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Introduction

The Food and Agriculture Organization (FAO)
estimates that by 2050, grain output must increase by
70% to meet the increased demand due to the growing
world population (Bernard and Lux, 2017).
Agricultural productivity faces numerous challenges,
including reduction of arable land, nutrient
deficiencies, soil degradation, disease outbreaks, pest
infestations, and inefficient fertilizer management
(Prost, 2021). As expanding farmland is no longer
feasible, optimizing nutrient management, disease
control, and stress mitigation emerges as a critical
solution to boost crop yields (Elemike et al., 2019). For
decades, chemical fertilizers and pesticides have been
the primary tools for these purposes. However, recent
advancements in nanoscience and nanotechnology
offer a promising avenue for revolutionizing
agriculture (Mittal et al., 2020). Currently, nano-
fertilizers are most popular and newly advanced
technology for better nutrient application to plants
(Salama et al.,, 2019). Nanoscience and nano-based
technologies are emerging as transformative forces in
the agricultural sector, presenting a robust potential to
enhance various agricultural practices (Mittal et al.,
2020). Notably, nanoparticles developed into "nano-
fertilizers" have shown significant benefits across
multiple facets of agriculture, including seed
germination, plant growth, development, yield
enhancement, nutritional fortification, disease
resistance, and stress management in plants. The
unique properties of nano fertilizers, characterized by
their small size (typically ranging from 1 to 100 nm)
and high surface area, facilitate their penetration into
plant systems, thereby improving plant productivity
while achieving high fertilizer use efficiency and cost-
effectiveness (Haydar et al., 2024).

Classification of Nano-Fertilizers

The classification of nano-fertilizers is
presented in Figure 1.
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Macro nanofertilizer

Macronutrient nanofertilizers are composed of
essential nutrients such as nitrogen (N), phosphorus
(P), potassium (K), sulfur (S), calcium (Ca), and
magnesium (Mg) that are required in significant
quantities for plant growth. Conventional fertilizers
often result in substantial nutrient losses —ranging
from 40% to 90% for N, P, and K—which leads to
resource wastage and environmental issues, including
nutrient runoff into water bodies that disrupt aquatic
ecosystems (Zulfigar et al., 2019). Given the projected
increase in  global macronutrient fertilizer
consumption from 175.5 million tons to 263 million
tons by 2050, there is a pressing need for efficient and
environmentally friendly macronutrient
nanofertilizers to enhance sustainable food
production. Macronutrient nanofertilizers provide
numerous advantages over traditional fertilizers,
including improved crop growth and yield efficiency,
reduced nutrient losses, and minimized
environmental impacts. They can effectively deliver
nutrients in encapsulated forms with specific
nanoparticles, which facilitate better uptake through
plant root systems (Al-Mamun et al., 2021).

A study reported by Sharma et al, 2022
showed the efficacy of urea nanohybrids (including
hydroxyapatite-urea, magnesium-infused
hydroxyapatite-urea, zinc-infused
hydroxyapatite-urea), when applied at nitrogen doses

and

categories of nanonutrient f.grt111zers: Macro equivalent to 25% and 50% of the standard
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of conventional urea. This application significantly
increased growth and yield in wheat (Triticum
aestivum L.) and enhanced the plant's uptake of
essential nutrient elements, such as nitrogen (N),
phosphorus (P), potassium (K), calcium (Ca),
magnesium (Mg), and iron (Fe). Additionally, the
grain exhibited higher levels of protein and
phospholipid content as a result of these treatments.

Micro nanofertilizers

Micronutrient nanofertilizers, required in
minimal quantities (€100 ppm), are crucial for various
metabolic processes in plants. Key micronutrients
include iron (Fe), manganese (Mn), zinc (Zn), copper
(Cu) and molybdenum (Mo). These micronutrients are
often incorporated into NPK fertilizers in soluble
forms to enhance crop uptake and performance
(Zulfigar et al., 2019). In mungbean, Kareem et al.,
(2022) found that the application of zinc oxide
nanoparticles (ZnO-NPs) under high temperature
stress resulted in increased chlorophyll content,
improved gas exchange parameters, and a well-
balanced enzymatic response. These enhancements
led to higher pod counts, larger pod sizes, and an
overall increase in total grain yield. Similarly, Thakur
etal., (2021) reported that in wheat seedlings subjected
to heat stress, the application of ZnO and titanium
dioxide nanoparticles (TiO» NPs) enhanced
membrane stability and improved antioxidant defense
mechanisms in both the root and shoot. In the case of
tomatoes, Ahmed et al., (2023) reported that a foliar
application of 100 ppm ZnO-NPs produced the most
favorable results for growth parameters, physiological
traits, yield attributes, and fruit quality. This treatment
also maximized nutrient uptake and resulted in a
remarkable yield increase of 200% compared to the
control group. Overall, these findings indicate that
foliar application of ZnO-NPs is more effective than
conventional zinc fertilizers, with the
recommendation to use 100 ppm ZnO-NPs to improve
both the quantity and quality of tomato crops grown
in control conditions.

Based on grouping

Nano-fertilizers are categorized into three
types based on grouping: nanoscale fertilizers,
nanoscale additive fertilizers, and nanoscale coating
fertilizers. =~ Nanoscale fertilizers  consist  of
nanoparticles that are rich in nutrients, while
nanoscale additive fertilizers incorporate traditional

fertilizers enhanced with nanoscale additives.
Conversely, nanoscale coating fertilizers are
traditional fertilizers that have been coated or loaded
with nanoparticles. The application of nanoscale
fertilizers has garnered significant interest, leading to
the development and initial industrial-scale
production of various nano-based fertilizers.
However, this field is still in its early developmental
stages, necessitating considerable time and effort to
fully commercialize new NFs (Mejias et al., 2021).

Based on mode of action

Slow- and controlled-release nanofertilizers
(SRNFs and CRNFs) offer advanced solutions
compared to conventional nanoparticles for
addressing nutrient delivery challenges in agriculture.
These fertilizers either utilize coatings (as in CRNFs)
or composite materials (as in SRNFs) to release
nutrients in a precise, regulated manner, thereby
mitigating the risks of leaching and ensuring more
effective  delivery of essential macro and
micronutrients (Haydar et al., 2024). SRNFs are
primarily composed of nanocomposite-based
fertilizers, wherein a complex polymer matrix
encapsulates the nutrients. In contrast, CRNFs are
defined as coated fertilizers, where the external
coatings meticulously control the release of the
nutrients. The preparation methods for CRNFs can
vary, employing a range of encapsulation and coating
techniques, while SRNFs can be developed using
various composite materials, including
hydroxyapatite, hydrogel, chitosan, and alginate, etc.
(Elsayed et al., 2022; Chouhan et al., 2022).

SRNF (Slow-Release Nutrient Fertilizer) can be
synthesized as a condensation product of urea-
aldehyde compounds, super granules, or other
fertilizers with a physical barrier. Whereas CRNF is
mainly coated material containing the source of
nutrients (water soluble), the efficacy of these coatings
is critical, as they regulate the rate and pattern of
nutrient release.  Controlled-Release = Nutrient
Fertilizers, also known as coated fertilizers, delayed-
release fertilizers, or metered fertilizers, are the
fertilizers in which factors determining the rate,
duration, and pattern of nutrient release can be fully
controlled during preparation (Liu et al., 2021). The
materials used to prepare CRNF or SRNF coatings and
matrices can be either inorganic—such as
phosphogypsum, bentonite, and sulfur—or organic,
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which can be synthetic (e.g., polyethylene,
polyurethane, alkyd resin) or natural (e.g., chitosan,
starch, cellulose) (Lawrencia et al., 2021a; Lawrencia et
al., 2021b). These slow-release nanofertilizers possess
optimal properties for effective agricultural use, they
are one of the most efficient methods for nutrient
delivery to plants. They possess an effective
concentration for controlled delivery in response to
specific stimuli to a particular target with reduced
ecotoxicity (Guo et al., 2018). Additionally, nano-
encapsulated products have been found effective for
transporting agro-molecules owing to their capacity
for slow release and protection of the core molecules.
The encapsulated cargo is frequently surrounded by a
hydrophilic shell that swells upon moisture
absorption, leading to dissolution and the gradual
release of nutrients through diffusion (Hueppe et al.,
2023).

Currently, nano-based controlled release
fertilizers represent a cutting-edge innovation in
sustainable agriculture, offering a more precise and
efficient approach to nutrient delivery, in a relatively
preliminary stage holds immense potential to
revolutionize = farming  practices. Applying
superhydrophobic bio-based polymer-coated urea
extended the duration of nitrogen release (Zhang et
al, 2021). Polyhydroxyalkanoate (PHA)-based
fertilizers mitigated nutrient loss and fostered
beneficial plant-microbe interactions (Murugan et al.,
2020). Additionally, the implementation of cassava
starch and bagasse composite urea-based controlled-
release nanofertilizers (CRNFs) enhanced nitrogen use
efficiency (NUE) in plants (Versino et al., 2020).
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