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Abstract

Nanotechnology is a silent sentinel, monitoring the intricate dance of agricultural processes at an
unimaginably small scale. It acts as a guardian angel, bestowing upon us a myriad of benefits: enriching the
quality and safety of our food, liberating us from the shackles of traditional farming practices, and fortifying
the soil with minuscule but mighty nutrients. Its effects ripple through the fabric of agriculture, touching
everything from the food on our plates to the very foundations of our natural resources. In the face of
challenges such as sustainability, food security, and environmental stability, nanotechnology emerges as a
beacon of hope. It strives to minimize the use of harsh chemicals, curtail nutrient loss during fertilization, and
boost crop yields by outmanoeuvring pests and optimizing nutrient uptake. Nanotechnology stands poised to
transform agriculture and the food industry, offering innovative solutions for disease management and nutrient
enhancement. Among its many marvels are nano-fertilizers and nano-pesticides, revolutionizing productivity
without leaving a trail of environmental destruction. These small yet powerful tools provide a shield against
pests and microbial foes while nourishing the yields deprived of contaminating the soil and water sources.
Moreover, nanotechnology could act as a custodian, safeguarding soil health by assessing its very essence. As
researchers delve deeper into the realms of nanotechnology, they are unravelling the secrets of sustainable
agriculture. This review sheds light on their quest to tackle the pressing issues of our time—sustainability,
food security, and environmental resilience—through the lens of nanotechnology.

Keywords: Nanotechnology, outmanoeuvring, innovative, revolutionizing, custodian
Introduction

Agriculture is a crucial and stable sector, providing essential raw resources meant for the food and feedstuff
productions. However, finite nature of the properties like land, water, and soil, combined with the world's
growing population, necessitates that agricultural development be cautiously feasible, ecologically friendly,
effective. It is crucial for achieving various goals in today's world. (1)(2)(3)

Nutrient balances in agriculture change significantly with increased profitability, highlighting the importance
of improving soil fertility, especially in developing countries. (4)

Improving agriculture is essential for combating poverty and hunger. It requires bold steps, particularly in
countryside zones where the agrarian growth has been limited. (5)
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Nanotechnology plays a key role in various aspects of agriculture, including production, processing, storage,
packaging, and transportation. Its purpose in cultivation is to decrease the use of harmful chemicals, reduce
nutrient losses during fertilization, and boost yields by efficiently managing pests and nutrients. The particular
benefits use of nanotechnology in agricultural includes precise applications such as nano diseases and nano
fungicides to monitor products and nutrient levels, thus enhancing productivity while avoiding soil or water
pollution and providing protection against different biotic and abiotic pressures. (6)

Nano-technology has the possible to transform agriculture and the food manufacturing by introducing new
methods, improving nutrient absorption, using inputs more effectively, detecting and controlling diseases, and
increasing the effectiveness of toxins used on crops. It can also help restore soil fertility by releasing fixed
nutrients. (7)

Currently, the most pressing concern is the production of food and the alleviation of poverty and malnutrition
through agriculture. Therefore, new technologies should focus on improving agricultural productivity. (5)
Food and nutritional security are increasingly reliant on new knowledge. The development of agriculture also
hinges on aspects like social integration, health, climate change, energy, ecosystem functions, natural
resources, and quality assurance, which require specific strategies for resolution. Sustainable agriculture offers
a practical solution to reduce poverty and hunger. It requires environmental performance and the involvement
of food chain ecosystems in agricultural food production. (8)

Nanotechnology, an emerging and promising field, offers a new approach to increasing crop production by
addressing challenges in agricultural production using nanoparticles. (9) Recent studies indicate that
nanoscale structures with unique properties are easily absorbed by plant roots and leaves, facilitating their
natural assimilation. This is beneficial for both crops and their environments, making agricultural systems
more efficient and sustainable. (10)(11)(12)

Another emerging method is the fusion of biofertilizers with nanoparticles, resulting in nano-biofertilizers.
This concept combines nanotechnology and biotechnology in agriculture, featuring nanoscale substances
combined by valuable microbes. The main goals are to improve nutrient absorption by plants and minimize
the biological footmark of agricultural doings. Nano-biofertilizers can include plant growth-promoting factors
complexed with nanoparticles or bacterial cells devoted to nanoparticles' surfaces. Although nano-
biofertilizers have been produced using various methods, a comprehensive empathetic of the understanding
of how they interact with soil microbiota, soil components, plants, and endophytes, particularly at the
molecular level, is lacking. (13)

Due to the small quantities required compared to other fertilizers, nano-biofertilizers show great promise in
enhancing crop yield, fortifying crops with nutrients, and bolstering resilience to environmental pressures, all
of which promote maintainable agriculture. The objective stands to refine nutrient utilization while mitigating
ecofriendly damage. (13)
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Figure 1: The transitioning of chemical fertilizers to the creation of nano-biofertilizers (13)

Biofertilizers

Microbial inoculums, also recognized as biofertilizers, are organic goods containing exact microbes sourced
as of plant roots and root sectors. Studies have shown that they can enhance plant growth and yield by 10-
40%. (14). Upon application to the rhizosphere as well as the interior plant, these bioinoculants colonize the
environment to promote plant growth. (15). These bioinoculants not only enhance the fertility of the soil and
the output of crops by enriching nutrients in the soil moreover, safeguard the vegetation from pests and
diseases. Studies have shown that they can enhance seedling survival, prolong root lifespan, in addition to
reducing flowering time, hazardous chemicals should be eliminated. (14). Alternative benefit is that
biofertilizers become cost-effective after 3-4 years of nonstop use, as the parent inoculants are adequate for
development and replication. (16). Plants need seventeen crucial fundamentals for operative development and
extension, with nitrogen (N), phosphorus (P), and potassium (K) being in substantial quantities of which are
required. (16). Some microbes frequently used as fertilizers include nitrogen-fixing soil microorganisms and
cyanobacteria, phosphate-solubilizing bacteria, fungi, and mycorrhizae (17). Additionally, microbes that
harvest phytohormones which are employed in fertilizer production. These organisms provide plants by
incorporating growth promoting elements like indole acetic acid (IAA), amino acids, and vitamins, which
improve soil efficiency and richness while maintaining crop yield. (18).
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Table 1: Types of Bio fertilizers

SL.NO

Biofertilizers

Mechanism

Groups

Examples

References

Nitrogen-
fixing

Development
the soil's
content
converting
atmospheric
nitrogen into a
form that plants
can utilize.

N2
by

Organisms that
are free-living,
symbiotic, or
associatory
symbiotic

Nostoc,
Klebsiella,
Azotobacter

15

Phosphorus-
mobilizing

Phosphorus is
transferred from
the soil to the
root of the plant
pallium. The
fertilizers have
wide-ranging
uses.

Mycorrhiza

Arbuscular
mycorrhiza.

15

Potassium
solubilizing

Produce organic
acids that break
down silicates
too assist in the
extraction of
alloys to
dissolve
potassium
(silicate)
particles,
making  them
accessible to
plants.

Bacteria

Arthrobacter spec
1€s,

Bacillus, Mucilag
inosus

19

Fungi

Aspergillus niger

Potassium
mobilizing

They  convert
potassium from
forms that are
unavailable

plants in the soil.

Bacteria

Bacillus species.

20

Fungi

Aspergillus niger

20

Phosphorus
solubilizing

They release
organic acids to
dissolve bound
phosphates,
thereby lowering
the soil pH and
converting
insoluble forms
of  phosphorus
hooked into
fathomable
forms.

Microbes,
molds

Pseudomonas
striata,  Bacillus
subtilis, Peniciliu
m species.

15

Sulfur is
transformed into
sulfate, the

Sulfur-
oxidizing

Thiobacillus speci
es.

21
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working form of
sulfur for plants.

6 Micronutrients | Protons, Zinc- Pseudomonas spe | 22
chelated ligands, | solubilizing cies,
acidification, Bacillus species.
and
oxidoreductive

systems are all
methods that can
be employed to
solubilize zinc.

7 Plant growth- | They generate | Plant Agrobacterium, 15
promoting hormones  that | development Pseudomonas
boost root | indorsing fluorescens
development, bacteria
rise nutrient

absorption, and
enhance harvest
yields.

Nano fertilizer

Nano-fertilizers have become more accessible in the economy during the past few years, but then again, the
production of agricultural fertilizers in this form has not yet been undertaken by major chemical corporations.
Nano fertilizers might hold nanoparticles of zinc, silica , iron, titanium dioxide, various core shell gold-plated
nanorods, quantum dots, and so on, and should facilitate controlled release to enhance their efficiency.
Research on the absorption, biological behaviour, and poisonousness of various metallic oxides nanoparticles,
such as copper oxide, titanium dioxide, iron oxide, and zinc oxide nanoparticles, have been conducted
intensively in the past decade for agricultural purposes. Therefore, the evaluation of nanoparticles is necessary
to reduce their harmful effects. (23)

Nanoparticle

Nanoparticles are tiny particles ranging in size from 1 to 100 nanometres. To put this into perspective, a
nanometre is one nanometre, which is the width of a human hair is approximately 100,000 times less than
the size of this hair. (24)

These particles can be composed of various materials, including metals, metal oxides, carbon, and polymers.
Because of their minuscule dimensions, nanoparticles frequently demonstrate exceptional physical and
chemical traits in comparison to their larger forms. These properties can include increased strength, altered
chemical reactivity, and enhanced electrical or magnetic properties. (24)

Nanoparticles are used in various industries such as medicine, electronics, environmental science. For
example, in medicine, nanoparticles can be employed for drug delivery, imaging, and diagnostics. In
electronics, they are used in displays, sensors, and conductive inks. In environmental science, nanoparticles
can be utilized for water purification and pollution remediation. (25)
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However, the unique properties of nanoparticles also raise concerns about their probable influence on human
well-being and the environment. As a result, ongoing study aims to better understand the hazards related with
nanoparticle revelation and to develop harmless handling and disposal methods. (26)

Types of Nanoparticles

e Carbon Based Nanoparticles

Fullerenes and Carbon Nanotubes (CNTs) are two main types of carbon constructed nanoparticles (NPs).
Fullerenes be made up of sphere-shaped concave crates made up by carbon atoms, similar to different forms
of carbon. They have There are numerous types of carbon. The electrical conductivity, high strength, one-of-
a-kind structure, electron affinity, and rigidity of these materials have all contributed to the tremendous
economic interest that they have garnered. Fullerenes are composed of pentangular and hexangular carbon
components, to each of which is sp2 crossed. On the other hand, CNTs are elongated structures forming
tubular shapes with diameters ranging from 1 to 2 nanometres. They are essentially rolled-up graphite sheets,
giving them their tubular structure. Depending on the number of walls present in the rolled sheets, CNTs are
classified as single-walled (SWNTSs), double-walled (DWNTS), or multi-walled carbon nanotubes (MWNTS).
(27) (28)

e Metal Nanoparticles

Metal nanoparticles (NPs) are composed of entirely metals. These nanoparticles exhibit unique electric assets
due to their distinct localized surface plasmon resonance (LSPR) characteristics. Copper, silver, and gold
nanoparticles, for instance, display an extensive preoccupation group in the noticeable district of the astral
electromagnetic range. Metal nanoparticles stay utilized in various technical arenas due to their greater
landscapes, such as accurate controller over their size, shape, and configuration. (29)

. Ceramic Nanoparticles

Ceramic nanoparticles are minute particles composed of inorganic, non-metallic substances that undergo
precise heating and cooling treatments to acquire specific characteristics. They can adopt diverse forms, such
as amorphous, polycrystalline, porous, and hollow, and are recognized and intended for their thermal
confrontation and robust attributes. These nanoparticles are utilized in a range of industries, including
coatings, catalysts, and batteries. (30)

. Liquid Based Nanoparticles

These nanoparticles are beneficial in several biomedical applications due to their lipid components. Lipid
nanoparticles characteristically consume a size ranging from 10 to 1,000 nm and exhibit a sphere-shaped.
They comprise of a lipid core that is solid bounded by a framework containing soluble lipophilic molecules.

€2))
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. Semiconductor Nanoparticles

Semiconductor nanoparticles exhibit characteristics that are a blend of metals and non-metals. This unique
combination gives semiconductor nanoparticles distinctive physical and chemical traits that render them
beneficial for numerous uses. For instance, they can absorb and emit light, making them valuable for
enhancing the efficiency of planetary cells or producing brighter light-emitting diodes (LEDs). Additionally,
it can be utilized to fabricate smaller and quicker electronic components, like semiconductors, and are
employed in bioimaging and cancer therapy. (32)

. Polymeric Nanoparticles

Polymeric nanoparticles, reaching in scope from 1 to 1,000 nm, container consume energetic ingredients
attached to the surface of the polymeric fundamental or encapsulated within the polymeric form.
Nanoparticles commonly encounter in nature, the period "polymer nanoparticle” (PNP) is often cast-off in
works to describe them. It typically bears a resemblance to nano spheres or nano capsules. (33)(34)

Nano delivery system

Nano-delivery system platforms are nanoscale substances (nanocarriers) capable of transporting active
ingredients within organisms, such as plants, animals, or humans. In agriculture, these nanocarriers could
carry fertilizers, pesticides, and growth regulators, delivering them internally into plants to enhance crop yield
and protection.

Advantages of nano-delivery schemes over outdated preparations encirclement:

(i) Improved efficiency of the energetic elements; (ii) Enhanced solubility for antibiotics; (iii) Preservation
of active compounds by encapsulation, shielding them from degradation; (iv) Decreased harm to non-target
organisms, leading to enhanced crop quality and reduced chemical deposits; (v) Managed and prolonged
release, enabling adjustment of the active ingredients' dosage to a minimal operative level; (vi) Likelihood of
a economic and environmental benefits.

An idyllic distribution system should have upright biocompatibility, stability, well-disciplined delivery, high
cargo capacity, and other functionalities. (35)

Recently, there has been increased interest cutting-edge probable use of receptive nanoparticles as transporters
to transport active mechanisms precisely to embattled spots in plants, which is referred to as a keen nano-
delivery scheme. (36) Incorporating cutting-edge responsive nano-delivery systems is essential for achieving
precise and controlled release of nutrients or antibiotics tailored to the specific needs of plants. This method
not only prolongs the effectiveness of the treatment but also mitigates degradation and minimizes ecological
harm. pH-responsive polymeric nanoparticles serve as a promising tool for delivering antibiotics or nutrients
directly to the affected areas, effectively suppressing phloem-restricted bacteria responsible for citrus
rejuvenation illness or meeting the nourishing requirements of plants. (37)
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Application in accuracy cultivating

Precision farming has long been an elusive goal, aiming to apply inputs according to the specific demands of
the crop to maximize yields while minimizing inputs such as fertilizers, pesticides, herbicides, and more.

Precision agriculture employs supercomputers, Global Satellite Positioning Systems (GPS), Geographic
Information Systems (GIS), and distant detection instruments to assess extremely contained ecological
factors. This assists in identifying whether crops are growing optimally and precisely identifying crop issues
and weather patterns. Additionally, precision agriculture can contribute to the recycling of agricultural waste,
thereby reducing environmental contamination.

However, the future of precision farming methods will likely be greatly influenced by small sensors and
monitoring systems enabled by nanotechnology. (39)

Ecological worries of nano particles

The ecological impact is a crucial consideration in the primary stages of developing any newfangled skill.
Nanotechnology, a pivotal empowering technology, is anticipated to bring numerous common supports, yet
there are also alarms about its environmental jeopardies. The wide range of nanoparticle submissions spans
various sectors of human endeavours, as well as cultivation, commerce, medication, and municipal well-
being. (40) When considering the areas that could be affected, it becomes clear the risks linked to
nanotechnologies are anticipated to produce a diverse range of hazards rather than a consistent set of risks.
The inquiries regarding "which risks might arise" are vital for environmental discussions and will primarily
rely in arranged viewpoint of the precise group engaged in nano technologies. (41)

Measuring the biological hazards of soil contamination resultant from insecticide use, manure slush
application, and additional human actions that expose the extra-terrestrial environment to harmful materials
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in a complex duty by various related challenges. Research laboratory research has shown that many
nanoparticles, particularly those made of silver, copper, and zinc, possess antimicrobic possessions. While
such nanoparticles might be advantageous for medical purposes, if released into the natural environment, it
could put benefits the bacterial groups (such as bacteria, fungi, and archaea). Thus, it is essential to promptly
identify any possible contrary effects on soil properties, as soil microorganisms play a vital part in providing
ecosystem facilities such as nutrient cycling, crop production, and habitat guideline. (42)

Impact of nanoparticles on soil living beings

Global production of nanomaterials is projected to reach 11 million loads annually, primarily sourced from
soil resources. (43) Nanoparticles (NPs) can enter bacterial cells over endocytosis or by all-pervading cubicles,
and numerous of them, exclusively silver, copper consume antimicrobic goods. Studies on the impact of NPs
on soil organisms have shown that Silver Nanoparticles produced bactericidal properties and morphological
changes in cells of deuce soil microbes, Bacillus Cereus and Pseudomonas Stutzeri, while Aluminium Oxide
(A1203) Nanoparticles did not exhibit substantial venomousness at any dosage or time tested. The properties
of Silver Nanoparticles on the soil microbial communal are suggestively prejudiced by factors such as
functions, attentiveness, revelation time, and soil type. (44) Silver nanoparticles also remained testified to the
decrease enzymatic actions, although copper- and zinc-based nanoparticles (Cu- and Zn-based NPs) reduced
bacterial growth and biomass. (45)

Significances for Nanoparticles on plant development

Nanoparticles (NPs) offer significant potential for agricultural use due to the fact that they possess distinctive
chemical and physical features. The interaction of NPs with plants can lead to significant fluctuations in plant
biological and biochemical procedures, highlighting the need for comprehensive information for their sensible
submission in farming applies. Research conducted in test centre and field settings revealed the beneficial
also the detrimental impacts on the development of several economically significant plant type. (46)

The application of nanoparticles (NPs) hindered the growth of roots in addition to shoots, as fit as the
interaction of mycorrhizal fungi and development endorsing microorganisms, foremost to a decrease in seed
mass. Though, an average rise of 163.5%, there was a considerable increase in the quantity of seeds produced
by each plant that was receiving treatment. These observed effects of NPs treatment on plant development
were attributed toward the alteration of the levels of plant hormone or additional cellular biomolecules
involved in seed sprouting. (497)

Application of nanoparticles (NPs) has been shown to have an optimistic influence on plant development,
biomass, and the chlorophyll content, a key photosynthetic pigment. Plant uptake of mixed NPs has been
observed, with transport and accumulation in tissues leading to enhanced growth. This stimulatory effect
suggests the potential for NPs to act as nano-fertilizers, offering an effective plan for enhancing agrarian
production. Global use of a soil alteration in agriculture is steadily increasing. NPs derived from biochar could
significantly affect crucial plant procedures responsible for enhancing plant development and efficiency. (48)

Plant disease management

Nanoparticles are materials with dimensions ranging from 10 to 100 nanometres (nm), possessing exceptional
biochemical, physical, and organic properties established them at a distance from their molecular and majority
counterparts. (49) Nanoparticles can be straight and practically useful to the seeds, leaves, or roots to protect
in contradiction of vermin and microbes such as bugs, bacteria, fungi, and viruses. Metal nanoparticles,
including silver, copper, zinc oxide, and titanium dioxide, have been extensively studied for their
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uncontaminated and fungicidal possessions, and they are recognized intended for their antiviral agent.
(50)(51)

"

Lately, silver nanoparticles become more popular owed to their "green synthesis," which involves their
making in plants, bacteria, fungi, or yeast. (52) Silver nanoparticles have exhibited antifungal properties
against several pathogens, like Alternaria alternata, Sclerotinia sclerotiorum, and Curvularia lunata, as
evidenced by well diffusion tests. Application of silver nanoparticles to bean leaves resulted in the
comprehensive destruction of sun-hemp rosette disease. (53)

Other frequently utilized metal nanoparticles comprise copper, Ti dioxide, and gold. Copper and Ti dioxide
nanoparticles, in particular, increasingly used in fertilizers, although research on their effectiveness in plant
disease management is limited. Several studies have investigated the antibacterial characteristics of
nanoparticles made of titanium dioxide, silver, and copper. Additionally, the insecticidal effects of
nanoparticles made of aluminium have also been investigated. Titanium dioxide nanoparticles in nourishments
have shown promise in providing protection against bacteria and deactivating viruses. (54)

Chitosan is a well-known nanoparticle with favorable environmental attributes, including bio Degradability,
bio Compatibility, non-allergenicity, and antimicrobic properties, while showing low poisonousness to faunas
and humans. Chitosan enhance virus-related struggle in plant tissues by shielding them from contagions
caused by alfalfa mosaic virus, tobacco mosaic virus, peanut mosaic virus, potato virus, and cucumber mosaic
virus. Additionally, chitosan has demonstrated antimicrobial effects, such as managing Fusarium crown and
root rot in tomatoes, Botrytis bunch rot in grapes, and blast disease in rice, although they are not as much of
operative in contradiction of bacteria. (55)

Future Prospects

As we move into the era of nano-enhanced agriculture, it is crucial to unravel the underlying challenges and
recognize the endless possibilities that the future holds. The concept of nano-fertilizers, while imbued with
promises of efficiency and sustainability, also harbours patches of uncertainties.” A comprehensive
understanding of the potential bottlenecks, gaps, and forward-looking directions will better equip us for a
future where technology and agriculture seamlessly integrate. At the core of any scientific advancement lies
the robustness of the research underpinning it. While significant strides have been made with nano-fertilizers,
there are glaring gaps that need to be addressed. Firstly, much of the current knowledge on nano-fertilizers is
empirical. While these insights provide a basis for applications, they lack comprehensive mechanistic
understanding. Knowing how a phenomenon occurs is as crucial as knowing that it occurs. Such knowledge
can aid in refining products, predicting outcomes, and ensuring safety. Another prominent gap is the long-
term impact of nano-fertilizers. Most studies are relatively short-term, not exceeding a few crop cycles. The
enduring nature of soil and perennial crops demands an understanding that spans years, if not decades.
Evaluating the long-term efficacy, interaction with soil microbiota, and potential degradation pathways of
nanoparticles is crucial. Lastly, much of the existing research works in controlled environments - greenhouses,
labs, and simulation chambers. While these provide controlled conditions, they often do not truly reflect the
complexity and variability of open-field conditions. (56)

Conclusion

Nano-fertilizers represent a significant advancement in sustainable agriculture, offering the potential for
improved nutrient utilization, crop yield, and overall plant health. While they offer numerous benefits, such
as targeted nutrient delivery and stress resistance in plants, they also raise potential environmental and health
concerns. Contrasting nano-fertilizers with conservative corresponding item climaxes to their superior
efficiency but also underscores economic and environmental challenges. Looking ahead, addressing research
gaps, harnessing technological advancements, and establishing effective regulatory frameworks become
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critical. Collaborative efforts among scientists, policymakers, and stakeholders will be essential in ensuring
that nano-fertilizers fulfil their true potential in shaping a sustainable and food-secure future.
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