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ABSTRACT
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The rising need for sustainable agriculture has led to increased attention towards nano-fertilizers due to their
usefulness as substitutes for traditional nutrient delivery systems. Nano-fertilizers have the unique ability to provide controlled
release of nutrients, better availability of nutrients and enhanced efficiency in using nutrients. Yet, the observed benefits of
nano-fertilizers depend on various factors: formulation, type of nutrient, type of crop, soil properties, method of application
and environmental conditions in which nano-fertilizers are used. This paper aims to analyze the achievements in the field of
nano-fertilizers, discussing their classification, production, formulation, mechanisms of action, application methods and their
interaction in the soil-plant system. Despite reported benefits, their actual efficiency should be compared with traditional
fertilizers in terms of crop productivity, nutrient use efficiency, losses, environmental impact, economic value and validation.
This paper pays special attention to environmental outcomes, transformation of nanoparticles, their interaction with
microorganisms present in soil, their phytotoxicity and persistence. Special attention is given to practical barriers to

application.
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1.INTRODUCTION

Agriculture is under pressure to provide food
for the growing population of the world while also
ensuring that soil quality is preserved and no harm to
the environment is done (Seleiman et al., 2021).
Increased agricultural production brought about the
increased use of fertilizers in agriculture. Farmers often
rely on synthetic fertilizers that contain nitrogen (N),
phosphorus (P), and potassium (K) (Kah et al.2018).
However, improper usage of fertilizers can lead to a
range of negative environmental effects. In particular,
nutrient runoff is associated with the loss of nutrients
that should be used by crops, thus making it hard to
attain good results in the fields (Al-Mamun et al.2021).
While traditional fertilizers allow nutrients to be
available for plants in the dissolved state, they also
leave room for nutrient losses. As a result, most of the
nutrients applied cannot be used by plants. As a
consequence, various methods have been developed in
order to minimize nutrient losses and achieve effective
crop fertilization (Tokshaet al.2021).

The use of traditional fertilizers in correcting
nutrient deficiencies is still very popular due to their
cost-effectiveness, existing production facilities and

formulations, availability,  and predetermined
composition. However, their high solubility and instant
dissolution can lead to an overabundance of elements in
the plant, exceeding its ability to absorb at certain stages
of plant growth. This excess can later be leached from
the soil, washed away with rain, evaporated, denitrified,
or fixed in the soil. This means that loss of nitrogen
leads to contamination of groundwater and atmospheric
emissions, while phosphorus contributes to the process
of eutrophication. Too frequent application of fertilizers
can also be detrimental to soil composition and
processes in it. All this has given rise to innovative
fertilizers, such as slow-release, controlled-release,
stabilized, and coated fertilizers (Jakhar et al., 2022).

In this regard, nanotechnology is regarded as a
developing platform for modifying the methods of
fertilizer and agricultural nutrient delivery and usage in
agriculture (Usman et al.,, 2020). The term nano-
fertilizers refers to fertilizers having nutrients at the
nanoscale size, as well as fertilizers that (i) incorporate
nutrients into nanostructured materials, (ii) coat them
with  nanostructured  materials, or (iii) use
nanostructured materials for delivering the nutrients.
The nanoparticles have a very high surface-to-volume
ratio, adjustable surface chemical structures, as well as
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the ability to interact with biological organisms and soil.
Depending on the formulation, the systems may either
provide controlled nutrient release or enhance the
availability of nutrients for plants. All these features

have made it possible to initiate a wide range of studies
of nano-enabled fertilizers, nanocomposite fertilizers, as
well as fertilizers that are able to control the release of
nutrients(Shang et al., 2019).

Nano-particles (Nps)

Fig. 1: Schematic illustration of the nano-fertilizer—plant interaction pathway, showing nanoparticle attachment at the
root interface, root uptake, and subsequent transport and interaction within the plant system

The eco-friendliness of nano-fertilizers adds
complexity to evaluating them. Regular fertilizers are
mostly associated with environmental damage
connected to nutrients, while nano-fertilizers present
extra questions related to the behavior of the nano-
element itself. After applying nano-fertilizers,
nanoparticles either clump, break down, stick to
something, undergo oxidation, or interact with the
environment around them (Channab et al., 2024a;
Chhipa, 2017). The behavior of the nanoparticles will
also be changed, affecting their behavior, including
mobility, nutrient release, persistence, and availability.
Scientists need to discover how such nano-fertilizers
interact with the soil, living organisms, plants, etc.
Thus, even though a substance is able to minimize
nutrient loss, it cannot be deemed environmentally
friendly unless it does not cause persistent pollution or
harm the environment in any other way.

Economic and technology-related aspects also
add to the disparity between lab research and
agricultural implementation. There may be additional
steps in the production of nano-fertilizers, which may
include reactions, surface modifications, encapsulation,
stabilization, and characterization (Gupta et al., 2024;
Dhlamini et al., 2022). These aspects may significantly
impact production costs, possibilities for scaling up,
stability in storage, and uniformity of production
batches. Additionally, many studies published are
limited to lab, hydroponic, pot, or greenhouse testing,
whereas noticeably fewer studies are conducted in the
field over time and in various locations. The lack of

standardized characterization and testing methods and
the absence of economic evaluations limit the
possibility of formulating direct comparisons between
formulations and negatively impact the situation with
regulations (Kekeli et al., 2025).

Despite various literature reviews on the
application of nano-fertilizers in terms of nutrient
supply, formulation techniques, plant absorption and
sustainable agricultural practices, there are still
substantial gaps in bringing the claimed potential into
agricultural practices. Most of the existing reviews
emphasize enhanced nutrient efficiency and controlled
nutrient release, while the actual performance of the
mentioned benefits under real field conditions, their
comparison with conventional fertilizers, and ecological
and economic aspects still need thorough evaluation.
More specifically, the differences in the composition
and the surface properties of nanoparticles, formulation,
dosing, soil characteristics, crop species and application
methods make comparison across different studies
challenging. On top of that, laboratory and greenhouse
studies are much more numerous than long-term, multi-
site  field studies, showing that standardized
characterization, cost-effectiveness analysis, regulatory
framework and lifecycle data are still lacking.

The current review tries to reduce these gaps
through a combined approach of the agronomic,
environmental, technological, and commercial aspects
of nano-fertilizers. With the help of this research, not
only have the classification, production, formulation,
action mechanism, and use of nano-fertilizers been
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reviewed, but they have also been compared with
conventional fertilizers in terms of their efficiency of
nutrient use, nutrient loss, degree of crop production,
optimal  application, and efficiency, including
effectiveness in the field. Moreover, the environmental
stability, transformation rates, degree of environmental
friendliness, action on soil microorganisms, life-cycle
sustainability, scalability, standardization, requirements
for regulation, and cost-effectiveness are described.
Special attention is given to the difference between what
is achieved when using nano-fertilizers and the
parameters that should be achieved to use them
successfully (Lowry et al., 2020).

The structure of this review is detailed in the
following manner. Section 2 gives the classification and
categorization of nano-fertilizers. The processes of
nano-fertilizer production and formulation are explained
in Section 3. Section 4 deals with the contribution of
nano-fertilizers to crop nutrition and nutrient efficiency
as well as in applying stress alleviation to crops. Section
5 presents a comparison of nano-fertilizers and common
bulk fertilizers in terms of nutrient delivery, efficiency,
losses, cost, and operation. The effects, dangers, and
safety questions connected with the use of nano-
fertilizers are considered in Section 6. Section 7 studies
the applications of nano-fertilizers and the most
essential points connected with their use, such as the
technique of application, its volume, the growth stage of
crops, and climate conditions. The issues related to the
validation and commercialization of nano-fertilizers are
highlighted in Section 8, where scaling, standardization,
regulations, and profitability of nano-fertilizers are
discussed. The review also regards the sustainability and
lifecycle of nano-fertilizers in Section 9. Finally,
Section 10 deals with the novelties and future of
nanotechnology.

2. CLASSIFICATION AND TYPES OF NANO-
FERTILIZERS

NF comprises nanosized particles, which are
beneficial for plant absorption and enhance crop
harvest. This means that this type of NF is produced
using NT that, in theory, can be used in agriculture, but
its taxonomic studies show certain discrepancies (Qin et
al., 2025). Additionally, some definitions include other
forms of the products, including nano-approaches and
nano-biosensors. For example, NF is described both as
part of NT and as a type of fertilizer. This dual nature of
the term NF causes issues with the term's definition and
classification, which can result in misunderstandings
regarding NF use (Xiao et al., 2026; Chhipa, 2017).
Moreover, NF can be categorized based on the raw
material used in the production of NF. For example,
some types of NF are made with carbon nanotubes,
while others are produced with the use of polymers or
metals. NF are distinguished from each other by the fact
that they have different characteristics and can have
different effects on plants. NF can also be classified by
the type of nutrients they carry, the type of actions
performed and their form (Guo et al.2018).

Action-based types of nano fertilizers (NF) can
be divided into controlled-release, targeted delivery,
growth stimulators, and loss preventers of nutrients. On
the other hand, nutrient-based NF can be classified as
hybrid, nutrient-coated, organic, or inorganic.
Consistency-based NF types can include surface-coated,
synthetic polymer-based, organic, or nano carrier. The
aforementioned types of NF provide so many
advantages such as increased efficiency of nutrient use,
controlled release of nutrients, effective delivery of
nutrients, improved growth, and reduced nutrient loss
(Montalvo et al.2015).

Preparation Strategies for Nano-Fertilizers

(Top-Down Approach) (Bottom-Up Approach) Synthesis
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Fig. 2: Comprehensive overview of preparation strategies for nano-fertilizers, encompassing physical and chemical
synthesis, biological and green approaches, encapsulation and coating techniques, nanocomposite and hybrid systems,
and advanced formulation methods for controlled nutrient delivery
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21 Nitrogen Nanofertilizer

Nitrogen (N) is an important macronutrient for
plants, necessary for protein and amino acid synthesis,
nucleic acid metabolism (etc.), and plant development.
Plants obtain their nitrogen from the soil, dissolved as
nitrate (NOs") and ammonium (NH4"), and urea is an
important fertilizer because it is easily converted into
usable inorganic N forms in the soil (Raliya et al.2018).
Though ammonia (NHs) can be present in the soil-plant
system, high levels of NHs volatilization imply loss
rather than uptake of nitrogen by plants. Nitrous acid
(HNO2) and cyanide should not be taken as standard
forms of available nitrogen in fertilizers. That is why the
management of nitrogen fertilizers seeks to supply the
needed nitrogen sources and minimize losses. Too much
nitrogen fertilizer can cause loss of nutrients and
environmental problems such as contamination of water
sources with nitrates and release of nitrogen in the
atmosphere (Dimkpa and Bindraban, 2018). Therefore,
methods for regulating nitrogen supply and decreasing
nutrient losses, including controlled-release
formulations, coatings, stabilizers, and inhibitors of
nitrification, have been developed (Jha et al.2023;
Benicio et al., 2017). Urea is one of the most popular
fertilizers due to its high concentration of nitrogen and
convenience in use (Mikhak et al., 2017).

To resolve the problem with nitrogen
fertilizers, it is recommended to coat urea with
polyolefins, neem, or sulfur to help control the release
of nitrogen from Urea and nitrogen fertilizers. Coated
and nanostructured formulations can be used to
incorporate urea and nitrogen fertilizers and control the
release of nutrients. Polymers, sulfur-based coatings,
natural sources of materials, and nanostructured carriers
need to be studied to monitor the dissolution of urea and
nitrogen release. These systems work depending on the
features of coatings, soil parameters, nutrient
characteristics, and environmental conditions (Bernardo
et al.2018; Jayara et al., 2023).

Zeolites are  crystalline  minerals  of
aluminosilicate nature, which are marked by their
porous structure and cation exchange capacity. Owing
to their ion-exchange properties, zeolites are able to
store and exchange such cation nutrients as NH+" and
K*, making them eligible nutrient carriers that enable
controlled nutrient delivery (Sharma et al.,, 2022;
Dhlamini et al.2022; Nongbet et al.2022). Deposits of
natural zeolites include various zeolite minerals and the
often-cited phrase stating that zeolites consist of over
fifty minerals does not mean that one single natural
sample may contain more than fifty minerals. Therefore,
zeolite-based nanocomposites were studied as nutrient
carriers and controlled release systems. Nonetheless, it
should be mentioned that regular zeolites possess a poor
capability to retain anionic substances such as nitrates
and phosphates, which means that it is necessary to

either modify their surface or add other materials in
order to improve their properties (Nongbet et al., 2022).

2.2 Phosphorus Nanofertilizers

Phosphorus (P) is an important macronutrient
used for growth and development of plants and also for
energy transfer processes, nucleic acid metabolism, and
membrane formation, as well as for the numerous
processes occurring in plants. Adequate phosphorus
availability ensures normal development of roots, other
parts of plants, and formation of yield. On the other
hand, phosphorus deficiency will result in suppressed
plant growth and significant symptoms such as
diminished growth and the accumulation of anthocyanin
pigments, which makes their leaves and stems reddish
or purplish.

Phosphorus availability in soil relies upon its
chemical form, solubility, and interaction with soil
minerals. In this regard, enhancing phosphorus
availability and controlling its release needs
consideration while developing phosphorus-based
nanofertilizers. In this connection, research was carried
out on the mixtures of rock phosphate and clinoptilolite
saturated with NH+" and K* ions to study -cation
exchange and phosphorus solubility. The results
obtained indicated a possibility of using such mineral
systems for improvement in phosphorus release and
availability and thus for considering application of
controlled or slow-release phosphorus fertilization
(Padhan et al., 2024; Benicio et al., 2017). However, the
efficacy of phosphorus release depends on the
composition of the materials and soil conditions and
cannot be generalized to all phosphorus nanofertilizers.

2.3 Potash Nanofertilizers

Phosphorus  (P) represents an essential
macronutrient in energy acquisition and provides key
functions in nucleic acid metabolism; formation of cell
membranes; photosynthesis; and processes regulating
plant growth and development. Phosphorus availability
favors root growth and development, the formation of
flowers and fruits, and the accumulation of biomass.
The deficiency of phosphorus may impede plant
development and can be manifested in characteristic
biochemical and visual manifestations, including the
higher formation of soluble sugars and anthocyanin
pigments. The intensity and manifestations of the
symptoms can vary based on the level of phosphorus
deficiency.

Phosphorus availability in the soil is affected
by its form and its interaction with soil minerals. The
uptake of phosphates is hindered by adsorption and
precipitation of this nutrient due to iron, aluminum, or
calcium in certain soil conditions. In order to overcome
phosphorus availability issues, phosphorus-containing
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materials can be used in some carriers such as
clinoptilolite-based formulations, making it possible to
control phosphorus release from the carrier system.
Generally, these formulations lead to the maintenance of
plant-available phosphorus in the soil, yet the
effectiveness of the systems is determined by the soil
properties,  carrier composition, and treatment
technology (Yadav et al.2023).

Research has observed an enhancement in
phosphorus-related responses of crops such as cluster
bean and pearl millet under arid conditions through
foliar application of nanoscale phosphorus at around
640 mg ha-1. Notably, this value indicates work
regarding the application of nano-phosphorus, which is
indeed incomparable with the application of nano-
potassium in harvesting. The study outcomes indicate
that nanotechnology could be effectively used in stable
fertilizer production for agricultural use. Leucite is
classified as a potassium aluminosilicate with a
chemical formula approximated as KAISi:Os
(K[AISi20s6]). The unique nature of leucite compounds
sparked a lot of interest in these materials as carriers of
controlled-release fertilizers, as they can interact with
nutrients contained in nutrient ions (Sharma et al.,
2022).

2.4 Calcium Nanofertilizers

Ca is another important macronutrient that is
involved in cell wall formation and plant development
regulation. Being part of the cell wall, Ca provides
structural integrity as it forms cross-linkages in the
pectin-polysaccharide matrix. Ca helps protect and cure
plants from diseases (both bacterial and viral). Use of
nano-Ca proved to successfully promote development
and physical growth of the plants. Although there is a
handful of publications on the influence of nano-Ca on
plants, which manifested good prospects for its
application in fertilizers (Channab et al., 2024a).

2.5 Magnesium Nanofertilizers

Magnesium (Mg) is a significant macronutrient
that takes part in photosynthesis, production of
chlorophyll, enzyme activation, protein synthesis and
energy metabolism. Thus, magnesium deficiency can
lead to reduced efficiency of photosynthesis and growth
of plants. Therefore, the studies concerning soil and
foliar application of magnesium can be useful for
enhancing the performance of plants (Verma et
al.2024).

Using nano-Mg formulations can also be one
of the ways to improve the distribution of nutrients.
However, the outcomes of such experiments heavily
depend on a number of factors such as the form of
chemicals, properties of the particles, concentration of
application, species of plants and the environmental

conditions. As a result, the evaluations of nano-Mg
influence should be done with the help of crop-specific
studies rather than general ones. According to some
research, the yield of cowpea was improved by 13.4%
with the use of 0.5 g L-1 of salt Fe + 0.5 g L-1 of salt
Mg (Shirsat and Suthindhiran, 2024).

2.6 Zinc Nanofertilizers

Zinc (Zn) is a vital micronutrient that
contributes to enzyme activity, protein metabolism,
membrane functioning, and the growth of plants.
Deficiencies in Zn can negatively influence the
processes in the plant’s physiology and productivity.
Therefore, work is being done to explore the use of
Nano-Zn formulations to improve the supply of Zn and
the level of Zn in plants. In the pomegranate (Punica
granatum cv. Ardestani), the effect of the foliar
application of nano-Zn chelate fertilizer was studied at
0, 60, and 120.mg Zn L™ along with nano-B treatment.
It was discovered that applying nano-Zn and nano-B
improved the yield of fruits. It was realized that the
response was mainly due to the increase in the number
of fruits on each tree. However, the effect of the
treatment depended on the technique used, with Zn
treatment producing lower results compared to the
application of B (Davarpanah et al., 2016).

2.7 Nano Porous Zeolites

Nanoporous zeolites are highly porous
aluminosilicate compounds that possess a large surface
area, significant ion-exchange capacity, and controlled
pore structure. All these characteristics make them ideal
candidates for the creation of systems for nutrient
carrier and controlled-release fertilizers. In practice,
zeolite-based materials can serve as sorption or ion-
exchange sites for nutrients; thus, these materials can
affect the nutrient release and retention in soils. A range
of synthesis and modification techniques has been
explored to generate zeolite materials with specific pore
structures and surface characteristics, such as templating
and post-synthesis modifications. Their performance as
nano-fertilizer carriers relies on various factors such as
the pore structure, particle size, surface chemistry,
nutrient loading, release kinetics, and interactions with
soil (Sharma et al., 2022; Davarpanahet al.2016; Abdel-
Aziz et al.2016). While zeolites have been extensively
used in catalysis and adsorption, the catalytic
applications of zeolites are out of the scope of this
review. Therefore, the present discussion observes only
the zeolites' capability for nutrient retention, controlled
nutrient release, and nano-fertilizer delivery.

3. PREPARATION STRATEGIES FOR NANO-
FERTILIZERS
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Various methods are available for the production of
nano-fertilizers, such as top-down, bottom-up,
encapsulation, biological, and hybrid techniques as
shown in Figure 2. The option that is picked will have
an effect on the particle size, morphology, surface
chemistry, nutrient load, formulation stability and
nutrient release. Since the definition of nano-fertilizer
includes not only nutrient nanoparticles but also nano-
encapsulated  fertilizers, ~ nanocomposites,  and
nanocarrier systems, it is important to consider the
preparation methods, the formulation and the
mechanism of nutrient delivery rather than particle size
(Sharma et al.2020).

3.1 Top-down Approaches

Top-down processing relies on transforming
bulk fertilizer materials into nanoscale structures
through the introduction of various forces. Effective
techniques that exemplify this process are high-energy
ball milling, ultrasonication, homogenization, and laser
ablation. High-energy ball milling is one of the top-
down techniques that has received a lot of attention for
bulk materials. The appropriateness of this method
depends on the type of raw material, desired
characteristics of the final product, energy consumption,
risk of contamination, and feasibility of scaling up the
process (Pandorf et al.2020). In addition, a decrease in
particle size does not guarantee better effectiveness of
fertilizers since nutrient-use efficiency is determined by
the composition of the particles, dissolution or release
rates, surface chemistry, dose of application, properties
of soil, and response of plants (Haydar et al.2024).

3.2 Bottom-up Chemical Approaches

Bottom-up . techniques revolve around the
synthesis of nanoparticles from ions or molecules
through regulated nucleation and growth. Some of the
most popular methods in this category include co-
precipitation, sol-gel and hydro-solvothermal treatment,
chemical reduction and crystallization. Co-precipitation
is one of the most applied methods for the synthesis of
nanoparticles of inorganic fertilizers, because it enables
control over many features of nanoparticle production,
such as pH, concentration of precursor, temperature,
ionic strength, and length of the reaction (Mohammed,
2021).

Hydro- and solvothermal techniques guarantee
a higher product quality and morphology of
nanoparticles with respect to the methods mentioned
above, however, higher temperature and pressure
several may complicate the process. Chemical methods
guarantee a higher level of control over size, shape,
composition, and crystallinity of the particles. However,
overall issues with phytotoxicity and accumulation in
soil should be taken into consideration in the process of
developing nanoparticle fertilizers, which makes it

important to think about purification of the final product
(Zulfigar et al.2019).

3.3 Encapsulation and Nanocarrier-based
Approaches

Encapsulation is a major advancement in that it
allows not just the realization of nanoparticles that
consist of only nutrients. Instead, engineered nutrient
delivery systems are created. Such systems arise when
nutrients are trapped within nanoscale carriers that are
made from chitosan, alginates, starches, cellulose
derivatives, lipid systems, nanoclays, mesoporous silica,
and others. Polymeric nanocarriers allow for controlled
release of the nutrients by regulating diffusion, polymer
degradation, swelling, or matrix destruction. Therefore,
chitosan-based systems may provide “simultaneous
encapsulation of nutrients and biodegradable properties
(Kumar et al., 2023; Delgado-Ldopez et al., 2020;
Dhlamini_et al., 2022). Nanoclay and mesoporous
carriers offer large surface areas and the ability for
adsorption, thus minimizing nutrient losses by
dissolution or leaching. However, such systems pose
additional challenges in terms of design, namely
encapsulation efficiency, loading capacity, degradation
of the carrier, interaction of the nutrients and the carrier,
release mechanisms, as well as residual accumulation of
the carrier. This means that the agricultural outcome has
to be assessed in terms of the cost of the carrier material
and processing (Sahoo et al.2024).

3.4 Ionic Gelation

lonic gelation is significant for the preparation
of polymer-based nanofertilizers, in particular from
chitosan. The principle of ionic gelation is in the
attachment of ionic polymer to an ionic crosslinker,
which gives rise to the formation of nanoparticles at low
temperatures and mild conditions. The process can be
considered to be advantageous because of the fact that it
allows water-based processing and does not require the
application of extreme temperatures. At the same time,
ionic gelation is highly dependent on several factors
such as the molecular weight of the polymer, chitosan
deacetylation, polymer/crosslinker ratio, pH, ionic
strength, and mixing conditions (Kumalasariet al.2022).

3.5 Green and Biological Synthesis

Green synthesis has developed as a method to
replace traditional chemical methods since bio-materials
may serve different functions and proceed chemical
reactions in benign ways. The application of plant
extracts and certain living organisms like microbes,
algae, enzymes, proteins, and biopolymers has been
widely studied for using nanoparticles with specific
nutrients as materials. Plants have been employed in the
production of nanomaterials and have become of
interest to researchers, as plants seem to be able to
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generate  biologically active compounds (plant
metabolites) such as polyphenolic compounds,
flavonoids, proteins, and carbohydrates, which can be
deemed crucial for the process of the production and
stabilization of nanoparticles. Yet, species of plants
used in the process, extraction methods, the set of
phytochemical compounds, and other processing
parameters can cause variable properties of the
produced nanoparticles (Guo et al., 2018). Nonetheless,
despite the fact that biological processes have some
evidence of environmental advantage, the main problem
is that their outcomes cannot be identical. Changes in
the species of plants, conditions of their growth and
extraction, strains of microorganisms, kinds of
metabolites, and the conditions of any chemical reaction
can lead to differences in nanoparticles. Thus, the idea
that “green” synthesis is effective must be confirmed by
the quantification of the whole process.

3.6 Nanoemulsion and High-energy Dispersion
Methods

Nanoemulsion techniques use high-shear
mixing, ultrasonication, microfluidization, or high-
pressure homogenization in the development of
nanosized droplets or prepared nutrient formulations
(Ayenew et al., 2025). These methods are particularly
important when nutrients and bioactive compounds have
limitations regarding water solubility. The resulting
nanosized droplets can improve dispersion of poorly
soluble components and may influence interactions with
plant surfaces. Nevertheless, nanoemulsion stability is
highly dependent on the size distribution of drops,
concentration of surfactant, zeta potential, ionic
strength, temperature, and storage conditions.

3.7 Spray Drying and Freeze Drying

Spray drying and freeze-drying are
predominantly downstream formulation and drying
processes rather than the primary nanoparticle synthesis
methods. Spray drying converts nanoparticle suspension
or formulation into dry powders through the process of
atomization and rapid solvent removal, while freeze-
drying removes water through sublimation under
reduced pressure. While these processes will aid in
terms of storage, transport, and handling, drying may
bring about aggregation, change in surface
characteristics, and incomplete redispersion of the dried
material. Hence, the size of the particles and
redispersibility must be assessed before and after
drying.

3.8 Hybrid and Multifunctional Approaches

New developments in nanofertilizers often
seek to integrate various production.methods to enhance
controlled release of nutrients, stability, and plant
absorption. Some examples of recent achievements in
this  field are nutrient-rich  polymer-nanoclay
composites, inorganic nanoparticle compounds coated
with biopolymers, and hybrid systems, which have the
main benefit of the possibility to separately engineer all
four stages of the fertilizing process: nutrient loading,
protection, transportation, and release. However, with
the complexity of the compositions, there may be an
increase in the cost of regulatory processes, production,
and evaluation of environmental risks of the product
(Ayenew et al., 2025). Table 1 gives a summary of the
main methods of preparing nanomaterials and nano-
based delivery systems, noting their merits, demerits,
and several important features needing improvement.
All these features offer a foundation for choosing and
perfecting appropriate preparation techniques with
respect to the required properties of the particles and the
effectiveness of their delivery system.

Table 1: Comparative overview of nanomaterial preparation approaches: advantages, limitations, and key optimization
parameters

Preparation

Approach Major Advantage

Key Parameters Requiring

Major Limitation Optimization

Top-down milling Simple and scalable concept

Ultrasonication Good dispersion and size reduction
Simple chemical synthesis; compositional

Co-precipitation control

Sol-gel Good control over structure
Hydrothermal High crystallinity and morphology control
lonic gelation Mild and aqueous processing

Green synthesis Reduced reliance on harsh chemicals

Encapsulation Controlled nutrient release
Improved dispersion of poorly soluble

Nanoemulsion
compounds

High energy use; broad size

Possible aggregation/re-

Aggregation and residual chemicals

Multiple processing steps
High temperature/pressure

Sensitive to formulation conditions

Additional carrier complexity

distribution Milling time, energy, particle size

Sonication time, amplitude,

agglomeration concentration

pH, precursor ratio, temperature

Precursor concentration, pH, aging
Temperature, pressure, reaction time
Polymer/crosslinker ratio, pH
Poor reproducibility Extract composition, pH, temperature
Loading, encapsulation efficiency,
release rate

Stability problems Droplet size, surfactant, zeta potential
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Preparation

Key Parameters Requiring

Approach Major Advantage Major Limitation Optimization
Spray/freeze drying Improved storage and handling Possible aggregation Drying conditions, redispersion
Hybrid systems Multifunctional delivery Higher complexity and cost Component interactions, release Kinetics

4. NANO FERTILIZER ROLE IN CROP
NUTRITION

4.1 Nutrient Availability and Nutrient-use
Efficiency

The concept of nano-fertilizers is that they can
enhance the synchronization of nutrient availability and
plant requirements, thereby overcoming the problem of
low nutrient-use efficiency that has always accompanied
the traditional application of fertilizers. In traditional
systems, the increased solubility of the fertilizers leads
to a situation where plants get more nutrients than they
are able to use and will thus lose excess nutrients in the
forms of leaching, volatilization, runoff, fixation, and
immobilization. Nano-fertilizer formulations influence
these processes of nutrient loss by changing the way
they dissolve in soil and adsorb to its surfaces, by
encapsulating fertilizers and controlling their release,
and by affecting the soil constituents. Thus, the main
advantage of nano fertilizers is not so much in their size
as in the possibility to control the timing and
geographical range of nutrient supply (Rico et al.2011).

The use of nanostructured formulations for
nitrogen, phosphorus, and potassium has been studied

with the goal of achieving optimum nutrient recovery
rates and minimizing losses. The development of nano-
enabled nitrogen systems may allow for slow and
controlled release of nitrogen with a view to reducing
losses due to nitrification and volatilization. The
problems encountered with phosphorus are slightly
different, as the phosphate ions can be easily
immobilized due to adsorption and precipitation
processes, especially in soil featuring high
concentrations of iron, aluminum, or calcium (Kekeli et
al., 2025). Nanocarriers ‘as well as slow-release
phosphorus fertilizers may play a key role in altering
phosphorus dissolution rates and ensuring sustainable
levels of plant-available phosphorus. Similarly, nano-
potassium fertilizers may perform better than potassium
salts due to their capacity to control the release rates of
potassium salts, with their specific performance being
highly dependent upon soil type, cation-exchange
capacity, moisture regime, and chemistry of the
formulations in question (Sharma et al., 2022; Yadav et
al., 2023).

4.2 Plant Uptake, Translocation and
Physiological Responses

Foliar uptake through
cuticle and stomata

& application

Foliar spray
1

Nano-fertilizer

Soil application

Root uptake through
root hairs

Foliar Application
- Faster Uptake

- More Efficient

- No Leaching

Movement through e %
plant T v’

Penetration into the
plant cell

Leaching of
Nutrients

Interaction of NPs with root system

Soil Application

- Slower Uptake

- NPs ties up

- Leaching occurs

Fig. 3: Schematic representation of nano-fertilizer application modes and plant uptake pathways, detailing foliar
penetration (cuticle and stomata), root hair uptake, and internal translocation via apoplastic and symplastic pathways
into plant cells (adapted with reference to Channab et al. al. 2024a)
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The nutrients can travel in the plant via
apoplastic and symplastic pathways and can be
transported via xylem and phloem, as shown in Figure
3. Nonetheless, just because nutrients started
accumulating doesn’t mean that the nanoparticle
particles were absorbed. In fact, in some formulations,
what we see as a nutritional response is mostly due to
the slow dissolution of nutrients from the nanoparticle
or nanocarrier. This means that we must prove
nanoparticle-specific uptake using some imaging,
elemental mapping, or tracer approach. Better nutrient

delivery  will  promote  chlorophyll  synthesis,
photosynthetic activity, enzyme function, antioxidant
defense, biomass accumulation, etc. The use of nano-
formulations with Zn, Fe, Mn, and so forth can have an
impact on processes related to photosynthesis and
oxidative stress regulation. At the same time, chemical
responses depend on the amount of substance
introduced (Channab et al., 2024b; Singh et al., 2023b).

4.3 Rhizosphere Interactions and Stress
Mitigation
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Fig. 4: Schematic representation of the potential role of hybrid nano-fertilizers in controlled nutrient release, plant nutrient
uptake, soil nutrient retention, and mitigation of biotic and abiotic stresses

Nano-fertilizers do not serve solely as nutrient
providers; their effect on rhizosphere, soil minerals,
organic matter, microorganisms, and root exudates can
significantly affect nutrient availability and plant
behavior. Nanoparticles can have an impact on nutrient
adsorption-desorption, microbial activity, and nutrient
transformations and affect the process of nutrients
migrating towards the root, as shown in Figure 4.
Nevertheless, this interaction is highly dependent on soil
characteristics such as pH, clay and organic matter
levels, moisture content, and microorganisms’
composition, which makes it challenging to evaluate its
field performance (Liu et al., 2015; Khardia et al.,
2022).

Nano-fertilizers can also provide plants with
increased drought, salinity, oxidative stress, and
temperature stress resistance by improving access to the
needed nutrients for antioxidant defense (Saravana et

al., 2024; Avila-Quezada et al., 2022). For instance, the
application of nano-fertilizers for delivering Zn, Fe, Mn,
or Si can provide support to the functioning of
antioxidant enzymes and allow for maintaining cellular
redox balance under stress. Improvement in nutrient
availability may also play a role in enhancing root
development, which can assist in acquiring nutrients and
water (Saravana et al., 2024; Avila-Quezada et al.,
2022). The ability of nanoparticles to decrease stress
may change depending on the amount of nanoparticles
used as well as the surrounding conditions during
application. High amounts of nanoparticles can lead to
oxidative stress or harm to beneficial bacteria in soil.
Therefore, the benefits of nano-fertilizers should be
compared to their potential harm (de Franga Bettencourt
et al., 2020).

5. NANO-FERTILIZERS VS. CONVENTIONAL
BULK FERTILIZERS
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Fig. 5: Comparative representation of conventional and nano-fertilizer systems illustrating nutrient loading, controlled
release, improved fertilizer retention, and reduced nutrient losses

Table 2: Comparative analysis of key operational,
performance, and environmental characteristics between
conventional bulk fertilizers and nano-fertilizers

Conventional

Bulk Fertilizers Nano-fertilizers

Parameter

Conventional

PREIETE Bulk Fertilizers

Nano-fertilizers

Field validation ~ Well established Still comparatively limited

Nutrient release  Generally rapid

Nutrient-use

L Often moderate
efficiency

Nutrient losses Leaching, runoff,

volatilization
Application . .
quantity Relatively high
Nutrient delivery Mglirgls)(l)lt:trigl:]gh

) . Can be affected by
Nutrient retention fixation

Environmental Higher risk of

impact nutrient losses
e Relatively simple
complexity Y simp

Production cost ~ Usually lower

Controlled or sustained

Potentially higher

Potentially reduced

Potentially lower
Controlled dissolution/carrier-
mediated delivery

Can be engineered for
improved availability

Potentially lower, but
nanoparticle risks require
assessment
Generally higher

Often higher

Long-term soil Relatively well . . -
effects understood Require further investigation
Table 2 illustrates the difference between

standard bulk fertilizers and nano-fertilizers with regard
to their nutrient release, effectiveness, loss of nutrients,
impact on the environment, formulation, cost and
testing. It underlines the benefits of the use of nano-
fertilizers and indicates that studies on the safety of
nanoparticles, as well as their effects on the soil over
time, are required. The primary benefit of nano-
fertilizers is their ability to regulate nutrient availability
and reduce their wastage, rather than their small size.
However, the benefit does not hold true in all scenarios
(Sadati et al.,, 2021). The effectiveness of nano-
fertilizers is dependent on various crop species, soil
properties, type of nutrient, characteristics of extracted
particles, dosage, and application method. In addition, a
lower application rate does not automatically imply
better performance of the fertilizers, and it must be
proven through other results (Esmaeil et al., 2020).
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Despite promising laboratory and greenhouse
results, conventional fertilizers are still widely used
because of their cost-efficiency, well-established
production technique, predictable nutrient composition,
and multiple validations in the field. Using nano-
fertilizers is also associated with a number of challenges
such as stability and reproducibility of formulations,
production on a large scale, regulatory approval, and
uncertainty regarding long-term accumulation of nano-
fertilizers in soils(Mehta et al., 2024). Therefore, the
focus should move from questioning whether nano-
fertilizers are better than traditional fertilizers to looking
for conditions under which the use of nano-fertilizers
can be justified. Future research can compare the two
types of fertilizers under normal nutrient input
conditions following criteria such as efficiency of
nutrient utilization (Khalkhal et al., 2020).

6. ENVIRONMENTAL FATE, TOXICITY AND
BIOSAFETY OF NANO-FERTILIZERS

The environmental features of nano-fertilizers
cannot be assessed just on the basis of their ability to
enhance nutrient-use efficiency. The application of
nanomaterials causes different changes, such as
dissolution, aggregation, adsorption, surface alteration
and interaction with organic matter, soil minerals,
microorganisms and roots that affect their mobility and
availability (Demeke et al., 2025). Soil pH, ionic
strength, clay, organic matter, humidity and redox levels
influence these processes critically. Therefore, the
physicochemical features of a nano-fertilizer before
application differ from its performance in the real
agricultural environment (Mehta et al., 2024).

| A) Routes of Nano-fertilizer Application |

Above
Ground
Treatment

| FollarSpray | L

Below Ground
Treatment

B) Nanoparticles uptake by plants

I e

via stomata,
trichomes,
cuticle,
lenticles,
wounds etc;

via root hair,
root tips, pores,
{ rhizodermis,
ruptures etc;

[ Seed Treatment

Soil Treatment ]

Fig. 6: Major application routes of nano-fertilizers and corresponding nanoparticle uptake pathways through foliar and
root interfaces in plants

The interaction of nanofertilizers with the
rhizosphere plays a significant role in both the nutrient
cycle and the structure and operation of the soil
microbes. The effect of nanofertilizers depends on such
factors as the type of nanomaterial, its concentration,
time of exposure, and environmental conditions. The
action of nanoparticles is also dependent on the dose of
the applied nanofertilizer. At high doses, certain
nanomaterials can cause oxidative stress, damage to
membranes, hindering root development, and changes in
photosynthesis (Saravana et al., 2024; Babu et al., 2022;
Khardia et al., 2022). Hence, when assessing the

toxicity of nanoparticles, it is important to take into
consideration factors such as concentration of the
substance, its particle size, surface chemistry,
dissolution rate, type of coating, the duration of
exposure, genotype of the crops subjected to the
treatment, and soil conditions (Avila-Quezada et
al.2022).

Another issue is the possibility of the
accumulation and transfer of the elements from
nanoparticles in plant tissues meant for human
consumption. Increased accumulation of the elements in
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plants cannot be automatically viewed as the uptake of
nanoparticles in the pure form, as there may be an
important contribution from the ions of the nutrients that
have dissolved in water. Therefore, it is crucial to use
various methods such as elemental mapping, isotopic
tracing, and specific analysis techniques on
nanoparticles to distinguish these processes especially
when it comes to food crops. In addition, repeated use
of such nanoparticles in practice may result in
environmental effects that cannot be determined as a
result of short-term greenhouse experiments, including
changes in the communities of microorganisms, cycling
of nutrients, the persistence of nanoparticles, and
physicochemical properties of soils (Saurabh et al.
2024).

A major limitation of the current evidence is
the inconsistency between controlled experimental
results and the behavior of nanoparticles in the
environment of real-life farming. The differences in
chemical composition, surface modification, particle
size, dosage, type of soil, and the timing of application
may have a great deal of impact on the properties and
biological traits of the nanoparticles, thus making
comparison of data between the studies very
complicated (Sharma et al., 2022). Thus, it is impossible
to extrapolate the use of nano-fertilizers from their
characteristics in the agricultural field. Sustainability
can be assessed only when used wisely, considering the
parameters of efficiency of nutrient usage, persistence in
the environment, soil-microbial interaction,
accumulation by plants, and toxicity (Xiao et al., 2026).

7. APPLICATION STRATEGIES AND FACTORS
AFFECTING NANO-FERTILIZER EFFICIENCY

The use of nanofertilizers is greatly determined
by the method of use and the relationship between the

characteristics of the nanofertilizer and the agricultural
environment. Unlike traditional fertilizers,
nanofertilizers can be used through various methods,
such as soil application, foliar application, seed
treatment, or root-zone application. The success of
every method relies on the type of nutrient, properties of
the particles, plant growth stage, properties of soil, and
environmental conditions (Yin et al., 2023).

Soil application allows the easy dissemination
of the fertilizers into the root systems of plants and is
particularly adapted to the use of fertilizers that are
designed to have a slow and steady delivery of nutrients.
However, it is possible that some nanoparticles can be
agglomerated and adsorbed in the soil, which can affect
their  mobility, nutrient.  availability, and the
effectiveness in the delivery of nutrients to plants. At
the same time, foliar application helps to reduce soil
contact, but the reaction of the leaf.cuticle and the size
of nanoparticles should be taken into consideration.
Seed coating and seed priming are other effective
methods of application, which make it possible to
supply nutrients immediately after germination (Rajput
et al., 2020).

The effectiveness of nano-fertilizers s
determined by different factors of formulation and
environment. Among the factors affecting the
functioning of nanoparticles are the particle size,
physical and chemical characteristics, form of the
nutrient, time of dissolution of the particle, and the
nature of the coating (Babu et al., 2022). At the same
time, the pH, presence of organic substance, quantity of
clay, soil moisture conditions, temperature, and activity
of microorganisms influence the changes in
nanoparticles and the release of nutrients. Importantly,
the kind of crop and its growing phase also play a role
in determining crop needs for nutrients (Hong et al.,
2021).
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Fig. 7: Schematic representation of nano-fertilizer-mediated nutrient delivery in modern agriculture, illustrating
controlled nutrient release, root interaction and absorption, foliar uptake, and nanocarrier-assisted nutrient transport
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The dosage of nano-fertilizers is another major
factor which should be taken into account. It does not
follow that bigger quantities are better in terms of
stimulating plant growth or improve plant nutrition. The
plant response may rise up to a certain level, after which
there will be no more benefits or the possibility of the
occurrence of phytotoxicity. Hence, it is better to
concentrate on dose-effect relations rather than using a
particular amount.

8. FIELD VALIDATION AND
COMMERCIALIZATION CHALLENGES

Laboratory-based research and greenhouse
trials provide good results but translating results from
laboratory to field conditions proves to be difficult.
Field conditions provide a lot of variability in terms of
soil characteristics, temperature, moisture conditions,
microorganisms, type of plants and their nutrient needs,
all of which can affect the properties of nanoparticles.
As a result, results obtained under controlled conditions
do not always replicate in the field. Reviews of
literature similarly show that validation in the field is
only produced for limited types of nano-fertilizers
(Pourzahedi et al. 2018).

Another important matter related to nano-
fertilizer production is the profitability of the process
and manufacturing on a large scale. As far as laboratory
experiments allow control of parameters like particle
size, shape, chemical composition, and nutrient
composition in an accurate way, mass production may
cause interference with maintaining the accuracy of
these parameters. Thus, different qualities of initial raw
materials, synthesis conditions; refinement processes,
and operational parameters will influence the costs of
the production process as well as the characteristics of
the final products. Therefore, it is necessary to ensure
the production process is stable and cost-efficient in
case of mass production (Kumar et al. 2023).

The standardization process is critical to ensure
that nano-fertilizers are evaluated and compared
reliably. Differences in measuring methods for
parameters such as particle size and shape, nutrient
loading, method of application, nutrient-release
properties, and toxicity evaluation complicate the
process of formulation comparison. Thus, there is
unanimous agreement among experts that application-
specific standardization methods are essential for
enhancing the consistency of the produced materials,
controlling their quality, and achieving compliance with
regulations for nanomaterials.

The commercialization of nano fertilizers can
be influenced by regulatory aspects. The regulations
regarding the product may vary due to the type of raw
materials used, their applications, formulations, and
regions of sale. In some jurisdictions, agricultural

products using nanotechnology may not be subject to
one particular regulation covering nano fertilizers but
fall under existing laws governing fertilizers and
agrochemicals instead. Such regulations complicate the
registration and testing of the products for their safety.
Hence, introducing a uniform set of rules and
procedures concerning the product characterization will
facilitate the development of responsible products.

Economic feasibility is another important
aspect of commercialization. Besides the raw material
costs, the total cost of the nanofertilizer may include
costs for the synthesis, purification, formulation, quality
control, packing, storage, transport, and regulatory
compliance. Thus, the economic feasibility of the
product is determined not only by its agronomic
parameters but also by the fact that the extra costs of its
production and application must be compensated for by
measurable benefits such as higher efficiency of
nutrients application, lower fertilizer consumption, and
higher  productivity.  Therefore, techno-economic
assessments and field cost-benefit analyses should be
conducted in order to estimate the practical feasibility of
nanofertilizers for different agricultural practices.
(Nejatzadeh, 2024) Table 3 outlines the key difficulties
involved in bringing nano-fertilizers to market, taking
into account the technology, finance, regulations,
environmental features, and field performance. By
establishing universal testing, developing scalable
manufacturing, carrying out field validation over an
extended period of time, and ensuring safety
assessment, it is possible to resolve these issues.

Table 3. Commercialization factors, current limitations,
and practical implications for scaled nanomaterial
deployment in agriculture

Commercialization

Current Limitation Implication

Factor
imi ; : Uncertain
Limited multi-location -
Field efficacy and long-term field ~ COnSIStency across
; agricultural
trials 1

conditions

Laboratory methods

Scale-up may be difficult to Batch-to-batch

reproduce at larger
scale

variability

Complex synthesis,
purification, and
processing
requirements

Potentially higher

Production cost production cost

Aggregation or Reduced product
Storage stability formulation changes stability and shelf
during storage life

Differences in
characterization and
testing protocols

Difficult product
comparison and
quality assessment

Standardization

Variation in regulatory Greater
requirements and complexity in
Regulation limited harmonization product

of nano-specific
assessment approaches

registration and
safety evaluation
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Uncertain
economic
feasibility under
different farming

Limited field-based
techno-economic and
cost—benefit data

Economic return

conditions
Uncertainty
B L|m|ted_ long-term data regarding long-
safety on environmental fate term
and non-target effects environmental
implications
Limited evidence on Greater

large-scale
manufacturing, market
performance, and
economic viability

uncertainty for

investment and
large-scale
deployment

Commercialization

9. SUSTAINABILITY AND LIFE-CYCLE
CONSIDERATIONS

The sustainability of nano-fertilizers has to be
assessed over the entire life cycle of nano-fertilizers and
across all stages of their life cycle, including resource
extraction, production, usage, environmental fate, and
further disposal of the product. It is true that nano-
fertilizers can make fertilizer production more efficient
and reduce some fertilizer use in farmers' fields, but it is
also necessary to take into account the assessment of
how much energy, water, chemicals, and raw materials
are used in the production of nano-fertilizers. It should
be noted that the production of nanomaterials ‘may
create additional environmental issues and burdens
when compared to conventional fertilizer production.
Thus, the sustainability of a nano-fertilizer will depend
on its composition, production technology, required
resources for production, and agricultural performance.

The assessment of nano fertilizer sustainability
must extend from resource extraction right through their
use, environmental  fate, and eventual 'disposal or
degradation. Although nano fertilizers are likely to
enhance nutrient use efficiency and to reduce the scope
of nutrient losses, these aspects have to be weighed
against consumption of energy, water, chemicals, and
materials involved in the production of nanoparticles.
Life-cycle assessment (LCA) provides a systematic
framework for evaluating the environmental effects of
nano-fertilizers in comparison with ordinary fertilizers
concerning various stages of their life-cycle. Some of
the parameters that can be assessed may include energy
and resource consumption, emissions of greenhouse
gases, water usage, material inputs, waste loss, and
other emissions into the environment. However, the
employment of LCA in the case of agricultural products
utilizing nanotechnology is a complicated task since
data on large-scale manufacturing, material flow,
environmental impact, and properties of nanomaterials
are absent. The gaps in data and uncertainty connected
with it can influence the reliability and comparability of
LCA results.

Achieving high effectiveness in agronomy
does not assure sustainability of the environment. In
evaluating the ecological effect of nanofertilizers, both
agricultural factors and environmental features of
production, utilization and disposal must be considered.
A life-cycle perspective can help decide whether an
increase in nutrient efficiency is connected with a lesser
effect on the environment or whether the advantages are
diminished by higher consumption of resources
accompanying  nanomaterial  manufacturing  and
application.

10. EMERGING TECHNOLOGIES AND FUTURE
PERSPECTIVES

The exploration = in nano-fertilizers has
progressed from just the creation of nutrient compounds
of the nano size into discovering ways to build
multifunctional -delivery —systems:  New innovative
formulas could include innovation in controlled-release
coating technology, the use of biodegradable polymers,
or development of new types of nanoclays that control
the delivery of nutrients related to weather conditions
and crop requirements. One of the newest trends in this
area is the development of technologies that combine
application of nano-fertilizer with the use of precision
farming  technologies.  Such  technologies can
incorporate the use of soil sensors, remote sensing
technologies, and crop monitoring, which will allow the
application of fertilizers at the right place and at the
right time (Al-Mamun et al. 2021). Data-driven
approaches based on machine learning can also be used
to correlate the properties of nano-fertilizer formula to
soil conditions, leading to the perfect fertilizer dose.
However, at the moment, all of the technologies are
studied mainly as an additional tool for fertilizer use,
although it has been established that these methods
would have to be tested in real agricultural conditions
before they could be fully integrated (Zafar et al., 2024).

The employment of bio-based and
biodegradable nanocarriers has become popular since
the application of this technology would help to
eliminate the concerns related to adverse effects of
ongoing alkali metals. Simultaneously, the utilization of
nanofertilizers together with microorganisms or other
biosystems represents a novel approach in terms of
enhancing nutrient contribution in agriculture. This
technology will enable the combination of the
opportunities provided by nanotechnology with bio-
transformation of nutrients and collaboration between
plants and microorganisms (Chandana et al. 2021). As a
result, it is reasonable to assume the growth of the
number of functionalities of nanofertilizers along with
increased effectiveness of nutrient utilization, biological
compatibility and ecological nature of the end product
rather than changing the dimensions of nanoparticles.
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11. CONCLUSIONS

The utilization of nano fertilizers offers a
potentially efficient way of delivering nutrients in
agriculture. Compared to conventional large fertilizers,
nano fertilizers can not only regulate the release of
nutrients and enhance their availability, but also
minimize the loss of nutrients. Nevertheless, the success
of the use of nano fertilizers is not solely determined by
the size of the nanoparticles; instead, the results also
depend on the chemical composition of the fertilizers,
methods of application, type of crops grown,
characteristics of the soil, and other environmental
factors. The analysis presented in this review indicates
that laboratory and greenhouse experiments have
reported higher rates of nutrient absorption, use of
nutrients by plants, and overall efficiency of these
fertilizers. However, it cannot be said that these results
hold true for field conditions unless the experimental
procedures are repeated in real-life  farms.
Simultaneously, the transformation of the environment
and sustainment of nanoparticles, their interactions with
microbes, possible effects on plants, manufacturing
costs, scalability and lack of regulation must be taken
into account in their utilization. The development of
future nano-fertilizers should not only reduce the usage
of fertilizers but also include controlled release,
compatibility with biology, scalability and eco-friendly
manufacturing. Successful use of nano-fertilizers
depends upon proving that they can do better than
regular methods of fertilization concerning cost-
efficiency, crop yield and eco-friendliness, as provable
through field testing results. Combining nanotechnology
with precision farming and sustainable materials may
help develop nano-fertilizers.
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