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Abstract

Global agriculture faces unprecedented challenges in achieving sustainability while meeting the growing demand for food. Conventional
fertilizers, despite their role in agricultural intensification, contribute significantly to environmental degradation through nutrient losses,
greenhouse gas emissions, and ecosystem contamination. Nanofertilizers have represented a paradigm shift, offering a promising alternative
through improved nutrient delivery, reduced nutrient losses, and enhanced bioavailability. This review examines cutting-edge application
techniques and fundamental mechanisms of diverse nanofertilizer platforms, including smart nanocarriers, stimuli-responsive systems, and
biohybrid formulations. Despite their potential, several challenges impede widespread adoption, including phytotoxicity, bioaccumulation in
aquatic and plant systems, human health risks associated with nanoparticle exposure, regulatory uncertainties, production costs, and scale issues.
Nanoparticle behavior in soil-plant systems, environmental fate, and long-term ecological consequences represent significant research gaps.
Future research should prioritize the development of efficient regulatory frameworks, precise nanofertilizer formulations, sustainable production
practices, and comprehensive evaluations of nanoparticle toxicity. Integration of nanosensors with precision agriculture techniques enables real-
time monitoring of nanofertilizer performance and efficient resource utilization. Successful deployment requires coordinated efforts in
stakeholder education, farmer training, and the establishment of standardized safety protocols.
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1. Introduction

Rapid populat'lon growth continues to increase global food { POTENTIAL BENEFITS [ CHALLENGES ]
demand, placing greater pressure on agricultural systems.

Although conventional fertilizers have substantially improved

o . . : CROP RISK ON HUMAN
crop .productwlty., their loW nutrient use efﬁcwncy (NUE) M} o)
contributes to soil degradation, water pollution, greenhouse 1(, \

gas emissions, and economic losses through leaching,

volatilization, runoff, and microbial immobilization (Zahra et &

al. 2022; Shang et al. 2019). Nanofertilizers overcome many e

of these limitations by improving nutrient penetration, CROP PROTECTION PHYTOTOXICITY
absorption, and bioavailability through their nanoscale size

and large surface area, making them a promising strategy for ) TeoAccol G
sustainable agriculture under changing climatic conditions PRECISION IN AQUATIC
(Deepika et al. 2020; Khatri et al. 2023). AGRICULTURE ORGANISMS
Nanofertilizers consist of nanoscale materials (1-100 nm)

designed to deliver nutrients in a controlled and targeted RISK ON
manner, thereby enhancing NUE while minimizing STRESS TOLERANCE NANO-FERTILIZERS ENVIRONMENT]
environmental impacts (Seleiman et al. 2020; Ameen et al. ‘ APPLICATION l

2018). Nanocarriers such as nanoclays, carbon-based I

materials, and polymeric nanoparticles provide gradual

nutrient release, reduce nutrient losses, and improve uptake FOLIAR APSTICATION ROOT SEED PRIMING
through greater soil interaction and foliar absorption (Ibafiez APPLICATION

et al. 2023; Kumar et al. 2021). Figure 1 summarizes the Fig 1: Potential benefits, challenges, and applications of
major applications, benefits, and challenges of nanofertilizers. nanofertilizers
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Growing interest in nanofertilizers is driven by their potential
to enhance nutrient delivery, reduce fertilizer inputs, and
lower environmental impacts (Meena et al. 2021). However,
issues including phytotoxicity, regulatory uncertainty,
production costs, and large-scale commercialization remain
significant barriers to widespread adoption (Zalewska et al.
2021). Improved understanding of nanoparticle behavior in
soil-plant systems is essential for developing safe and
effective agricultural applications (Ahamed ef al. 2024).

This review critically examines the applications, mechanisms,
and challenges of nanofertilizers in sustainable agriculture. It
discusses their role in nutrient delivery, interactions with soil—
plant systems, associated environmental and health concerns,
and future research priorities to support the development of
safe and efficient nanotechnology-based agricultural
practices.

The evolution of fertilizer technology can be divided into four
major stages. Early agriculture relied on organic amendments
such as animal manure and crop residues to maintain soil
fertility. The chemical revolution introduced synthetic
fertilizers, enabling large-scale agricultural intensification.
During the Green Revolution, intensive fertilizer use
substantially increased food production but also accelerated
nutrient losses, eutrophication, greenhouse gas emissions, and
soil degradation. Since the early 2000s, growing awareness of
these environmental impacts has driven the development of
controlled-release  fertilizers, organic alternatives, and
nanotechnology-based nutrient delivery systems, leading to
the emergence of modern nanofertilizers (Liu & Lal, 2015).
Figure 2 illustrates the historical evolution of fertilizer
development.
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Fig 2: Historical timeline of fertilizer development and key
milestones

2. Research Trends

Research trends in nanofertilizers and sustainable agriculture
were analyzed using VOSviewer to evaluate publication
patterns and keyword density. The resulting density plot
(Figure 3) illustrates the evolving research landscape by
identifying major thematic areas and emerging topics. The
keyword density map shows that highly connected terms such
as nanoparticles, nanotechnology, and sustainable agriculture
dominate the field, reflecting their central role in current
research. Frequently associated keywords, including fertilizer,
micronutrients, yield, biofertilizers, and iron, indicate a strong
emphasis on improving nutrient delivery and crop
productivity using nanomaterials such as zinc oxide and
copper oxide nanoparticles. The occurrence of crop-specific
terms such as maize, soybean, and rice further highlights the
focus on staple crops for evaluating nanofertilizer
performance. Emerging themes include oxidative stress,
toxicity, bioaccumulation, and heavy metals, demonstrating
increasing attention to the environmental and biological safety
of nanomaterials. Keywords such as nanocarriers,
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nanosensors, graphene oxide, and carbon nanotubes reflect
growing interest in smart delivery systems and precision
agriculture. Overall, the analysis indicates that nanofertilizer
research is evolving from improving nutrient-use efficiency
toward developing safe, sustainable, and precision-based
agricultural technologies.

Fig 3: Density plot of keywords in nanofertilizer research generated
via VOSviewer

3. Types of Nanofertilizers

Nanofertilizers are classified according to their composition
and function into macronutrient-based, micronutrient-based,
polymer-based, trace element-based, and nanocarrier-assisted
formulations. These formulations are designed to improve
nutrient delivery, minimize nutrient losses, and enhance crop
productivity under diverse agroecological conditions (Figure

TYPES OF
NANOFERTILIZERS

Fig 4: Types of Nanofertilizers depicting a) Macronutrient-Based, b)
Micronutrient-Based, ¢) Trace Element-Based, d) Polymer-Based
formulations.

i). Macronutrient-Based Nano-fertilizers: Macronutrient
nanofertilizers primarily supply nitrogen (N), phosphorus
(P), and potassium (K) using nanocarriers that improve
nutrient retention and controlled release. Nitrogen
nanoformulations based on hydroxyapatite, zeolites, and
chitosan reduce nitrogen losses while enhancing plant
uptake (Gade et al. 2023; Preetha et al. 2017). Recent
nano-urea  formulations have reduced fertilizer
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ii).

iii).

iv).

application by up to 80% without compromising crop
yield. Similarly, smart phosphorus nanofertilizers provide
pH-responsive nutrient release to overcome phosphorus
fixation in alkaline soils, whereas potassium nano-
chelates improve bioavailability and reduce leaching
losses (Ramirez-Rodriguez et al. 2020; Zahedifar et al.
2019).

Micronutrient-Based Nanofertilizers: Micronutrient
nanofertilizers supply essential elements such as Fe, Zn,
Mn, Cu, B, Mo, and Cl in highly bioavailable forms. Iron
oxide nanoparticles enhance chlorophyll synthesis,
photosynthesis, and plant growth while reducing fertilizer
requirements (Feng et al. 2022). Manganese
nanoparticles improve metabolic activities, antioxidant
defense, and stress tolerance with lower phytotoxicity
than conventional sources (Alejandro et al. 2020; Ye et
al. 2019). Zinc oxide nanoparticles are among the most
extensively studied nanofertilizers, enhancing seed
germination, root development, nutrient uptake, and
stress tolerance at appropriate concentrations, although
excessive doses may induce phytotoxicity (Adil et al.
2022; El-Saadony et al. 2021). Other micronutrients,
including molybdenum, copper, and boron, also
contribute to nitrogen fixation, respiration, enzyme
activation, membrane stability, and cell division.
Polymers-Based Nanofertilizers: Polymeric
nanocarriers, including chitosan, alginate, and albumin,
provide controlled nutrient release and targeted delivery.
Chitosan enhances seed germination, nutrient uptake,
photosynthesis, crop yield, and disease resistance, while
chitosan-based nanoparticles have improved growth in
wheat, maize, and tomato (Deshpande et al. 2017,
Saharan et al. 2013; Mahanta et al. 2019). Alginate-based
nanofertilizers extend nutrient release for 40-50 days,
substantially improving nutrient-use efficiency (Seleiman
et al. 2020). Albumin nanoparticles offer excellent
biocompatibility, ~ biodegradability, =~ and  surface
functionalization, with recent formulations incorporating
pH- and enzyme-responsive nutrient release. However,
further research is required to improve sustainable
production and assess long-term environmental safety
(Karimi ef al. 2016; Meng et al. 2022).

Trace Elements Based Nanofertilizers: Trace element
nanofertilizers contain biologically important elements
such as Fe, Zn, Cu, Mn, Co, Mo, and Se. Green synthesis
using plant extracts and microorganisms has emerged as
an environmentally friendly alternative to chemical
synthesis, producing nanoparticles with improved
stability, bioavailability, and lower toxicity (Ramrakhiani
& Ghosh, 2018; Altammar, 2023). These nanoparticles
have demonstrated applications not only in crop
production but also in animal nutrition and health (Wu et
al. 2021; Gowtham et al. 2022).

Nanocarriers: Nanocarriers facilitate efficient nutrient
transport, controlled release, and targeted delivery,
thereby improving nutrient availability while reducing
environmental losses. Advanced systems include stimuli-
responsive, multilayered, magnetic, and mesoporous
silica nanocarriers that regulate nutrient release according
to plant demand and rhizosphere conditions. Other
promising materials include carboxymethyl cellulose,
nanocellulose—clay composites, nanofibers, and silk
fibroin. Despite their advantages, widespread adoption
remains limited by high production costs, environmental
concerns, and insufficient knowledge of long-term

4.
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impacts, emphasizing the need for further research and
optimization (Yadav et al. 2023).

Advantages of Nano-fertilizers over Conventional
Fertilisers

Nanotechnology has emerged as an effective approach for
improving agricultural productivity while reducing the

environmental impacts associated with conventional
fertilizers (Subramanian et al. 2015). Compared with
traditional fertilizers, nanofertilizers enhance nutrient

delivery, increase nutrient use efficiency (NUE), minimize
nutrient losses, and support sustainable crop production.
Nutrient use efficiency is expressed as:

Nutrient use efficiency (%) = Crop nutrient absorption (kg ha~

A

"/Nutrient supply via fertilization (kg ha™).

comparison between nanofertilizers and conventional

fertilizers is presented in Table 1.

Table 1: Comprehensive Comparison of Nanofertilizers and
Conventional Fertilizers.

. - tional
Properties Nano-Fertilizers Conve.n. tona
Fertilizers
It improves the effectiveness
. of fertilizer usage as well as | Less effective due to
Nutrient . . .
the ratio of plant nutrient the inadequate
uptake . . . . .
efficiency absorption, all while reducing | absorption of its bulk
the amount of fertilizer that is | composites by plants.
used.
Encapsulation, combined with . .
a coating of polymer resin Excessive discharge
Control > | leads to toxicity and

release modes

waxes, and sulfur, enables
meticulous regulation of
nutrient delivery.

disrupts ecological
equilibrium.

Enhances the solubility and Because of its bigger

Solubility and dispersion of insoluble article size and boor
dispersion of | mineral constituents in soil, psolubi lity. it is lgss
nutrients hence increasing their accessiblz’to lants
bioavailability to plants. p .
i The nutrients that
Effective Enhances and extends the ¢ nutrients tha

duration of

plants need are lost as

; -
plant's rate of nutrient insoluble salts during

release acquisition delivery.
Low rate of | Minimises nutrient depletion Drl.ft’ runoff, apd
. . leaching all contribute
fertiliser caused by leaching, runoff, .
. to the loss of high
needed and drift.

amounts of fertilizer.

i).

<25>

High Nutrient Absorption Efficiency: Conventional
fertilizers exhibit low nutrient-use efficiency because
substantial ~proportions of applied nitrogen and
phosphorus are lost through leaching, volatilization, or
conversion into unavailable forms, resulting in
environmental pollution and economic losses (Raliya et
al. 2018). Nanofertilizers overcome these limitations
through their high surface area, nanoscale particle size,
controlled nutrient release, and protective nanocoatings,
which improve nutrient availability and plant uptake
(Ghormade et al. 2011).

Field studies have  demonstrated  significant
improvements in nutrient uptake and crop performance.
Zinc oxide nanoparticles increased zinc absorption, root
growth, and biomass in wheat compared with
conventional zinc fertilizers (Munir et al. 2018). Iron
oxide nanoparticles enhanced iron uptake, chlorophyll
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iii).

iv).

V).

5.

content, and wheat yield (Feng et al. 2022). Likewise,
hydroxyapatite-based nano-urea formulations slowed
nitrogen release by approximately 44%, reducing
nitrogen losses while maintaining adequate nutrient
availability (Dimkpa et al. 2020). Urea nanohybrids
containing hydroxyapatite with magnesium or zinc
further improved nutrient uptake, grain quality, and yield
while reducing nitrogen fertilizer requirements by up to
75% compared with conventional urea (Sharma et al.
2022).

Controlled Release of Fertilisers: Controlled nutrient
release is one of the major advantages of nanofertilizers.
Their nanoscale size enhances penetration through plant
tissues, while functionalized nanoparticles enable
targeted nutrient delivery to specific tissues (DeRosa et
al. 2010; Liu et al. 2015; Wang et al. 2016). Modern
controlled-release  systems employ biodegradable
polymer coatings, pH-responsive materials, enzyme-
triggered release, temperature-sensitive polymers, and
microbial degradation to synchronize nutrient release
with plant demand. These mechanisms reduce nutrient
leaching, improve fertilizer efficiency, lower application
rates, and enhance crop productivity (Ghormade et al.
2011; Seleiman et al. 2020). For example, Nano-ZnO
promotes faster seed germination and root development
than conventional zinc sulfate (Prasad et al. 2012).
Improved Microbial Activity: Nano-biofertilizers
combine nanoparticles with beneficial microorganisms to
simultaneously enhance nutrient availability and improve
soil health. These formulations stimulate plant growth by
improving nutrient absorption, soil fertility, and
microbial activity (Bairwa et al. 2023). Gold
nanoparticles have been reported to enhance colonization
of plant growth-promoting rhizobacteria and increase
biological nitrogen fixation, while chitosan nanoparticles
improve the delivery and survival of nitrogen-fixing
bacteria in plant roots (Shukla et al. 2015; Panichikkal et
al. 2021). Nanoparticles can also extend the shelf life of
biofertilizers by protecting microorganisms from heat,
desiccation, and ultraviolet radiation, thereby improving
their effectiveness under field conditions (Sambangi et al.
2023).

Improved Soil Activity: Nanofertilizers improve soil
fertility by enhancing microbial activity, nutrient cycling,
enzyme activity, organic matter decomposition, and
nitrogen mineralization (Yaseen et al. 2020; Gupta ef al.
2022). They also improve soil physical properties,
including porosity, water retention, and nutrient
availability, thereby promoting healthier root-zone
conditions. However, repeated or excessive application
may adversely affect soil microbial diversity and enzyme
activities. High concentrations of copper hydroxide
nanofertilizers have been shown to reduce microbial
diversity and suppress important soil enzymes,
highlighting the need to optimize application rates and
evaluate long-term impacts on soil ecosystems (Tang et
al. 2021).

Limitations of Nanofertilizers

Despite their considerable advantages, nanofertilizers present
several environmental, health, and economic challenges that
limit their large-scale adoption. Major concerns include
human toxicity, phytotoxicity, bioaccumulation, ecological

impacts,

regulatory uncertainty, and commercialization
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barriers (Igbal et al. 2019). Figure 5 summarizes the principal
risks associated with nanofertilizer application.

Other
Ecological
Risks

Risks on
Human health

Phytotoxicity

Bioaccumulation
Risk on in Aquatic
Environment Organisms

Fig 5: Potential risks and environmental Impacts associated with the

i).

iii).

<26>

application of nanofertilizers

Human Health Concerns: The small size, high surface
area, and high reactivity of nanoparticles enable them to
penetrate biological barriers and accumulate in tissues,
raising concerns regarding human health (Oberdorster et
al. 2004; Xuan et al. 2023). Experimental studies have
reported gastrointestinal, liver, kidney, and neurological
damage following nanoparticle exposure, with some
nanoparticles capable of crossing the blood—brain barrier
(Gupta et al. 2018; Zia et al. 2023). Potential exposure
occurs through food consumption, inhalation during
application, and dermal contact. Reported risks include
bioaccumulation, oxidative stress, cytotoxicity,
genotoxicity, immunotoxicity, and neurotoxicity.
Nanoparticles may also alter gene expression after
entering cells and interacting with intracellular
components (Chaitra et al. 2021). For example, cerium
oxide nanoparticles have demonstrated translocation
within plants and potential accumulation in food chains,
while ZnO nanoparticles have shown mitochondrial and
DNA damage under experimental conditions (Ma et al.
2017; Fernandez-Cruz et al. 2013). These findings
highlight the need for comprehensive long-term
toxicological studies before widespread agricultural use.
Phytotoxicity (Bioaccumulation in plants) and Plant
Stress Responses: Although nanofertilizers enhance crop
productivity at optimal concentrations, excessive
nanoparticle exposure may impair plant growth and
metabolism. Phytotoxicity depends on nanoparticle
concentration, composition, size, surface characteristics,
plant species, and application method (Meghana et al.
2021; Wang et al. 2022).

Major toxicity mechanisms include excessive reactive
oxygen species production, membrane damage, DNA
injury, nutrient imbalance, hormonal disruption, protein
dysfunction, and inhibition of photosynthesis.
Nanoparticles may also alter gene expression and
interfere with nutrient and water uptake through root
surface accumulation (Chaitra et al. 2021; Karami
Mehrian et al. 2016). For example, Y203 nanoparticles
delayed tomato seed germination and reduced root
growth at concentrations above 10 mg L™, illustrating the
concentration-dependent nature of nanoparticle toxicity
(Hong et al. 2015; Wang et al. 2022). Therefore,
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v).

vi).

i).

. Bioaccumulation in

determining safe application thresholds remains essential
for sustainable use.

Aquatic Organisms:
Nanofertilizers entering aquatic ecosystems through
agricultural runoff may accumulate in aquatic organisms
and move through food chains. Potential consequences
include bioaccumulation, biomagnification, chronic
toxicity, altered aquatic community structure, and
disruption of ecosystem functions. Because nanoparticle
behavior varies among aquatic environments and species,
their long-term ecological fate remains insufficiently
understood, requiring further investigation (Lead et al.
2018; van der Zande et al. 2020).

Environmental Risk Assessment: Nanoparticles
released into soil, water, and air may persist, transform,
and affect non-target organisms (Ghormade ef al. 2011;
Fincheira et al. 2023). Their accumulation can alter soil
fertility, microbial communities, nutrient cycling, and
groundwater quality while increasing the potential for
trophic transfer and biomagnification (Shoults-Wilson et
al. 2011; Nowack et al. 2007). Comprehensive
environmental risk assessments are therefore necessary to
evaluate nanoparticle persistence, transport, ecotoxicity,
and long-term ecosystem impacts before large-scale
application.

Ecological Risks: Nanofertilizers may adversely affect
beneficial organisms, including earthworms, pollinators,
mycorrhizal fungi, and nitrogen-fixing microorganisms

www.allagrijournal.com

(Handy et al. 2008; Dimkpa et al. 2017). Nanoparticle
exposure has been associated with reduced survival,
reproduction, soil enzyme activity, and microbial
diversity, potentially disrupting nutrient cycling, plant—
microbe interactions, and ecosystem stability (Hu et al.
2019; Gogos et al. 2015). Further ecological studies are
required to establish environmentally safe application
practices.

vii). Scale-Up and Economic Challenges: Commercial
adoption of nanofertilizers remains constrained by high
production costs, limited scalability, quality control
issues, storage instability, specialized application
requirements, and the absence of standardized regulatory
frameworks. Current production costs are generally two
to five times higher than those of conventional fertilizers,
although some formulations have demonstrated sufficient
efficiency to become economically competitive under
specific cropping systems (Su et al. 2022). Reducing
manufacturing costs, establishing regulatory guidelines,
and improving farmer acceptance are essential for
successful commercialization.

6. Application Methods and Optimization
Nanofertilizers can be applied through foliar spray, soil
application, and seed nanopriming (Figure 6), each offering
distinct advantages depending on crop type, growth stage, soil
properties, and nutrient requirements.

FOLIAR APPLICATION

S A SEED PRIMING
L]
‘60

ole=
=

ﬁk
\ ROOT APPLICATION

Fig 6: Methods of application of nanofertilizers a) Foliar application b) Soil application ¢) Seed Priming.

Foliar Spray: Foliar application is an efficient approach
for correcting nutrient deficiencies and supplying
micronutrients directly to plant tissues. Compared with
soil application, foliar fertilization facilitates rapid
nutrient absorption and provides quicker remediation of
deficiencies. Nanoparticle spraying has been reported to
be more effective for nutrient delivery than conventional
soil amendments due to enhanced nanoscale absorption
(Zimbovskaya et al, 2020). It is particularly
advantageous for soil-immobilized nutrients such as iron,
copper, and manganese.

Foliar application enables rapid uptake through stomata
and the cuticle, bypasses soil fixation processes,
improves nutrient use efficiency, and reduces soil
contamination. However, its effectiveness depends on
appropriate timing, sufficient leaf area, favorable weather
conditions, and optimized nanoparticle concentrations to

avoid phytotoxicity. Nutrient translocation from leaves to
other plant parts may also be limited.

ii). Several studies demonstrate the effectiveness of foliar
fertilization. Foliar application increased manganese and
zinc concentrations in citrus leaves to nearly twice those
achieved through soil application (Uthman et al., 2022).
Similarly, foliar application of Fe-EDTA enhanced iron
translocation and chlorophyll content in grapevines
(Yunta et al., 2013), while iron sprays increased maize
yield by 0.4 Mg ha™ under iron-deficient conditions
(Stewart et al., 2020). Positive responses to foliar
micronutrient applications have also been reported in
soybean production systems (Thapa ef al., 2021).

iii). Soil Application: Soil application remains the most
widely adopted method for nutrient supplementation. Its
efficiency is influenced by soil texture, pH, organic
matter content, microbial activity, moisture availability,

<27>
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and application depth (Raliya et al., 2016). Compared
with foliar application, soil incorporation exposes
nanoparticles to greater concentrations and prolonged
interactions with soil constituents.

This method provides sustained nutrient release, targets
the root zone directly, integrates readily with
conventional fertilization practices, and reduces labor
requirements. Nevertheless, nutrient immobilization,
leaching losses, microbial degradation, uneven
distribution, and environmental persistence remain major
concerns. Soil physicochemical characteristics strongly
influence nanoparticle stability, mobility, and nutrient
availability. In addition, most agricultural soils possess
lower anion exchange capacity than cation exchange
capacity, increasing the susceptibility of anionic nutrients
such as nitrate to leaching losses (Gonzalez-Melendi et
al., 2008; Ding et al., 2023).

. Seed Nanopriming: Seed nanopriming is an emerging

pre-sowing strategy that induces physiological and
biochemical changes, resulting in faster germination,
improved seedling vigor, and enhanced stress tolerance
(Pereira et al., 2021). The technique can reduce fertilizer
consumption by up to 50% while maintaining crop

www.allagrijournal.com

Nanopriming enhances water uptake, activates
germination-related metabolic pathways, improves
antioxidant defense mechanisms, regulates phytohormone
balance, accelerates reserve mobilization, and strengthens
tolerance  against abiotic and Dbiotic  stresses.
Nanofertilizers used in seed priming have also been
shown to regulate reactive oxygen species (ROS),
enhance antioxidant activities, and influence hormone-
mediated signaling pathways involved in germination and
plant development (Sharma et al., 2023). Furthermore,
seed priming promotes the expression of stress-
responsive genes, thereby improving plant resilience (Liu
etal., 2015).

Compared with conventional priming, nano-priming
delivers nanomaterials directly onto the seed surface,
minimizing pathogen penetration and reducing
undesirable chemical interactions under stress conditions.
Chitosan nanoparticle priming (0.1-0.3% for 3 h)
significantly improved germination, radicle growth,
antioxidant enzyme activity, chlorophyll content, proline
accumulation, and salt tolerance in bean seedlings
exposed to 100 mM NaCl stress (Zayed et al., 2017).
These findings suggest that nanopriming can serve as an
effective strategy for enhancing seed quality, promoting
early crop establishment, and mitigating environmental
stresses (Sharma et al., 2023).
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Fig 7: Mechanism of foliar and root uptake

performance by facilitating the penetration of
nanoparticles into seeds and stimulating growth-
promoting processes.
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Mechanism  of  Nanofertilizer = Uptake and
Translocation

Understanding nanoparticle uptake, transport, and distribution
within plants is essential for optimizing nanofertilizer design
and application. Nanoparticle absorption largely depends on
plant physiology and occurs through stomata, trichomes,
hydathodes, and stigmas, followed by systemic transport via
vascular tissues (Schwab et al., 2016; Wang et al., 2016).

i).

Foliar Uptake Mechanism: Nanoparticles are
translocated through two principal pathways: apoplastic
and symplastic. The apoplastic pathway involves
movement through cell walls and intercellular spaces
without crossing membranes, but transport is restricted
by cell wall size exclusion limits (SELs) of
approximately 5-20 nm and physical barriers such as
pectin networks and cellulose microfibrils (Bernela ef al.,
2021). In contrast, the symplastic pathway enables
movement through the cytoplasm via plasmodesmata,
which possess SELs ranging from 3—50 nm and facilitate
cell-to-cell and long-distance transport. This pathway

ii).

<28>

generally requires membrane crossing through
endocytosis and is subject to active regulation (Lamaj et
al., 2004; Etxeberria et al., 2006; Paterlini, 2020).
Nanoparticle entry is influenced by stomatal dimensions
(5-20 nm), trichome morphology, and plasmodesmatal
connectivity (Fleischer et al., 1999; Schwab et al., 2016;
Lucas et al., 2004; Heinlein et al., 2004). The Casparian
strip further regulates nanoparticle movement into
vascular tissues (Aubert et al., 2012; Palmgren, 2018).
Interestingly, nanoparticles larger than SEL thresholds,
including particles around 50 nm, have also been detected
within plant tissues, suggesting the existence of
additional uptake mechanisms beyond passive diffusion.
For example, foliar-applied CeO: nanoparticles were
absorbed and distributed throughout cucumber plants
(Hong et al., 2014), while Ag nanoparticles applied to
cabbage leaves were translocated to different plant organs
(Larue et al., 2014).

Root Uptake Mechanism: Nanoparticles (NPs) are
transported from roots to aerial plant parts through the
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epidermis, endodermis, and xylem (Zulfiqar et al., 2019;
Rajput et al., 2020; Ali et al., 2021). Uptake occurs
through apoplastic, symplastic, transcellular, and crack-
entry pathways, particularly at root tips and lateral root
emergence sites where discontinuities in the Casparian
strip exist. To reach the vascular tissues, nanoparticles
must cross cell walls and plasma membranes before
entering the xylem.

Cell wall pores, generally ranging from 3—8 nm, impose a
size limitation on nanoparticle penetration (Carpita et al.,
1993; Schwab et al., 2016). However, nanoparticles may
induce larger pore formations, facilitating intercellular
transport (Navarro et al., 2008; Schwab et al., 2016).
Uptake efficiency is strongly influenced by particle size,
surface charge, coating, root exudates, plant species, and
root architecture. Smaller nanoparticles generally exhibit
greater uptake; for instance, tomato roots absorb 3.5 nm
AuNPs but exclude 18 nm particles, whereas Arabidopsis
thaliana roots can internalize silica nanoparticles ranging
from 14 to 200 nm (Zulfiqar ef al., 2019).

iii). Seed Nanopriming Uptake Mechanisms: Nanopriming
is an emerging seed enhancement technique in which
seeds are treated with nanoparticle suspensions to
improve germination, seedling vigor, stress tolerance, and
nutrient use efficiency. Nanoparticles enter seeds through
natural openings such as micropyles and the hilum and
are transported into the seed matrix by water during
imbibition (Mahakham et al., 2017).

As hydration progresses, the seed coat becomes more
permeable, facilitating the diffusion of nanoparticles,
particularly those smaller than 100 nm. Uptake efficiency
is influenced bynanoparticle size, shape, surface charge,
and surface modifications, with neutral or slightly
negatively charged particles generally exhibiting higher
penetration efficiency (Adhikari et al., 2021). Following
entry, nanoparticles are translocated to embryonic tissues
through apoplastic and symplastic pathways and are
internalized mainly via endocytosis, aided by transport
proteins and aquaporins (Jampilek & Kral'ova, 2022).
Within cells, nanoparticles localize in organelles such as
mitochondria and vacuoles, where they stimulate
metabolic  activities, activate hydrolytic enzymes
including amylases and proteases, regulate reactive
oxygen species (ROS), enhance antioxidant defense
systems, and improve redox balance (Liu et al., 2016;
Latef et al., 2021). These processes accelerate
germination, enhance seedling vigor, promote efficient
reserve mobilization, and increase tolerance to abiotic
stresses.

8. Nanofertilizers and Greenhouse Gas Mitigation
Nanofertilizers can contribute to greenhouse gas (GHG)
mitigation by improving nutrient use efficiency, reducing
fertilizer inputs, and minimizing nutrient losses, although
comprehensive life-cycle assessments are still required to
confirm these benefits under diverse agricultural conditions
(Yadav et al., 2023). Conventional nitrogen fertilizers are
major sources of nitrous oxide (N20), a greenhouse gas with a
global warming potential 298 times greater than CO..
Controlled-release nanofertilizers, particularly nano-zeolite
formulations, have demonstrated the ability to reduce N2O
emissions by synchronizing nutrient release with crop
demand, enhancing root uptake, reducing volatilization, and
modifying soil microbial processes associated with
nitrification and denitrification (Saraiva et al., 2023).
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Studies have shown that nano-zeolite fertilizers decrease
nitrogen oxide emissions in rice cultivation, while zinc oxide
nanoparticles reduced N2O emissions in tea plantation soils by
up to 33%. Similarly, urea-doped calcium phosphate
nanoparticles enabled a 40% reduction in nitrogen application
in wheat without compromising yield or quality (Ramirez-
Rodriguez et al., 2020). Slow- and controlled-release
nanofertilizers also reduce nutrient losses through leaching,
runoff, and volatilization, thereby supporting climate change
mitigation strategies (Mejias et al., 2021; Saraiva et al.,
2018).

Nanofertilizers may also reduce methane (CH4) emissions,
particularly in rice systems. Lower CH4 emissions have been
reported from nano-fertilizer-treated soils (Mohanraj et al.,
2019), while functionalized biological nanoparticles have
been shown to suppress methanogenic microorganisms,
potentially reducing methane production by 15% (Altermann
et al., 2022). Oxygen nanobubble irrigation decreased
methane emissions by 21% in rice fields by altering soil redox
conditions, whereas high-yielding rice cultivars were
associated with lower methane emissions due to increased
root porosity and enhanced methanotrophic activity (Jiang et
al., 2017).

Overall, nanofertilizers represent a promising strategy for
reducing agricultural greenhouse gas emissions while
maintaining crop productivity through improved nitrogen
utilization, enhanced soil aeration, and reduced environmental
losses (Saraiva et al., 2023; Gonzalez-Feijoo et al., 2024; Lei
et al., 2023). Their integration into sustainable agricultural
systems may contribute significantly to climate change
mitigation, resource conservation, and long-term food
security.

9. Cost-benefit Analysis and Economic Viability
Nanofertilizers enhance nutrient use efficiency (NUE) by
enabling precise nutrient delivery, thereby reducing required
application rates compared to conventional fertilizers. For
instance, to achieve yields above 8 t ha™!, around 200 kg ha™
of conventional fertilizers may be required, whereas only
about 40 kg ha™' of nanofertilizers may suffice under high
efficiency conditions (y = 6).

Despite their agronomic advantages, nanofertilizers are
currently 2-5 times more expensive than conventional
fertilizers due to specialized synthesis methods, stringent
quality control, and high-cost raw materials (Nichepom,
2023). However, their higher efficiency, reduced application
frequency, and yield improvements (10—40%) can offset
initial costs through enhanced productivity and reduced input
use. Additional economic benefits arise from lower labor and
application costs, reduced environmental remediation
expenses, and potential market premiums for sustainably
produced crops. Scale-up of industrial production is expected
to further reduce costs over time.

Economic models indicate that profitability increases with
higher efficiency (y). For example, at y = 3, combined
application of conventional and nanofertilizers can yield a net
revenue of approximately $510 ha™!, while at y = 9, revenue
may increase up to $982 ha™' (Su et al., 2022). However, high
initial costs remain a major barrier to widespread adoption,
particularly in resource-limited regions.

10. Physiological Stress Mitigation Using Nanofertilizers
Nanofertilizers enhance plant tolerance to abiotic and biotic
stresses by improving physiological performance, antioxidant
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defense systems, and nutrient utilization, thereby functioning

as

i).

both nutrient sources and stress-mitigating agents.

Drought Stress: Drought is a major constraint to
agricultural productivity worldwide (Seleiman et al.,
2020). Nanofertilizers alleviate drought stress by
enhancing water uptake, osmotic adjustment, antioxidant
activity, stomatal regulation, root development, and
membrane stability. They also reduce oxidative damage
by lowering reactive oxygen species (ROS),
malondialdehyde, and hydrogen peroxide levels
(Janmohammadi et al., 2016). Silicon nanoparticles
improved drought tolerance in hawthorn seedlings
(Ashkavand et al., 2016), while TiO: nanoparticles
increased wheat growth and yield under water stress
(Jaberzadeh et al., 2013). Enhanced drought resistance
has also been reported in lentil, strawberry, and sage
following treatment with Ag nanoparticles, Fe
nanoparticles combined with salicylic acid, and nano-
zeolite formulations, respectively (Hojjat et al., 2016;
Mozafari et al., 2018; Mahmoud et al., 2020).

Salinity Stress: Salinity affects over 20% of cultivated
land globally and disrupts plant growth, photosynthesis,
and nutrient uptake through osmotic stress and ion
toxicity (Rasool et al., 2013; Seleiman et al., 2020).
Nanofertilizers mitigate salinity stress by maintaining ion
homeostasis, enhancing osmotic adjustment,
strengthening antioxidant defenses, preserving membrane
integrity, and regulating stress-responsive hormones.
SiO2 nanoparticles increased chlorophyll, proline content,
antioxidant activity, and biomass under saline conditions
(Kalteh et al., 2018; Gao et al., 2006, Shoukat et al.,
2024). Similarly, nano-calcium, nano-NPK, and nano-
chitosan significantly improved growth, yield, and
germination in tomato, pea, and bean plants under salt

iii).
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stress (Tantawy et al., 2014; El-Hefnawy, 2020; Zayed et
al., 2017).

Temperature and Heat Stress: Heat stress induces
oxidative damage, reduces photosynthesis, and impairs
plant growth (Kai ef al., 2014). Nanofertilizers alleviate
heat stress by promoting antioxidant activity, stabilizing
membranes, protecting photosynthetic  machinery,
inducing heat shock proteins, and regulating stress-
responsive hormones. Selenium nanoparticles improved
water relations, chlorophyll content, and antioxidant
defense under high temperatures (Haghighi ef al., 2014).
Silver nanoparticles enhanced growth and biomass
accumulation in heat-stressed wheat (Igbal et al., 2019),
while SeNPs improved pollen viability and seed
production in sorghum exposed to elevated temperatures
(Djanaguiraman ef al., 2018).

. Biotic Stress: Pests and diseases account for annual crop

losses of 20-40% worldwide (Pestovsky et al., 2017).
Nanofertilizers exhibit antimicrobial properties through
membrane disruption, ROS generation, ion release,
enzyme inhibition, and activation of plant defense
mechanisms. Nano-Cu effectively controlled
Xanthomonas species in mung bean and rice
(Vigneshwaran et al., 2006; Singh et al., 2021), whereas
chitosan nanoparticles inhibited fungal and bacterial
pathogens by altering membrane integrity and
suppressing replication (Tripathi ef al., 2020). Chitosan
formulations significantly reduced the growth of
Macrophomina phaseolina, Alternaria alternata, and
Rhizoctonia  solani, while MgO, Cu, and ZnO
nanoparticles demonstrated broad-spectrum antimicrobial
activity against several phytopathogenic microorganisms
(Saharan et al., 2013; Cai et al., 2018; Ramyadevi et al.,
2012; Bayat et al., 2021; Nawaz et al., 2011; Khan et al.,
2021).

Table 2 summarizes the applications of different nanofertilizers in various crops under stress conditions.

Table 2: Application of different types of nanofertilizers on different crops and plants.

Nanofertilizers Ax)?i(l‘;t(;(fm Crops Experiment Conditions Benefits Location References
Enhanced immediate water
To transplant the seedlings, the usageirfifzifilii?ocg ::ﬁcigams’ Miranda-
Nano-KH>PO4  |Hydroponics|  Rice Yoshida nutritional solution was . . & Mexico | Villagomez et
physiological efficiency for
used. . al, 2019
phosphorus in both the roots
and the shoots of the plant.
Clayey soil was found at the By adding 2/3. NP.K and Znsg
. . . . NPs, the grain yield, straw
Nitrogen, experimental site during the 2019 ) . . .
. yield, yield traits, chemical
phosphorus, and and 2020 seasons. The organic makeup in the plant. and
potassium (NPK) + Soil Rice matter content of the soil was rindin p rope rtli)es w’ere all Eovpt Elekhtyar, N. et
phosphorus, zinc, 1.59% and 1.53%, the pH was |, 200 e DOPEIes B8 o | 20 al, 2023
and silicon 8.12 and 8.18, and the electrical provec. >
; . + P3000 NPs and 2/3 NPK +
nanoparticle conductivity (EC) was 2.55 and | .
225 dS m'! Si200NPs were good for all the
’ ’ factors that were looked at.
A pot experiment was done using
a sand-peat-clay mixture in a Nanofertilizers made of U-
Urea-Doped volumetric ratio of 50:35:15. The | ACP may reduce nitrogen rates
Calcium Ph fq hate Foliar | Grapevines| 2VErage temperatures were 19.2 | without sacrificing yield or Ttal Gaiotti, F. et al,
Nano par ticlélsg (U- P °C and 18.8 °C, while the rainfall | quality by delivering nitrogen y 2021
Z CP) was 843 mm and 839 mm during | via the soil-root system and
the growth seasons of 2019 and leaf stomata.
2020, respectively.
Plant growth- . The clayey soil had an original | The synergistic use of PGPMs Osman, H. S et
promoting microbes Foliar Soybean pH of 8.23 and was used as an and Si-ZnNPs mitigated the Egypt al,2021
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(PGPMs) and
nanoparticles (Si-

experimental field site. There
were 9.92 mg Kg™! of total

adverse impacts of water stress
and soil salinity by optimizing

ZnNPs) nitrogen and 11.55 g Kg™' of | root length, enhancing nodule
organic carbon, respectively. dry weight, expanding leaf
area, elevating total soluble
solids (TSS), and augmenting
antioxidant enzyme activity,
hence resulting in improved
soybean production and
growth.
Pot research used a growth
CuO bio- medium composed of 1 Kg of
L foam, 300 L of peat moss, and 30| In comparison to the control
nanofertilizer . ) .
. Kg of vermiculite. The peat moss| group, seedlings subjected to
(Bacillus o o e
) exhibited a pH 0f 4.10, an nanofertilizers exhibited .
circulans NCAIM B. . . - . . El-Bialy et al,
; Soil Strawberry | electrical conductivity (EC) of | improved growth, increased Egypt
02324) & Se bio- ] . L 2023
o 0.189 dS m™!, and the following photosynthetic pigments,
nanofertilizer . . g o
(Bacill nutrient concentrations (mg L™'): |elevated antioxidant levels, and
cereZilTZj'{) N (323), P (1.8), K (130), Ca superior nutritional status.
(951), Mg (225), Cu (11.6), Mn
(28.1), Fe (11.3), and Zn (59.5).
The following values were
observed in wheat plants that
were treated with
nanocomposites NPK fertilizer:
. Sandy soil was used in the pot |plant height, spike length, main Abdel-Aziz et
Nano-chitosan NPK Foliar Wheat research. spike weight, shoot length, 100 Egypt al,2016
kernel weight, grains per main
spike, grain yield per plant,
straw yield, crop yield, harvest
index, and crop index.
By lowering root-level Cd
The OM was 2.3%, EC was 0.65 |absorption and accumulation in
Kenano-chelate Soil Ocimum | dSm™!, pH was 7.84, and the pot | plants cultivated in polluted Iran Zahedifar et al,
basilicum | experiment was conducted on | soil, K-nano-chelate decreased 2019
silty clay loam calcareous soil. | the possibility that Cd would
reach the human food chain.
F 1eld' experiment conducted nal oo f nanoparticles and
semi-arid temperate zone with | . .-
. biofertilizers enhanced enzyme
. loam-textured soil, pH 8.2, L .
Nano Zinc-Iron . . activities, proline, and soluble .
; . electrical conductivity of 2.68 dS . Seyed Sharifi et
oxide + Foliar Wheat 2 . . sugars. The use of Azotobacter| Pakistan
. - m™ !, and total nitrogen, available . al, 2020
Biofertilizers . and nano Zn-Fe oxide
phosphorus, and potassium levels ; .
i " | enhanced grain production by
of 0.75 mg Kg™, 8.4 mg Kg ., 88% under drought conditions
and 275 mg Kg™!, respectively. ? & :
The pot experiment used sandy TI}% 1is2e Offrn?):;?;ﬁ?:&f les
loam soil with a pH of 7.35. The = 8perp it
nitrogen, phosphorus, and enhanced shol())t and Splk?)
ZnO NPs Soil Wheat | potassium content were 0.052%, lengths by 30.7% and.27.6 5, Pakistan | Adil et al, 2022
with phosphorus at 32 mg Kg™! root fresh and dry weights by
. >, | 74.5% and 63.1%, and wheat
and potassium at 160 mg Kg™', s . :
. grain yield by 42.2% in saline
respectively. s
conditions.
Micronutrient Common | . . A dosage of 40 mg L™ of MN-
o bean Field experiment done in clayey > .
nanofertilizer (ZnO, . o . o NPs improved vegetative Salama et al,
Foliar  |(Phaseolus| soil with electrical conductivity . - Egypt
MnO:, MoO3) (MN- . growth, flowering, and yield of 2022
vulgaris 0f 0.49 dS/m and pH of 7.41.
NPs) L) common beans.
Economic yield (23.59 T ha™'),
NPK nutrient use efficiency
The soil has a clay texture, with a| (67.74, 278.92, 118.54 Kg of
pH of 7.7, an electrical potato/Kg of nutrient), starch
conductivity (EC) of 1.35 dSm™,| rates (79.62%), harvest index Abd El-Azeim
NPK nanofertilizers Foliar Potato |a cation exchange capacity (CEC)| (59.24%), and lower potato Egypt

0f37.87 cmol Kg™!, and a soil

organic carbon content of 18.48 g

Kg

nitrate content (1.15 g Kg™")
were observed in plots
receiving foliar application of
NPK nanofertilizers at 50% or
25% of recommended level.

etal,2020
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Field pot experiment executed in
Bhavnagar, Gujarat, using bird
net protection. The soil included

Enhanced soil porosity, water
conductivity, and friability
Minimized potassium leaching

Chitosan-based Soil Zea mavs sandy loam with deficient Increased biomass by 51%
sustained release | application o4 nitrogen and phosphorus, and o oL
nanofertilizer with | (mixed with L. Maize, moderate potassium levels. The (fresh) and 41.75% (dry) at a India Kubavat, D. et
. . fodder . . 75% CNK dose Doubled root al, 2020
incorporated soil pre- variety) experiment used a randomized biomass in comparison to
potassium (CNK) sowing) Y complete block design with eight conventional ferti{)izer Hicher
treatments and a growth duration | . . gh
of sixty days, including three microbial an.d enzyme activity
repli’cations. (soil health)
A higher percentage of seeds
When compared to the Cu-only. germina?ing (up to 96%)! Plant
Zn-only, and control groups, the . height rose from 18
garden soil at [T Kanpur had a centimetres (the control) to 33
PV A-starch . . . . centimetres. Chlorophyll and
Mixed with Cicer pH of around 7.6 and a moisture .
supported Cu— . C . o protein levels that are both . Kumar, R. et al,
soil (pot | arietinum | content of approximately 15%. . India
Zn/CNF experi ) higher. A more robust root- 2018
- periment) | (chickpea) | The dose ranged from 0.25 to 4.0
nanofertilizer grams of PBMC per kilogram of shoot development and
(PBMC) soil. The growth period lasted for 1ncrefised water lntak'e :
thirty days Reactive oxygen species
’ (ROS) in plants were
scavenged by zinc exposure.
Enhanced zinc release for up to
The controlled pot trials were 696 hours, in contrast to the
conducted under two different |408 hours for zinc SO4-. There
conditions: aerobic and was a 17-36% rise in grain
Zinc-loaded Soil Orvza submerged. The black dirt used production. Increased zinc
manganese hollow application | sa tga L for experimentation (Inceptisol). | absorption (5.66 mg/hill in India Yuvaraj, M. et
core shell ( I()) It) culture) ’ (Rice) " | Percolation reactors were used to | submerged conditions and 3.47 al, 2015
nanofertilizer P conduct slow-release tests, and | mg/hill in aerobic conditions).
g
the nutrient release was The Zn content of the shoots
monitored for a period of 29 and yield metrics were
days. improved. Zinc loss in the
environment was reduced.
When compared to
Experiments conducted in the |conventional iron supplements,
Iron Oxide . Rice laboratory to evaluate the this product has superior iron .
Nanoparticles a lsi(c):tion (Oryza | germination of seeds, the growth | bioavailability, enhanced seed g?al::: Afzzaéze f al.
FesO4 NPs PP sativa of shoots and roots, and the ermination, improved shoot
g p
chlorophyll content. and root growth, and higher
chlorophyll content.
The rate of photosynthesis was
Experiments conducted in the raised, the concentration of
Zinc Oxide Maize (Zea field to determine the rate of soluble carbohydrates was United Saurabh ef al
Nanoparticles (ZnO | Foliar spray mays) photosynthesis, the concentration | increased, and the chlorophyll Kinedom 2024 )
NPs) V of soluble carbohydrates, and the | content was boosted, all of g
chlorophyll content. which led to improved growth
and production.
. . Laboratory synthesis maximizing Cost—effegtlve production
Urea-functionalized roduction costs and techniques, better
Amorphous Calcium Soil Various P S environmental sustainability, Carmona et al.
. environmental sustainability, then - . Germany
Phosphate application crops cenhouse tests of nutront and optimized nutrient release 2021
Nanofertilizers re%fr:ase and plant development profiles all contribute to higher
p P ' plant growth and output.
Longer zinc release time, less
. . Potato Greenhouse studies on zinc soil toxicity, and avoidance of
Zgg;‘gﬁ?ﬁgjﬁq a lsi(c);ltion (Solanum | buildup in plants, soil toxicity, zinc over-accumulation in | Netherlands Mukhcz)gallihyay
P § | app tuberosum) and nutrient release. plants help to promote better ’
development.
Wheat Field studies evaluating general Bzi;ecrr(r;tsgtizlliso(fl\? eIc)eiza)try
Silica Nanoparticles Soil . plant health under different soil | . . P Mukhopadhya,
) L (Triticum . . improved soil water retention, | Canada
(SiO: NPs) application . conditions, water retention, and . 2014
aestivum) and more plant stress condition

nutrient retention.

resistance.

10.

Future Perspectives and Research Directions
Advancement of nanofertilizers requires interdisciplinary

efforts to address issues of safety, environmental impact,
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efficiency, and scalability. Although they enhance nutrient
use efficiency, excessive application may inhibit plant
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growth, emphasizing the need for crop-specific optimization
and standardized formulations.

Future research should focus on long-term environmental fate,
including nanoparticle persistence, transformation, and
accumulation, along with impacts on soil microbiota, food
chains, and human health through multiple exposure
pathways. Equally important are harmonized regulatory
frameworks, safety thresholds, and standardized testing
protocols.

Development should prioritize smart, biodegradable, and
stimuli-responsive nanofertilizers integrated with sensors for
real-time nutrient monitoring, along with cost-effective green
synthesis and scalable production. Further studies are needed
on nanoparticle interactions with soils, plants, and
degradation pathways, as well as reliable detection methods in
plant tissues. Integration with precision agriculture—using
Al, ToT, GPS-guided application, drones, and sensor-based
systems—can significantly improve efficiency and reduce
losses (Zulfigar et al., 2019). Strong regulatory systems must
ensure risk assessment, exposure monitoring, labeling, and
international harmonization, supported by continuous toxicity
evaluation across ecosystems.

Finally, farmer training, extension programs, and stakeholder
engagement are essential for adoption and safe use (Lombi et
al., 2019; Rao et al., 2021). Overall, nanofertilizers offer a
promising pathway for sustainable agriculture by enhancing
productivity while reducing environmental impacts (Prasad et
al., 2017).

11. Conclusions

A revolutionary shift toward more ecologically conscious,
efficient, and sustainable farming practices has been brought
about by the development and use of nanotechnology in
agriculture through the creation and use of nanofertilizers.
This review highlights that nanofertilizers are a better
alternative to conventional fertilizers in many ways. They
improve nutrient use efficiency (NUE), enable controlled and
targeted nutrient release, reduce nutrient losses through
leaching or volatilization, and enhance crop performance in
both normal and stress conditions. With these qualities,
nanofertilizers may be a game-changer for future agricultural
advances that tackle both the problem of boosting food
production and the problem of reducing environmental
deterioration.

Nanofertilizers have the potential to boost soil microbial
activity, decrease greenhouse gas emissions, and lessen the
impact of biotic and abiotic stressors. Their nano-size allows
greater penetration into plant tissues, thereby enhancing
nutrient uptake and reducing waste. Furthermore, nano-
biofertilizers, which are a combination of nanocarriers and
biofertilizers or microbial agents, further improve soil fertility
and plant development while also encouraging ecological
sustainability.

The widespread adoption of nanofertilizers is a big faces
significant challenges, despite their potential. Scientific rigor
is required to address issues including phytotoxicity,
bioaccumulation in aquatic and plant systems, potential risks
to human health, uncertain long-term ecological impacts, and
a lack of defined regulatory frameworks. Moreover, high
manufacturing costs, inconsistent particle behavior in
complex soil-plant systems, and low public awareness further
complicate the deployment.

Future research must prioritize the development of safe,
standardized formulations, comprehensive field-based toxicity
and efficacy assessments, cost-effective production methods,
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and clear regulatory frameworks. Nanofertilizers promise.
The promise of nanofertilizers in advancing sustainable
agriculture~~, but their successful adoption~~ can only be
realized through a multidisciplinary, precautionary, and
inclusive approach to address both the challenges of global
food security as well as environmental sustainability. The
integration of nanofertilizers with precision agriculture
technologies, the development of smart responsive systems,
and the establishment of robust safety protocols will be
critical for transforming this promising technology into a
mainstream agricultural practice that benefits farmers,
consumers, and the environment.
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