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 Fe2O3 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 FeSO₄ or iron 

chelates, are often inefficient due to the rapid oxidation of Fe²⁺ to 

Fe³⁺, 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 Fe2O3 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 

Fe2O3 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 

Fe2O3 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 Fe2O3 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 Fe2O3 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. Fe2O3 and ZnO nanoparticles, though 

generally considered safe at low concentrations, may pose risks if 

used excessively. High concentrations of Fe2O3 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 Fe2O3 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 Fe2O3 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 Fe2O3 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 Fe2O3 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, Fe2O3 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 Fe2O3 (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 (Fe³⁺), 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 Fe2O3 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 Fe2O3 nanoparticles on wheat growth and iron uptake, 

plants were treated with varying concentrations of Fe2O3 

nanoparticles, ranging from 10 mg/L to 100 mg/L. The results 

showed that wheat treated with 50 mg/L of Fe2O3 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 Fe2O3 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 Fe2O3 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 Fe³⁺ 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 Fe2O3 

nanoparticles on rice growth and iron uptake under these 

challenging conditions. Rice plants were treated with Fe2O3 

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 Fe2O3 

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 Fe2O3 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 Fe2O3 nanoparticles on barley showed promising 

results. Plants were treated with 10 mg/L, 50 mg/L, and 100 mg/L 

of Fe2O3 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 Fe2O3-

treated barley plants was 20% higher than in control plants, leading 

to better growth and increased biomass by 30%. These results 

indicate that Fe2O3 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 Fe2O3 nanoparticles 

on iron uptake and growth. Oat plants treated with 50 mg/L of 

Fe2O3 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 Fe2O3 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 Fe2O3 

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 Fe2O3 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 Fe2O3 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, Fe2O3 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 

Fe2O3 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 Fe2O3 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, Fe2O3 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, Fe2O3 nanoparticles 

are more likely to dissolve and release Fe³⁺ 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 Fe2O3 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 Fe2O3 

nanoparticles have shown similar efficacy in enhancing iron uptake 

in rice compared to traditional Fe2O3 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 
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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 Fe2O3 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 Fe2O3 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. 

References: 
1. Abbas, R., Ullah, Q., Javaid, R., Safdar, A., Fatima, R., 

Nadeem, F., & Naz, K. Genetically Modified Organisms 

(GMOs) in Agriculture: A Comprehensive Review of 

Environmental Impacts. Benefits, and Concerns.  

2. Ahanger, M. A., Bhat, J. A., Ahmad, P., & John, R. 

(2023). Improving Stress Resilience in Plants: 

Physiological and Biochemical Basis and Utilization in 

Breeding. Elsevier.  

3. Ahmad, I., Ahmad, W., Nepal, J., Junaid, M. B., Bukhari, 

N. A., Usman, M., . . . Khan, R. N. (2024). Synergistic 

enhancement of maize crop yield and nutrient 

assimilation via zinc oxide nanoparticles and phosphorus 

fertilization. Journal of the Science of Food and 

Agriculture.  

4. Al-Amri, N., Tombuloglu, H., Slimani, Y., Akhtar, S., 

Barghouthi, M., Almessiere, M., . . . Ercan, I. (2020). 

Size effect of iron (III) oxide nanomaterials on the 

growth, and their uptake and translocation in common 

wheat (Triticum aestivum L.). Ecotoxicology and 

Environmental Safety, 194, 110377.  

5. Alavi, M., & Yarani, R. (2023). ROS and RNS 

modulation: the main antimicrobial, anticancer, 

antidiabetic, and antineurodegenerative mechanisms of 

metal or metal oxide nanoparticles. Nano Micro 

Biosystems, 2(1), 22-30.  

6. Ali, I. M., Anum, B., Ullah, U., Khan, J., Iqbal, F., & 

Ullah, Q. Sustainable Soil Management Practices for 

Enhancing Crop Yield in Arid Regions: A Case Study of 

Tharparkar, Pakistan.  

7. Arikan, B., Alp, F. N., Ozfidan-Konakci, C., Balci, M., 

Elbasan, F., Yildiztugay, E., & Cavusoglu, H. (2022). 

Fe2O3-modified graphene oxide mitigates nanoplastic 

toxicity via regulating gas exchange, photosynthesis, and 

antioxidant system in Triticum aestivum. Chemosphere, 

307, 136048.  

8. Assel, A., Stanley, M. M., Mia, R., Boulila, B., Cragg, P. 

J., Owolabie, I., . . . Jannet, H. B. (2023). A molecular 

chemodosimeter to probe ―closed shell‖ ions in kidney 

cells. Organic & Biomolecular Chemistry, 21(47), 9379-

9391.  

9. Assunção, A. G. (2022). The F-bZIP-regulated Zn 

deficiency response in land plants. Planta, 256(6), 108.  

10. Athukorala, A. S. N. (2021). Solubilization of 

micronutrients using indigenous microorganisms. 

Microbial Technology for Sustainable Environment, 365-

417.  

11. Baig, A., Sial, S. A., Qasim, M., Ghaffar, A., Ullah, Q., 

Haider, S., . . . Ather, N. (2024). Harmful Health Impacts 

of Heavy Metals and Behavioral Changes in Humans. 

Indonesian Journal of Agriculture and Environmental 

Analytics, 3(2), 77-90.  

12. Bakhsh, K., Ghuman, S. U., Iqbal, F., Ullah, U., & Ullah, 

Q. Temporal Dynamics of Pyrethroid and Neonicotinoid 

Residues in Maize (Zea mays): Implications of 

Environmental Factors and Bioremediation Strategies.  

13. Batool, F., Ali, M. S., Hussain, S., Shahid, M., 

Mahmood, F., Shahzad, T., . . . Ullah, Q. (2024). 

Bioreduction and biosorption of chromium: Unveiling 

the role of bacteria. In Bio-organic Amendments for 

Heavy Metal Remediation (pp. 279-296). Elsevier.  

14. Bhatla, S. C., & Lal, M. A. (2023). Sulfur, Phosphorus, 

and Iron Metabolism. In Plant Physiology, Development 

and Metabolism (pp. 335-359). Springer.  



Global Journal of Arts Humanity and Social Sciences 

ISSN: 2583-2034    
 

Copyright © 2024 The Author(s): This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 
International License (CC BY-NC 4.0).  

754 

 

15. Bibi, S. (2024). Relative Expression Analysis of CDPK5 

and CDPK9-1 Genes Under Salt and Drought Stress in 

Wheat in Response to Application of Iron Oxide 

Nanoparticles Quaid I Azam University Islamabad].  

16. Bidabadi, S. S., Sabbatini, P., & VanderWeide, J. (2023). 

Iron oxide (Fe2O3) nanoparticles alleviate PEG-

simulated drought stress in grape (Vitis vinifera L.) 

plants by regulating leaf antioxidants. Scientia 

Horticulturae, 312, 111847.  

17. Burr, M. W., Anum, B., Ullah, U., Khan, J., Iqbal, F., & 

Ullah, Q. Climate Change, Pest Dynamics, and 

Sustainable Agricultural Practices in Pakistan: An 

Integrated Approach to Enhancing Crop Resilience and 

Productivity.  

18. Caracausi, M., Ramacieri, G., Catapano, F., Cicilloni, M., 

Lajin, B., Pelleri, M. C., . . . Pirazzoli, G. L. (2024). The 

functional roles of S‐adenosyl‐methionine and S‐

adenosyl‐homocysteine and their involvement in trisomy 

21. BioFactors.  

19. Chakraborty, N., Das, A., Pal, S., Roy, S., Sil, S. K., 

Adak, M. K., & Hasanuzzaman, M. (2024). Exploring 

Aluminum Tolerance Mechanisms in Plants with 

Reference to Rice and Arabidopsis: A Comprehensive 

Review of Genetic, Metabolic, and Physiological 

Adaptations in Acidic Soils. Plants, 13(13), 1760.  

20. Chamai, A., Burr, M. W., Iqbal, F., Ullah, Q. U. U., & 

Khan, J. Evaluating the Impact of Household Surfactants 

on Soil Health and Crop Productivity in Agricultural 

Lands.  

21. Chan Rodriguez, D. (2018). Grass-specific Mechanisms 

of Iron Uptake: Investigation of Phytosiderophore 

Transporters and Discovery of Novel Iron Deficiency 

Loci.  

22. Chandnani, R., & Kochian, L. V. (2023). The Role of the 

Root Microbiome in the Utilization of Functional Traits 

for Increasing Plant Productivity. In Plant Microbiome 

for Plant Productivity and Sustainable Agriculture (pp. 

55-80). Springer.  

23. Chandwani, S., & Amaresan, N. (2024). Biofortification 

of Iron for Nutrition and Simultaneous Bioremediation of 

Iron-Contaminated Soil. In Phytoremediation and 

Biofortification (pp. 277-302). Apple Academic Press.  

24. Chowdhury, R., Nallusamy, S., Shanmugam, V., 

Loganathan, A., Muthurajan, R., Sivathapandian, S. 

K., . . . Duraialagaraja, S. (2022). Genome-wide 

understanding of evolutionary and functional 

relationships of rice Yellow Stripe-Like (YSL) 

transporter family in comparison with other plant 

species. Biologia, 77, 39-53.  

25. Dayani, S., Mazaheri-Tirani, M., & Hosseini, R. (2024). 

14 Physiological of Plants to Nanoparticles Responses 

and Chelating Agents. Advanced Nanotechnology in 

Plants: Methods and Applications, 213.  

26. Divte, P. R., Yadav, P., Pawar, A. B., Sharma, V., Anand, 

A., Pandey, R., & Singh, B. (2021). Crop response to 

iron deficiency is guided by cross-talk between 

phytohormones and their regulation of the root system 

architecture. Agricultural Research, 1-14.  

27. El-Saadony, M. T., Saad, A. M., Soliman, S. M., Salem, 

H. M., Desoky, E.-S. M., Babalghith, A. O., . . . Abd El-

Mageed, T. A. (2022). Role of nanoparticles in enhancing 

crop tolerance to abiotic stress: A comprehensive review. 

Frontiers in plant science, 13, 946717.  

28. Elemike, E. E., Uzoh, I. M., Onwudiwe, D. C., & 

Babalola, O. O. (2019). The role of nanotechnology in 

the fortification of plant nutrients and improvement of 

crop production. Applied Sciences, 9(3), 499.  

29. Fatima, R., Basharat, U., Safdar, A., Haidri, I., Fatima, 

A., Mahmood, A., . . . Qasim, M. (2024). 

AVAILABILITY OF PHOSPHOROUS TO THE SOIL, 

THEIR SIGNIFICANCE FOR ROOTS OF PLANTS 

AND ENVIRONMENT. EPH-International Journal of 

Agriculture and Environmental Research, 10(1), 21-34.  

30. Feng, Y., Kreslavski, V. D., Shmarev, A. N., Ivanov, A. 

A., Zharmukhamedov, S. K., Kosobryukhov, A., . . . 

Shabala, S. (2022). Effects of iron oxide nanoparticles 

(Fe3O4) on growth, photosynthesis, antioxidant activity, 

and distribution of mineral elements in wheat (Triticum 

aestivum) Plants. Plants, 11(14), 1894.  

31. Figueira, A., Kido, E. A., & Almeida, R. S. (2001). 

Identifying sugarcane-expressed sequences associated 

with nutrient transporters and peptide metal chelators. 

Genetics and molecular biology, 24, 207-220.  

32. Gautam, T., Jan, I., Batra, R., Singh, K., Pandey, R., 

Sharma, P. K., . . . Gupta, P. K. (2023). Further studies on 

nicotianamine aminotransferase (NAAT) genes involved 

in biofortification in bread wheat (Triticum aestivum L.). 

Plant Gene, 33, 100389.  

33. Haider, G., Farooq, M. A., Shah, T., Malghani, S., Awan, 

M. I., Habib-ur-Rahman, M., . . . Ghaffar, A. (2023). 

Cereal responses to nutrients and avenues for improving 

nutrient use efficiency. In Cereal Crops (pp. 79-106). 

CRC Press.  

34. Haidri, I., Qasim, M., Shahid, M., Farooq, M. M., Abbas, 

M. Q., Fatima, R., . . . Ullah, Q. (2024). Enhancing the 

Antioxidant Enzyme Activities and Soil Microbial 

Biomass of tomato plants against the stress of Sodium 

Dodecyl Sulfate by the application of bamboo biochar. 

Remittances Review, 9(2), 1609-1633.  

35. Hasanzadeh, M., & Hazrati, N. (2020). Improvement of 

Rice Quality via Biofortification of Micronutrients. Rice 

Research for Quality Improvement: Genomics and 

Genetic Engineering: Volume 2: Nutrient Biofortification 

and Herbicide and Biotic Stress Resistance in Rice, 715-

748.  

36. Hatami, M., & Ghorbanpour, M. (2024). Metal and metal 

oxide nanoparticles-induced reactive oxygen species: 

Phytotoxicity and detoxification mechanisms in plant 

cell. Plant Physiology and Biochemistry, 108847.  



Global Journal of Arts Humanity and Social Sciences 

ISSN: 2583-2034    
 

Copyright © 2024 The Author(s): This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 
International License (CC BY-NC 4.0).  

755 

 

37. Housh, A., Powell, G., Scott, S., Anstaett, A., Gerheart, 

A., Benoit, M., . . . Higgins, B. (2021). Functional 

mutants of Azospirillum brasilense elicit beneficial 

physiological and metabolic responses in Zea mays 

contributing to increased host iron assimilation. The 

ISME journal, 15(5), 1505-1522.  

38. Ignatova, M., Ignatov, G., Vassileva, V., Manolova, N., & 

Rashkov, I. (2000). Remedying the iron-deficient maize 

plants grown at lower than the optimal temperature and 

irradiance by new synthetic macromolecular iron-

chelating agents. Journal of plant physiology, 157(4), 

395-403.  

39. Islam, M., Mohana, A., Rahman, M., Rahman, M., 

Naidu, R., & Rahman, M. (2023). A comprehensive 

review of the current progress of chromium removal 

methods from aqueous solution. Toxics 2023, 11, 252. In. 

40. Karabulut, F. (2024). The Impact of Nanoparticles on 

Plant Growth, Development, and Stress Tolerance 

Through Regulating Phytohormones. In Nanoparticles in 

Plant Biotic Stress Management (pp. 87-105). Springer.  

41. Kermeur, N., Pédrot, M., & Cabello-Hurtado, F. (2023). 

Iron availability and homeostasis in plants: a review of 

responses, adaptive mechanisms, and signaling. Plant 

Abiotic Stress Signaling, 49-81.  

42. Khan, W., Zafar, F., Raza, S. A., Ali, M. N., Akbar, G., 

Mumtaz, A., . . . Ullah, Q. (2024). Assessing the Safety 

and Quality of Underground Drinking Water in 

Faisalabad. Haya Saudi J Life Sci, 9(8), 339-352.  

43. Langston, W. J., & Bebianno, M. J. (2013). Metal 

metabolism in aquatic environments (Vol. 7). Springer 

Science & Business Media.  

44. Lee, Y.-H., Ren, D., Jeon, B., & Liu, H.-w. (2023). S-

Adenosylmethionine: more than just a methyl donor. 

Natural product reports, 40(9), 1521-1549.  

45. Li, M., Zhang, P., Adeel, M., Guo, Z., Chetwynd, A. J., 

Ma, C., . . . Rui, Y. (2021). Physiological impacts of zero 

valent iron, Fe3O4 and Fe2O3 nanoparticles in rice 

plants and their potential as Fe fertilizers. Environmental 

Pollution, 269, 116134.  

46. Li, W., Li, J., Hussain, K., Peng, K., Yu, J., Xu, M., & 

Yang, S. (2024). Transporters and phytohormones 

analysis reveals differential regulation of ryegrass 

(Lolium perenne L.) in response to cadmium and arsenic 

stresses. Journal of Hazardous Materials, 470, 134228.  

47. Liu, D., Iqbal, S., Gui, H., Xu, J., An, S., & Xing, B. 

(2023). Nano-Iron Oxide (Fe3O4) Mitigates the Effects 

of Microplastics on a Ryegrass Soil–Microbe–Plant 

System. ACS nano, 17(24), 24867-24882.  

48. López-Pérez, M. C., Espinoza-Acosta, J. L., & Pérez-

Labrada, F. (2024). Iron nutrition management in calcisol 

soils as a tool to mitigate chlorosis and promote crop 

quality–An overview. Journal of Applied Biology & 

Biotechnology Vol, 12(1), 17-29.  

49. Memon, S. U. R., Manzoor, R., Fatima, A., Javed, F., 

Zainab, A., Ali, L., . . . Ullah, Q. (2024). A 

Comprehensive Review of Carbon Capture, Utilization, 

and Storage (CCUS): Technological Advances, 

Environmental Impact, and Economic Feasibility. Sch 

Acad J Biosci, 7, 184-204.  

50. Müller, F., Rapp, J., Hacker, A.-L., Feith, A., Takors, R., 

& Blombach, B. (2020). CO2/HCO3− accelerates iron 

reduction through phenolic compounds. MBio, 11(2), 

10.1128/mbio. 00085-00020.  

51. Ning, X., Lin, M., Huang, G., Mao, J., Gao, Z., & Wang, 

X. (2023). Research progress on iron absorption, 

transport, and molecular regulation strategy in plants. 

Frontiers in plant science, 14, 1190768.  

52. Nishanth, S., Shivay, Y., & Prasanna, R. (2023). 

Enriching Micronutrient Status within Soil Systems and 

Plants through Microbial Activity. In Biological 

Approaches to Regenerative Soil Systems (pp. 191-204). 

CRC Press.  

53. Panthri, M., Saini, H., Banerjee, G., Bhatia, P., Verma, 

N., Sinha, A. K., & Gupta, M. (2024). Deciphering the 

regulation of transporters and mitogen-activated protein 

kinase in arsenic and iron exposed rice. Journal of 

Hazardous Materials, 467, 133687.  

54. Parmar, P., Kumar, R., Neha, Y., & Srivatsan, V. (2023). 

Microalgae as next-generation plant growth additives: 

Functions, applications, challenges, and circular 

bioeconomy based solutions. Frontiers in plant science, 

14, 1073546.  

55. Parwez, R., Naeem, M., Aftab, T., Ansari, A. A., Gill, S. 

S., & Gill, R. (2022). Heavy metal toxicity and 

underlying mechanisms for heavy metal tolerance in 

medicinal legumes. In Hazardous and Trace Materials in 

Soil and Plants (pp. 141-177). Elsevier.  

56. Qasim, M., Arif, M. I., Naseer, A., Ali, L., Aslam, R., 

Abbasi, S. A., . . . Ullah, Q. (2024). Biogenic 

Nanoparticles at the Forefront: Transforming Industrial 

Wastewater Treatment with TiO2 and Graphene. Sch J 

Agric Vet Sci, 5, 56-76.  

57. Qasim, M., Fatima, A., Akhtar, T., Batool, S. F. E., 

Abdullah, K., Ullah, Q., . . . Ullah, U. (2024). 

Underground Hydrogen Storage: A Critical Review in the 

Context of Climate Change Mitigation. Sch Acad J 

Biosci, 7, 220-231.  

58. Rahman, M., Chakraborty, A., Nandi, N., Kibria, A., & 

Hossain, M. (2020). Potential Impact of Iron 

Nanoparticles on. Paul B McNulty, 1.  

59. Regon, P., Dey, S., Rehman, M., Pradhan, A. K., Chowra, 

U., Tanti, B., . . . Panda, S. K. (2022). Transcriptomic 

analysis revealed reactive oxygen species scavenging 

mechanisms associated with ferrous iron toxicity in 

aromatic Keteki Joha rice. Frontiers in plant science, 13, 

798580.  

60. Rehman, A. U., Masood, S., Khan, N. U., Abbasi, M. E., 

Hussain, Z., & Ali, I. (2021). Molecular basis of Iron 

Biofortification in crop plants; A step towards 

sustainability. Plant Breeding, 140(1), 12-22.  



Global Journal of Arts Humanity and Social Sciences 

ISSN: 2583-2034    
 

Copyright © 2024 The Author(s): This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 
International License (CC BY-NC 4.0).  

756 

 

61. Rodrigues, W. F. C., Lisboa, A. B. P., Lima, J. E., 

Ricachenevsky, F. K., & Del‐Bem, L. E. (2023). Ferrous 

iron uptake via IRT1/ZIP evolved at least twice in green 

plants. New phytologist, 237(6), 1951-1961.  

62. Sachdev, S., Ansari, S. A., Ansari, M. I., Fujita, M., & 

Hasanuzzaman, M. (2021). Abiotic stress and reactive 

oxygen species: Generation, signaling, and defense 

mechanisms. Antioxidants, 10(2), 277.  

63. Saleem, A., Zulfiqar, A., Ali, B., Naseeb, M. A., 

Almasaudi, A. S., & Harakeh, S. (2022). Iron sulfate 

(FeSO4) improved physiological attributes and 

antioxidant capacity by reducing oxidative stress of 

Oryza sativa L. cultivars in alkaline soil. Sustainability, 

14(24), 16845.  

64. Sarma, H., & Joshi, S. (2024). Biotechnology of 

Emerging Microbes: Prospects for Agriculture and 

Environment. Elsevier.  

65. Sega, D. (2018). FePO4 nanoparticles as a source of 

nutrients for plants: synthesis and evaluation of their 

effects on hydroponically grown cucumber and maize 

seedlings.  

66. Shah, G. M., Amin, M., Shahid, M., Ahmad, I., Khalid, 

S., Abbas, G., . . . Shahid, N. (2022). Toxicity of ZnO 

and Fe2O3 nano-agro-chemicals to soil microbial 

activities, nitrogen utilization, and associated human 

health risks. Environmental Sciences Europe, 34(1), 106.  

67. Shirsat, S., & K, S. (2023). Iron oxide nanoparticles as 

iron micronutrient fertilizer—Opportunities and 

limitations. Journal of Plant Nutrition and Soil Science.  

68. Singh, A., Rajput, V. D., Sharma, R., Ghazaryan, K., & 

Minkina, T. (2023). Salinity stress and nanoparticles: 

Insights into antioxidative enzymatic resistance, 

signaling, and defense mechanisms. Environmental 

research, 116585.  

69. Singh, P., Chauhan, P. K., Upadhyay, S. K., Singh, R. K., 

Dwivedi, P., Wang, J., . . . Jiang, M. (2022). Mechanistic 

insights and potential use of siderophores producing 

microbes in rhizosphere for mitigation of stress in plants 

grown in degraded land. Frontiers in Microbiology, 13, 

898979.  

70. Singhal, R. K., Fahad, S., Kumar, P., Choyal, P., Javed, 

T., Jinger, D., . . . Bose, B. (2023). Beneficial elements: 

New Players in improving nutrient use efficiency and 

abiotic stress tolerance. Plant Growth Regulation, 

100(2), 237-265.  

71. Soni, S., Jha, A. B., Dubey, R. S., & Sharma, P. (2023). 

Mitigating cadmium accumulation and toxicity in plants: 

the promising role of nanoparticles. Science of The Total 

Environment, 168826.  

72. Strekalovskaya, E. I., Perfileva, A. I., & Krutovsky, K. V. 

(2024). Zinc Oxide Nanoparticles in the ―Soil–Bacterial 

Community–Plant‖ System: Impact on the Stability of 

Soil Ecosystems. Agronomy, 14(7), 1588.  

73. Subramani, M., Durairaj, J., Thiyagarajan, C., & 

Muthumani, J. (2021). Synthesis of iron chelates for 

remediation of iron deficiency in an alkaline and 

calcareous soil. Journal of Applied and Natural Science, 

13(SI), 149-155.  

74. Tanin, M. J., Saini, D. K., Kumar, P., Gudi, S., Sharma, 

H., Kaur, J. P., . . . Sharma, A. (2024). Iron 

biofortification in wheat: Past, present, and future. 

Current Plant Biology, 100328.  

75. Tavanti, T. R., de Melo, A. A. R., Moreira, L. D. K., 

Sanchez, D. E. J., dos Santos Silva, R., da Silva, R. M., 

& Dos Reis, A. R. (2021). Micronutrient fertilization 

enhances ROS scavenging system for alleviation of 

abiotic stresses in plants. Plant Physiology and 

Biochemistry, 160, 386-396.  

76. Tombuloglu, H., Slimani, Y., AlShammari, T. M., 

Bargouti, M., Ozdemir, M., Tombuloglu, G., . . . 

Almessiere, M. (2020). Uptake, translocation, and 

physiological effects of hematite (α-Fe2O3) 

nanoparticles in barley (Hordeum vulgare L.). 

Environmental Pollution, 266, 115391.  

77. Ullah, Q., Ishaq, A., Ahmed, F., Nisar, I., Memon, S. U. 

R., Abubakar, M., . . . Qasim, M. (2024). Impact of 

Copper on Spectral Reflectance and Biomass 

Accumulation in Spinach Samples.  

78. Ullah, Q., Ishaq, A., Mumtaz, A., Fatima, F., Mehwish, 

S., Ghaffar, A., & Bibi, R. (2024). Assessing the Risk, 

Bioavailability, and Phytoremediation of Heavy Metals 

in Agricultural Soils: Implications for Crop Safety and 

Human Health. Indonesian Journal of Agriculture and 

Environmental Analytics, 3(2), 91-104.  

79. Ullah, Q., Munir, T., Mumtaz, T., Chawla, M., Amir, M., 

Ismail, M., . . . Haidri, I. (2024). Harnessing Plant 

Growth-Promoting Rhizobacteria (PGPRs) for 

Sustainable Management of Rice Blast Disease Caused 

by Magnaporthe Oryzae: Strategies and Remediation 

Techniques in Indonesia. Indonesian Journal of 

Agriculture and Environmental Analytics, 3(2), 65-76.  

80. Ullah, Q., Qasim, M., Abaidullah, A., Afzal, R., 

Mahmood, A., Fatima, A., & Haidri, I. (2024). 

EXPLORING THE INFLUENCE OF 

NANOPARTICLES AND PGPRS ON THE PHYSICO-

CHEMICAL CHARACTERISTICS OF WHEAT 

PLANTS: A REVIEW. EPH-International Journal of 

Agriculture and Environmental Research, 10(1), 1-9.  

81. Ullah, Q., Qasim, M., Sikandar, G., Haidri, I., Siddique, 

M. A., Ali, L., & Sikandar, U. S. R. (2024). Uncovering 

the Biogeochemical Processes Controlling Greenhouse 

Gas Emissions from Soils: An Environmental 

Methodology Approach.  

82. Ummer, K., Khan, W., Iqbal, M. A., Abbas, M. Q., 

Batool, R., Afzal, R., . . . Haidri, I. (2023). THE 

INTRICACIES OF PHOTOCHEMICAL SMOG: FROM 

MOLECULAR INTERACTIONS TO 

ENVIRONMENTAL IMPACT. EPH-International 

Journal of Applied Science, 9(2), 23-33.  



Global Journal of Arts Humanity and Social Sciences 

ISSN: 2583-2034    
 

Copyright © 2024 The Author(s): This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 
International License (CC BY-NC 4.0).  

757 

 

83. Wang, J. Q., Wu, Z. X., Yang, Y., Teng, Q. X., Li, Y. D., 

Lei, Z. N., . . . Chen, Z. S. (2021). ATP‐binding cassette 

(ABC) transporters in cancer: A review of recent updates. 

Journal of Evidence‐Based Medicine, 14(3), 232-256.  

84. Wang, Q., Zhang, P., Zhao, W., Li, Y., Jiang, Y., Rui, 

Y., . . . Lynch, I. (2023). Interplay of metal-based 

nanoparticles with plant rhizosphere microenvironment: 

implications for nanosafety and nano-enabled sustainable 

agriculture. Environmental Science: Nano, 10(2), 372-

392.  

85. Wang, Y., Wang, S., Xu, M., Xiao, L., Dai, Z., & Li, J. 

(2019). The impacts of γ-Fe2O3 and Fe3O4 

nanoparticles on the physiology and fruit quality of 

muskmelon (Cucumis melo) plants. Environmental 

Pollution, 249, 1011-1018.  

86. Waseem, M., Abbas, M. Q., Ummer, K., Fatima, R., 

Khan, W., Gulzar, F., . . . Haidri, I. (2023). PHYTO-

REMEDIES FOR SOIL RESTORATION: A DEEP 

DIVE INTO BRASSICA'S PLANT CAPABILITIES IN 

CADMIUM REMOVAL. EPH-International Journal of 

Biological & Pharmaceutical Science, 9(1), 23-44.  

87. Xue, W., Wen, S., Zhu, Y., Gao, Y., Wang, R., & Xu, Y. 

(2023). Immobilization of cadmium in river sediments 

using sulfidized nanoscale zero-valent iron synthesized 

with different iron precursors: Performance and 

mechanism. Journal of Soils and Sediments, 23(9), 3550-

3566.  

88. Yamini, V., Shanmugam, V., Rameshpathy, M., 

Venkatraman, G., Ramanathan, G., Garalleh, H. A., . . . 

Rajeswari, V. D. (2023). Environmental effects and 

interaction of nanoparticles on beneficial soil and aquatic 

microorganisms. Environmental research, 236, 116776.  

89. Yousaf, N., Sardar, M. F., Ishfaq, M., Yu, B., Zhong, Y., 

Zaman, F., . . . Zou, C. (2024). Insights into iron-based 

nanoparticles (hematite and magnetite) improving the 

maize growth (Zea mays L.) and iron nutrition with low 

environmental impacts. Chemosphere, 362, 142781.  

90. Yusuf, A., Almotairy, A. R. Z., Henidi, H., Alshehri, O. 

Y., & Aldughaim, M. S. (2023). Nanoparticles as drug 

delivery systems: a review of the implication of 

nanoparticles’ physicochemical properties on responses 

in biological systems. Polymers, 15(7), 1596.  

91. Zandi, P., & Schnug, E. (2022). Reactive oxygen species, 

antioxidant responses and implications from a microbial 

modulation perspective. Biology, 11(2), 155.  

92. Zhao, Y., Chen, Z., Li, W., Liu, F., Sun, L., Wu, M., . . . 

Xu, J. (2024). Revealing the molecular basis regulating 

the iron deficiency response in quinoa seedlings by 

physio-biochemical and gene expression profiling 

analyses. Plant and soil, 495(1), 77-97.  

93. Zumbal, G., Anum, B., Ullah, U., Khan, J., Iqbal, F., & 

Ullah, Q. Integrating Plant Growth-Promoting 

Rhizobacteria (PGPR) for Sustainable Agriculture in 

Pakistan: Enhancing Crop Yields, Soil Health, and 

Environmental Resilience.  

 


