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Nanoparticle  Pest management is essential to agriculture and public health, and sustainable

Nanopesticide solutions must be deployed to control the risks associated with pests.

Pest control Traditional methodologies are limited because of pesticide resistance and other

Agriculture hazardous environmental ramifications. Currently, nanoparticles are one

Public Health  promising aspect with potential applications in pest control. This review
discusses nanoparticle use in pest management in agriculture and the public
arena. Metallic nanoparticles utilize cell disruption, while polymeric
nanoparticles interfere with reproduction and development, and lipid
nanoparticles deliver pesticides that are on target. Nanoparticle synthesis
involves various physical, chemical, and biological methods, including several
delivery mechanisms such as sprays, coatings, encapsulation, oral feeding,
nanocarriers, and hydrogels. Consequently, providers enable the effective
deployment of nanoparticles, which effectively impacts pest control.
Moreover, besides increasing crop yield and quality in agriculture,
nanoparticles are promising in controlling disease vectors, which also take part
in public health advantages. However, toxicity, environmental impact, and
regulation considerations should be analyzed to ensure safe nanoparticle use
and sustainability. Future research directions encompass precision agriculture,
disease management, environmental impact assessment, regulatory
compliance, and the development of safe and effective nanoparticle-based pest
management products. Therefore, all stakeholders must work together to
overcome these obstacles and fully utilize nanoparticle-based pest control to
benefit public health and agriculture.

1. Introduction

Pest management contributes as a vital component in both agriculture and public
health. Agriculture ensures that crop production is not compromised and economic loss is
minimized from pest attacks. Integrated Pest Management (IPM) is a sustainable approach
that includes several control methods, including but not limited to biological, cultural,
physical, and chemical control measures. It helps maintain the insect population and sub-
economic levels. This method manages the financial risks and eliminates the excessive
impact arising from the use of pesticides on humans and the environment, according to the
study by Dey et al. (2021). Furthermore, ecological pest management methods must be
applied in urban agriculture for environmental and public health (Arnold et al., 2019). One
significant sub-discipline of pest management has been identified as habitat management's
suppression of pest populations (Gurr et al., 2017). Because pests act as disease reservoirs,
pest control is crucial for enhancing food security and in the context of public health. For
example, improving public health and food security requires controlling rodent populations,
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which are significant agricultural pests and disease reservoirs (Donga et al., 2022).
Furthermore, agriculture directly benefits from natural pest management's role as an
ecosystem service, which also helps with pollination and pest control (Parry & Schellhorn,
2013). Contest management methods invariably have unanticipated consequences on the
environment, public health, and surrounding farm production (Waterfield & Zilberman,
2012). One of the drawbacks of the use of contemporary methods of pest control in
agriculture is the emergence of resistance to these methods in insects brought about by the
unchecked use of chemical pesticides. In addition, chemical pesticide use harms animals,
humans, and the environment (A S & Thangapandiyan, 2019).

Additionally, conventional approaches to integrated pest management (IPM) must be
improved, (Riyaz et al., 2022). Furthermore, traditional methods for identifying pests, such as
the manual monitoring of agricultural specialists, are labour-intensive, subjective, and might
need to be more scalable, (Dong et al., 2022). These difficulties have prompted researchers to
investigate cutting-edge methods of controlling pests, like the application of nanotechnology.
Nanoparticles are defined as those particles that have at least one of their dimension less than
100nm. Nanoparticles have found wide-ranging applications, including but not limited to
health, material sciences and agriculture. Due to their unique structural properties, such as
high surface area to volume ratio, inimitable chemical and physical characteristics, and
potential to act as delivery agents, Nanoparticles have wide-ranging applications (Strambeanu
et al., 2014). Several preliminary studies suggest that nanoparticles offer a beneficial
alternative to conventional methods of pest control (Kumar et al., 2021; Wang et al., 2019).

The novelty of nanoparticles as a pest management tool shall address some of the
drawbacks associated with the conventional approaches. Though Integrated Pest Management
(IPM) has been a primary focus of sustainable pest management techniques over the past few
decades, it still uses synthetic insecticides to some extent. Riyaz et al. (2022) revealed that
incorporating nanoparticles in the IPM regimens can reduce and overcome the use of these
harmful chemicals. Pesticide resistance against several chemical pesticides has been of
growing concern. As such, this adds further impetus to exploring the use of nanoparticles in
pest management to address this detrimental limitation of synthetic pesticides in everyday use
(Wang et al., 2019). Nanoparticles also have unique properties, such as the power to penetrate
the insect cuticle, allowing them to bypass the defence mechanism of several insect pests (A
S & Thangapandiyan, 2019); (Xu et al., 2020). Nanoparticles being versatile in their
composition with formulation ranging through a wide array of bioactive components and
metals have been implicated in insecticidal activity against a variety of pests, as reported by
Wang et al. (2019). Nanotechnology, as an emergent field of the 21% century, is being used in
a variety of ways to target pests, notably through the construction of nanostructured materials
which show insecticidal action, such as alumina and zinc oxide nanoparticles (Pittarate et al.,
2021; Stadler et al., 2010). In their study, Yan et al. (2020) exhibited that the nanoparticles
have mitigated the shortcomings of traditional methods of dsRNA delivery and thereby have
shown improved outcomes in pest management mediated by RNA interference (RNAI). The
use of entomopathogenic fungi-based nanoparticles to target insect pests is another facet
where nanotechnology has been employed to develop exceptional techniques of pest control
(Wang et al., 2021; Wu et al., 2021). Similarly, nano-formulations of insect pathogens have
shown promising outcomes in a study conducted by Xu et al. (2020) examining the effect of
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these nano-formulations against insect pests. It is pertinent to mention that using
nanoparticles as an alternative pest management strategy has challenges and limitations. Due
to the developing technique, possible environmental implications and unexpected
consequences arising from nanoparticle pest management strategy need further study and
critical analysis (Zayed, 2020). The other dimension of challenges, as elucidated by Zhao et
al. (2022), is the scalability and practical implication of these approaches.
2. Nanoparticles Used in Agricultural Pest Control

The evolution of nanoparticles is regarded as the most recent discovery in crop
protection. Several nanoparticles, like metal nanoparticles, metal oxide nanoparticles and
polymer-based nanoparticles, have been developed for pest management (Ragaei and Sabry
2014). Based on composition, nanoparticles employed in pest control may be divided into
two broader groups: Organic and Inorganic (figure 1). Concerning pest control, every kind of
nanoparticle has certain qualities and benefits.
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Figure 1: Types of nanoparticles.

2.1 Metallic: Metallic nanoparticles, including silver and gold, have demonstrated
significant insecticidal activity against various pests. Due to their large surface area to
volume ratio, these nanoparticles interact more effectively with insect cuticles, enhancing
their efficacy as pest control agents. They exhibit broad-spectrum impact against numerous
insect species and hold the potential to replace conventional chemical pesticides.
Furthermore, metallic nanoparticles show promise in overcoming insect pesticide resistance,
making them valuable tools in integrated pest management systems (Gong et al., 2013;
Sahayaraj et al., 2016).

2.2  Zeolite: These are aluminosilicates with crystalline structures and unique nanoporous
channels, making them suitable for various agricultural applications. Zeolite nanoparticles
have been utilized as carriers for pesticides and other antimicrobial compounds. They
facilitate the slow and controlled release of the adsorbed active agents within their porous
structure, thereby enhancing the sustainability and efficacy of pesticide use in agriculture
(Smedt et al., 2015).

2.3 Polymeric: Polymeric nanoparticles, as the name suggests, are synthesized by the
polymerization process and include the likes of chitosan and biochar. Polymeric nanoparticles
have reduced environmental impacts owing to their biodegradable nature and, therefore, have
the potential to be integrated into sustainable agriculture practices. These have been explored
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for their insecticidal and pest control properties and offer certain advantages such as
prolonged efficacy and controlled release of active compounds. Polymeric nanoparticles have
also been utilized as a platform or carrier for encapsulating and delivering pesticides and
other bioactive agents. Pesticides delivered through polymeric nanoparticles have increased
stability in the environment and therefore enhanced bioavailability (Wang et al., 2021; Wu et
al., 2021; Oliveira et al., 2018).

2.4  Lipid-Based: These include nanoparticles such as nanoencapsulated essential oils.
Lipid-based nanoparticles have shown pesticidal properties in various agricultural settings.
These nanoparticles act through fumigant activity and odour action and are utilized off-field
in storage facilities. Therefore, they are a safe and eco-friendly alternative to synthetic
chemical pesticides and can be used in sustainable agricultural pest management (Christofoli
et al., 2015; Sabbour, 2020).

3. Synthesis of Nanoparticles

Synthesis of nanoparticles involves various methods, which can be clubbed into three
principle classes: i) physical, i) chemical and iii) biological methods. The first class of these,
i.e., the physical methods, are based on processes such as nucleation and growth. These
include techniques such as lithography, laser ablation, and vapour condensation (Henglein,
1993). The second class, i.e., chemical method of nanoparticle synthesis, involves chemical
reactions in solution or at interfaces. Chemical methods include techniques such as reduction
and precipitation (Murray et al., 2000). Both offer precise control over nanoparticle form,
size, and composition, essential for their specific applications (Alivisatos, 1996).

On the other hand, biological synthesis, often called "green synthesis," uses biotic
components to synthesize nanoparticles. Various plants, algae, bacteria, fungi, and other
biologicals are used in the green synthesis. As the name suggests, green synthesis is an
environmentally friendly and sustainable method that uses capping and reducing agents found
in biological systems to speed up the production of nanoparticles (lravani, 2011). This
method has added benefits, including the possibility of large-scale manufacturing,
sustainability, gentle reaction conditions, and biocompatibility for medical use (Singh et al.,
2015).

Another classification of nanoparticle synthesis techniques is based on the approach
used to attain the requisite size. Based on this, classification techniques can be either top-
down or bottom-up approaches. In the top-down approach, by processes such as etching,
grinding, and milling, more extensive bulk materials are reduced to nanoparticle size (Sun et
al., 2002). This method is associated with high energy consumption and limited scalability,
though it offers precise control over the shape and size of nanoparticles (Chen et al., 1999).
Alternatively, the bottom-up approach involves building nanoparticles from atomic or
molecular precursors using chemical vapour deposition, self-assembly, and molecular beam
epitaxy. Bottom-up synthesis offers advantages such as atomically precise control,
scalability, and the ability to engineer complex nanostructures with tailored functionalities
(Alivisatos, 1996).

4. Nanopesticides Bioassay
Before applying nanopesticides in various crop pest management they can be tested
against a particular pest to evaluate their efficacy (figure 2). Nanpesticides are synthesized by
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combining different nanomaterials such ZnO, Ag-0, Al.O and active insecticidal compounds
(Kamaraj et al., 2012). The toxicity of nanoparticles can be evaluated through the minimum
inhibitory concentration that employs the agar well diffusion method. Nanopesticides are
usually coated over the outer surface of filter paper and are directly applied to the target pest
for oral feeding (Lade & Patil, 2017).

The pupicidal activity of nanopesticides is important for preventing the attack by
pupae of different pests. The pupicidal activity can be measured by applying nanopesticides
to the pupae of target pests. The mortality rate is measured after one day which also depends
upon the concentration of nanopesticides. Sivapriyajothi et al. (2014) observed that
nanoparticles synthesized from the extract of Leucas aspera show pupicidal activity against
larvae of mosquito vectors.

Similarly, the larvicidal activity of the nanopesticides can be measured through the
leaf disc method. The nanopesticides are introduced into the leaf, and the concentration of
larvae can be determined after 96 hours. Some plants, like the leaf extract of Ambrosia
arborescens, show larvicidal activity against some pests (Morejon et al., 2018).

Further, the anti-feeding activity of nanopesticides can be measured through their
application to leaf discs of pest food. The one-third instar larva is introduced to the leaf, and
the damage caused by leaf-eating can be measured after 24 hours. In Helicoverpa armigera,
anti-feeding activity was observed by applying silver nanopesticides. (Siva & Kumar, 2015).

Pupicidal Activity

Nanopesticide

e

Crested Ih BioRender.com bio

Feeding Activity

Figure 2. Nanopesticide efficacy
5. Insecticidal Mechanism of Nanoparticles
Benelli et al. (2017) highlight that recent studies have significantly advanced our
understanding of how to formulate nanoparticles with active toxic compounds and how these
nanoparticles interact with insect pests. These interactions involve diverse mechanisms at
cellular and subcellular levels, including disruption of cellular processes, interference with
reproductive mechanisms, targeted delivery of pesticides, etc. (figure 3).
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Figure 3: Insecticidal Mechanism of Nanoparticle

5.1 Disruption of Cellular Processes: It has been exhibited that nanoparticles disrupt
essential cellular processes that can interfere with vital metabolic pathways, cellular
signalling, or structural integrity, which leads to adverse physiological and biochemical
imbalances, ultimately contributing to mortality or reduced fitness in the target pests.
(Benelli, 2018).

5.2 Targeted Delivery of Pesticides: Nanoparticles can be used to deliver pesticides and
other active compounds to target species with a very narrow spectrum, which has been
elucidated by Yan et al. (2020) in their study where they have shown that nanoparticles can
be effectively used to deliver pesticides and dsRNA while simultaneously allowing precise
and regulated release of these ingredients that improve stability and bioavailability for
efficient pest control. Therefore, it also has the added benefit of preventing ecosystem
disruptions and environmental damage.

5.3 Insecticidal Effects: Gutiérrez-Ramirez et al. (2021) report that a few nanoparticles,
like that of zinc oxide and titanium dioxide, have been implicated in having insecticidal
effects on pest populations. This method has, moreover, not been reported to be prone to the
development of resistance in insect pests. Therefore, the desiccation-attributed mode of
action of the nanoparticles reinforces their usage.

6. Delivery Methods Employed:

When broadly classified, the use of nanoparticles in pest management can be divided into two
categories. In one category, the nanoparticles themselves are used as pest control agents. In
contrast, in the other, the nanoparticles act as delivery systems that carry a load of pesticides
or other toxic compounds that can be targeted to specific plant parts (Worrall et al., 2018). In
either of these cases, nanoparticles are delivered to the target site using various delivery
methods, including sprays, coatings, encapsulation, oral feeding, smart nanocarriers, and
hydrogels (figure 4).
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Figure 4: Delivery methods of nanoparticles.

6.1  Spray-based: Spray-based delivery systems involve the direct application of
suspensions or solutions of nanoparticles to target sites. This method ensures uniformity in
application and distribution while facilitating efficient contact with the pests and their
environments (Cagliari et al., 2019).

6.2  Coating-based: In this method of nanoparticle application in agricultural settings,
seeds, fruits, or other structures and surfaces are coated with nanoparticles. Coatings provide
long-term protection against pests by slow and controlled release of active compounds over
time (Yan et al., 2020).

6.3  Encapsulation-based: Sensitive bioactive substances are protected and delivered in
nano-encapsulating platforms. This method ensures that the bioactive compounds retain their
activity over a long period and helps in precise targeting and controlled release of such
substances, improving the efficacy of pest control. Encapsulation also minimizes off-target
effects and ecological impacts by delivering the pesticides directly to the pests (Raliya et al.,
2017).

6.4  Oral feeding-based: This method involves nanoparticles with the systemic mode of
action, designed so that the pests take them up through the oral route and have been
employed to deliver dsSRNA and bioactive substances. This method enables precise delivery,
facilitating efficient gene silencing and RNA interference (RNAI) (Yan et al., 2020).

6.5  Smart nanocarrier-based: This method is similar to nanomedicine in humans, where
nanoparticles are tailored to fulfil desired requirements precisely, controlled and efficiently.
Smart nanocarriers enhance active compounds' stability and delivery efficiency, offering
innovative and environmentally friendly pest control solutions (Li et al., 2023).

6.6  Hydrogel-based: In this delivery system, hydrogel matrices are used. Hydrogel
matrices loaded with bioactive compounds ensure the prolonged and controlled release of the
cargo, providing an effective and long-lasting approach to pest management and are
particularly useful in precision agriculture and controlled release applications (Yang et al.,
2022).
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7. Applications in Agricultural Pest Control

Recently, there has been increased interest in exploring nanotech alternatives to
conventional crop protection methods. So far, research has predominantly focused on the
effect of nanoparticles on crop quality, production, and insect resistance while also
considering the safety, efficacy and environmental sustainability associated with their use.
Promising results were obtained, where the researcher demonstrated the insecticidal activity
of some nanoparticles, particularly that of titanium dioxide and zinc oxide nanoparticles
(Gutiérrez-Ramirez et al., 2021). Nanoparticles have also been used to treat plant diseases,
acting either directly or indirectly, where the former involves the direct application of
nanoparticles to reduce and eliminate disease-causing agents. The latter uses nanoparticles as
carriers for pesticides and bioactive compounds in everyday use to enhance their efficacy and
narrow their spectrum (Worrall et al., 2018). Consequently, applying nanoparticles can have
secondary benefits besides controlling pests and diseases. Notable among these secondary
benefits is the increased agricultural productivity, as demonstrated in a study conducted by
Yasir Wasaya et al. (2020) on foliar application of nanoparticles on mungbean, which
enhanced crop growth and yield characteristics.

Numerous nanoparticles have been tested for their activity and efficiency against
various insect pests that substantially threaten agricultural output and food security. Rai and
Ingle (2012) investigated the efficiency of silver nanoparticles against Tuta absoluta (tomato
leafminer) infestations in tomato crops. Copper nanoparticles show promise for targeting
Diabrotica virgifera (Western corn rootworm) in maize fields (Wu et al., 2019). Ndakidemi et
al. (2016) investigated using titanium dioxide nanoparticles to suppress Plutella xylostella
(diamondback moth) in cruciferous crops. Iron oxide nanoparticles were analyzed for their
effectiveness against Rhopalosiphum padi (bird cherry-oat aphid) in wheat fields
(Chattopadhyay et al., 2017). Chitosan nanoparticles were considered for regulating
Helicoverpa armigera (cotton bollworm) in cotton crops (Ramanujam, et al., 2014).

In addition, Noda et al. (2008) investigated using gold nanoparticles to target
Frankliniella occidentalis (Western flower thrips) in greenhouse crops. Zinc oxide
nanoparticles were tested for their efficiency against Sitophilus oryzae (rice weevil)
infestations in stored grains (Rodrigues & Figueira, 2016). Hazafa et al. (2022) studied the
use of silica nanoparticles to target Myzus persicae (green peach aphid) in potato crops.
Cerium oxide nanoparticles have been investigated for managing Leptinotarsa decemlineata
(Colorado potato beetle) in potato crops (A S & Thangapandiyan, 2019).

Deka et al. (2021) also investigated polymeric nanoparticles loaded with neem oil for
controlling Spodoptera exigua (beetroot armyworm) in vegetable gardens. Silver-copper
hybrid nanoparticles have been studied to attack Aphis gossypii (cotton aphid) in cotton farms
(Shahid et al., 2021). Magnetic nanoparticles to control Tribolium castaneum (red flour
beetle) in stored grain facilities were analyzed by Kumar, et al. (2021). Lipid nanoparticles
containing garlic extract have been studied to regulate Rhyzopertha dominica (the lesser grain
borer) in grain storage systems (Santos, et al., 2021). This research highlights the promise of
nanoparticle-based techniques as targeted and efficient pest management tactics in
agriculture, opening the door for more sustainable crop protection practices.
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8. Challenges and Limitations

Although applying nanotechnology in pest management is beneficial in some aspects, it also
has certain constraints. These limitations include, notably, toxicity and environmental
concerns, as well as regulatory issues. Research carried out through several studies has tried to
overcome these limits; nonetheless, several lacunae in our current knowledge still require
additional investigation to understand fully.

8.1 Environmental Impacts: Nanoparticles, owing to their inherent properties, such as
permanence and mobility, have the potential to accumulate in the environment. It has sparked
a worry about the environmental implications of nanoparticles, suggesting that though
nanoparticles have advantages, environmental concerns should not overshadow any possible
benefits. Fadiji et al. (2022) emphasize the need to ensure proper investigation of the
ecological impact of nanoparticles so that long-term and safe use of nanoparticles in crop
protection can be assured. Similarly, Zayed (2020) emphasize the need to monitor and
understand the post-application behaviour of nanoparticles in the environment to avoid any
negative repercussions arising from their widespread use. Further, Laizer et al. (2019) suggest
rigorous investigation and risk evaluation to prevent unforeseen ecological disruptions due to
off-target impacts.

8.2  Toxicity Concerns: Without rigorous in-vitro lab testing, it would not be suitable to say
that nanoparticles are non-toxic to the vast array of biodiversity in the environment. Yan et al.
(2020) point out in their study that this issue must be addressed to mitigate adverse impacts on
biodiversity and the ecosystem. Therefore, to ensure the safe and long-term use of
nanoparticle-based pest management strategies, the potential toxicity of nanoparticles to non-
target species and beneficial organisms must be evaluated (Rai & Ingle, 2012).

8.3 Regulatory Considerations: Nanotechnology, an emergent scientific field, needs
proper surveillance and regulatory guidelines to prevent misuse. Unless the gap in knowledge
about the potential side-effects of using nanoparticles in pest management is substantially
filled up with new studies, the use of nanoparticles in the environment should be restricted
without impacting its development. It requires coordinated efforts among various stakeholders,
including scientists, policymakers, and industry stakeholders, who need to work in tandem to
address the legal and financial challenges associated with nanoparticle-based biopesticides
programme implementation (Bouma, 2019).

9. Future Perspectives

To increase efficacy and sustainability in nanoparticle-based pest management practices shows
excellent optimism. Ongoing research and possible future advancements in nanoparticle-based
pest control have significant opportunities for improving effectiveness and sustainability.
Additional research is required to address numerous critical areas and obstacles to realize the
potential of nanoparticle-based pest control solutions fully. Some of the focus areas are
mentioned herein:

9.1 Precision Agriculture: Precision agriculture research has recently gained prominence
and can be strengthened by synergistic tailoring of nanoparticle formulations to tackle crop
variability within and across fields. Research should focus on the development of nanoparticle
formulations which can deliver an exact and continuous release of agrochemicals to obtain
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optimal plant dosage, boosting crop production and minimizing environmental effects (Duhan
etal.,2017; Raliyaetal., 2017)

9.2 Plant Disease Management: Nanoparticles have been shown to possess inherent
antimicrobial properties against a wide array of disease-causing microbes. Understanding the
mechanisms and effects of nanoparticles in treating bacterial and fungal infections in
agricultural settings is essential for developing sustainable and effective pest control methods.
It is the need of the hour to focus our research on building nano-encapsulating insecticides in
matrices offering regulated release and nanocarriers for topical RNA interference approaches to
improve crop protection (Hamid & Saleem, 2022; Li et al., 2022).

9.3  Ecological impact and safety assessment: The conventional practices of pest
management can only be substituted with the novel methods of nanoparticle-based pest
management when it is scientifically established that there are none or at least minimal
environmental and safety concerns associated with using nanoparticles in commercial settings.
Therefore, another focus area of research should deal with assessing the safety and
environmental implications of employing nanoparticles in agriculture, as it is critical to
investigate nanoparticle ecotoxicity and potential impact on the environment or public health
(El-Temsah & Joner, 2011)

9.4  Safe and Effective Products: The farmer's adoption of nanoparticle-based pest
management products depends on the efficacy and effectiveness of these products in dealing
with pests compared with conventional methods. Therefore, we must focus our research on
developing practical solutions that primarily deal with pest infestations and enhance crop yield.
In this domain, research must focus on green synthesized nanoparticles shown by some
previous studies to influence crop growth and production (Pardva, 2023; Saleem et al., 2021).

Conclusion

Nanotechnology has emerged as one of the most promising alternatives to conventional
pest management practices worldwide. Several unique properties of nanoparticles, such as their
high surface area to volume ratio and the ability to carry and deliver bioactive cargo precisely,
can be leveraged to address many of the limitations of traditional methods. Several
nanoparticles, such as metallic, polymeric, and lipid-based, have been employed in agricultural
settings and have shown promising results in tackling the pest menace. Moreover, they work by
diverse mechanisms ranging from cell membrane disruption to interfering with normal sub-
cellular processes, accompanied by their targeted delivery, thereby enhancing efficacy while
minimizing environmental impacts. However, some challenges are posed by applying nano-
pesticides in agriculture, notably the knowledge gap on the toxicity and non-target effects of
nanoparticles and the need for proper legislative policies to regulate their use. Comprehensive
research is essential to eliminate these challenges and establish safety in these technologies'
long-term use. Innovation and safety must be balanced by establishing fool proof and efficient
regulatory frameworks formulated by cooperative collaboration between various stakeholders,
such as researchers, policymakers, and industrialists. Improving disease management, precision
agriculture and conducting thorough environmental impact assessments should be a focus of
future research in this domain. Further, coordinated efforts to overcome these limitations are
needed to develop safer, more effective nanoparticle-based pest management products and
establish more sustainable pest management practices.
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