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Abstract: This review article explores the emerging role of nanoparticles in
enhancing nitrogen fixation in leguminous crops, a critical process for sustainable
agriculture. Focusing on metal-based nanoparticles like iron oxide (Fe,03) and zinc
oxide (Zn0), as well as carbon-based nanoparticles such as carbon nanotubes
(CNTSs), the review discusses their effects on nitrogenase enzyme activity, root
nodule formation, and nutrient uptake. Empirical studies demonstrate significant
improvements in nitrogenase efficiency, nodule count, and nitrogen uptake in crops
like soybean, chickpea, and peanut when treated with these nanoparticles. However,
the potential risks of nanoparticle bioaccumulation, toxicity at higher
concentrations, and environmental impacts are also highlighted, emphasizing the
need for biodegradable nanoparticle development and regulatory guidelines. The
review concludes that while nanoparticle-mediated nitrogen fixation holds promise
for improving crop yields and reducing reliance on synthetic fertilizers, careful
management and future research are crucial to ensuring the safe and effective
integration of nanotechnology into agriculture.
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INTRODUCTION TO NITROGEN FIXATION
AND ITS BIOCHEMICAL IMPORTANCE

Nitrogen fixation is a vital biochemical
process that converts atmospheric nitrogen (N3), an
inert and non-bioavailable form of nitrogen, into
ammonia (NH3), a form usable by plants for
synthesizing essential biomolecules like amino acids
and nucleotides. This process plays a critical role in
the productivity of leguminous crops, which are
central to agriculture due to their ability to replenish
soil nitrogen (H. G. M.-D. Ahmed et al, 2023;
Davidson, 2023). In agricultural ecosystems,
leguminous plants such as soybeans (Glycine max),
chickpeas (Cicer arietinum), and peanuts (Arachis
hypogaea) have developed a unique symbiotic
relationship with nitrogen-fixing bacteria, primarily
of the genus Rhizobium, enabling them to fix nitrogen
biologically (Mathesius, 2022). This symbiotic
nitrogen fixation (SNF) is crucial for sustainable
agricultural practices, as it reduces dependence on
synthetic nitrogen fertilizers, which have adverse
environmental consequences.

The symbiotic relationship between legumes
and Rhizobium species is initiated through a complex
signaling process. The leguminous plant releases
specific flavonoids that attract Rhizobium bacteria. In
response, the bacteria produce Nod factors, which are
lipochitooligosaccharide molecules that trigger the
formation of nodules on the plant roots (Stambulska
& Bayliak, 2020). These nodules are specialized
organs where the nitrogen fixation process takes
place. Within these nodules, Rhizobium bacteria
convert atmospheric nitrogen into ammonia using
the enzyme nitrogenase. The plant, in turn, provides
the bacteria with carbohydrates derived from
photosynthesis, creating a mutually beneficial
relationship (Harman et al, 2021). This partnership
allows legumes to thrive in nitrogen-poor soils,
providing a natural means of nitrogen replenishment
in crop rotation systems, thereby improving soil
health and crop yields.

The biochemical mechanism underlying
nitrogen fixation revolves around the nitrogenase
enzyme complex, a metalloenzymes composed of two
distinct proteins: the Fe-protein and the MoFe-
protein. The Fe-protein contains iron-sulfur clusters
and functions as the electron donor, transferring
electrons to the MoFe-protein, which is responsible
for the reduction of nitrogen gas (N.) into ammonia
(NH3). The catalytic center of the MoFe-protein
contains a FeMo-cofactor, which plays a crucial role
in binding and reducing nitrogen. The reduction
reaction requires the input of high energy in the form
of ATP, with a total of 16 ATP molecules required to
reduce one molecule of nitrogen into two molecules
of ammonia, as shown in the following equation:

Nz +8H* + 8e- + 16ATP — 2NH3+ Hz + 16ADP + 16Pi
This reaction not only produces ammonia
but also generates hydrogen gas (H,) as a by-product.
The energy-intensive nature of this process makes
nitrogen fixation a limiting factor in leguminous plant
growth, as it requires a significant input of ATP and
reduced electron donors (such as ferredoxin or
flavodoxin), which are derived from the plant’s
metabolic pathways (Qasim, Fatima, et al, 2024).

Despite its biological and agricultural
importance, nitrogen fixation is often hindered by
several factors, including environmental stressors.
One of the primary challenges to nitrogen fixation is
oxygen sensitivity (Bellenger et al, 2020). The
nitrogenase enzyme is highly sensitive to oxygen,
which can inactivate the FeMo-cofactor and halt the
nitrogen fixation process. To protect nitrogenase,
leguminous  plants maintain low  oxygen
concentrations within the nodules by producing
leghemoglobin, a heme protein that binds to oxygen
and regulates its availability within the nodule (Du et
al, 2020; Naorem et al, 2022). However, under
conditions of drought, salinity, or nutrient deficiency,
the plant’s ability to regulate oxygen levels and
provide sufficient energy for nitrogen fixation can be
compromised, leading to reduced nitrogenase
activity and lower ammonia production.

Another challenge to nitrogen fixation
efficiency is the high energy demand of the
nitrogenase enzyme. The process requires a
substantial amount of ATP, and any factor that limits
the plant’s photosynthetic capacity, such as shade,
nutrient deficiencies, or pest damage, can reduce the
energy available for nitrogen fixation. This energy
limitation becomes particularly pronounced in
regions where crops are exposed to abiotic stressors
such as extreme temperatures and water scarcity,
which impair the plant’s overall metabolic efficiency.
In such conditions, nitrogen fixation rates can drop
significantly, leading to nitrogen deficiency in plants
and lower crop yields.

In addition to environmental stressors, soil
health plays a crucial role in nitrogen fixation
efficiency. Soils that are deficient in essential
micronutrients, particularly iron (Fe) and
molybdenum (Mo), can limit the functionality of the
nitrogenase enzyme. Iron is a critical component of
both the Fe-protein and the FeMo-cofactor, while
molybdenum is essential for the catalytic activity of
the MoFe-protein (Nandety & Missaoui, 2020).
Deficiencies in these micronutrients can lead to
reduced nitrogenase activity and impaired nitrogen
fixation. Furthermore, the presence of heavy metals
or soil pollutants can have detrimental effects on both
the plant and the Rhizobium bacteria, further
inhibiting nitrogen fixation.
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Despite these challenges, leguminous crops
play an indispensable role in promoting sustainable
agriculture through biological nitrogen fixation. With
increasing interest in reducing the environmental
footprint of synthetic nitrogen fertilizers, improving
nitrogen fixation efficiency in legumes has become a
priority for researchers. One promising area of study
is the use of nanotechnology to enhance nitrogen
fixation. Nanoparticles, particularly metal and metal
oxide nanoparticles (e.g., Fe,03; and Zn0), have been
shown to influence key biochemical processes
involved in nitrogen fixation, such as modulating
nitrogenase activity, enhancing nodule formation,
and improving nutrient uptake (Ullah, Qasim,
Sikandar, et al, 2024). By addressing some of the
challenges to nitrogen fixation, nanoparticles may
offer a new approach to optimizing nitrogen use in
agriculture, ultimately leading to improved crop
yields and soil fertility.

In conclusion, nitrogen fixation in legumes is
a biochemically complex yet agriculturally vital
process that sustains soil health and crop
productivity. However, the efficiency of nitrogen
fixation is influenced by several factors, including
environmental stressors, energy requirements, and
soil conditions. The use of innovative technologies
such as nanotechnology may offer new avenues for
overcoming these challenges, enhancing nitrogen
fixation, and contributing to more sustainable
agricultural practices.

Importance in Agriculture

Nitrogen fixation is one of the most critical
processes in maintaining soil fertility, and it plays an
essential role in sustainable agriculture. Biological
nitrogen fixation (BNF), particularly by leguminous
plants in symbiosis with nitrogen-fixing bacteria like
Rhizobium, is a natural and efficient way of
replenishing nitrogen in soils. In contrast to synthetic
nitrogen fertilizers, which are energy-intensive to
produce and often result in environmental pollution
(e.g., water eutrophication and greenhouse gas
emissions), nitrogen fixation through legumes
contributes to a more environmentally friendly
agricultural system (Chataut et al, 2023; Raza et al,
2020). By converting atmospheric nitrogen (N;) into
ammonia (NH3), legumes not only meet their own
nitrogen needs but also enrich the soil with this
essential nutrient, benefiting subsequent crops in a
rotation system. This makes legumes like soybeans,
chickpeas, and alfalfa indispensable for sustainable
farming practices, reducing the reliance on chemical
fertilizers and promoting biodiversity and soil health.

However, despite its benefits, the efficiency
of nitrogen fixation in legumes is far from optimal.
Various environmental and biological factors limit

the capacity of plants to fully utilize this natural
process. For example, under conditions of drought,
high salinity, or nutrient deficiencies, the nitrogenase
enzyme responsible for nitrogen fixation becomes
less efficient, leading to reduced nitrogen
assimilation by the plant. Moreover, nitrogen fixation
is an energy-intensive process, requiring a
substantial amount of ATP and reducing agents to
drive the conversion of nitrogen into ammonia (Ullah,
Ishaq, Ahmed, et al, 2024). This makes it highly
dependent on the plant’s overall health and metabolic
efficiency, which can be compromised by
environmental stressors such as extreme
temperatures or pest attacks. In addition, the
symbiotic relationship between legumes and
nitrogen-fixing bacteria can be hindered by poor soil
health, particularly in soils lacking critical
micronutrients like iron and molybdenum, both of
which are essential for nitrogenase activity.

Given these limitations, there is an urgent
need for improved methods to enhance nitrogen
fixation efficiency in legumes. Traditional approaches
to improving nitrogen fixation have focused on
selecting or genetically engineering leguminous
crops and Rhizobium strains that are more resilient
to environmental stresses. However, these methods
have seen limited success due to the complexity of the
biochemical processes involved and the intricate
plant-microbe interactions that govern nitrogen
fixation. More recently, researchers have begun
exploring the potential of nanotechnology to address
some of the key bottlenecks in nitrogen fixation.
Metal and metal oxide nanoparticles, such as Fe,03
and ZnO, have shown promise in enhancing
nitrogenase activity, promoting nodule formation,
and improving overall nitrogen uptake by plants
(Reshma Anjum et al, 2023). These nanoparticles
provide essential micronutrients, enhance electron
transfer in the nitrogenase enzyme complex, and
mitigate oxidative stress, all of which contribute to
increased nitrogen fixation efficiency. This innovative
approach offers new opportunities for improving
leguminous crop yields and soil fertility in a
sustainable manner.

The current nitrogen fixation efficiency of
major leguminous crops varies significantly
depending on the crop species, environmental
conditions, and soil health. Table 1 provides an
overview of nitrogen fixation efficiency in some of the
most widely cultivated leguminous crops. Without
the use of nanoparticles or other enhancing
technologies, these crops show varying degrees of
nitrogen fixation, with soybeans and alfalfa
demonstrating higher efficiencies due to their well-
established symbiotic relationships with nitrogen-
fixing bacteria. Nonetheless, even in these crops,
nitrogen fixation remains suboptimal under less-
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than-ideal conditions, underscoring the need for
further innovations in improving this natural
process.

Table 1: Nitrogen Fixation Efficiency in Major Leguminous Crops (Without Nanoparticles)

Crop Nitrogen Nodule Number | Nitrogenase Activity | Soil Nitrogen Contribution
Fixation (per plant) (nmol N, fixed/g/hr) | (kg N/ha/year)
Efficiency (%)

Soybeans 60 50 120 100-300

Chickpeas 55 45 110 90-220

Alfalfa 65 60 130 150-350

Peanuts 50 40 100 80-200

Lentils 45 35 90 70-180

Common Beans | 40 30 85 60-150

Faba Beans 55 48 105 100-250

Cowpeas 52 42 98 80-220

Pigeon Peas 58 47 115 110-250

This table explains the nitrogen fixation
efficiency of several major leguminous crops under
typical agricultural conditions without the use of
nanoparticle enhancement. Nitrogen fixation
efficiency is expressed as a percentage of total
nitrogen needs met by biological nitrogen fixation.
The table also includes data on nodule formation,
nitrogenase enzyme activity, and the estimated soil
nitrogen contribution, which represents the amount
of nitrogen added to the soil by each crop annually.

Nanoparticles in Agriculture: Types, Properties,
and Mechanisms

In recent years, the application of
nanotechnology in agriculture has gained significant
attention due to its potential to address key
challenges related to crop productivity, soil health,
and nutrient efficiency (Zain et al, 2023). Among the
various applications of nanotechnology, the use of
nanoparticles (NPs) in agriculture is particularly
promising for enhancing plant growth, improving
nutrient uptake, and addressing nutrient deficiencies,
thereby reducing the reliance on synthetic fertilizers
(Bakhsh et al,). Nanoparticles, owing to their unique
physicochemical properties, have the potential to
interact with plant biochemical pathways in ways
that traditional agricultural inputs cannot (Karnwal
etal, 2023; Mitra et al, 2023). In this section, we will
explore the different types of nanoparticles used in
agricultural applications, their unique properties,
and the mechanisms by which they enhance plant
biochemical processes.

Metal-Based Nanoparticles in Agriculture
Metal-based nanoparticles, such as iron
oxide (Fe,03), zinc oxide (Zn0), and silver (Ag)
nanoparticles, are among the most widely studied
types of nanoparticles in agricultural research. These
nanoparticles have shown great promise in
improving nutrient availability, promoting plant
growth, and enhancing various biochemical

processes in plants (Bhilkar et al, 2024). Iron oxide
nanoparticles (Fe,03), for example, are used to
address iron deficiencies in soils and improve the
iron content in plants. Iron is a crucial micronutrient
for plants, as it plays a key role in chlorophyll
synthesis, respiration, and nitrogen fixation. The high
surface reactivity of Fe,03 nanoparticles allows for
the release of bioavailable iron in the rhizosphere,
which can be readily absorbed by plant roots. Studies
have shown that the application of Fe,03
nanoparticles at concentrations of 20-50 mg/L can
significantly increase the iron content in plant
tissues, leading to enhanced photosynthetic
efficiency and overall plant health (Tombuloglu et al,
2024; Zheng et al, 2023).

Zinc oxide nanoparticles (ZnO NPs) are
another important type of metal-based nanoparticle
used in agriculture. Zinc is an essential micronutrient
for plants, involved in the synthesis of auxins (growth
hormones), protein metabolism, and the regulation of
enzyme activities. However, zinc deficiencies are
common in many agricultural soils, leading to stunted
growth and reduced crop yields. The application of
Zn0 nanoparticles provides a highly bioavailable
source of zinc, which can be absorbed more
efficiently by plants compared to traditional zinc
fertilizers. Research has demonstrated that ZnO
nanoparticles at concentrations of 10-40 mg/L can
improve root development, increase zinc uptake, and
enhance plant resilience to abiotic stresses such as
drought and salinity (Romanovski, 2024).

Silver nanoparticles (AgNPs) are also gaining
attention in agricultural applications due to their
antimicrobial properties. Silver has long been known
for its ability to inhibit the growth of bacteria, fungi,
and other pathogens. In agriculture, AgNPs are used
to protect plants from microbial infections and
improve crop health. While silver is not an essential
nutrient for plants, its application in nanoparticle
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form can help reduce disease incidence and improve
plant growth by minimizing the impact of pathogenic
microbes on crop yield. However, it is important to
note that the use of AgNPs requires careful dosage
management, as high concentrations of silver can be
toxic to both plants and beneficial soil
microorganisms (Kim et al, 2023).

Metal Oxide Nanoparticles

In addition to metal-based nanoparticles,
metal oxide nanoparticles such as titanium dioxide
(TiO2) and magnesium oxide (MgO) are widely used
in agriculture for their photocatalytic properties and
ability to enhance nutrient uptake. Titanium dioxide
nanoparticles (TiO, NPs), in particular, have been
shown to enhance photosynthetic activity in plants
by improving the efficiency of light absorption
(Kamyab et al, 2023; Mohammadi et al, 2023). TiO,
NPs can interact with chloroplasts in plant cells and
increase the rate of electron transfer during
photosynthesis, leading to higher ATP production
and improved energy availability for biochemical
processes. Studies have demonstrated that the
application of TiO, NPs at concentrations of 5-30
mg/L can increase the photosynthetic rate by up to
30% in various crops, resulting in higher biomass
production and improved crop yields (Sehrish et al,
2024; Wei et al, 2024).

Magnesium oxide nanoparticles (MgO NPs),
on the other hand, are used to address magnesium
deficiencies in soils. Magnesium is a central
component of the chlorophyll molecule and is
essential for photosynthesis (Chamai et al, Nguyen et
al, 2023). MgO nanoparticles provide a highly
bioavailable form of magnesium, which can be easily
absorbed by plant roots and transported to the
chloroplasts. Research has shown that the application
of MgO NPs at concentrations of 10-50 mg/L can
significantly improve chlorophyll content in plants,
leading to enhanced photosynthetic efficiency and
better plant growth (Khanchi et al, 2024).

Carbon-Based Nanoparticles

Carbon-based nanoparticles, including
carbon nanotubes (CNTs) and fullerenes, represent
another class of nanoparticles with significant
potential in agriculture. Carbon nanotubes (CNTs)
are cylindrical carbon molecules with exceptional
mechanical strength, electrical conductivity, and
chemical stability (Jain & Shimpi, 2023). In
agricultural applications, CNTs are used to enhance
nutrient uptake, improve water retention in soils, and
promote plant-microbe interactions (Khan et al,
2024). Due to their small size and high surface area,
CNTs can penetrate plant cell walls and transport
nutrients directly to the plant's vascular system.
Studies have shown that CNTs at concentrations of
10-30 mg/L can improve root development and

increase the efficiency of nutrient absorption in crops
such as wheat and maize. Additionally, CNTs can
enhance water retention in soils, reducing the need
for irrigation and helping plants withstand drought
conditions (Hu et al, 2021; Patra et al, 2022).

Fullerenes, another form of carbon-based
nanoparticles, have unique antioxidant properties
that can protect plants from oxidative stress caused
by environmental factors such as drought, salinity,
and high temperatures. Fullerenes can scavenge
reactive oxygen species (ROS) in plant cells,
preventing damage to cellular components and
enhancing plant resilience. Research  has
demonstrated that fullerenes at concentrations of 1-
10 mg/L can reduce oxidative stress and improve
plant survival under challenging environmental
conditions.

Unique Properties of Nanoparticles

Nanoparticles possess several unique
properties that make them particularly effective in
agricultural applications. One of the most significant
properties of nanoparticles is their high surface-area-
to-volume ratio, which increases their reactivity and
allows for more efficient interaction with biological
systems. This high surface area enables nanoparticles
to bind to plant root surfaces more effectively,
increasing the availability of nutrients and other
beneficial compounds to the plant. For example, iron
oxide nanoparticles (Fe,0; NPs) have a surface area
of up to 50 m?/g, allowing for a much higher rate of
nutrient release and uptake compared to traditional
iron fertilizers (Ali et al,; Salehi, 2024).

Another critical property of nanoparticles is
their ability to enhance the bioavailability of essential
nutrients. Many essential micronutrients, such as
iron and zinc, are often present in soils in forms that
are not easily absorbed by plants. Nanoparticles can
improve the solubility and bioavailability of these
nutrients, making them more accessible to plant
roots. For example, zinc oxide nanoparticles (ZnO
NPs) can improve zinc bioavailability by 20-30%
compared to conventional zinc sulfate fertilizers. This
increased bioavailability leads to higher nutrient
uptake and improved plant growth (Beig et al, 2023).

In addition to their role in nutrient uptake,
nanoparticles can also interact with plant
biochemical processes at the molecular level. For
example, titanium dioxide nanoparticles (TiO, NPs)
can enhance photosynthesis by improving light
absorption and electron transfer within the
chloroplasts. TiO, NPs have been shown to increase
chlorophyll production by 15-25%, leading to higher
photosynthetic efficiency and better growth
outcomes (K. B. M. Ahmed et al, 2023; Pan et al,
2020). Similarly, carbon-based nanoparticles, such as
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CNTs, can enhance the expression of genes involved
in nutrient transport and stress response, further
improving plant resilience and productivity.

Impact of Nanoparticles on Plant Biochemical
Pathways

Nanoparticles can influence a wide range of
biochemical pathways in plants, including nutrient
metabolism, hormone regulation, and stress
response  mechanisms. For example, ZnO
nanoparticles have been shown to enhance the
activity of enzymes involved in nitrogen metabolism,
such as nitrate reductase and glutamine synthetase,
leading to more efficient nitrogen assimilation (Bisht
et al, 2022; Zumbal et al,). This effect is particularly
important in leguminous plants, which rely on
nitrogen fixation to meet their nitrogen needs. The
application of ZnO NPs at concentrations of 10-40
mg/L has been shown to increase nitrogenase
activity by up to 30% in crops such as soybeans and
chickpeas.

Nanoparticles can also modulate plant
hormone levels, influencing processes such as root
growth, nodule formation, and stress tolerance. For
example, carbon nanotubes (CNTs) have been shown
to enhance the synthesis of auxins, a group of plant
hormones that promote root development and
nodule formation in leguminous plants. Studies have
demonstrated that CNTs at concentrations of 10-20
mg/L can increase root length by 20-30% and nodule
number by 15-25%, leading to improved nitrogen
fixation and overall plant growth (De Souza-Torres et
al, 2021).

Antioxidant and Stress Mitigation Properties of
Nanoparticles

Nanoparticles also play a crucial role in
mitigating oxidative stress in plants, which is a
common consequence of environmental stressors
such as drought, salinity, and high temperatures.
Metal oxide nanoparticles, such as TiO, and MgO,
have been shown to enhance the activity of
antioxidant enzymes in plants, including superoxide
dismutase (SOD), catalase (CAT), and peroxidase
(POD). These enzymes help neutralize reactive
oxygen species (ROS), preventing oxidative damage
to proteins, lipids, and DNA. The application of TiO,
NPs at concentrations of 10-30 mg/L has been shown
to increase antioxidant enzyme activity by 20-40%,
improving plant resilience to environmental stress
and enhancing crop yield.

In addition to metal oxide nanoparticles,
carbon-based nanoparticles such as fullerenes also
exhibit potent antioxidant properties. Fullerenes can
directly scavenge ROS and reduce oxidative damage
in plant cells. Studies have shown that the application
of fullerenes at concentrations of 1-5 mg/L can

reduce ROS levels by up to 50%, leading to improved
plant survival under stress conditions.

The use of nanoparticles in agriculture offers
a promising solution to many of the challenges facing
modern crop production, including nutrient
deficiencies, environmental stress, and the need for
sustainable  farming  practices. = Metal-based
nanoparticles, metal oxide nanoparticles, and
carbon-based nanoparticles each provide unique
benefits, from improving nutrient uptake to
enhancing photosynthetic efficiency and mitigating
oxidative stress (Khalil et al, 2022). By harnessing
the unique properties of nanoparticles, researchers
and farmers can improve plant resilience, increase
crop yields, and reduce the reliance on synthetic
fertilizers and pesticides.

Future research should focus on optimizing
nanoparticle formulations and application methods
to maximize their benefits while minimizing potential
environmental impacts. Additionally, long-term field
studies are needed to assess the sustainability of
nanoparticle use in agriculture and to develop
guidelines for safe and effective application. As the
field of nanotechnology continues to advance,
nanoparticles have the potential to revolutionize
agricultural practices and contribute to the
development of more sustainable and resilient
farming systems.

Mechanisms of Nanoparticle Interaction with
Nitrogen Fixation

Nanoparticles, owing to their unique
properties, interact with the nitrogen fixation process
in legumes by modulating key biochemical pathways,
particularly those involving the nitrogenase enzyme
complex. Nitrogenase is a metalloenzymes
responsible for catalyzing the reduction of
atmospheric nitrogen (N;) to ammonia (NHz). This
process is central to biological nitrogen fixation
(BNF) in leguminous plants. The enzyme complex is
composed of two proteins: the Fe-protein, which
delivers electrons, and the MoFe-protein, which
reduces nitrogen. Nanoparticles, especially metal-
based nanoparticles like iron oxide (Fe,03) and zinc
oxide (Zn0), can influence nitrogenase activity by
interacting with its metal cofactors. For example,
Fe,0; nanoparticles can provide a bioavailable
source of iron, which is essential for maintaining the
integrity of the Fe-S clusters in the nitrogenase
complex (Burr et al, Gehlout et al, 2022). This
interaction can enhance the electron transfer
required for nitrogen reduction, thus improving the
overall efficiency of nitrogen fixation.

In addition to directly interacting with the
nitrogenase enzyme, nanoparticles can modulate the
production of ATP, the energy currency required for
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nitrogen fixation. The reduction of nitrogen to
ammonia is an energetically demanding process,
requiring 16 ATP molecules for the conversion of one
molecule of nitrogen into two molecules of ammonia
(Abbas et al, Ullah, Ishaq, Mumtaz, et al,2024).
Nanoparticles such as titanium dioxide (TiO, NPs)
have been shown to enhance photosynthetic activity,
which increases the availability of ATP for nitrogen
fixation. TiO, nanoparticles improve light absorption
and electron transfer within the chloroplasts,
resulting in more efficient ATP production. This
enhanced energy availability supports nitrogenase
activity, leading to increased nitrogen fixation rates.
Additionally, ZnO nanoparticles have been found to
improve root development and nutrient uptake,
further enhancing the plant’s ability to generate the
ATP necessary for nitrogen fixation under various
environmental conditions (Faizan et al, 2021).

Another key mechanism by which
nanoparticles influence nitrogen fixation is through
the management of reactive oxygen species (ROS)
and the enhancement of antioxidant activity.
Nitrogenase is highly sensitive to oxygen, and the
presence of excessive ROS can damage its active sites,
thereby inhibiting nitrogen fixation (Baig et al,
2024). Nanoparticles such as zinc oxide (Zn0O) and
magnesium oxide (MgO) can enhannce the activity of
antioxidant enzymes like superoxide dismutase
(SOD) and catalase (CAT), which neutralize ROS and
protect the nitrogenase enzyme from oxidative
damage. By maintaining a low-oxygen environment
in the root nodules and preventing ROS-induced
stress, nanoparticles help preserve nitrogenase

functionality, ensuring that the nitrogen fixation
process continues efficiently even under stress
conditions.

The interaction of nanoparticles with
nitrogen fixation processes can be summarized by the
overall reaction catalyzed by nitrogenase, as shown
in Equation 1. This equation illustrates the reduction
of nitrogen gas to ammonia, with the consumption of
ATP and the release of hydrogen gas (H;) as a
byproduct. The role of nanoparticles in enhancing
this process is primarily through improving electron
transfer, increasing ATP availability, and mitigating
oxidative stress. Collectively, these mechanisms
contribute to higher nitrogen fixation rates and
improved nitrogen use efficiency in leguminous
crops.

Equation 1: Overall Nitrogen Fixation Reaction
Catalyzed by Nitrogenase
Nz +8H* + 8e~ + 16ATP — 2NH3 + Hz + 16ADP + 16Pi

This equation represents the biochemical
reaction catalyzed by the nitrogenase enzyme
complex during biological nitrogen fixation.
Atmospheric nitrogen (N;) is reduced to ammonia
(NH3) using 8 protons (H*), 8 electrons (e7), and 16
ATP molecules. The reaction produces ammonia
(NH3), hydrogen gas (H;), 16 ADP (adenosine
diphosphate), and 16 Pi (inorganic phosphate) as
byproducts. Nanoparticles influence this reaction by
modulating electron transfer, ATP production, and
ROS management, enhancing the efficiency of
nitrogen fixation in legumes.

Table 2: Summary of Key Nanoparticles and Their Biochemical Mechanisms in Modulating Nitrogen

Fixation

Nanoparticle Key Role in Effect on Impact on ATP ROS Management
Nitrogen Nitrogenase Production and Antioxidant
Fixation Activity Enhancement

Fe,0; (Iron Oxide) Enhances iron | Increases electron Indirectly supports | Limited effect on
availability for | transfer efficiency by | ATP production via | ROS management
Fe-S clusters in | up to 25% improved nutrient
nitrogenase uptake

Zn0 (Zinc Oxide) Enhances zinc | Increases Improves root Enhances
availability for | nitrogenase activity development, antioxidant
enzyme by 30% indirectly enzymes (SOD,
activity enhancing ATP CAT) by 20%

generation

Ag (Silver) Antimicrobial | Limited direct impact | No significant effect | Antioxidant
protection on nitrogenase on ATP production | properties at low
against concentrations
pathogens

TiO, (Titanium Dioxide) | Enhances light | Improves Increases Limited role in
absorption for | nitrogenase activity photosynthetic ATP | ROS management
photosynthesis | indirectly via ATP production by 30%

availability
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Nanoparticle Key Role in Effect on Impact on ATP ROS Management
Nitrogen Nitrogenase Production and Antioxidant
Fixation Activity Enhancement

CNT (Carbon Nanotubes) | Improves Increases nodule Promotes ATP Scavenges ROS,
nutrient number and size, availability by reducing oxidative
transportand | enhancing improving water stress in roots
root nitrogenase activity and nutrient uptake
elongation

MgO (Magnesium Oxide) | Enhances Indirectly supports Improves ATP Increases
magnesium nitrogenase by production through | antioxidant
availability for | enhancing plant enhanced enzyme activity by
chlorophyll health photosynthesis 25%
production

Fullerenes Protects Limited direct effect | No significant effect | Scavenges ROS,
nitrogenase on nitrogenase on ATP production | improving
from oxidative oxidative stress
damage tolerance by 50%

CuO (Copper Oxide) Enhances May inhibit Limited effect on Potential ROS
copper nitrogenase at high ATP production production at
availability for | concentrations higher doses
enzyme
cofactors

Ce0; (Cerium Oxide) Potential role Increases electron No direct impacton | Strong ROS
in electron transfer activity by ATP production scavenger,
transfer up to 20% enhances
modulation antioxidant

capacity

This table summarizes the role of various
nanoparticles in modulating nitrogen fixation
processes in leguminous plants. The table includes
key nanoparticles such as iron oxide (Fe,03), zinc
oxide (Zn0), and titanium dioxide (TiO;), among
others, detailing their specific effects on nitrogenase
enzyme activity, ATP production, and ROS
management. Values represent relative increases in
efficiency or activity based on experimental studies.

Nanoparticles' Effects on Nitrogenase Activity
and Nodule Formation

The application of nanoparticles in
agriculture has shown significant potential in
enhancing nitrogen fixation by modulating key
processes like nitrogenase enzyme activity and
nodule formation. Fe,03 (iron oxide) nanoparticles
have been widely studied for their effect on
nitrogenase efficiency, owing to the critical role of
iron in the enzyme's Fe-S clusters. Iron is an essential
cofactor for the nitrogenase complex, which catalyzes
the reduction of nitrogen (N,) to ammonia (NH3). The
application of Fe,03 nanoparticles, at concentrations
ranging from 10 to 50 mg/L, has demonstrated an
increase in electron transfer efficiency within the
nitrogenase enzyme. Studies indicate that Fe,03; NPs
can boost nitrogenase activity by up to 25% due to
the enhanced bioavailability of iron (Cao et al, 2022;
Zhang et al, 2024). This improvement in enzymatic
activity leads to higher rates of nitrogen fixation, as
iron oxide nanoparticles provide an easily accessible

source of iron for plant uptake, overcoming iron
deficiencies that are common in many agricultural
soils.

Similarly, ZnO (zinc oxide) nanoparticles
have proven effective in improving nutrient uptake
and energy metabolism, which are critical for
sustaining nitrogen fixation in leguminous plants.
Zinc is an essential micronutrient involved in enzyme
regulation and protein synthesis, both of which are
vital for nitrogenase functionality (Ullah, Munir, et al,
2024). ZnO nanoparticles, typically applied at
concentrations of 20 to 40 mg/L, enhance zinc
bioavailability, thereby supporting the overall
metabolic processes required for nitrogen fixation.
Moreover, ZnO NPs contribute to the increased
production of ATP, the energy currency needed for
nitrogenase activity (Bhardwaj & Naraian, 2021;
Qasim, Arif, et al, 2024). By improving root health
and promoting nodule formation, ZnO nanoparticles
can increase nitrogenase activity by up to 30%,
resulting in more efficient nitrogen fixation and
greater nitrogen assimilation by the plant.

In addition to enhancing nitrogenase
activity, nanoparticles play a significant role in
modulating nodule formation through the regulation
of hormonal signaling pathways. Plant hormones
such as auxins and cytokinins are crucial in the
development of root nodules, the structures where
nitrogen fixation occurs. Nanoparticles, especially

© 2024: Global Academic Journal’s Research Consortium (GAJRC)

126



Muhammad Shahroz et al, Glob Acad ] Agri Biosci; Vol-6, Iss- 5 (Sep-Oct, 2024): 119-133

Zn0 and carbon-based nanoparticles like CNTs
(carbon nanotubes), have been shown to influence
the levels of these hormones, promoting root growth
and nodule initiation (Kralovd & Jampilek, 2023;
Memon et al, 2024). Studies have demonstrated that
CNTs at concentrations of 10 to 20 mg/L can increase
nodule numbers by 30% by enhancing auxin
production and facilitating the interaction between
plant roots and nitrogen-fixing bacteria. These
findings suggest that nanoparticles not only improve
nutrient uptake but also enhance plant-microbe
symbiosis, further supporting nitrogen fixation
(Perea Velez et al, 2021).

However, it is important to note that the
over-application of nanoparticles can have
detrimental effects on nitrogen fixation and plant
health. At higher concentrations, certain
nanoparticles, such as CuO (copper oxide), may
exhibit toxicity that inhibits nitrogenase activity and
disrupts nodule formation. ROS (reactive oxygen
species)-induced stress is a major concern, as the

overproduction of ROS can damage cellular
structures and reduce the efficiency of nitrogenase
(Ummer et al, 2023). For example, while ZnO
nanoparticles are  beneficial at moderate
concentrations, excessive application (above 50
mg/L) can lead to oxidative stress in plant tissues,
impairing root and nodule development. To mitigate
these risks, it is essential to carefully regulate
nanoparticle concentrations to avoid inhibiting the
beneficial effects on nitrogen fixation (Boersma et al,
2023; Yusefi-Tanha et al, 2022).

The impact of nanoparticle concentration on
nitrogenase activity and nodule formation is
expressed in Graph 1, where different types of
nanoparticles are compared based on their effects on
nitrogenase efficiency and nodule formation in
leguminous plants. The graph highlights the positive
impacts of Fe;0;, ZnO, and CNTs at optimal
concentrations, while also showing the potential for
inhibition or toxicity at higher doses, particularly for
nanoparticles like CuO.

40t
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Impact of Nanoparticle Types on Nitrogenase Activity and Nodule Formation in Legumes

301
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Graph 1: Impact of Nanoparticle Concentration on Nitrogenase Activity and Nodule Formation in Legumes

This graph provides a comparative analysis
of the effects of various nanoparticle types (Fe,0s;,
ZnO, CNT, TiO,, Ag, MgO, CuO) on nitrogenase activity
and nodule formation in leguminous plants. The
graph depicts the percent increase in nitrogenase
activity and nodule formation observed in
experimental studies, with Fe,03; and ZnO showing
the highest enhancements, while CuO demonstrates a
negative impact at higher concentrations. This data
emphasizes the need for precise control over
nanoparticle dosage to optimize nitrogen fixation
without inducing toxicity.

Empirical Studies on Nanoparticle-Mediated
Nitrogen Fixation in Legumes

Nanoparticles have shown remarkable
potential in enhancing nitrogen fixation in
leguminous crops by improving the efficiency of the
nitrogenase enzyme, promoting nodule formation,
and facilitating nutrient uptake. Various empirical
studies have demonstrated how different types of
nanoparticles, such as Fe,03, ZnO, and CNTs, can
positively influence the nitrogen fixation process (Li
et al, 2023). In this section, we examine case studies
that highlight the effects of these nanoparticles on
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legumes, focusing on crops such as soybeans,
chickpeas, and peanuts.

Case Studies on Fe,03 Nanoparticles

Iron oxide nanoparticles (Fe,O0; NPs) have
been extensively studied for their ability to enhance
nitrogen fixation in leguminous plants. In soybean
(Glycine max) and chickpea (Cicer arietinum) crops,
the application of Fe,03 nanoparticles has resulted in
significant increases in both nodule number and
nitrogenase activity. Empirical studies have shown
that the use of Fe,05 NPs at concentrations of 30-50
mg/L can increase the number of nodules by up to
40% in soybean plants and 35% in chickpeas (Haidri
et al, 2024). The enhanced bioavailability of iron
provided by these nanoparticles supports the
formation of Fe-S clusters in the nitrogenase enzyme,
which is critical for the reduction of atmospheric
nitrogen (N;) to ammonia (NH3) (Dey et al, 2018;
Shirsat & K, 2023).

In addition to increased nodule formation,
Fe,03 nanoparticles have also been found to improve
the nitrogen content in plant tissues. In a controlled
study, chickpea plants treated with 40 mg/L Fe,03
nanoparticles showed an increase of 25-30% in total
nitrogen content compared to untreated controls.
This increase in nitrogen content was directly
correlated with enhanced nitrogenase activity, which
was measured using the acetylene reduction assay
(ARA) (Oliveira, 2020; Waseem et al, 2023). Overall,
these findings suggest that Fe,0; nanoparticles play
a key role in optimizing nitrogen fixation by
providing essential iron, which is often a limiting
nutrient in many soils.

Zinc Oxide Nanoparticles Enhancing Root Growth
and Nodulation

Zinc oxide nanoparticles (ZnO NPs) have also
been shown to significantly enhance nitrogen fixation
by improving root growth, nodule formation, and
nitrogen uptake in legumes. Zinc is an essential
micronutrient involved in a variety of biochemical
processes, including enzyme function and hormone
regulation (Fatima et al, 2024). Empirical data from
studies on Cicer arietinum (chickpea) demonstrate
that ZnO NPs can enhance rootlength by 20-25% and
increase nodule count by up to 30% when applied at

concentrations of 20-40 mg/L (Kaningini et al,
2024).

In addition to promoting root and nodule
development, ZnO nanoparticles have been shown to
enhance nitrogen uptake by the plant (Ullah, Qasim,
Abaidullah, et al, 2024). Chickpea plants treated with
ZnO NPs exhibited a 30% increase in nitrogen uptake
compared to untreated controls, as measured by
nitrogen content analysis using Kjeldahl digestion.
The improved nitrogen uptake was attributed to both
enhanced root growth, which allowed for greater
access to soil nitrogen, and increased nitrogen
fixation efficiency within the nodules (Kiani et al,
2024; Mirza et al, 2022). These findings indicate that
Zn0 nanoparticles not only support the physical
development of the plant’s root system but also play
a crucial role in boosting the biochemical processes
required for nitrogen fixation.

Carbon Nanotubes (CNTs) Promoting Plant-
Microbe Interactions

Carbon nanotubes (CNTSs) are another class
of nanoparticles that have shown potential in
improving plant-microbe interactions, particularly in
legumes. In Arachis hypogaea (peanut), studies have
demonstrated that CNTs enhance root hair
development and increase the efficiency of symbiotic
relationships with nitrogen-fixing bacteria. When
peanut plants were treated with CNTs at
concentrations of 10-20 mg/L, researchers observed
a 25% increase in root hair density, which is a critical
factor for the successful attachment and colonization
of nitrogen-fixing bacteria like Rhizobium (Duo et al,
2023; Yadav et al, 2023).

Moreover, the enhanced root development
facilitated by CNTs was associated with improved
symbiotic efficiency, as evidenced by an increase in
nodule formation and nitrogenase activity. In one
study, the application of CNTs resulted in a 30%
increase in nodule count and a corresponding 20%
improvement in nitrogenase activity, as measured by
the acetylene reduction assay. These results suggest
that CNTs promote more effective plant-microbe
symbiosis, leading to higher rates of nitrogen fixation
and better overall plant growth.

Table 3: Experimental Results of Nanoparticle Effects on Nitrogen Fixation in Various Leguminous Crops

Nanoparticle Crop Nodule Nitrogenase | Nitrogen
Increase (%) | Activity Uptake
Increase (%) | Increase (%)
Fe,03 (Iron Oxide) Soybean (Glycine max) 40% 25% 30%
Chickpea (Cicer arietinum) | 35% 30% 25%
Zn0 (Zinc Oxide) Chickpea (Cicer arietinum) | 30% 30% 30%
Lentil (Lens culinaris) 25% 28% 20%
CNT (Carbon Nanotubes) | Peanut (Arachis hypogaea) | 30% 20% 25%
Soybean (Glycine max) 20% 15% 20%
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Nanoparticle Crop Nodule Nitrogenase | Nitrogen
Increase (%) | Activity Uptake
Increase (%) | Increase (%)
Ti0, (Titanium Dioxide) | Chickpea (Cicer arietinum) | 15% 12% 15%
Ag (Silver) Pea (Pisum sativum) 10% 5% 8%
MgO (Magnesium Oxide) | Peanut (Arachis hypogaea) | 30% 20% 25%

This table summarizes the experimental
results of various nanoparticle applications on
nitrogen fixation in different leguminous crops. The
table details the percentage increases in nodule
formation, nitrogenase activity, and nitrogen uptake
as observed in crops such as soybean, chickpea, and
peanut treated with nanoparticles like Fe,03, ZnO,
and CNTs. Values reflect the relative improvements
compared to untreated controls, illustrating the
significant impact of nanoparticles on enhancing
nitrogen fixation processes in legumes.

Future Prospects, Environmental Implications,
and Challenges

As the potential of nanoparticles to enhance
nitrogen fixation becomes increasingly apparent,
their integration into precision agriculture systems
presents an exciting future direction. Precision
agriculture focuses on the precise application of
inputs—like water, fertilizers, and now
nanoparticles—tailored to the specific needs of
crops, thereby optimizing resource use while
minimizing waste. Nanoparticle-mediated
enhancement of nitrogen fixation offers a promising
solution for improving nitrogen uptake efficiency in
legumes, which could significantly reduce the
dependence on synthetic nitrogen fertilizers. By
integrating nanoparticles into precision agriculture,
farmers can apply nanoparticles at specific dosages
and timing, ensuring that crops receive optimal levels
of key nutrients at critical growth stages, thus
enhancing nitrogen fixation without oversaturating
the soil. Controlled-release formulations of
nanoparticles that release nutrients gradually over
time are also being developed, which could offer a
steady supply of micronutrients like iron and zinc,
further supporting the nitrogenase enzyme and
improving nitrogen fixation rates over the growing
season.

A Kkey future direction involves the
development of biodegradable nanoparticles to
mitigate environmental risks associated with
nanoparticle accumulation in the soil. While metal-
based nanoparticles such as Fe,0; and ZnO have
shown great potential in enhancing nitrogen fixation,
there are growing concerns regarding the long-term
persistence of these nanoparticles in the
environment. Biodegradable nanoparticles, designed
to degrade naturally into non-toxic byproducts after
fulfilling their role in nitrogen fixation enhancement,
offer a solution to this challenge. Research into

biodegradable polymers or natural nanomaterials,
which can be absorbed or broken down by soil
microorganisms, will be critical to reducing potential
soil contamination and avoiding negative impacts on
soil health in the long term. The development of these
next-generation nanoparticles could also address
regulatory concerns about their safety, paving the
way for broader adoption of nanoparticle-based
technologies in agriculture.

Despite the promising benefits, there are
important environmental and safety considerations
when using nanoparticles in agricultural systems.
One of the major concerns is the risk of nanoparticle
bioaccumulation in the soil, which could lead to long-
term environmental consequences. Nanoparticles
may persist in the soil and potentially accumulate in
the food chain if they are not properly degraded or
absorbed by plants. For example, certain metal-based
nanoparticles, such as silver (AgNPs) and copper
(CuO NPs), may exhibit toxicity at higher
concentrations, which could affect beneficial soil
microbes, including nitrogen-fixing bacteria. Studies
have shown that excessive accumulation of
nanoparticles can lead to soil acidification, reduced
microbial diversity, and impaired nutrient cycling
processes. To mitigate these risks, it is essential to
conduct comprehensive long-term studies on the fate
of nanoparticles in soil-plant systems, including their
potential for bioaccumulation and interactions with
soil microorganisms.

Another critical challenge is ensuring the
balance between enhancing nitrogen fixation and
minimizing nanoparticle toxicity. While
nanoparticles like Fe;03 and ZnO have demonstrated
positive effects on nitrogenase activity and nodule
formation, the  over-application of these
nanoparticles can lead to unintended negative
consequences, such as ROS-induced stress and
reduced root health. Copper oxide (CuO)
nanoparticles, for example, have been found to
exhibit toxic effects on plant roots and nitrogen-fixing
bacteria when applied at concentrations above 50
mg/L, leading to stunted growth and impaired
nitrogen fixation. As such, precise control over
nanoparticle dosage and application timing is crucial
for maximizing benefits while avoiding toxicity. To
address this challenge, researchers must focus on
developing safe application protocols and exploring
the use of nanoparticle coatings or surface

© 2024: Global Academic Journal’s Research Consortium (GAJRC)

129



Muhammad Shahroz et al, Glob Acad ] Agri Biosci; Vol-6, Iss- 5 (Sep-Oct, 2024): 119-133

modifications to reduce their toxicity while
maintaining their efficacy.

In addition to addressing safety concerns,
the regulatory frameworks surrounding the use of
nanoparticles in agriculture need to be established to
ensure the safe and responsible deployment of these
technologies. As of now, the regulatory landscape for
agricultural nanotechnology is still evolving, with
many countries lacking clear guidelines on the safe
use of nanoparticles in food and crop production. It is
imperative that regulatory bodies, such as the
Environmental Protection Agency (EPA) and Food
and Agriculture Organization (FAO), develop
comprehensive guidelines for nanoparticle use,
including safe concentration limits, degradation
requirements, and environmental impact
assessments. This will not only ensure that
nanoparticles are used safely but also foster public
trust in nanotechnology applications in agriculture.

In conclusion, the future of nanoparticle-
mediated nitrogen fixation in agriculture is
promising, but it is not without its challenges. While
nanoparticles offer exciting opportunities for
improving nitrogen fixation efficiency, their
environmental impacts and potential risks must be
carefully  managed. @The  development of
biodegradable nanoparticles and the establishment
of robust regulatory frameworks will be key to
ensuring that these technologies are both effective
and sustainable in the long term. By addressing these
challenges, the agricultural sector can harness the
power of nanotechnology to enhance crop
productivity, reduce reliance on synthetic fertilizers,
and contribute to more sustainable and
environmentally friendly farming practices.

CONCLUSION

In  conclusion, the application of
nanoparticles in enhancing nitrogen fixation in
legumes represents a promising innovation in
sustainable agriculture, offering improvements in
nitrogenase activity, nodule formation, and nutrient
uptake. Metal-based nanoparticles such as Fe,03 and
ZnO, along with carbon-based nanomaterials like
CNTs, have shown significant potential in optimizing
the biochemical processes involved in nitrogen
fixation, thereby reducing the need for synthetic
fertilizers. However, challenges remain regarding the
potential toxicity of certain nanoparticles, risks of
bioaccumulation, and long-term environmental
impacts. Future research should focus on developing
biodegradable nanoparticles, refining application
protocols, and establishing regulatory frameworks to
ensure safe and effective use. Ultimately, by
addressing these challenges, nanoparticles could
revolutionize nitrogen fixation in legumes,

contributing to higher crop yields and more
sustainable agricultural systems.
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