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Abstract

Nanoparticles have numerous applications in agriculture, because of their great mobility in plant and animal cells and high
penetrability. It has the ability to close the gap between farming that is sustainable and farming that is not. A significant issue
in agricultural systems is post-harvest losses, which have been demonstrated to be decreased using nanomaterials. Ultra-small
particles, known as nanoparticles, have distinct physical, chemical and biological characteristics. It has been discovered that
nanopesticides and nanoinsecticides have improved pesticidal and insecticidal characteristics, can supplement traditional
pesticides and are anticipated to completely transform pest management in the near future. Specific antibacterial potentials
exist in nanoemulsions, nanoliposomes, edible coatings and other forms of nanoparticles like nanosensors that are used to
facilitate the measurement and monitoring of crop production as well as the control of pests, diseases, insect attacks and
environmental contaminants. The agricultural system makes extensive use of nanoparticles, particularly for plant infection
prevention. Due to their small sizes, nanoparticles interact with plant pathogens more effectively and display their antibacterial
properties when exposed to various bacteria that have developed resistance to antibiotics. Agricultural research using
nanotechnology has recently focused on diagnosing plants, boosting output and developing new disease-resistant varieties. It
has the potential to improve agricultural productivity, reduce disease tolerance, speed up the identification of plant illnesses
and reduce input costs. In this review paper, the fundamentals, practices and future possibilities of nanotechnology in crop
protection have been discussed.
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Introduction

In order to avoid a decrease in food security as a result of
agricultural produce loss and long-term damage to soil due
to unsustainable agricultural practices, there is a need to
explore new and promising methods that are sustainable and
eco-friendly. Plants are usually faced with certain pest
invasions either pre-harvest or post-harvest, which result in
yield loss, the prolonged occurrence of pests in the soil and
the development of resistant strains. The severity of the
invasion can be reduced by the application of chemicals or

by genetic engineering, which makes available the use of
resistant cultivars. Both restorative methods are, however,
expensive and sometimes not effective, especially against
resistant strains of pests or pathogens. In recent studies,
nanomaterials have been put into consideration as possible
agents against pest and disease attacks on plants (Ghidan
and Antary 2019; Um-e-Aiman et al. 2021). Nanoparticles
have targeted characteristics as ideal commercial or
domestic materials with functional applications in many
fields such as disease diagnosis and curing, drug discovery
and target delivery, antimicrobial application against
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multidrug resistant microorganism (Femi-Adepoju et al.
2019; Dada et al. 2018), environmental and energy-based
research, catalysis and imaging, as well as in agriculture
(Ibrahim et al. 2019).

There is an increase in the global population, which
has placed pressure on the availability of food. The
development of nanotechnological innovations in
agriculture has therefore recently been able to bridge the gap
that could be created by this mounting pressure. Farmers are
integrating advanced agricultural techniques, such as the use
of fertilizers, insecticides, etc. with nano-based materials to
improve crop effectiveness (Gangwar et al. 2023). Aside
from that, it has also encouraged the practice of sustainable
farming in areas of crop protection, minimal agrochemical
application for environmental biodiversity conservation,
crop improvement to enhance adaptation and consequent
survival, controlled pesticide or herbicide application
delivery of balanced nutrition in crops, increased yield, crop
sensitivity and perturbation measurement and monitoring.
Therefore, nanomaterial technology supports many
agricultural fields with a view to presenting a broader but
crucial and specific technology to sustain precision
agriculture. It will reduce unpredictability and control the
strategies involved in the management of agricultural
production (Shang et al. 2019; Guleria et al. 2023).

Nanotechnology is widely applicable in various fields,
especially agriculture, because the technology involved has
high penetrability and mobility in plant and animal cells.
They are able to inhibit microbial growth by increasing the
permeability of the membrane, preventing the biological
synthesis of ethylene and increasing the activity of
antioxidative enzymes (Ayesha et al. 2020). Also,
nanotechnology has played significant roles in the
improvement of plant growth, yield and development and in
the formulation of fertilizers, insecticides, herbicides and
pesticides. The nanomaterials used in the field of agriculture
include but are not limited to nanoparticles as directly
applicable substances to plants either to improve plant
growth or enhance plant defense system mechanisms
against infection, nanosensors for plant disease diagnosis
and nanodevices used in genetic engineering and
bioremediation processes (Ghidan and Antary 2019; Ayesha
et al. 2020). Pests have been shown to be effectively
controlled by the use of nanopesticides. A good deal of
nanoparticles is put forward as pesticidal carriers and
biological agents due to their inherent antimicrobial and
pesticidal properties (Asif et al. 2022). Multifunctional N-
doped nanomaterials such as ZnO and TiO, NPs have been
tested for their pesticidal properties and found to be
effective against plant insects, pathogenic bacteria and fungi
(Quoc et al. 2020). The concept of nano-fortified pesticides
is not a popularized concept yet and minimal information is
available on large-scale field applications; therefore, much
information is still lacking on their mode of action and
consequential environmental effect (Kumar et al. 2018;
Hamel et al. 2020; Singh et al. 2020). Biobased pesticides,

including nanoebiotechnology, play a crucial role in
managing  insects and pests. These  nontoxic,
environmentally benign nanoepesticides contain MtNPs
with superior antibacterial, antifungal and antipathogenic
properties (Gupta et al. 2023). However, it is expected that
potential nanopesticides should have a unique mechanism of
action, be target-specific, inexpensive, stable and possess
long-lasting activity even under different environmental
applications (Singh et al. 2021).

Traditionally, quite a large number of conventional
pesticides are needed to achieve the desired result, coupled
with the problem of environmental toxicity, but
nanomaterials can deliver at a higher efficiency level with
reduced quantity (Huang et al. 2014, Singh et al. 2019).
This makes nano-fortified pesticides better candidates for
crop protection and preservation. Clay nanotubes, for
example, have earlier been developed as nano-carriers of
efficient pesticides with reduced environmental hazards
(Singh et al. 2019). In this review, the role of
nanotechnology in crop protection and especially in disease
management to reduce the quality and quantity of crop loss
is evaluated.

Nanotechnology and Synthesis

Nanoparticles are ultra-small particles with sizes ranging
from 1 to 100 nanometers and have unique physical,
chemical and biological properties that are different from
their bulk counterparts (Gatea et al. 2022). The synthesis of
nanoparticles is a complex, multi-step process that involves
the creation of nanoparticles from precursor materials,
followed by purification and functionalization (Wang and
Chen 2018). There are several methods of synthesizing
nanoparticles, including physical, chemical and biological
methods.

The effectiveness and dependability of nanoparticles
of different types depend on the mode of synthesis. With
established facts. The chemical mode of synthesis is inferior
to green synthesis. The well-known chemical method is
expensive, complicated, time-consuming and
environmentally toxic, while the green synthesis method is
easy, cheap, saves time and is eco-friendly. Greenly
synthesized nanoparticles are stabilized and usable by
biological entities through the capping process, which
makes them also be produced on a large scale (Maity et al.
2019; Ayesha et al. 2020). Especially plant-based
nanoparticles have received more attention and more
biological applications because of their environmental
sustainability potential (Femi-Adepoju et al. 2018; Chen et
al. 2019; Femi-Adepoju et al. 2019).

Physical methods of nanoparticle synthesis include
physical vapor deposition, laser ablation and mechanical
milling (Zhou and Wang 2015). Physical vapor deposition
involves the condensation of vaporized materials onto a
substrate, while laser ablation involves the rapid heating and
cooling of the precursor material through laser irradiation
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(Gatea et al. 2022). Mechanical milling involves the
grinding and milling of the precursor material to produce
nanoparticles (Wang and Chen 2018). Physical methods are
widely used to produce nanoparticles because they are
simple, cost-effective and can be scaled up for large-scale
production. Physical methods are simple, cost-effective and
can be scaled up for large-scale production.

Chemical methods of nanoparticle synthesis include
solution-based methods such as co-precipitation, sol-gel and
hydrothermal methods (Zhou and Wang 2015). Solution-
based methods involve the formation of nanoparticles in a
liquid solution, where the precursor materials are mixed and
subjected to chemical reactions to produce nanoparticles
(Gatea et al. 2022). Co-precipitation involves the formation
of nanoparticles through the reaction of two or more
precursor materials, while sol-gel involves the formation of
nanoparticles through the hydrolysis and condensation of a
precursor material (Wang and Chen 2018). Hydrothermal
methods involve the synthesis of nanoparticles under high-
pressure and high-temperature conditions (Zhou and Wang
2015). Chemical methods offer precise control over the size,
shape and composition of the nanoparticles and are widely
used for the synthesis of complex nanoparticles. Chemical
methods offer precise control over the size, shape and
composition of the nanoparticles.

Biological methods of nanoparticle synthesis involve
the use of microorganisms, such as bacteria and fungi, to
produce nanoparticles (Zhou and Wang 2015; Oluwasogo et
al. 2023; Garg et al. 2024). These methods involve the
biosynthesis of nanoparticles, where microorganisms and
plant materials are used to convert the precursor materials
into nanoparticles (Gatea et al. 2022). Biological methods
are eco-friendly and offer the potential for large-scale
production of nanoparticles (Wang and Chen 2018). Using
plant extract to synthesize nanoparticles has gained attention
because of characteristics like being reproducible,
biodegradable and exhibiting efficacy against a wider range
of pathogens (Banerjee et al. 2021). The choice of method
depends on the specific requirements of the application and
the desired properties of the nanoparticles. These methods
are concisely presented in Fig. 1 and 2 below.

Nanomaterials for the protection of crops against pests
and insects

Nano-formulations as bio-pesticides and bio-insecticides:
As the world population increases, the demand for food,
both in quality and quantity, increases. This high demand
can only be met by increasing the technical skills required to
improve agricultural production. It has been reported that
annually, almost 25% of the world’s crop is destroyed due
to pests (Abu et al. 2022). Pests can pose a serious threat to
the food supply as they are responsible for two major kinds
of damage to growing crops. Direct injury to plants is
caused by insects eating leaves and burrowing holes in
stems, fruits and/or roots. Effective pest control for farms

and agricultural premises is essential, hence the use of
pesticides. Different pesticides, comprising chemical,
synthetic, biological and botanical agents, have been
adopted to achieve adequate results against pests for
agricultural interests and plant safety. But due to direct
chemical and synthetic pesticide poisoning, many people
have been reported dead globally (Abu et al. 2022) due to
their potential toxicity to humans and other species through
the food chain (Lade et al. 2019). Due to the toxicity of
pesticides, biopesticides as alternatives to manage pests on
crop plants were one of the approaches that involved the use
of biological sources to replace hazardous chemical
pesticides.

Though there is still low awareness of the level of
efficacy of nanopesticides and nanoinsecticides in contrast
to traditional products, several reports have been
documented about the enhanced pesticidal and insecticidal
properties of nanoparticles. For instance, silver
nanoparticles (AgNPs) synthesized using the extract of
Tinospora cordifolia were subjected to insecticidal activity
and found to inhibit the larvae of Culex quinquefasciatus
and Anopheles subpictus (Kah et al. 2013). Some
nanopesticides can also show augmentative effects on
conventional pesticides by increasing their pesticidal
activity, life span and stability (Banerjee et al. 2021). For
example, pesticide avermectin has a short life span, which
translates to short-term delivery and a quick end to the
activity process. However, avermectin was combined with
porous Si NPs and enhanced life span and stability were
achieved (Ghormade et al. 2011). Cobalt-doped ferrihydrite
(5Fe;03.9H,0) nanoparticles at 1.6 g L™ in combination
with a commercial fungicide that contains tebuconazole at
60 g L' and tiabendazole at 80 g L have delivered
enhanced pesticidal efficacy and also reduced their toxicity
on the seeds of Hordeum wvulgar. Aside from that,
polyethylene glycol and isophthalic acid methyl ester
fortified with pyrethroid cyfluthrin copolymer nanoparticles,
when compared with commercial nanoformulations, have
shown better effects against Callosobruchus maculatus for a
period of 30 days (Pestovsky and Martnez-Antonio 2017).
Nanopesticides are usually applied in small doses and
provide more beneficial results. Green synthetic metal
nanoparticles using various plant extracts as capping agents
have shown varying degrees of pesticidal and insecticidal
properties.

Biopesticides are substances or mixtures of biological
substances used to prevent, destroy, kill, control, or mitigate
pests. Pesticide plants, also known as botanical pesticides,
are derived naturally from plants (Krishnamurthy et al.
2020). Biopesticides are also known as biological pesticides,
insecticides derived from microorganisms or natural
substances and can be categorized into three types:
microbial biopesticides, botanical biopesticides and plant-
incorporated biopesticide protectants (Mathew et al. 2014).
Bioinsecticides are naturally occurring substances from
different sources that control insect pests (Qu et al. 2022).
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Fig. 2: Nanotechnological approaches for the management of plant diseases

Nanotechnology is one of the most important tools in
modern agriculture and is expected to revolutionize the field
of pest management in the near future (Bhattacharya et al.
2010; Thabet et al. 2021), as evident in the action of
nanoparticles like NiNPs, which were synthesized from Ni-
hydrazine complexes but showed pesticidal activity that was
twice as high as that of the Ni-hydrazine complexes
(Rajakumar et al. 2013).

Nanobiopesticides are biologically derived chemical
complexes with nanoparticles that are intended to be used as

pesticides. Nanobiopesticides encompass nanoparticles of
either pesticidal active ingredients or other small,
engineered structures with useful pesticidal properties
(Bergeson 2010; Lade et al. 2019). The nano-biopesticides
attracted special attention against the insect pests due to
their small size, large surface area, high stability, cost-
effectiveness, fever toxicity and easy field application
(Hazafa et al. 2022). Au and Ag nanoparticles from the root
of Acorus calamus have been reported as good
nanobiopesticides (Ganesan and Gurumallesh 2015). Steffy
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et al. (2018) reported that Zn, Au and Ag nanoparticles in
the fruits and seeds of Strychnos nux vomica were
nanobiopesticides on white ants. Pyrethrins obtained from
the dried flowers of Dalmatian pyrethrum (Tanacetum
cinerariifolium) constitute a small class of specialized
metabolites with insecticidal activities (Copping and Menn
2000). Ryania alkaloid extracts isolated from the stems of
Ryania spp., particularly Ryania speciosa, have insecticidal
properties (Copping and Duke 2007).

Nanoscale materials as potential crop preservatives for
pre- and post-harvest

Post-harvest loss is one of the problems of agricultural
systems and it is a result of the degradation that occurs to
the quality and quantity of food production after harvest. In
order to practice sustainable agriculture, it is of utmost
significance to reduce post-harvest losses in harvested crops
to the barest minimum. More than 815 million people,
especially in the sub-Saharan region of Africa and south
Asia, are recurrently undernourished, while about 22.8 and
14.7% of the populations from these respective regions are
malnourished. By 2050, with the projected growth of the
world population, it will require at least a 60% increase in
food production to meet the population's demand (Stathers
et al. 2020). Among other ameliorative methods, the
application of nanomaterials for the reduction of post-
harvest loss in crops has been shown to produce substantial
results, as reported in the few accounts available.
Nanomaterials in combination with the active ingredients
used as pesticides can increase the water solubility potential
of such active ingredients, which enhances their
penetrability and distribution in order to prevent their
untimely degradation. This process can strengthen both the
improved uptake and effectiveness of nanopesticides. It also
supports the use of a tiny amount, which is an eco-friendly
practice. The employability of nanomaterials incorporated
into crop matrixes, either directly or indirectly, can improve
the shelf life of such crops (Bhuyan et al. 2019). Vegetable
oils are recently microcapsulized and used in the postharvest
preservation of crops; this process involves the employment
of active and smart nano-assisted food packages, which are
more  advantageous  than  traditional = processes
(Mihindukulasuriya and Lim 2014). Nanotechnology in
crop preservation systems in the form of nanoemulsions,
nanoliposomes, edible coatings and other types of
nanoparticles has varying benefits (Bhuyan et al. 2019).
Nanoliposomes have specific antimicrobial potentials (Zou
et al. 2015) and there have been validated reports on their
ability to fuse with bacterial cells and send negatively
charged liposomes into the cell matrix, which can ultimately
result in endocytosis. Although there are many factors that
influence the fusion of the nanoliposomes into the pathogen
cell wall (Ma et al. 2013; Taherkhani et al. 2014).
Nanoemulsions are composed of dissimilar immiscible
liquids that are maintained by surfactants like sugar esters,

lecithins, polysorbates, etc., which are crucial to enhancing
crop preservation (Gupta et al. 2016). Nanoemulsions of
essential oils, such as glycerol monolaurate, are effective
against various microorganisms. These formulations, such
as Tween 80, Tween 20, dodecane, or pentanol have been
used against Aspergillus niger, Candida albicans and
Penicillium expansum (Ram et al. 2023). Edible coatings
can serve as great carriers of antimicrobial substances,
thereby preventing the spread of pathogens right on the
external surface of crops (Ottoni et al. 2017). Nanoedible
coatings have contributed immensely to the postharvest
preservation of vegetables and fruits because the direct
application of these coatings can control CO, and O;
permeability and reduce loss of moisture and solute
oxidation rate without altering both the quality and quantity
of the crops (Han 2014; Adiletta et al. 2021). All
nanocomposites have at one time or another proven their
antimicrobial efficacy (Bhuyan et al. 2019), but AgNPs
have displayed a wide range of beneficial effects for
postharvest crop preservation. The toxic effect of AgNPs
against different types of microorganisms has been traced to
their low volatility and stability at high temperatures
(Becaro et al. 2015). They are particularly reported as an
excellent choice of agent in postharvest preservation
mechanisms in view of the fact that they can attach strongly
to the microbes and disrupt the cell membrane and DNA,
thereby causing cell death (Murphy et al. 2015). Another
form of nanoparticles with a similar mode of action that can
serve as good post-harvest preservative agents in agriculture
are TiO;NPs (Yemmireddy and Hung 2015). whereas
further studies are required to establish how NPs interact
with crops to improve shelf life and slow down the rate of
natural ripening.

Nanomaterials for plant disease management

Plants generally have hyper-accumulation potential and can
fixate trace metals, which makes them respond positively to
the effects of metallic nanoparticles. Varieties of metallic
nanoparticles have been studied and found to deliver
improved crop protection potentials (Gupta et al. 2023).
Different forms of nanoparticles have been tested on
different plant disease-causing agents both in vitro and in
vivo and have been found to be effective with little or no
ecological carry-over (Ghormade et al. 2011). The
characteristic effects of nanoscale agricultural materials are
quite different from those of similar bulk materials. The
solubility and targeted effects of agrochemicals are
enhanced when nanomaterials, which are smaller with larger
surface areas, are used to convey them at a slower rate to
escalate their biological availability (Kah et al. 2013; Jenne
et al. 2018; Gupta et al. 2023). In plant protection strategies,
different nanoscale formulations have been employed, such
as nanofungicides, pesticides, insecticides and herbicides in
the form of nanoemulsions, nanoencapsulation,
nanoparticles, polymers and inorganic compounds (Kumar
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et al. 2019). For nanofungicide formulation, the form that is
most effective is the nano emulsion because it is smaller in
size, lower in viscosity and highly stable (Chuan et al. 2013;
Das et al. 2021). Research has shown that out of the
different forms of nanomaterials available, nanoparticles are
mostly utilized in the agricultural system, especially for
protection against plant infections.

The activities of nanoparticles in the management of
crop diseases can be as a result of direct application, as
carriers of another or other disease protection agents, or as
nanodevices for disease detection and diagnosis (Worrall et
al. 2018). Nanoparticles in their nanoforms have superior
interactions with plant pathogens due to their small sizes
compared with their macroform structure, which is large
(Das et al. 2021). Nanoparticles also exhibit their
antibacterial property against different antibiotic-resistant
bacteria by engaging the bacterial cell wall, thereby taking
control of microbial activity (Wang et al. 2017a, b, ¢). There
was also a novel investigation into the application of
nanoparticles as control agents for plant pests and
pathogens. In this research, the control of the activity and
spread of Sitophilus oryzae and the baculovirus BmNPV
(Bombyx mori nuclear polyhedrosis virus), which attacks
silkworms, has been investigated and reported. The bioassay
involved the formulation of solid and liquid nanoparticles,
which were applied directly to rice and stored together with
20 adult S. oryzae. The experiment resulted in a significant
decrease in the viral load in the suspension of hydrophobic
alumino-silicate nanoparticles.

Other types of nanoparticles have been successfully
applied as crop protection agents to manage various crop
diseases. For instance, AgNPs have been reported to
suppress the spread of soil fungal pathogens like
Phytophthora parasitica, Meloidogyne spp. and Fusarium
spp. etc. so as to avoid resultant crop penetration (Banerjee
et al. 2021). Other applications of AgNPs for crop
protection include increased disease resistance potential in
Arabidopsis thaliana against Pseudomonas syringae,
increased (70%) disease suppression potential of banana
fruits against Colletotrichum musae, enhanced antifungal
potential in combination with fluconazole against
Cladosporium  berbarum, Alternaria alternata and
Fusarium oxysporum, and disease control effect in tomatoes
against Xanthomonas perforans (Ocsoy et al. 2013; Jagana
et al. 2017; Fajar et al. 2020; Banerjee et al. 2021).
Nanoparticles of Zinc (ZnNPs), on the other hand, have
shown substantive crop protection effects over a range of
pre- or post-harvest crop diseases, including mucor rot,
black rot, fusarium wilt, blossom blight, root rot, damping
off, wire stem and Rhizopus soft rot. They are reported to
exhibit strong antimicrobial activity against the following
pathogens: Mucor plumbeus, Alternaria alternata,
Fusarium oxysporum, Sclerotinia sclerotiorum, Rhizoctonia
solani and Rhizopus stolonifera (Graham et al. 2016;
Sardella et al. 2017; Banerjee et al. 2021).

Nanoparticles of copper (CuNPs) have manifested

fungistatic, bacteriostatic and anti-nematodal potentials
against some pathogens like Phytophthora infestans,
Streptomyces griseus and Xiphinema index, thereby
delivering favorable protective effects, particularly to
tomato, tea and grapes, respectively (EImer and White 2018;
Sarkar et al. 2020; Banerjee et al. 2021). Among the non-
metallic nanoparticles studied, sulfur nanoparticles (SNPs)
and titanium nanoparticles (TiNPs) are the most studied.
SNPs have been used as a crop pathogen disease control
agent against Fusarium solani, F. oxysporum, Aspergillus
niger and Venturia inaequalis, while TiNPs have proven to
be a potential antifungal agent (Rao and Paria 2013; Boxi et
al. 2016). Other metallic nanoparticles like MNnONPs and
SiNPs have exhibited antifungal effects against the pathogen
responsible for wilt diseases in egg plants, watermelon and
powdery mildew, respectively (Elmer and White 2018;
Banerjee et al. 2021). Graphene oxide, a type of carbon
nanoparticle, has been reported to express about 95%
antibacterial resistance against Xanthomonas oryzae (Chen
et al. 2013). Copper nanoparticles (CuNPs) were able to
assist in the control of bacterial blight on rice and leaf spot
disease in mung beans. There is currently no documented
report about the antimicrobial efficacy of silica itself, but
silica nanoparticles (SiNPs) have also reportedly been of
help to plants by activating enhanced physiological
mechanisms and consequent resistance to various diseases.
Iron NPs are good agents against fungal cell growth and
development by reducing the permeability potential of the
cell, which can eventually result in cell death. Zinc NPs,
when in solution, release the radical’s hydroxyl and
superoxide to prevent fungal conidiogenesis (Das et al.
2021).

Application of Nanoparticles for Crop Protection
Mechanism

With the increase in climate change, agricultural systems all
over the world are burdened with many problems; the
urgency to attain food security, improved production of
crops and sustainability necessitates the use and application
of nanotechnology to achieve this (Shang et al. 2019). It is a
recent means employed for research in agriculture that
basically centers on the diagnosis of plants, increasing
productivity and improving new disease-resistant varieties
of plants (Banerjee et al. 2021).

Crop preservation methods using nanotechnology
through the use of nanoparticles have the potential to: affect
disease tolerance; increase crop yield; aid in the fast
diagnosis of plant diseases and be cost-effective (Banerjee et
al. 2021). Nanoparticles Green synthesis, employing the use
of plants and other diverse microorganisms, has over time
drawn special interest amongst scientists as it is less
expensive, yields good results and is eco-friendly and
minimalist (Banerjee et al. 2021). It is a reassuring tool for
the development of nanopesticides, nanoinsecticides and
nanofertilizers that reduce harmful environmental pollutants
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in recyclables and agricultural fields (Ghidan et al. 2017
Shang et al. 2019; Banerjee et al. 2021). Studies by Hoang et
al. (2022) stated that the use of metal nanoparticles prior to
sowing treatment resulted in wheat and barley having a
positive modification in their morphometric parameters; a
statistically significant reduction was noticed in the
development of the phytopathogenic fungus Alternaria sp.
employing nanoparticles of chitosan-Ag (at 15 and 30 mg kg
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mg kg™). A study by Elmer and White (2018) showed that
Fusarium spp., Phytophthora parasitica and Meloidogyne
spp. were suppressed using silver nanoparticles.
Nanosensors, an application of nanoparticles in
agriculture, aid in the quantification and monitoring of the
production of crops, the management of disease-affecting
crops, insect attacks and environmental pollutants (El-
Shanshoury et al. 2020; Banerjee et al. 2021). Keshvadi et
al. (2019) stated that silver nanoparticle (AgNP)
nanoparticle, which is significantly well-researched, is
mostly incorporated in the agricultural field for the control
of plant pathogens with a significant impact on
antimicrobial activities. According to Banerjee et al. (2021),
the use of nanoparticles has a direct impact on the
physiology of crops through the application of
nanofertilizer, which enhances the ability of plants to absorb
nutrients and regulates their development, germination of
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seeds and acclimatization. The use of nano-pesticides
increases crop fertility by boosting the mobility potential of
the pesticides and in plant pathology, nanoparticles such as
metals and metal oxides, non-metal carbon nanoparticles
and chitosan nanoparticles have been employed to control
diverse plant pathogens (Banerjee et al. 2021). Nano SiO,
TiO2 and Zeolite use positively stimulated the germination
of seeds in crop plants (Manjaiah et al. 2019).

Nanoparticle use in foliar sprays can be employed to
help prevent pathogens and also aid plant development (Das
et al. 2021). Using silver, copper and silicon nanoparticles,
an increase in crop growth was observed (Ahmad et al. 2020;
Khan et al. 2021; Hoang et al. 2022). Nanoparticles as
potential crop protection agents against various pathogens
could be applied directly or in combination with other
potential antimicrobial substances. The mechanism of action
is particularly active against pathogens by causing the
plasmolysis of the fungal hyphae, leading to irreparable
damage to the cell walls and the prevention of proper
operation of the plasma membrane. They can also damage
the DNA, disrupt the electron transport chain or protein
oxidation, obstruct nutrient uptake and cause subsequent
death (Fig. 3) as reported by (Das et al. 2021). Nanoparticles
have been tested and applied at different environmental
conditions and concentrations with varying degrees of
effectiveness for protection against crop pests (Table 1).
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Table 1: The nanoparticles tested for crop protection potential against pests and their applications

Nanoparticle Susceptible Organism Tested Concentration and Mode of Application Effect References
SiNPs Sitophilus oryzae (Weevil)  Dry direct application to grains @ 0.5and 1 g  Increased weevil mortality Debnath et al. (2011)
kgt of NP/grain
SNPs Aspergillus niger In vitro wet application @125-2000 ppm Dose-dependent fungal inhibitory effect ~ Choudhury et al. (2012)
SNPs Rhizopus oryzae Fruit inoculation Dose-dependent microbicidal effect Fu et al. (2014)
Penicillium italicum
AuNPs Aspergillus flavus In vitro application and Minimum Inhibitory ~ Antimicrobial effects Chidambaram et al. (2013);
Fusarium oxysporum Concentration @ 0.34 mg mL* Smitha and Gopchandran
Escherichia coli (2013)
Staphylococcus aureus Lokina et al. (2014)
Salmonella typhi
AgNPs Hippobosca maculate Wet application of particles @5-25 mg L and  Insecticidal effects on adult insect Pestovsky and Martinez-
(hematophagous flies) 2-10mg L* Antonio (2017)
Rhipicephalus microplus
(cattle ticks)
Alternaria alternata Wet application @ 1.25-20 mg L* Death of larvae Pestovsky and Martinez-
Botrytis cinerea Antonio (2017)
Curvularia lunata
Colletotrichum coccodes 5-15 mg plate Microbial inhibitory effect Fernandez et al. (2016)
Monilinia sp.
Pyricularia sp.
Fusarium oxysporum
Phytophtora infestans In vitro application @ 2 mM and 4 mM Antifungal effect Velmurugan et al. (2017)
Phytophtora capsica
Aspergillus flavus In vitro application @ 2 mmol L* Hyphal growth inhibitory effect Yao et al. (2020)
Penicillium vulpinum
Pseudomonas aeruginosa  10-30 g plate™ Growth inhibitory effect Velmurugan et al. (2015)
In vitro application @ 70-800 or 60-800 pg Antifungal activity Ismaiel and Tharwat (2014)
mL?t Antibacterial effect Femi-Adepoju et al. (2019)
In vitro application @ 5 mM
Ag20/Ag Aspergillus niger In vitro application @ 50 mg L* Growth suppression effect Thenmozhi et al. (2013)
Aspergillus flavus
Aspergillus fumigatus
AgsOs Aspergillus niger In vitro application @ 10-50 pg plate Toxicity effect Suresh et al. (2016)
Pseudomonas aeruginosa
NiNPs Rhipicephalus microplus In vitro application @ 15-10 mg L* Anti-larval effect Latvala et al. (2016)
(Cattle tick larvae)
Hyalomma annatolicum
PtNPs Colletotrichum acutatum 2,4and 8 g plate* Antifungal activity Velmurugan et al. (2016)
Cladosporium fulvum
CuNPs Alternaria alternata Plate dilution method @ 20-100 mg L™* Dose-dependent and species dependent  Pestovsky and Martinez-
Aspergillus flavus antifungal activity Antonio (2017)
Fusarium solani
Alternaria alternata In vitro paper disc diffusion @ 20 pg/disc Fungicidal activity Pestovsky and Martinez-
Curvularia lunata Antonio (2017)
Fusarium oxysporum
Phoma destructiva
CuONPs Pythium spp. Field spraying @ 50-500 mg L™* Growth inhibitory effect Zabrieski et al. (2015)
ZnONPs Aspergillus flavus In vitro application @ 50 ug mL™* Antifungal Rajiv et al. (2013)
Aspergillus niger
Aspergillus fumigatus
Fusarium culmorum
Fusarium oxysporum
Aspergillus flavus In vitro application @ 2-3 pug mL* Microbial inhibitory effect Pestovsky and Martinez-
Aspergillus niger Antonio (2017)
P. aeruginosa
Pythium spp. Wet spraying on crops @ 100 mg L* Antifungal effect Zabrieski et al. (2015)
Botrytis cinerea
Penicillium expansum In vitro application @ 3-12 mM Antibacterial effect Pestovsky and Martinez-
Antonio (2017)
ZnO@SiO2NPs Aspergillus niger In vivo application @ 500-4000 ppm Target specific antifungal effect Mitra et al. (2015)
Fusarium oxysporum
Fe304/ZnO/AgBr Nano  Fusarium graminearum Plate dillution @ 3.33-26.66 ppm Fungal sporulation inhibitory effect Hoseinzadeh et al. (2016)

composite (1:2-1:10)
TiO2NPs

Reduced Graphene Oxide
Nano sheets

Chitosan

Cu-chitosan NPs

Fusarium oxysporum
Rhipicephalus microplus
Haemaphysalis bispinosa
Fusarium oxysporum
Aspergillus niger
Fusarium graminearum
Aspergillus parasiticus

Alternaria solani
Fusarium oxysporum

Wet spraying @ 4-20 mg L™
In vitro application @ 1-500 ug mL™*

In vitro application @ 100-5000 ppm
In vitro application @ 5.10°%/agar plate

Increased insect mortality effect

Dose -dependent and species dependent
antifungal effect
Antifungal effect
Antifungal effect

In vitro and in vivo application @ 0.08-0.12% Dose dependent antifungal activity

of NPs

Marimuthu et al. (2013)

Pestovsky and Martinez-
Antonio (2017)

Kheiri et al. 2016
Cota-Arriola et al. (2013)

Saharan et al. (2015)
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Conclusion

The application of nanoparticles is easy, durable, non-toxic
to plants and they have a larger surface area, which makes
them distinguished materials to be used as preservative
components. It is expected that in the years to come, the
development of nanostructured boosters will increase the
efficiency of biological pesticides and insecticides with
reduced doses. The green method of nanoparticle fabrication
is being widely studied and applied to investigate the extent
of its potential in crop protection and preservation. This
technology has shown great promise in food processing,
food packaging, crop yield, crop improvement and post-
harvest preservation. Nanotechnology can be responsible for
the provision of better-quality food by encouraging
precision farming, especially with the focus on protecting
crops from a wide range of pathogens. The capabilities of
metallic nanoparticles to get rid of targeted microbes from
crops have dramatically reduced the use of agrochemicals.
The application can be either direct or indirect, as an
integrated substance in a fungicide or pesticide formulation.
The mode of action of nanoparticles is precise and diverse,
but they exert concerted effects on their targets. They relate
directly to target cells and organelles and can have an
adverse effect on target pest and insect cells but remain non-
toxic to non-target entities. The use of nanoparticle-based
pesticides offers long-lasting protection to crops and
enhances the solubility of active components that are either
insoluble or partially soluble.
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