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Preface

This book consists of 5 chapters. The 1st chapter Introductory Chapter: Horizon
Pesticides is written by Farzana Khan Perveen from the University of Reims
Champagne-Ardenne, France. This chapter explores the current landscape of insec-
ticides, the sophisticated resistance mechanisms that threaten their effectiveness,
and the revolutionary “new horizons,” ranging from novel synthetic modes of action
to bio-inspired nucleic acid technologies, that promise to redefine integrated pest
management (IPM) in the 21st century. A few chemical classes dominate the modern
insecticide market, each targeting a specific molecular structure in the insect’s
nervous or muscular system. Neonicotinoids, acting as agonists of nicotinic acetyl-
choline receptors, are among the most widely used insecticides worldwide due to
their systemic activity and broad spectrum of action. However, their high toxicity to
bees and other beneficial insects has led to strict regulatory restrictions and their
gradual withdrawal from the market in many regions, creating an urgent need for
alternatives. Other important classes include pyrethroids (sodium channel modula-
tors), diamides (ryanodine receptor activators), and spinosynes (allosteric modula-
tors of nicotinic acetylcholine receptors). Insecticide resistance is a constant arms
race, accelerated by the intensive use of chemicals. The main mechanisms-target site
insensitivity, increased metal detoxification, and reduced cuticular penetration are
well documented. However, recent research has uncovered even more sophisticated
resistance strategies.

The 2nd chapter, Biodegradable, Green and Nanotechnology-Enabled Insecticides: Green
Chemistry, Applications and Advances, is written by Pavithra Deenadayalan et al.
They critically examine the convergence of three core pillars: the phytosynthesis of
metal nanoparticles, the valorization of agricultural waste (such as lignin and chit-
osan) into nanocarriers, and the engineering of solvent-free formulations. Beyond
material sustainability, it focuses on “smart” functionality, specifically stimuli-
responsive mechanisms, where release is triggered exclusively by pest-specific cues,
such as alkaline gut pH or esterase activity, thereby minimizing non-target toxicity.
Furthermore, the text addresses the environmental fate of these materials through
the “Safe-by-Design” (SbD) framework, decoupling carrier degradation from active
ingredient release to protect the soil microbiome. Finally, they analyze the “lab-to-
field” gap, evaluating regulatory hurdles and the economic “dosage offset” required
to make green nanotechnology commercially viable. The chapter concludes that
integrating Al-driven polymer design with green chemistry offers a regenerative
path forward, transforming pesticides from environmental pollutants into precise,
nature-inspired agrotherapeutics (Figure 1).

The 3rd chapter, Botanical Insecticides: Major Sources, and Chemical and Mechanistic
Insights, is written by Rizah Akbar et al. Taking into account recent literature, this
chapter aims to: provide an overview of important insect pests and their impacts on
crop health and productivity; highlight, with examples, the sources and chemical
nature of major botanical insecticides (such as azadirachtin, pyrethrum, rotenone,
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allicin, and lemongrass essential oils); discuss important mechanistic insights
(working principles) underlying botanical insecticides; and enlighten readers on the
major challenges and future directions in this field. In particular, pests, weeds, and
diseases pose a significant challenge to agriculture, causing an estimated 20-40% loss
of global crop yields annually. These threats impact food security, increase produc-
tion costs, and have environmental consequences through the use of control
measures.

The 4th chapter, Perspective Chapter: Role of Insecticides in Biological Control Agents
and Their Impacts, is written by Arbaz Khan et al. This chapter highlights the harmful
effects of pesticides on natural and artificial biological control agents, exacerbating
pest resistance and resurgence, challenging sustainable pest management. To miti-
gate these issues, this article emphasizes the need for selective pesticide use, the
integration of biological resistance into control agents, and advanced studies on the
effects of pesticides at the molecular and behavioral levels. Future directions advo-
cate for innovative strategies to balance agricultural productivity with environ-
mental and public health conservation. The three main categories of pesticides

for the public are based on utility, entry into target species, and entity. Furthermore,
the World Health Organization (WHO) classified them into four main groups:

a) considerably harmful, b) moderately dangerous, c) greatly hazardous,

and d) extremely hazardous (Table 1).

The 5th chapter, Environmental Effects and Risk Control of Neonicotinoid Insecticides, is
written by Xiaoning Wang et al. It reported that NEOs are primarily emitted through
industrial wastewater discharge, agricultural runoff, and sewage treatment plant
effluents, and are frequently detected in water, soil, air, and biological matrices
(human urine, tea, milk, and wildlife). Human exposure occurs mainly via dietary
intake, with children and neonates showing higher vulnerability due to maternal-
fetal transfer and immature metabolic systems. Ecologically, NEOs pose significant
risks to non-target organisms, including birds, bees, and aquatic invertebrates,
affecting their health, behavior, reproduction, and survival. Risk control strategies
for NEOs include physicochemical technologies (adsorption, photocatalysis,

Pesticide type Target Mode of action Human health risk Environmental
organism impact

Carbamates Insects Inhibit the acetylcholi- Neurotoxicity Harmful to non-
nesterase enzyme target organisms

Organochlorines  Insects Disrupt nerve Persistent in the body,  Long-lasting in soil/
transmission causing cancer water, banned

Pyrethroid Insects Damage to sodium chan- Low to moderate neu-  Toxic to aquatic life
nels in nerve cells rotoxic risk

Neonicotinoids Insects Bind to nicotinic acetyl-  Behavioral change in Lethal to bees and
choline receptors humans/Animals pollinators

Organophosphate  Insects Overstimulates the ner- Linked to Parkinson’s  Highly toxic con-
vous system and cancer taminants in water

Table 1.

Comparative toxicity of major pesticide types.
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Figure 2.
Overview of environmental effects and risk control of neos.

Fenton-like processes) and biotechnologies (microbial degradation, phytoremedia-
tion), each with unique advantages and limitations. Key challenges remain the low
detectability of transformation products, their potential toxicity, and the need for
synergistic control strategies. This chapter provides a comprehensive overview of the
environmental effects and the prevention and control of environmental risks posed
by emerging contaminants, NEOs. Additionally, the complexity of NEOs’ transfor-
mation products, some of which are more toxic than the parent compounds, poses
new hurdles for risk assessment and control (Figure 2).

This book provides a comprehensive overview of new horizons in insecticide
research, focusing on the key evidence for their various advantages. It is a useful
resource for scientists, researchers, naturalists, conservationists, agriculturalists,
biologists, professors, teachers, students, and anyone interested in insecticide
research. The editor is grateful to all authors for their contributions. Special thanks
go to all members of IntechOpen’s publishing team and to the publishing process
manager, Miss Laura Divic. The experiments described in this book comply with the
current laws of the country in which they were performed.

Farzana Khan Perveen

Life Sciences, Natural Sciences, and Biotechnology,
Faculty of Pharmacy and Medicine,

University of Reims Champagne-Ardenne,

Reims, France
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Chapter 1

Introductory Chapter: Horizon
Pesticides

Farzana Khan Perveen

1. Introduction

A pesticide is a substance used to control organisms considered harmful. It is
a generic term that encompasses insecticides, fungicides, molluscicides, herbicides,
and antiparasitics used for their biocidal properties. Some are produced artificially by
the chemical industry. Pesticides target insect pests, fungi, weeds, and parasitic
worms [1].

This chapter explores the current landscape of insecticides, the sophisticated
resistance mechanisms that threaten their effectiveness, and the revolutionary “new
horizons,” ranging from novel synthetic modes of action to bio-inspired nucleic acid
technologies that promise to redefine integrated pest management (IPM) in the
twenty-first century. Pages are dedicated to Shenzhen Horizon Industry and Horizon
Chem (a list of manufacturers of Horizon brand pesticides) [1].

The modern insecticide market is dominated by a few chemical classes, each
targeting a specific molecular structure in the insect’s nervous or muscular system.
Neonicotinoids, acting as agonists of nicotinic acetylcholine receptors, have become
the most widely used insecticides in the world due to their systemic activity and
broad spectrum of action. However, their high toxicity to bees and other beneficial
insects has led to strict regulatory restrictions and their gradual withdrawal from the
market in many regions, creating an urgent need for alternatives. Other important
classes include pyrethroids (sodium channel modulators), diamides (ryanodine
receptor activators), and spinosynes (allosteric modulators of nicotinic acetylcholine
receptors).

Insecticide resistance is a constant arms race, accelerated by the intensive use
of chemicals. The main mechanisms - target site insensitivity, increased metabolic
detoxification, and reduced cuticular penetration — are well documented.
However, recent research has uncovered even more sophisticated resistance
strategies [2].

2. Sequestration resistance: A major discovery
Insects overexpress certain chemosensory proteins (CSPs) or odorant-binding
proteins (OBPs) that physically bind to insecticide molecules and sequester them,

preventing them from reaching their physiological target. For example, the SAP2
protein in the Anopheles gambiae is selectively bound to pyrethroids and confers
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resistance to them. Similarly, in the brown rice leathopper, Nilaparvata lugens, the
overexpression of an OBP is linked to resistance to neonicotinoids such as
nitenpyram [3].

3. New horizons for insecticide innovation

The next generation of insecticides is based on the principles of selectivity,
environmental responsibility, and innovative biochemistry. These innovations fall into
two main categories: new synthetic chemistries and biorational approaches. After 12
years of research and more than 3,200 trials, Syngenta is preparing to launch a new
plinazoline-based insecticide in 2026 (marketed under the names Vertento® and
Opello®). This compound represents the first insecticide with a novel mode of action in
over a decade. Non-systemic and with residual surface action, it works by contact and
ingestion, rapidly disrupting the pest’s nervous system and causing paralysis. Its
resistance to ultraviolet (UV) radiation and rain ensures long-lasting protection against
various piercing-sucking and chewing insects, including bed bugs, brown marmorated
stink bugs, and mites. The arrival of this new synthetic mode of action is essential to
break resistance cycles and provide farmers with new, effective tools [4].

4. Integrated solutions and biorational alternatives

Ongoing field research continues to identify effective and safer alternatives to
existing chemical formulations. For example, trials conducted in several states have
demonstrated that insecticides such as cyantraniliprole (a diamide) and spinosad
can control pests like the seedcorn maggot in crops such as green beans and sweet
corn, with comparable or even superior efficacy to conventional neonicotinoid
treatments. In addition, botanical insecticides derived from plant extracts
(e.g., neem, pyrethrum) are attracting renewed interest due to their complex
modes of action, which can delay the development of resistance, and their generally
favorable safety profile for the environment and non-target organisms [4].

5. Conclusion

The future of insect pest control lies not in a single solution but in the strategic
integration of various tools within an IPM approach.
The main research areas are as follows:

e Precision application systems
Advances in nano-vectors and formulation technologies aim to improve the
stability and targeting of nucleic acid-based insecticides, thereby reducing
required doses and costs [5].

e Insecticide resistance management (IRM) 2.0
Using genomic and surveillance data to model resistance evolution and define
proactive insecticide rotation strategies at the landscape scale, preserving the
efficacy of existing and new formulations [5].
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e Synergistic and protective agents
Developing new compounds that inhibit insect detoxification enzymes
(synergists) to restore their sensitivity to existing insecticides, or that protect
beneficial arthropods (protective agents) [6].
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Chapter 2

Biodegradable, Green and
Nanotechnology-Enabled
Insecticides: Green Chemistry,
Applications and Advances

Pavithra Deenadayalan, Pushpa Rani Vedham and Jofy Francis

Abstract

Modern agriculture faces a critical dichotomy: the imperative for global food
security versus the ecological debt incurred by the inefficiency of conventional
agrochemicals. This chapter explores the ‘Nano-Green Nexus’, a paradigm shift
moving from recalcitrant synthetics to biodegradable, nanotechnology-enabled
delivery systems. We critically examine the convergence of three core pillars: the
phytosynthesis of metal nanoparticles, the valorisation of agricultural waste (such
as lignin and chitosan) into nanocarriers, and the engineering of solvent-free
formulations. Beyond material sustainability, the discussion focuses on ‘smart’
functionality, specifically stimuli-responsive mechanisms where release is triggered
exclusively by pest-specific cues — such as alkaline gut pH or esterase activity,
thereby minimising non-target toxicity. Furthermore, the text addresses the
environmental fate of these materials through the ‘Safe-by-Design’ (SbD)
framework, decoupling carrier degradation from active ingredient release to protect
the soil microbiome. Finally, we analyse the ‘lab-to-field’ gap, evaluating regulatory
hurdles and the economic ‘dosage offset’ required to make green nanotechnology
commercially viable. The chapter concludes that integrating Al-driven polymer
design with green chemistry offers a regenerative path forward, transforming pes-
ticides from environmental pollutants into precise, nature-inspired agro-
therapeutics.

Keywords: green nanopesticides, stimuli-responsive delivery, waste valorisation,
safe-by-design (SbD), RNA interference (RNAI), sustainable agriculture

1. Introduction

Modern agriculture finds itself on a precarious precipice. On one side lies the
undeniable imperative of global food security — the need to feed a population
projected to exceed 9.7 billion by 2050 [1]. On the other hand lies the cumulative
ecological debt incurred by the ‘Green Revolution’. For decades, synthetic
agrochemicals have served as the backbone of high-yield farming; yet, this reliance
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has evolved into a formidable dilemma. While conventional pesticides prevent an
estimated 30-40% yield loss annually, their ‘shoot-and-spray’ application method is
fundamentally inefficient. It is an open secret in agrochemical research that less than
0.1% of applied pesticides actually reach their target pests. The remaining 99.9% is
lost to runoff, volatilisation, and leaching, becoming an environmental pollutant
rather than a crop protectant [2]. This massive inefficiency drives a vicious cycle of
chemical loading. To compensate for losses, application rates are increased,
accelerating the evolution of pest resistance — a biological arms race where pests
evolve faster than we can synthesise new molecules. Furthermore, the collateral
damage is severe. Broad-spectrum synthetics indiscriminately eliminate non-target
organisms, including pollinators essential for crop reproduction and natural
predators that keep pest populations in check. Perhaps most critically, the
persistence of recalcitrant chemical residues disrupts the soil microbiome, altering
nitrogen-fixing communities and degrading soil health over decades. We have
reached a point of ‘chemical saturation’ where simply synthesising more potent
toxins is no longer a viable strategy. The solution requires a paradigm shift not just in
what we use, but how we deliver it [3, 4].

Nanotechnology has emerged as the most promising frontier to break this
deadlock, offering the potential to transform conventional pesticides into ‘smart’
delivery systems. However, a critical disconnect persists: the ‘Lab-to-Field Gap’. The
last decade has seen an exponential surge in publications describing novel
nanopesticides, yet remarkably few have translated into commercial products or
field-scale applications [5]. This gap exists because early research often focused on
efficacy without considering sustainability or scalability. Many ‘first-generation’
nanopesticides utilised non-biodegradable synthetic polymers or energy-intensive
synthesis methods, which merely traded one environmental problem (chemical
toxicity) for another (nanopollution) [6, 7].

To bridge this gap, the field is pivoting towards a ‘Green Nanotechnology’
approach. This is not merely a rebranding exercise; it is a fundamental restructuring of
pesticide design. True ‘Green Nanopesticides’ are not defined solely by the use of plant
extracts. Instead, they represent a holistic, ‘Safe-by-Design’ (SbD) philosophy that
integrates three core pillars: moving away from hazardous organic solvents and high-
energy processes, modern protocols prioritize ‘one-pot’ bio-reduction methods where
plant metabolites or microbial enzymes serve as both reducing and capping agents,
minimising the carbon footprint of production; the shift from persistent synthetic
polymers (like poly-caprolactone) to fully biodegradable, abundant biopolymers; and
materials such as chitosan (derived from crustacean waste), zein (from corn), and
lignin (a paper industry byproduct) are being repurposed as smart nanocarriers. These
matrices are designed to degrade into harmless byproducts (sugars, amino acids)
after delivering their payload. The incorporation of bio-based actives — such as
essential oils (EOs), botanical terpenes, and the cutting-edge employment of double-
stranded RNA (dsRNA) - offers high specificity and low mammalian toxicity
compared to organophosphates or carbamates [8-10].

This chapter departs from standard reviews that merely catalogue the types of
nanomaterials available. Instead, it provides a critical examination of the mechanisms
that drive the next generation of sustainable agrochemicals. Our focus is specifically on
the convergence of biodegradability and functionality, the ‘Nano-Green Nexus’. The
novelty of this chapter lies in its focus on ‘Stimuli-Responsive’ and ‘Smart’ green
systems. Our work emphasises that biodegradability alone is insufficient; the future



Biodegradable, Green and Nanotechnology-Enabled Insecticides...
DOI: http://dx.doi.org/10.5772/intechopen.1014550

lies in nanocarriers that are biologically inert until triggered by specific environmental
cues — such as the alkaline pH of an insect’s gut or the presence of specific pest
enzymes. This ‘lock-and-key’ approach ensures that the active ingredient is released
only when ingested by the target pest, thereby protecting beneficial insects and the
wider ecosystem. By synthesising recent advances in green chemistry, polymer
science, and insect toxicology, this chapter aims to provide a blueprint for the future of
crop protection. We will explore how ‘Green’ and ‘Nano’ can be integrated not just to
kill pests more effectively, but to create a circular, regenerative approach to
agriculture where the cure is no longer worse than the disease. The following sections
will detail the fabrication, mechanistic action, and regulatory pathways of these
advanced, nature-inspired systems, offering a roadmap for translating green
nanoscience from the laboratory bench to the farmer’s field.

2. Green chemistry principles in nanopesticide synthesis

The transition from conventional pesticide formulation to nanotechnology-
enabled systems offers a unique opportunity to redesign the entire lifecycle of
agrochemicals. However, if the synthesis of these ‘advanced’ materials relies on toxic
reducing agents (e.g., sodium borohydride), volatile organic solvents (e.g.,
chloroform, toluene), or energy-intensive calcination, the net environmental
benefit is negated. Therefore, the application of green chemistry principles —
specifically atom economy, safer solvents, and design for degradation — is not merely
an ethical preference but a technical prerequisite for the future of sustainable
agriculture. This section explores the three pillars driving this paradigm shift:
phytonanotechnology, waste valorisation, and solvent-free formulation [11, 12].

2.1 Bio-reduction and phytonanotechnology model

The synthesis of metal and metal-oxide nanoparticles (MNPs), such as silver
(Ag), zinc oxide (Zn0O), and copper oxide (CuO), has traditionally been a chemical-
heavy process. The ‘Green’ alternative, often termed phytonanotechnology,
leverages the complex biochemical arsenal of plants to replace hazardous industrial
reagents. This approach is rooted in the dual capability of plant secondary
metabolites to act as both reducing agents (converting metal ions M* to M°) and
capping agents (stabilising the nanoparticle to prevent agglomeration) [13, 14].

The mechanism relies on the redox potential of phytochemicals. Plant extracts are
rich in polyphenols, flavonoids, terpenoids, and alkaloids. For instance, the hydroxyl
(-OH) groups present in flavonoids (like quercetin or luteolin) facilitate the
reduction of metal salts. In the synthesis of silver nanoparticles (AgNPs), the enol
form of the flavonoid releases electrons to reduce Ag" ions to elemental silver (Ag?).
Simultaneously, the oxidised form of the phytochemical adsorbs onto the surface of
the nascent nanoparticle. This surface adsorption is critical [15, 16]. The steric
hindrance provided by these bulky biomolecules creates a ‘capping layer’ that
dictates the size and shape of the nanoparticle. Unlike chemical capping agents (e.g.,
PVP or PEG), which are inert, phytomolecules often possess intrinsic insecticidal or
antimicrobial properties. Thus, the resulting nanoparticle is not just a carrier but a
synergistic agent, where the metal core and the biological shell work in tandem to
disrupt pest physiology [17, 18].
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Early green synthesis was often uncontrolled, leading to polydisperse particles
(varied sizes) that performed inconsistently in the field. Current advances utilise
optimised ‘one-pot’ protocols where pH, temperature, and extract concentration are
fine-tuned to achieve monodispersity without external stabilisers. For example,
recent studies have demonstrated the use of Azadirachta indica (Neem) leaf extract
to synthesise zinc oxide (ZnO) nanoparticles in a single step. The process eliminates
the need for intermediate purification, drastically reducing solvent waste and energy
consumption. This meets the ‘Atom Economy’ principle of green chemistry, as the
majority of the starting biological material is incorporated into the final functional
product [19, 20].

2.2 Waste valorisation: The circular economy angle

A sustainable nanopesticide cannot utilise expensive, food-grade precursors. To
be economically viable and ethically sound, the field is pivoting towards waste
valorisation — upcycling agricultural and industrial byproducts into high-value
nanocarriers. This approach aligns with the circular economy, turning disposal
liabilities into assets. Lignin molecules are amphiphilic, allowing them to self-
assemble into hollow nanospheres in aqueous solutions [21, 22]. These hydrophobic
cores can encapsulate lipophilic insecticides (like pyrethroids or avermectins) with
high efficiency. A major limitation of botanical insecticides, such as azadirachtin
(from neem), is their rapid photodegradation; UV light breaks down the molecule
within hours, rendering it useless. Lignin nanoparticles (LNPs) offer a sophisticated
solution. Due to its aromatic structure, lignin possesses a high refractive index and
acts as a natural broad-spectrum UV blocker. Recent SbD formulations have
entrapped azadirachtin within LNPs. This is a definitive example of how green
chemistry improves performance, not just safety [23].

Derived from the deacetylation of chitin (found in crustacean shells from the
seafood industry), chitosan is perhaps the most versatile ‘Green’ polymer. Chitosan
is polycationic (positively charged), which is crucial for targeting insect pests. The
insect gut membrane is typically anionic (negatively charged). The electrostatic
attraction between the chitosan nanocarrier and the pest gut enhances adhesion and
retention time, significantly increasing the bioavailability of the insecticide.
Researchers are now modifying chitosan with EOs (e.g., grafting cinnamaldehyde)
to create ‘functionalized chitosans’ that serve as stand-alone biopesticides,
eliminating the need for synthetic toxins [24]. Zein is a hydrophobic protein found in
corn gluten meal, a byproduct of bioethanol and corn starch processing. Its natural
hydrophobicity makes it an excellent matrix for encapsulating water-insoluble
pesticides without using toxic cross-linkers like glutaraldehyde. Zein nanoparticles
effectively protect sensitive active ingredients from hydrolysis and enzymatic
breakdown in the soil, offering a ‘slow-release’ profile that matches the pest
lifecycle [25].

2.3 Solvent-free formulation techniques

The final pillar of green synthesis is the elimination of hazardous solvents during
the formulation stage. Traditional encapsulation (e.g., solvent evaporation method)
often requires large volumes of organic solvents to dissolve the polymer and
pesticide. Even with rigorous drying, trace residues can remain, posing toxicity risks.
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Modern ‘Green Engineering’ techniques utilise physical forces rather than chemical
solvents to create nanostructures [13].

High pressure homogenization (HPH) is a top-down approach that relies on
extreme shear stress, turbulence, and cavitation to reduce particle size. A coarse
emulsion of the lipid/polymer and water is forced through a microscopic gap at high
pressures (often exceeding 1,000 bar). The immense physical energy shatters the
droplets into the nanoscale range. This process is typically water-based and solvent-
free. It is particularly effective for producing solid lipid nanoparticles (SLNs) and
nanoemulsions. HPH is also highly scalable; unlike chemical synthesis, which is often
batch-dependent, HPH can be run continuously, making it suitable for industrial-
scale production of green nanopesticides [26].

Supercritical fluids are substances at a temperature and pressure above their
critical point, where distinct liquid and gas phases do not exist. Supercritical carbon
dioxide (scCO,) is the gold standard in this domain. scCO; acts as a ‘Green Solvent’.
It has the density of a liquid (good for dissolving active ingredients) but the viscosity
of a gas (high diffusivity). In the rapid expansion of supercritical solutions (RESS)
process, the pesticide and polymer are dissolved in scCO, and then rapidly
depressurised through a nozzle. The sudden drop in pressure causes the CO, to revert
to a gas instantly, leaving behind dry, solvent-free nanoparticles. The process
operates at relatively low temperatures, preventing the thermal degradation of heat-
sensitive botanical pesticides. Furthermore, since CO, simply evaporates, the final
product is 100% solvent-free, meeting the strictest regulatory standards for organic
farming inputs [27, 28].

The integration of bio-reduction, waste valorisation, and solvent-free
engineering represents the maturity of the nanopesticide field. We are moving
beyond the ‘novelty’ of simply making things small, towards a sophisticated design
philosophy where every component, from the reducing agent to the carrier matrix, is
selected for its environmental compatibility and economic efficiency. This holistic
adherence to green chemistry principles ensures that the next generation of
insecticides will be potent against pests but benign to the planet.

3. Novel formulations and smart delivery systems

If green chemistry principles represent the ‘hardware’ of sustainable agriculture —
providing the eco-friendly materials — then formulation science is the ‘software’. It is
the programming code that dictates how, when, and where an active ingredient
interacts with a biological system. For decades, the agrochemical industry relied on
‘dumb’ formulations: emulsifiable concentrates or wettable powders designed solely
for immediate, massive dispersal. The result was a shotgun approach, where efficacy
relied on flooding the ecosystem. The current frontier, however, is defined by
precision [29]. We are moving towards smart delivery systems (SDS) that mimic the
sophistication of pharmaceutical drug delivery. This transition focuses on three
critical objectives: enhancing the solubility of hydrophobic actives, protecting labile
molecules from environmental degradation, and, most critically, engineering
‘stimuli-responsive’ mechanisms that release the payload only upon recognising a
specific biological target. This section evaluates the primary vehicles driving this
shift and the next-generation payloads they carry [30, 31].
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3.1 The three big green carriers: Biopolymers, lipids, and nanoemulsion

The choice of a nanocarrier is never arbitrary; it is a compromise between
loading capacity, stability, and release profile. While hundreds of materials exist,
three distinct classes have emerged as the frontrunners for commercial scalability
due to their biodegradability and low environmental footprint. A biopolymeric
nanoparticles is the architecture of entrapment, biopolymers are the workhorses
of green formulation. Unlike synthetic polyesters, which often require toxic
catalysts, biopolymers like chitosan, alginate, and cellulose derivatives offer
intrinsic biological compatibility [32, 33]. Chitosan, a cationic polysaccharide, is
arguably the most valuable material in the insecticidal arsenal. Its primary
advantage is not just its abundance (derived from crustacean waste) but its
charge. Most plant surfaces and insect gut linings are anionic (negatively
charged). Chitosan nanoparticles possess a high positive zeta potential, allowing
them to adhere strongly to leaves (resisting rain fastness) and bind to the insect
midgut. This mucoadhesion significantly increases the residence time of the
insecticide, allowing for greater absorption. Furthermore, the reactive amine
(-NH;) groups on the chitosan backbone allow for easy surface modification,
turning the particle into a customizable platform. While chitosan handles cationic
needs, alginate (from brown seaweed) provides an anionic counterpart [34].
Alginate nanoparticles are synthesised through simple ionotropic gelation with
calcium ions (Ca®"), creating a rigid ‘egg-box’ structure that is excellent for
encapsulating heat-sensitive EOs. Nanocellulose (specifically cellulose
nanocrystals), on the other hand, offers exceptional mechanical strength. It acts
as a reinforcing ‘Green’ filler, creating robust barriers that slow down the
diffusion of volatile pesticides, extending their field life from hours to days
[35, 36]. SLNs: The ‘Green’ lipid matrix, while polymeric systems are effective,
they often suffer from ‘burst release’ - dumping their payload too quickly. SLNs
offer a solution. Imagine a solid fat droplet (made of biodegradable waxes like
beeswax or carnauba wax) stabilised by green surfactants. Unlike liquid
emulsions, the lipid core remains solid at room temperature. This solid matrix
effectively immobilises the active ingredient, restricting its mobility and
protecting it from chemical hydrolysis. For lipophilic insecticides (which include
the vast majority of synthetics and botanicals), SLNs are the ideal carrier. They
mimic the natural waxy cuticle of leaves, facilitating trans-laminar transport.
Moreover, because they are composed of physiological lipids, their degradation
products are simply fatty acids, which are readily metabolised by soil
microorganisms without toxic residue. Kinetic stability for EOs and
nanoemulsions are distinct from SLNs in that the core remains liquid. These are
oil-in-water dispersions with droplet sizes typically below 200 nm. They are
particularly vital for the delivery of EOs. EOs are potent botanical insecticides
but are highly volatile and prone to oxidation. By encapsulating EOs in a
high-energy nanoemulsion, we achieve two things. First, the massive
increase in surface area improves the interaction with the insect cuticle,
often dissolving the waxy protective layer of the pest and causing desiccation.
Second, the formulation renders the water-insoluble oils compatible with
aqueous spray tanks, eliminating the need for heavy organic solvents in the
application process [37-39].
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3.2 Stimuli responsive release

The most significant advancement in recent literature is the shift from ‘Passive
Release’ (diffusion-controlled) to ‘Active/Triggered Release’. This is the ‘smart’
aspect of the technology. The goal is to design a nanocarrier that remains hermetically
sealed during storage and application but disassembles instantly when it encounters
the unique microenvironment of a pest. This SbD approach minimises exposure to
non-target organisms like bees or earthworms [40]. Most mammals and beneficial
pollinators have acidic to neutral gut environments. In stark contrast, the midgut of
lepidopteran pests (caterpillars, bollworms) is highly alkaline, with pH levels often
exceeding the optimum limit. We can exploit this evolutionary trait by designing pH-
sensitive polymers. For instance, nanoparticles formulated with poly(methacrylic
acid) or specific carboxylated polysaccharides remain collapsed and tightly bound at
neutral pH (on the leaf surface) [41, 42]. Enzyme-triggered release follows the lock-
and-key approach, targeting the pest’s enzymatic profile more specifically. Insects rely
on particular enzymes — proteases, esterases, and glycosidases — to digest food. A
‘smart’ nanocarrier can be constructed using cross-linkers that serve as substrates for
these enzymes. For example, if a pest species overexpresses esterase enzymes to
detoxify chemicals, we can design a nanocapsule cross-linked with ester bonds.
When the pest ingests the capsule, its own defence enzymes attack the shell, breaking
it open and releasing the insecticide. This ‘suicide substrate’ mechanism epitomises
specificity; the pesticide remains inert until the pest attempts to digest it [43].

3.3 Next generation payload: RNAi technology

As we reach the limits of chemical toxicity, the field is looking towards genetic
intervention. RNA interference (RNAi) represents the cutting edge of crop
protection. Instead of poisoning the insect, we introduce dsRNA sequences that
match a vital gene in the pest (e.g., a gene essential for moulting or metabolism).
When the insect cells absorb this dsRNA, their internal machinery silences that
specific gene, causing death. However, ‘naked’ dsRNA is incredibly fragile. UV light,
rain, and ubiquitous soil enzymes (RNases) degrade it within hours [44].
Furthermore, the insect gut is a harsh environment that destroys genetic material
before it can be absorbed. This is where green nanotechnology becomes an enabler of
biotechnology. The Chitosan-dsRNA Complex. This is where the unique properties
of chitosan find their highest calling. Since DNA/RNA is negatively charged (due to
phosphate groups) and chitosan is positively charged, they self-assemble into tight
poly-electrolyte complexes (PECs). The chitosan shell protects the delicate dsRNA
from enzymatic degradation in the environment. More importantly, it facilitates
‘Endosomal Escape’. When an insect cell ingests the nanoparticle, it is trapped in an
acidic vesicle called an endosome. Chitosan acts as a ‘proton sponge’, absorbing
protons and swelling until it bursts the endosome, releasing the dsRNA into the
cytoplasm, where it can initiate gene silencing [45, 46].

The evolution from simple emulsions to enzyme-triggered gene-silencing vectors
marks a maturation of the field. We are no longer simply packaging poisons; we are
engineering intelligent devices that navigate biological barriers. By coupling the
biodegradability of green carriers with the specificity of stimuli-responsive release,
we are finally closing the gap between the laboratory promise of nanotechnology and
the field-level demands of sustainable Table 1 agriculture.
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4. Biodegradability and environmental fate

The introduction of any novel material into the agro-ecosystem carries the
burden of proof regarding its persistence. For decades, the ‘legacy toxicity’ of
organochlorines and recalcitrant polymers has haunted soil conservation efforts. As
we transition to nanotechnology-enabled agriculture, we must rigorously ensure that
we are not solving an efficacy problem while creating a new contamination crisis.
The core promise of green nanopesticides is not merely that they work better, but
that they ‘fail’ gracefully, breaking down into benign constituents once their
biological function is complete. This section dissects the mechanistic fate of these
materials in the pedosphere (soil environment) [59, 60].

4.1 Degradation pathways: Carrier and payloads

To accurately model environmental fate, we must distinguish between the
degradation kinetics of the nanocarrier and the active ingredient, as they follow
distinct yet interconnected pathways. The ‘Green’ advantage lies in the specific
breakdown mechanisms of the matrix; biopolymeric and lipid-based carriers
undergo rapid hydrolysis and enzymatic depolymerisation — such as chitinases
cleaving chitosan into glucosamine — ultimately achieving full mineralisation into
CO,, water, and microbial biomass [61]. This creates a novel ‘bi-phasic’ degradation
profile where the active ingredient is initially shielded from abiotic stressors,
artificially extending its half-life during the protection phase, before being released
into the soil solution as the matrix disintegrates. By controlling this release, we avoid
the ecologically damaging concentration spikes associated with conventional
formulations, allowing the soil’s natural detoxification pathways to process the
active ingredient without being overwhelmed [62].

4.2 Impact on soil microbiome: The nitrogen fixer benchmark

The ecological safety of nanopesticides is best adjudicated by their impact on
plant-beneficia I bacteria (PBB), specifically nitrogen-fixing Rhizobium and
phosphate-solubilising genera. Recent metagenomic analyses highlight a critical
divergence between ‘hard’ inorganic nanoparticles, which often exhibit broad-
spectrum bactericidal activity, and ‘soft’ green nanocarriers, which demonstrate
selective safety. Unlike synthetic carbamates that can decimate beneficial
populations, green carriers like zein and alginate have shown negligible toxicity
towards Gram-negative soil flora; in some instances, the oligosaccharide breakdown
products of these biopolymers even act as ‘prebiotics’, temporarily stimulating
microbial metabolic activity [63, 64]. However, safety is not intrinsic but
engineered; surface shielding strategies, such as coating cationic particles with
neutral polymers, are increasingly employed to prevent electrostatic disruption of
bacterial membranes, ensuring the formulation targets the pest without sterilising
the soil microbiome [65, 66].

4.3 The ‘Safe-by-Design’ (SbD) concept

The ultimate regulatory safeguard in modern agro-nanotechnology is the SbD
framework, which prioritizes the programmed loss of ‘nano’ characteristics
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immediately post-application to prevent bioaccumulation. The primary risk of
nanomaterials often stems from their physical size, specifically their ability to
penetrate biological barriers rather than their chemical composition [67]. To mitigate
this, green delivery systems are engineered to be thermodynamically unstable in the
environment; triggered by soil ions or UV exposure, these particles undergo rapid
aggregation, clumping into micron-sized entities that can no longer breach cell
membranes. This ‘self-destruct’ mechanism ensures that while the chemical efficacy
persists long enough to control the pest, the physical nanohazard is eliminated
almost instantly, effectively preventing the long-term persistence and trophic
transfer that plague non-biodegradable synthetic polymers [68, 69].

5. Regulatory challenges and commercial hurdles

The transition of green nanopesticides from the petri dish to the plough is not
merely a scientific challenge; it is a regulatory and economic labyrinth. While the
laboratory data are compelling, showing higher efficacy and lower environmental
toxicity, the commercial landscape is fraught with uncertainty. The agrochemical
industry is heavily regulated, and for good reason. However, the current legislative
frameworks were designed for bulk chemicals, not for ‘smart’ dynamic systems. This
disconnect creates a ‘Grey Area’ that stifles innovation and complicates the path to
market for even the most sustainable technologies [70].

5.1 The ‘nano’ regulatory grey area: A legislative lag

The fundamental problem facing regulatory bodies like the US Environmental
Protection Agency (EPA) and the European Chemicals Agency (ECHA) is the
definition of ‘risk’ at the nanoscale. Traditional toxicology relies on mass-based
metrics (e.g., mg/kg). However, the toxicity of a nanomaterial is often a function of its
surface area, charge, and particle number, not just its mass [71]. A ‘Green’ chitosan
nanoparticle might be chemically identical to bulk chitosan (which is Generally
Recognised as Safe or GRAS), but its nanoformulation enables it to cross biological
barriers that the bulk material cannot. Under current European Food Safety Authority
(EFSA) guidelines, if a manufacturer takes an approved botanical active (like neem
oil) and encapsulates it in a nanoparticle, the entire formulation is treated as a new
chemical entity. This triggers a requirement for a completely new set of eco-
toxicological dossiers, including chronic toxicity, genotoxicity, and fate modelling,
which can cost millions and take up to five to seven years to compile [64, 72]. For a
small startup developing a green formulation, this barrier is often insurmountable. The
‘Grey Area’ here is the lack of a ‘Grouping/Read-Across’ framework, where safe green
carriers (like alginate or zein) could theoretically be fast-tracked based on existing
safety data. Until such a framework is formalised, the regulatory burden remains
disproportionately high for sustainable innovations [73, 74].

The EPA and FIFRA: a case-by-case slowdown. In the United States of America,
pesticides are regulated under Federal Insecticide, Fungicide, and Rodenticide Act
(FIFRA). The EPA has taken a ‘case-by-case’ approach to nanopesticides. While this
allows for flexibility, it creates massive market uncertainty. The EPA currently
classifies nanopesticides as ‘new active ingredients’ if the nanoscale form exhibits
novel properties compared to the bulk counterpart [75]. This is a double-edged sword.
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The very ‘novelty’ we tout in this chapter — enhanced solubility, stimuli-responsive
release — is exactly what triggers heightened regulatory scrutiny. The industry is
currently in a deadlock: companies are hesitant to invest in ‘smart’ release mechanisms
because they fear the EPA will require indeterminate amounts of safety data to prove
that these ‘smart’ particles won’t behave unpredictably in the environment [67].

5.2 Cost-benefit analysis: The economic viability of ‘Green’

While the manufacturing cost of green nanopesticides — driven by purified
biopolymers and high-energy homogenization processes — can exceed that of mass-
produced synthetics by a factor of three to five, this ‘per kilogram’ comparison is
economically misleading in the context of nanotechnology. The true commercial
viability rests on the ‘Dosage Offset’, a paradigm where the superior bioavailability
and environmental stability of nanoencapsulated actives allow for a drastic reduction
in application rates [76]. Furthermore, when factoring in the ‘hidden’ economic
benefits — such as reduced fuel costs from less frequent spraying, the premium value
of residue-free produce, and the ability of complex botanical/RNAi payloads to break
costly resistance cycles — green nanopesticides emerge not merely as an ethical
luxury, but as a superior economic investment that offers farmers ‘efficacy
insurance’ against the diminishing returns of conventional chemical loading [77].

The commercialisation of biodegradable, green nanopesticides Table 2 is currently
bottlenecked not by a lack of science but by a regulatory apparatus struggling to catch
up with innovation and a market that is slowly learning to value efficiency over
volume. The path forward requires a synchronized effort: regulators must establish
clear ‘nanospecific’ safety corridors for biopolymers to lower the barrier to entry, and
scientists must rigorously demonstrate the ‘Dosage Offset’ in large-scale field trials to
prove to farmers that ‘Green’ is not just a luxury but a prudent economic investment
(Figure1).

6. Conclusion

The trajectory of modern crop protection is currently undergoing a fundamental
phase transition, moving from the era of ‘blunt force’ chemical saturation to an age
of precision biophysics. As synthesised in this chapter, the convergence of green
chemistry and nanotechnology has successfully demonstrated that efficacy and
environmental safety are not mutually exclusive; through the use of stimuli-
responsive biopolymers and waste-derived nanocarriers, we can now engineer
systems that are lethal to pests yet benign to the biosphere. However, the horizon of
this field extends far beyond simple substitution. The immediate future lies in
multifunctional co-encapsulation, where the ‘nanopesticide’ evolves into a holistic
‘agro-therapeutic’ device. We are rapidly moving towards ‘all-in-one green particles’
that simultaneously encapsulate insecticides and macronutrients (NPK fertilisers),
creating a synergistic delivery system that protects the crop while nourishing it —
effectively reducing the number of field interventions required by the farmer. To
manage the immense chemical complexity of these multi-payload systems, the field
is increasingly pivoting towards artificial intelligence (AI) and machine learning
(ML). The traditional ‘trial-and-error’ approach to polymer selection is being
replaced by high-throughput computational screening, where ML algorithms predict
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SI.  Stimulus/ Nanoformulation Active Target Enhanced Reference
No trigger ingredient mechanism Efficacy
(A1)
1 Alkaline pH Silica-coated pec-  Indoxacarb Carboxyl groups Increased [42, 78]
(pH >9.0) tin nanoparticles on pectin deproto-  photostability
nate in the alkaline by 40%; neg-
lepidopteran gut, ligible toxicity
causing swelling to bees (neu-
and rapid toxin tral gut).
release.
2 Enzyme Nanocapsules Bt toxin Surface cross-lin- Reduced LC50 [43, 79]
(esterase) (CrylAc) kers are specific by 10-fold
substrates for pest ~ compared to
esterases; the cap-  non-targeted
sule degrades only ~ formulations.
when attacked by
gut enzymes.
3 Light (UV- Lignin-grafted- Abamectin Aromatic rings Extended [80]
A/Visible) polydopamine absorb UV light; active half-life
(LNP) the coating from 18 hours
degrades slowly to 7 days
under solar radia-  under field
tion to provide conditions.
sustained release.
4 Redox Disulfide-cross- Imidacloprid ~ Disulfide bonds 3.5x higher [81, 82]
(glutathione) linked Chitosan ($S-S$) cleave in cellular
the high-GSH uptake effi-
reducing environ-  cacy in resis-
ment of insect tant aphid cell
cells, releasing the  lines.
payload
intracellularly.
6 Microbial Mesoporous Validamycin ~ Chitosan ‘cap’ ‘On-demand’ [83, 84]
(chitinase) silica-chitosan blocks pores; release
gatekeeper degradation by prevents
fungal pathogen leaching; 60%
chitinases opens reduction in
pores to release total dosage
fungicide/ required.
insecticide.
8 Gene silen- Star-polycationic ~ dsRNA High positive 85% gene [45, 65]
cing (RNAi)  Chitosan (targeting charge protects silencing
ATPase) dsRNA from soil efficiency
nucleases; the observed in
Proton Sponge’ Spodoptera
effect triggers litura larvae.
endosomal escape
inside pest cells.
Table 2.

Recent breakthroughs in stimuli-responsive and green nanopesticides.
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the degradation kinetics and encapsulation efficiency of thousands of biopolymer
combinations in silico before a single beaker is mixed. This digital acceleration is
critical for designing ‘hyper-specific’ carriers tailored to local soil conditions and
specific pest enzymes. Ultimately, the ‘Green Nano’ revolution is not merely about
making smaller pesticides; it is about establishing a circular, regenerative agricultural
paradigm. By closing the loop — using agricultural waste to protect agriculture's
future — and strictly adhering to SbD principles, we are laying the foundation for a
sustainable food system where technology mimics the resilience and efficiency of
nature itself, finally bridging the chasm between high-yield requirements and
ecological stewardship.
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Abstract

The agriculture sector is one of the largest users of various synthetic (chemical)
insecticides. However, extensive use of synthetic (chemical) insecticides has raised
significant concerns, including environmental pollution, harm to non-target
organisms, the development of pest resistance, and potential health risks to humans.
Botanical insecticides, pest control products derived from plants, have become an
important environmentally friendly alternative to synthetic (chemical) insecticides.
In addition to their environmentally friendly nature, botanical insecticides offer
benefits like low toxicity to non-target organisms, biodegradability, and reduced risk
of pest resistance. Taking into account recent literature, this chapter aims to: (i)
provide an overview of important insect pests and their impacts on crop health and
productivity; (ii) highlight, with examples, the sources and chemical nature of major
botanical insecticides (such as azadirachtin, pyrethrum, rotenone, allicin, and
lemongrass essential oils); (iii) discuss important mechanistic insights (working
principles) underlying botanical insecticides; and (iv) enlighten readers on the major
challenges and future directions in this field.

Keywords: biotic stress, insects, pests, botanical insecticides, botanical insecticide
chemistry, mechanism of action

1. Introduction

A diverse range of nutrients is required in the human body to function, grow, and
maintain health. Macronutrients (e.g., carbohydrates, proteins, and fats) and
micronutrients (e.g., vitamins and minerals) provide energy and the building blocks
for tissues and are essential for various bodily processes. In addition, dietary fibers
and bioactive compounds (phytochemicals) are endowed with antioxidant, anti-
inflammatory, and cardioprotective properties that help prevent fatal diseases. As the
foundational source of the global food system, plants (agriculture) provide most of
the calories and a wide spectrum of nutrients required by humans for a healthy life.
Hence, plants (agriculture) have become the indispensable foundation of human
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nutrition and global food security. Humans have been very much dependent on
plant-sourced foods. To this end, the optimal diet comprising whole foods, high
fiber, low-fat, and over 90% plant (agriculture)-based diet was argued to have
allowed humans to become the most developed species on planet Earth [1, 2].

Major constraints for plant-based food can be categorised into three important
groups: production and environmental constraints (e.g., climate change and weather
variability; resource scarcity and degradation; pests, weeds, and diseases; and input
management), economic and socio-economic constraints (e.g., market volatility and
access; financial limitations; labor and land issues; and lack of knowledge and
information), and infrastructure and supply chain constraints (e.g., inadequate
infrastructure; supply chain inefficiencies; and technological gaps). In particular,
pests, weeds, and diseases pose a significant challenge to agriculture, causing an
estimated 20-40% loss of global crop yields annually. These threats impact food
security, increase production costs, and have environmental consequences through
the use of control measures [3, 4].

2. Insect pests, impacts, and control measures

Insects, hexapod invertebrates of the class Insecta, are the largest group within
the phylum Arthropoda. Most insects are either neutral or beneficial and provide
vital ecosystem services such as pollination, nutrient cycling, or pest control.
However, less than 1.0-3.0% of all insect species are actual pests. Major factors
driving the process of insects becoming pests (insect pests) include habitat
alteration, climate change, and loss of biodiversity. Common pests and damage types
include: (i) sucking pests (e.g., aphids, whiteflies, thrips, mites, mealybugs, scale
insects, which pierce and suck cell sap, causing yellowing, stunted growth, and virus
transmission); (ii) chewing pests (e.g., caterpillars like cabbage loopers,
armyworms, hornworms; leaf beetles, grasshoppers, which eat leaves, fruits, and
flowers); and (iii) boring pests (e.g., fruit borers like fruit flies and mango seed
weevils; stem borers like weevils and clearwing borers, which damage stems, fruits,
and roots). Insect pests cause a wide range of impacts on plant health and
productivity, which may include physical damage and defoliation, disruption of
plant physiology, vectoring of plant pathogens, damage to roots and stems, and
reduction in commercial and nutritional quality [5]. By doing these, insect pests
damage about 10-28% of global crops annually. In specific regions like India, insect
pest-accrued crop loss (reaching up to 18-20%) is driven by practices that favour
pests and changing climate [6-8].

Given the insect pests as a significant threat to global food security (causing
substantial crop health impacts and losses), there is an urgent need for effective and
sustainable strategies for managing the insect pests. Unfortunately, most current
insect pest management strategies are not sustainable and largely rely on
conventional chemical pesticides. These conventional chemical pesticides have led to
numerous environmental, health, and economic problems that compromise long-
term effectiveness and sustainability. The list of important impacts on agriculture
and the environment includes soil degradation, water contamination, biodiversity
loss, and pest resistance [3, 4, 9, 10].

Interestingly, as a holistic framework, integrated pest management (IPM) has
emerged to achieve sustainable agricultural intensification. IPM combines various
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methods (cultural, biological, physical, chemical) to minimize pesticide reliance,
boost crop health, protect the environment, and ensure long-term economic
viability, focusing on prevention and ecological balance rather than solely chemical
control. Moreover, IPM promotes sustainable intensification by reducing chemical
use, acting as an ecological approach, emphasising the belief that healthy soils
produce healthy crops, ensuring economic efficiency, and integrating technology
and monitoring [11, 12].

3. Botanical insecticides

Derived from plants, botanical insecticides are bioinsecticides, which stand
second to none among the sustainable insect pest management strategies. Other
key bioinsecticide types and underlying mechanisms include microbial pesticides
(where bacteria, like Bacillus thuringiensis; fungi, like Beauveria bassiana and
Metarhizium anisopliae; viruses, like Baculoviruses; and nematodes, like
Steinernema and Heterorhabditis, are employed to infect, paralyze, or kill selected
insect pests) and plant-incorporated protectants (PIPs) (where genetically
modified plants produce their own insecticides, e.g., Bacillus thuringiensis/ Bt-
toxins) [13, 14]. Effort was made hereunder to overview azadirachtin, pyrethrum,
rotenone, allicin, and lemongrass essential oils, and also to enlighten their major
sources, important insights into their chemistry, and mode(s) of action against the
insect pests.

3.1 Azadirachtin
3.1.1 Background

Azadirachtin (a complex tetranortriterpenoid limonoid) is one of the most
important botanical pesticides in modern agriculture. It acts as the foundation of
IPM tactics and organic agricultural systems worldwide. Azadirachtin exhibits
excellent selectivity for arthropod pests and low toxicity to vertebrates, nontarget
species, and broader agroecosystems. Currently registered for agricultural use in
more than 40 countries, azadirachtin formulations have received widespread
international recognition [15]. In contrast to synthetic pesticides, azadirachtin is
remarkably biodegradable. The breakdown products of azadirachtin are effective
against more than 550 pest species from orders including Coleoptera, Hemiptera,
Diptera, Orthoptera, and Isoptera. Additionally, the azadirachtin-breakdown
products also improve soil as natural fertilizers [16]. Furthermore, A. indica-based
formulations (such as azadirachtin) avoid the biotoxicity and pollution problems
resulting from conventional pesticide use [16, 17].

3.1.2 Source

Neem (Azadirachta indica A. Juss) (family — Meliaceae) is the main source of
azadirachtin compounds. Native to India and Myanmar, A. indica grows well in the
tropical and subtropical climates of countries in southern Asia, Africa, and South
America [15, 18]. Mature fruits of A. indica usually contain between 0.3% and 1%
azadirachtin on a dry weight basis. However, azadirachtin content in leaves and
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branches remains relatively low. A. indica is known for its various therapeutic roles
and the significance of its active constituents in disease prevention and treatment
[19]. A. indica tree parts possess over 300 distinct phytochemicals. Interestingly,
more than 130 of these phytochemicals are limonoid-type triterpenoids, which have
strong insecticidal and therapeutic effects. Apart from azadirachtin, notable neem
limonoids include nimbolide, salanin, nimbin, deacetylnimbin, mahmoodin, epoxy-
azadiradione, deacetylgedunin, and gedunin [20-22].

3.1.3 Chemical nature

Azadirachtin A is the most active component, accounting for 72-90% of
the overall biological activity [20]. Notably, azadirachtin has 13 structurally
similar variations, known as A, B, D, E, F, G, H, I, K, M, N, O, and Q, with
azadirachtin A and B accounting for 99% of the total azadirachtin content in A.
indica seeds [15]. About 90% of the fixed oil from A. indica seed kernels is
composed primarily of triglycerides. On the other hand, about 2% of the bitter
yellow oil is constituted by nimbidin, nimbrin, nimbinin, nimbidol, and other
similar limonoids [20].

3.1.4 Mechanistic insights (mode of action)

Multifaceted modes of action mediate the insecticidal actions of azadirachtin.
The modes of action of azadirachtin include (i) feeding deterrence and
chemoreceptory effects; (ii) neuroendocrine disruption and growth inhibition;
and (iii) reproductive and cellular effects. Acting as a feeding deterrent and
chemoreception agent, azadirachtin directly interacts with the insect’s gustatory
(taste) receptors, stimulates bitter—sensitive cells, and inhibits sugar receptors.
Azadirachtin causes insects to prefer starvation over consuming treated food by
creating an aversive taste memory. Moreover, azadirachtin also leads to starvation
and eventual death by reducing the food intake rate and the efficiency of
converting ingested food into body mass. Azadirachtin-mediated neuroendocrine
disruption and growth inhibition involve hormone blockage, molting
interference, and mortality. On the other hand, the reproductive and cellular
effects of azadirachtin involve reproductive impairment, behavioural changes,
and severe cellular damage [16, 23].

3.2 Pyrethrum
3.2.1 Background

Pyrethrum is a powerful, fast-acting natural insecticide derived from crushed
Chrysanthemum (or Tanacetum cinerariifolium) flowers. Pyrethrum plays a
significant role in agriculture. It has been a cornerstone for organic growers and is
approved for controlling pests on fruits, vegetables, and other crops. As a broad-
spectrum insecticide, it is effective against many pests, such as aphids, mites,
whiteflies, caterpillars, and beetles. This botanical insecticide helps farmers adopt
sustainable practices by offering natural pest control without persistent chemical
buildup. In addition, pyrethrum exhibits low mammalian toxicity and is generally
safer for humans and beneficial insects (like bees) [24, 25].
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3.2.2 Source

Key sources of pyrethrum include the plants of Chrysanthemum cinerariifolium
(or Tanacetum cinerariifolium). However, C. coccineum and C. marshalli are other
chrysanthemum species known to contribute to pyrethrum production. Major
regions known to cultivate C. cinerariifolium (or T. cinerariifolium), C.
coccineum, and C. marshalli, and produce pyrethrum globally include East Africa
(Kenya, Tanzania, and Rwanda), Tasmania (Australia), and Southern
China [24].

3.2.3 Chemical nature

Pyrethrum is a mixture with the chemical formula C43Hs¢Os, and each of the
six active compounds (pyrethrins) in it has a cyclopropane ring core responsible
for their insecticidal activity. The six active insecticidal constituents are:
Pyrethrin I, Pyrethrin II, Cinerin I, Cinerin II, Jasmolin I, and Jasmolin II.
Pyrethrum is poorly soluble in water and undergoes rapid degradation upon
exposure to light, heat, or air, leading to low environmental persistence. There
are three esters of chrysanthemic acid and three esters of pyrethric acid present
in pyrethrum. Among the six esters, Pyrethrin I and Pyrethrin II incorporate the
alcohol pyrethrolone, which is responsible for most of the insecticidal activity
[26-29].

3.2.4 Mechanistic insights (mode of action)

Mechanism of action of pyrethrum includes alteration in the activity of voltage-
gated sodium ion channels in the insect’s nervous system, which, in turn, leads to
hyperexcitation, paralysis, and death (a knockdown effect). Pyrethrins interfere
with the process of voltage-gated sodium ion channels by slowing channel closure,
causing persistent depolarisation, inducing repetitive firing (of nerve impulses), and
creating conduction blockade (of the nervous system) [30].

3.3 Rotenone
3.3.1 Background

Rotenone is a natural insecticide, acaricide, and piscicide derived from plant
roots (such as Derris and Lonchocarpus). It is widely used to control pests on crops,
animals, and in water. In agriculture, the uses of rotenone include pest control, as it
kills pests like aphids, beetles, cabbage worms, and mites through contact and
stomach action, with quick knockdown. Key characteristics include its natural
origin and fast degradation. Major concerns include non-selectivity (because
rotenone also kills beneficial insects, pollinators, and pests alike) and toxicity
(as rotenone is toxic in higher doses to humans, animals, and fish) [28, 31].

3.3.2 Sources

Rotenone is found naturally in the roots, stems, and leaves of various leguminous
plant species from the Fabaceae (Leguminosae) family, including Derris,
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Lonchocarpus, Tephrosia, and Amorpha [31, 32]. Among these genera, Derris species
are the most commercially important sources worldwide [32, 33].

3.3.3 Chemical nature

Rotenone possesses a unique isoflavonoid nucleus (which has an isoprene moiety
(CeH,) precisely at the C-8 position on ring A), which gives it its distinct three-
dimensional geometry and remarkable biological activity profile [32, 34]. The
isoflavonoid framework enables rotenone to selectively target mitochondria and engage
in unique metabolic interactions among insecticides derived from plants [31, 32].

3.3.4 Mechanistic insights (mode of action)

Rotenone insecticide works by blocking Complex I (NADH dehydrogenase) in the
mitochondrial electron transport chain, halting ATP (energy) production, and causing
cell death, paralysis, and ultimately death in insects by disrupting cellular respiration
and creating damaging reactive oxygen species (ROS). In other words, rotenone-
mediated control of insect pests involves inhibition of electron transport, blockage of
ATP synthesis, onset of oxidative stress, and cellular damage and death [35, 36].

3.4 Allicin
3.4.1 Background

Continued use of synthetic insecticides and fumigants has resulted in a
number of issues, such as insecticide and fumigant resistance and chemical
insecticide residues in food (Bilgin et al. [37]). Therefore, there is an urgency
to find alternative approaches for combating insects and pests with reduced
environmental and mammalian impacts. For centuries, garlic has been used as
a medicinal plant, especially for its potent antimicrobial activity. Several
studies have also demonstrated the strong insecticidal activity of garlic
essential oil [38, 39]. Various commercial formulations of allicin (the main
bioactive organosulphur compound synthesised in Allium sp.), such as
emulsifiable concentrates, wettable powders, microencapsulated forms, and
nanoemulsions, are used in various countries of Asia (India, China, Japan,
Indonesia, Philippines, and Vietnam), Africa (Kenya, Tanzania, Uganda),
Europe (United Kingdom, France, Italy), and North America (USA, Canada).
They are effective against a wide range of insects, such as Dipterans,
Lepidopterans, Hemipterans, Coleopterans, and Orthopterans, mainly by
contact toxicity, repellence, and feeding deterrence.

3.4.2 Sources

Garlic (Allium sativum L.) is a bulbous plant of the Liliaceae family, native to
Central Asia, but it is also found in several countries around the world. It serves as
the chief and most effective source of allicin.

Allicin (C¢H10S,) is a transient, reactive, and sulphur containing volatile compound,
also known as allyl 2 — propenethiosulfinate, diallyl thiosulfinate, or S — allyl cysteine
sulfoxide. From one clove of fresh garlic, 4-5 mg of allicin can be obtained, which is
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easily detected due to its pungent odour [37]. Other plants from the Allium genus, such
as Allium ursinum (wild garlic), Allium porrum (leeks), and Allium cepa (onion), also
produce trace amounts of allicin, but their yields are low.

3.4.3 Chemical nature

Allicin is a colourless oil with low water solubility. It is unstable and breaks down
quickly, especially with heat or moisture. The formula of allicin is C¢H;00S,. It’s a
thiosulfinate (R-S(O)-S-R) that has two allyl groups, containing two sulphur atoms
and one oxygen atom. In fresh garlic, allicin is the most abundant thiosulfinate and
constitutes about 70% (w/w) of the total thiosulfinates. When garlic tissue is
damaged, the enzyme alliinase converts alliin (S-allyl-L-cysteine sulfoxide) into allyl
sulfenic acid, which then condenses to form allicin [40].

3.4.4 Mechanistic insights (mode of action)

Allicin attacks pests by chemically interfering with their fundamental life processes
through thiol modification and oxidative damage, disrupting enzymes and cellular
structures necessary for survival. In other words, key modes of action of allicin include
thiol-binding and enzyme inhibition, oxidative stress induction, and membrane
disruption. Allicin readily reacts with free thiol (sulthydryl, —-SH) groups in proteins and
cofactors (like glutathione). This modification inactivates critical enzymes, such as those
involved in energy production (acetyl-CoA), maintaining cell health (thioredoxin
reductase), and metabolism (alcohol dehydrogenase), leading to cell death. Allicin causes
oxidative stress by generating ROS within target cells, which cause widespread damage to
DNA, proteins, and cell membranes, disrupting cellular function. Allicin disrupts
membranes, reaches intracellular targets, and enhances its overall toxicity [41, 42].

3.5 Lemongrass essential oil
3.5.1 Background

Essential oils are plant-derived volatile compounds. Essential oils widely used
as botanical insecticides are obtained from a wide range of plants (and/or from
their parts), for example, peppermint, clove, citronella, eucalyptus, lavender,
rosemary, neem, and lemongrass. These plant-derived volatile compounds are used
as eco-friendly pesticides, acting as repellents, fumigants, or toxins by disrupting
insect nervous systems, growth, or respiration, offering safer alternatives to
synthetics. At the same time, plant-derived volatile compounds are safe for humans
and the environment and are important ‘green’ solutions for agriculture. This is
because plant-derived volatile compounds (essential oils) contain terpenes and
phenolics that target multiple insect mechanisms, making resistance less likely, and
are biodegradable with low mammalian toxicity [43].

3.5.2 Sources
Lemongrass (Cymbopogon citratus, family Poaceae), indigenous to India and Sri

Lanka, is recognized for its properties derived from various parts. The oil in
lemongrass is sherry-coloured, with a flavour and a lemon-scented aroma. The
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bioactive components, comprising compounds, terpenoids, phenolics, proteinase
inhibitors, and growth inhibitors, act primarily as repellents, toxins, feeding
deterrents, and growth modulators, particularly targeting insects, mosquitoes, and
dipteran flies. Lemongrass leaves hold their oil, comprising approximately 1-2% of
dry weight, within specialized oil cells in the parenchyma tissues [44].

3.5.3 Chemical nature

The primary component is citral, which is made up of two isomers: geranial (citral
A) (E-isomer, usually dominant: 0.99-48.14%) and citral B (Z-isomer: 0-38.32%).
Alcohols, terpenes, ketones, aldehydes, esters, along with phytochemicals such as
nerol, geraniol, citronellal, myrcene, and flavonoids (like luteolin, quercetin, and
kaempferol), are additional bioactive substances.

3.5.4 Mechanistic insights (mode of action)

Major modes of action of lemongrass essential oils include (i) respiratory and
locomotor inhibition; (ii) disruption of detoxification and antioxidant systems; and
(iii) physical and developmental damage. These multi-faceted mechanisms make
lemongrass essential oils a potential natural alternative to synthetic pesticides and
preservatives. Lemongrass essential oils can decrease the respiration rate and
impair the movement of insects, contributing to their death. Lemongrass essential
oils can inhibit key detoxification enzymes, such as carboxylesterase and glutathione
S-transferase, and induce oxidative stress by affecting antioxidant enzyme activity.
Lemongrass essential oils can also cause histopathological effects in the midgut of
insects and exhibit significant cytotoxic activity that leads to mortality and can
impact normal development (e.g., larval duration) of pests. Moreover, the
hydrophobic components of the lemongrass essential oils interact with the lipids in
cell membranes, increasing permeability and ultimately causing cell death in
microbes [45] (Fiaz et al., 2019, [46]).

4. Conclusions, challenges, and prospects

Azadirachtin is obtained from the seeds of A. indica. It acts as an antifeedant
(stopping feeding), insect growth regulator (disrupting molting and development),
and repellent (preventing pests from reaching adulthood and reproducing). It is
effective against over 200 insect species, including thrips, aphids, whiteflies,
caterpillars, and mites. Azadirachtin is eco-friendly; it is biodegradable, non-toxic to
humans and animals, and safe for beneficial insects and pollinators, making it
suitable for organic farming. Derived from the dried flowers of chrysanthemum
plants (like Chrysanthemum cinerariifolium, which contains pyrethrins),
pyrethrum is a natural insecticide that paralyzes and kills insects by attacking their
nervous systems. Rotenone is a naturally derived, colourless, crystalline compound
from certain plants (like jicama and Derris) and is used as a broad-spectrum
insecticide. Its mode of action includes inhibition of mitochondrial respiration
(Complex I), thereby stopping energy production. Allicin is a natural, sulphur-
containing compound from Allium sativum. Allicin-mediated control of insect pests
involves mechanisms such as disrupting cell membranes and targeting proteins.
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Obtained from lemongrass, lemongrass oil is rich in compounds like citral. Acting as
an eco-friendly repellent and killer for various insects, the mode of action of citral
involves disruption of the nervous systems and digestion of insect pests.

Major challenges for botanical insecticides can be grouped into two categories,
namely scientific and technical challenges (e.g., variability, stability and efficacy,
formulation, and sourcing and production) and economic and regulatory hurdles
(e.g., cost-effectiveness, regulatory frameworks, and lack of data). Botanical
insecticides can become a vital part of sustainable agriculture and food security by
increasing research into new plant sources, integrating them with digital farming,
and implementing supportive policies to boost commercialisation. The stability and
potency of botanical insecticides may be enhanced by focusing on advanced
formulations (like nano-delivery systems) and biotechnological methods. More
research on environmental impact, long-term safety, and mechanisms of action is
needed. In addition, the use of botanical insecticides can further benefit from the
development of supportive policies and regulatory frameworks.
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Abstract

The agriculture sector plays a pivotal role in ensuring food security and
contributing to economic stability. Despite its advantages, the widespread use of
synthetic pesticides for pest control poses significant threats to human health,
environmental quality, and biological control agents. This chapter highlights the dual
nature of pesticides, focusing on their benefits in enhancing crop yields and their
adverse impacts on non-target species. Their harmful effects on natural and artificial
biological control agents exacerbate pest resistance and resurgence, challenging
sustainable pest management. To mitigate these issues, this article emphasizes the
need for selective pesticide use, integration of biological resistance in control agents,
and advanced studies on pesticide effects at molecular and behavioral levels. Future
directions advocate for innovative strategies to balance agricultural productivity
with environmental and public health conservation.

Keywords: biological control agent, pesticides impacts, resistant bio control,
IPM system, resistance threat

1. Introduction

The agriculture sector plays an important role in the world economy as it
contributes 4.13% to GDP (Gross Domestic Product) and provides employment to
37.4% of people, which is important for food security and for providing raw materials
to the industrial sector [1]. As the population increases continuously, it may reach
up to 9.8 billion in 2050 and 11.2 billion in 2100 [2], which leads to industrialization.
In South Asia, the population has increased continuously and developed pressure on
the same resources; that’s why, after the Green Revolution, the usage of pesticides
increased. The increase in pesticide usage led to a rise in the production of cereal crops;
wheat production increased six-fold in India since (1961-98), and rice yield doubled in
Sri Lanka [3]. But pesticides also have a dark side; these pesticides, like
organophosphates (OPs), methyl parathion, DDT, DDE, and HCH, cause different
diseases and the deaths of many people around the world.
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According to the World Health Organization (WHO), the term “pesticides” is
considered hypothetical toxic chemical compounds that help us control insect pests,
rodents, bacteria, fungi, acarids, and weeds [4]. Besides agricultural ecosystems,
pesticides are also used in the domain of public health protection, such as mosquito
control [5]. In the developing world (underdeveloped countries), farmers mostly rely
on chemical control as it provides immediate control without any hard effort [6].
Moreover, it is comparatively cheap and easy to use for controlling pests, but the dark
side is that it develops resistance in pests [7] and causes various severe diseases in
human beings and other terrestrial and aquatic organisms [8]. Chemical control mostly
disturbs both biotic and abiotic components of the community as it accumulates in the
food chain [9] and also damages non-target biological control (BC) agents [10, 11].

For the first time in history, Rachel Carson efficiently raised her voice against the
excessive use of pesticides in her book “Silent Spring” [12]. Since then, many articles
have been published describing how sole dependence on pesticides leads to
a poisonous world. A recent study revealed that the harmful chemicals in pesticides
cause genetic disorders, cancer, respiratory problems, and also disturb human
reproduction [13].

Globally, 2.5 million tons of pesticides are applied to crops; of these, only 0.1% are
applied efficiently to the target, while the remaining 99.99% are absorbed into the
environment, where they contaminate soil and water and have negative impacts
on BC agents [14]. In developing countries, only 25% of pesticides are used, but they
face an almost 99% death ratio [15] due to poor and unsafe use of pesticides, lack of
proper educational systems, and inefficient hospital structures [16]. Pesticides are
broadly divided into two groups: old chemistry and new chemistry groups. Old
chemistry includes organochlorines (OCs), OPs, carbamates, and pyrethroids, while
new chemistry includes all remaining groups except the above four, for example,
phenylamides, phenoxyalkanoates, triazines, benzoic acid, phthalimides, and
dipyrids, etc. [4]. The three main categories are used for pesticides depending on
pesticide utility, entrance to target species, and entity. Furthermore, the WHO
classified them into four main groups: (a) considerably harmful, (b) moderately
dangerous, (c) greatly hazardous, and (d) extremely hazardous [17].

2. What are BC agents and why are they important?

BC agents are beneficial insects that feed on harmful insects (pests). They actively
feed on pest species and, as a result, pest populations decrease. The importance
of BC has increased in the past three decades because of resistance development in pests.
The term “biological control” was first used by Smith and Taylor [18] for exotic insect
species used in the suppression of harmful pests. The term “biological control agents” is
broad, but more precisely, it includes predators, parasites, parasitoids, antagonists, and,
for weed control, phytophages. Their main targets include different pests (anything that
harms humans and competes with their economic interests), plant pathogens,
invertebrates that feed on plants, and different types of vectors that spread diseases.

Before its proper definition and application, BC was used centuries ago. At that
time, when BC was unknown, humans protected their grains from rodents by
keeping cats. However, the discovery of microbes in the nineteenth century led to
further research (mostly unsuccessful) as the life cycles of different insects began to
be understood. The first publicized and highly successful introduction of the vedalia
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beetle (Rodolia cardinalis) from Australia into California in 1888 to control the
disastrous pest cotton cushion scale (Icerya purchasi) was formally considered the
beginning of traditional BC as a discipline [19].

The successful control of I. purchase generated excitement and developed
interest worldwide; as a result, different BC agents, like ladybird beetles, were
reared and dispatched from continent to continent [20]. From the USA, the first
insect parasitoid was introduced into Italy in 1906 for the control of mulberry
scale (Pseudaulacaspis pentagona) [21]. During the initial periods, poor success
rates led to the realization that a more accurate, scientific approach, including
taxonomy, ecology, genetics, and biology, was needed for studying populations of
natural enemies. After World War II, exploration was limited because of the
discovery of the most powerful organic insecticides. However, soon these
chemicals became ineffective as insects developed resistance after repeated
applications. Subsequently, the harmful impacts of OCs on the environment were
exposed by Carson [12], and the cost of pesticides rose to its peak after the oil
crisis of 1973. The combination of these factors led toward a more scientific
approach to pest control, including the integrated pest management concept, as it
reduced pest resurgence.

3. History of insecticides use

Ancient people used botanical substance preparations as insecticides. For
example, 1.5% pyrethrins (active ingredients of insecticide) found in the flowers
of Dalmatian pyrethrum were used in China as insecticides in ancient times
and later in Middle Ages Persia. In Europe, an American merchant sold Persian
dust as insect powder more than 200 years ago, which contained pyrethrum
and showed excellent results against mosquitoes, cockroaches, bedbugs, and flies
[22]. Many other plants used in the past contained insecticidal properties; for
example, against cockroaches, elderberry flower had sufficient results [23],
against weevils, extract of wormwood was used [24], and against aphids, the
aqueous solution of tobacco was used [25].

In early 1000 BC, a natural chemical used by people to mitigate the problem
of insect pests was inorganic sulfur, which was used for fumigation. Homer wrote
in his book The Iliad and the Odyssey [26] about ritual sulfur used against lice
and to purify the divine. Then, in 900 AD, arsenic was used, and later cryolite
(NazAIF ) and lead arsenate (PbHAsO,) were used as cellular poisons in insect
bait [27].

In the middle of the nineteenth century, the broad use of chemicals started to
protect crops. For the control of the Colorado potato beetle, mixed copper
acetoarsenite (Paris green) was successfully used in 1871 [28]. Paris green was
successfully used around the globe until the middle of the twentieth century against
the mosquito, a malaria vector belonging to the genus Anopheles [29, 30].

The most well-known chemical, DDT, was synthesized by chemist Othmar
Zeidler, an Austrian student, in 1874 [31]. Paul Miiller, a Swiss chemist, discovered
its insecticidal properties while working at J. R. Geigy Ltd [22]. For this great
contribution, Paul Miiller was awarded the Nobel Prize in Medicine in 1948. After
some time, it was observed that DDT not only kills insect pests but is also dangerous
to humans, birds, mammals, and reptiles.
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4. Types of pesticides

Each type of pesticide has its own characteristics and mode of action [Table1].
The major types of pesticides used in agricultural practices are given below.

4.1 Carbamates

Carbamates are derivatives of carbamic acid (H,N-COOH), an unstable
compound where the hydrogen atom is replaced by an organic group (aryl
or alkyl group). In modern agriculture, common examples used in fields
nowadays are carbofuran, carbosulfan, and aldicarb [32]. The main function
of carbamates is to inhibit the enzyme acetylcholinesterase.
Acetylcholinesterase is an enzyme in insects that plays an important role in the
transmission of nerve signals by breaking down the neurotransmitter
acetylcholine at cholinergic synapses. By inhibiting this enzyme in pests,
carbamates disturb nervous system signaling, which leads to paralysis and
eventually causes the death of the insect. In non-target organisms, it also affects

nerve signaling [33].

4.2 Organochlorines

OC is a group of insecticides that contain carbon and chlorine as essential
elements [32]. They are the earliest synthetic pesticides but are now mostly
banned, like DDT (dichlorodiphenyltrichloroethane), due to their impact on non-
target organisms and persistence in the environment. Most OC pesticides, like
endosulfan, are banned due to their bioaccumulation properties in living

organisms [34].

4.3 Organophosphates

OPs are derivatives of phosphoric acid (H3PO,4) or phosphonic acid (H3PO3).
Both are inorganic acids. OPs are modified versions where organic molecules are

Pesticide type Target Mode of action Human health risk Environmental
organism impact

Carbamates Insects Inhibit the acetylcholi- Neurotoxicity Harmful to
nesterase enzyme non-target organisms

Organochlorines Insects Disrupt nerve Persistent in the body,  Long-lasting in soil/
transmission causing cancer water, banned

Pyrethroid Insects Damage to sodium Low to moderate neu-  Toxic to aquatic life
channels in nerve cells rotoxic risk

Neonicotinoids Insects Bind to nicotinic Behavioral change in Lethal to bees and
acetylcholine receptors humans/Animals pollinators

Organophosphate  Insects Overstimulates the Linked to Parkinson’s Highly toxic
nervous system and cancer contaminants in

water
Table 1.

Comparative toxicity of major pesticide types.
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attached to the phosphorus atom [32]. OPs directly impact the nervous system of
insects because they inhibit the synthesis of acetylcholinesterase, which leads to the
accumulation of acetylcholine. This inhibition causes overstimulation, paralysis, and
eventually the death of insects. Human health is also a major concern due to OPs
because of their neurotoxic effects, which lead to neurodegenerative diseases such as
Parkinson’s disease [33].

4.4 Pyrethroids

Pyrethroids are a group of insecticides whose structure is similar to pyrethrins,
which are naturally found in chrysanthemum flowers and possess insecticidal
properties. These chemicals are used to control a wide range of pests, mostly in the
agricultural sector, due to their potent activity. As a human health factor, OPs are
more toxic than pyrethroids, but prolonged exposure to pyrethroids leads to serious
health risks. In insects, they damage the nervous system by affecting sodium
channels, which leads to repetitive nerve impulse transmission, paralysis, and
ultimately death [35].

4.5 Neonicotinoids

Neonicotinoids are a new class of pesticides related to nicotine (a chemical found
in tobacco plants with insecticidal properties) and are considered the most toxic
category of pesticides. By binding to nicotinic acetylcholine receptors, they target
the nervous system of insects and cause death. Neonicotinoids are generally
considered target-specific pesticides with low risk to non-target organisms and the
environment [36].

5. Classification of insecticides on the of target
Furthermore, the classification of insecticides on the basis of target is as follows:
5.1 Fungicides

As the name indicates, fungicides are types of pesticides used to inhibit the
growth and reproduction of fungi and prevent further spreading and damage to
plants. This enzyme damages the cell membrane, interferes with energy production,
and stops respiration in fungi, ultimately causing death [37]. Some common
examples of fungicides are difenoconazole, mancozeb, and pyraclostrobin.
Mycotoxins (secondary toxins) produced by some fungi in grain cause serious illness
and even death in humans and animals. Trichothecenes, fumonisins, aflatoxins, and
ergot alkaloids are common examples of mycotoxins prevalent in crops [38].

Fungicides are classified on the basis of mode of action as single-site and multi-site
fungicides. Single-site fungicides target a single site in fungi, while multi-site
fungicides can target more than one site in fungal metabolic processes [34]. Fungicides
can also be classified on the basis of chemical composition. Organic fungicides contain
carbon atoms as essential components in their structure, but many early compounds
were inorganic, containing metal ions toxic to fungi, such as tin, copper, and mercury,
associated with sulfur [39].
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5.2 Herbicides

Weeds are undesirable plants that compete with main crops for light, space,
moisture, and nutrients, reducing yield quality and quantity. They can also interfere
with harvesting tools and decrease the main yield. The toxic properties of weeds
reveal negative impacts on animal and human health as well as ecosystems. In India,
weeds cause almost 37.02% losses in crops, while insect pests cause 27.9% [40].

Herbicides, also called weedicides, are used to kill weeds that compete with the
main crop. Herbicides are categorized into selective and non-selective types. Non-
selective weedicides kill every plant or green part, and their toxic residues remain in
the soil for extended periods. This led to the concept of selective herbicides, which
target only specific weeds and leave the main crops unharmed. Some recent
examples include atrazine, metolachlor, and glyphosate. Herbicides disturb the
metabolic processes of unwanted plants, such as stopping photosynthesis, causing
hormonal imbalance, and halting cell division. They can also be characterized as
systemic and non-systemic based on translocation within plants and divided by the
time of application as pre-emergence and post-emergence [34].

5.3 Nematicides

These are used against microscopic, segmented, worm-like invertebrates
belonging to the phylum Nematoda, called nematodes. They cause major
phytosanitary problems around the world. These parasitic nematodes typically range
from 35 pm in width and 300-1000 pum in length. Nematodes mostly attack the root
systems of plants, leading to decreased water and nutrient absorption capacity and
ultimately reduced yield [41, 42]. Nematicides contain chemicals that prevent
nematodes from feeding on plant roots, causing stunted growth. Commonly used
nematicides include fumigants, carbofuran, and OPs. These are applied directly to
the soil and divided into fumigants and non-fumigants based on chemical movement
in the soil. Fumigants are biocidal and act on soil microorganisms, bacteria, and
fungi, with high vapor pressure to diffuse through soil pores. The first fumigant
nematicide was methyl bromide, used to control nematodes in tobacco crops, but its
use disturbs environmental ecology [41, 43].

6. Advantages of synthetic pesticides

Pesticides are beneficial for farmers as they provide additional revenue by killing
pests, rodents, and weeds [44]. This additional revenue may help increase living
standards, especially in the education and health sectors [45]. Pesticides help
produce quality food, high yields, and affordable prices, providing economic
benefits to both producers and consumers [46]. By utilizing pesticides, almost
7 million people are prevented from dying from diseases like typhoid, fever, bubonic
plague, and encephalitis [47]. In old times, pesticides were the only preventive or
life-saving solution due to the lack of modern technology [48]. Even now, pesticides
are used in public health by controlling mosquitoes [49].

Pesticides and fertilizers are important factors for increasing crop yield, while
losses are caused by insect pest attacks, weeds, and diseases [50]. During the
twentieth century, considerable production increases were observed in the USA [51],
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China [52], Japan [53], and the United Kingdom [54], and significant economic
losses were noted in the absence of pesticide use [50]. Annually, the USA saved
almost 60 billion USD from crop protection by spending 9.2 billion USD on
pesticides, achieving a net profit of 6.5 USD for every dollar spent [55]. Almost 40%
of agricultural output was lost due to insect pests, weeds, and diseases [56].

7. Hazards of pesticides

According to a WHO report, almost 300,000 people die annually due to the
overuse of pesticides [13]. The death rate is especially high in developing countries due
to poor safety measures, lack of knowledge, and inefficient health safety protocols
[57]. Problems associated with pesticides arise due to inhalation or direct contact
with chemicals [58]. Literature indicates that women during gestation exposed to
pesticides (DDT) have traces of DDT in breast milk and the umbilical cord [59]. It was
noted that a relation exists between changes in birth weight and pesticide exposure
[60]. Pesticides can penetrate in three ways: inhalation, ingestion, and skin contact
[61, 62]. A major drawback is that the majority of suicide attempts involve the use of
pesticides [63]. When non-judicious use of pesticides is applied on farms, it causes
leaching or runoff into water bodies such as lakes, rivers, and dams [64]. These
poisonous chemicals harm aquatic species like fish [65]. Acute toxicity causes
unexpected, huge mortality among fish [66]. Several symptoms like suffocation,
respiratory disorders, and neurological problems are associated with pesticides and
become major reasons for fish deaths [67].

Among all pesticides, insecticides are considered the most toxic and harmful,
whereas fungicides and herbicides rank second and third, respectively, in terms of
toxicity. In natural ecosystems, pesticides enter in two ways depending on their
chemical solubility. Water-soluble pesticides dissolve and leach into water bodies,
infecting non-target organisms, while fat-soluble pesticides enter animal bodies
through bioamplification and persist for extended periods, thereby entering the food
chain [68].

8. Non-chemical management methods

Non-chemical control tools play a critical role in a sustainable pest management
system, especially in grass and garden ecosystems where the overuse of pesticides is
hazardous to human health, non-target organisms, and BC agents. These methods
are intended to control the population of pests through ecological control,
manipulation of habitats, and physical action instead of chemical elimination. The
use of non-chemical practices helps decrease reliance on pesticides, conserve useful
arthropods, and maintain the permanence of agroecosystems.

8.1 Introducing beneficial insects and wild, native plants
Introduction and preservation of advantageous insects is one of the important non-
chemical approaches toward pest containment in lawns and gardens. Ladybird beetles

(Coccinellidae), lacewings (Chrysopidae), hoverflies (Syrphidae), predatory mites,
and parasitoid wasps are beneficial insects that actively feed on or parasitize common
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garden pests like aphids, whiteflies, thrips, caterpillars, and scale insects. These are the
natural predators of pests, which means that the population of the pests is controlled in
a natural way, and the ecological balance is supported without the adverse effects of
synthetic pesticides. BC agents are especially effective where the effects of chemical
disturbance are kept to a minimum because exposure to insecticides tends to reduce
their survival, fecundity, and foraging ability. Insect predators are often more sensitive
to pesticides than target pests, which leads to a pest resurgence when the natural
populations of enemies have been disrupted [69]. Preservation of useful insects thus
lies in reducing chemical contributions and promoting alternative pest management
plans.

Wild and native plants are important in maintaining the population of useful
insects by supplying them with nectar, pollen, shelter, and alternative prey. The
presence of flowering native vegetation increases the life span and reproductive
success of predators and parasitoids, especially when pests are scarce. The
introduction of native plants has been found to enhance the abundance of natural
enemies and the effectiveness of BC in managed landscapes through habitat
diversification [70]. Native plants are more suited to the local environment and need
fewer inputs compared to exotic ornamental plants. They are added to the structure
of lawn margins, garden borders, and non-cropped areas to enhance functional
biodiversity. It has been established that diversified habitats minimize pest pressure
through the intensification of predator-prey interactions and the stabilization of
ecosystem dynamics [71]. BC agents like Chrysoperla carnea have been associated
with the effectiveness of the floral resources available for adult insects to feed on.
Research has shown that adult lacewings depend on sources of nectar and pollen to
sustain reproduction and population maintenance in agroecosystems, and native
flowering plants are important to non-chemical pest management systems [72].

8.2 Use of physical methods

Physical techniques include the embodiment of direct mechanical activities to
control the population of pests without the use of chemical compounds in the
environment. These methods are ecologically friendly, specific to the target, and
do not conflict with BC measures. Physical control practices are best applied in
lawn and garden systems where pest populations are localized and can be
controlled by human or machine intervention.

8.2.1 Hand weeding

One of the most common physical pest control methods carried out in gardens
and small-scale agricultural systems is hand weeding. The removal of weeds by hand
eradicates the habitats of pests and alternative host plants, which lowers their
establishment and population. Weeds are used by many insect pests as hiding places
or alternative food sources before attacking cultivated plants. Crop hygiene and
competition for nutrients, water, and light are all enhanced by manual weed
removal. Hand weeding is not associated with the disruption of soil microbial
communities or negative effects on beneficial arthropods, as opposed to chemical
herbicides. This approach works especially well in organic farming systems and
residential gardens where the use of chemicals is discouraged. Indirectly, hand
weeding helps maintain predator and parasitoid populations, which are usually
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negatively impacted by herbicides. The lower level of chemical interference enables
natural enemies to operate well and increases pest control through ecological
processes instead of the use of chemicals [73].

8.2.2 Mulching

Mulching involves a significant non-chemical method of suppressing weeds,
regulating soil temperature, conserving moisture, and disrupting the life cycle of pests.
Compost, wood chips, crop residues, and straw are organic mulches that prevent the
emergence of weeds and reduce oviposition areas for insects. Another benefit of
mulches is their ability to improve the structure of the soil, as well as the proliferation
of beneficial microorganisms in the soil, which indirectly leads to the health of plants
and their resistance to pest attacks. Plants that are healthier are not vulnerable to
insects and diseases, and thus fewer chemical interventions are required. Moreover,
mulched habitats also provide good environments for ground predators like beetles
and spiders, who help in the suppression of pests. Some studies have indicated that
mulching lowers the population of soil-dwelling pests and reduces the transmission of
plant pathogens by altering the microclimate at the soil surface [74]. Integrated pest
management concepts also advocate the use of organic mulches, as they improve BC
with reduced environmental disturbance. The long-term success of BC agents (e.g., by
maintaining predator-friendly habitats via mulching) and the minimization of the
risks of pest resurgence, especially when the use of selective chemicals cannot be
avoided, are supported by the principles of integrated pest management [69].

8.2.3 Setting traps

Trapping is a good physical method of managing pests, which is applied to monitor
and control their populations. The most common traps are pheromone traps, sticky
traps, light traps, and baited traps. These tools are useful for the early detection of pest
infestations and decision-making based on the population threshold of the pests,
rather than routine pesticide application. Pheromone traps are species-specific and
affect mating behavior by attracting male insects and, as a result, reduce reproductive
success as well as slow population growth. Lawn and garden systems are well-known
for using sticky traps to monitor flying pests, including whiteflies, leaf miners, and
thrips. These traps also provide useful data on the dynamics and infestation levels of
pests. Traps are especially effective when combined with the use of BC measures
because they minimize pest pressure without negatively affecting other insects that are
beneficial to humans. Traps do not leave toxic residues or alter predator-prey
interactions as chemical sprays do. Their application leads to reduced chemical use and
the provision of sustainable pest management outcomes [75]. Trap placement, density,
and frequent monitoring are factors that determine trap effectiveness. Trapping is
an important part of non-chemical pest control in lawn and garden ecosystems, in
combination with habitat control management and physical control [76].

9. Effect on BC agents

Natural enemies are organisms that naturally kill insects and pests [77]. BC
agents are also reared in labs and released artificially to control insect pests [78].
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Figure 1.

The death rate due to the hazards of pesticides is continuously increasing and reaches up to 220,000 deaths in
2024.

Pesticides reveal harmful effects on BC agents or natural enemies [Figure 1].
Using broad-spectrum pesticides like carbamates, pyrethroids, and OPs
significantly decreases populations of beneficial insects such as beetles and bees.
Synergistic effects of triazole or imidazole and pyrethroids are very harmful to
honey bee populations [79]. Even low doses of imidacloprid cause negative
impacts on the foraging behavior [80] and learning capacity of bees [81]. At the
start of the twentieth century, honey bee populations suddenly decreased, which
became a major concern for the food industry as one-third of total food
production depends on bee pollination. It was reported that honey and wax from
hives contained mixtures of different pesticides, with a significant share of
neonicotinoids [82] [Table 2]. Pesticides have a more toxic impact on natural
enemies than on pests [83]. Pests develop resistance more quickly than natural
enemies, so after pesticide application, natural enemies die more quickly than
pests [84]. Killing natural enemies during chemical applications promotes
resurgence (secondary outbreak) of pests [84]. Resurgence is a major problem
because it is the reappearance of secondary outbreaks; to decrease its chance, we
must ensure the minimum use of selective chemicals that reveal minimal negative
impact on BC agents.

Ecosystems Observed effect Pesticide class

component

Soil Microbes Reduced nitrogen fixation, microbial death Herbicides, fungicides

Birds Mortality, neurological disruption, and reduced Organochlorine, granular
reproduction insecticides

Fish Protein degeneration, immune suppression, and beha- ~ Organophosphates,
vioral changes carbamates

Bees Memory loss, decreased foraging, colony collapse Neonicotinoids, triazoles

Biocontrol Agents Reduced population, ineffective pest control Pyrethroids,

organophosphates
Table 2.

Effect of pesticides on different ecosystems.
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10. Objective

Many countries are agricultural, and their main income source is exporting
agricultural products. For example, the USA earns $1.3 trillion by exporting agricultural
commodities worldwide [85], and China earns USD 51.03 billion [68]. Revenue from
exports is used for the betterment of society and for increasing living standards.
However, the major reason for this production is the use of synthetic fertilizers and
chemicals for pest control. Therefore, the main objective of this manuscript is to provide
a clear picture of the hazards posed by harmful chemicals on humans, fishes, and BC
agents, and to help take judicious action against the sensitivity of the problem.

11. Methodology

The data and information for this chapter were collected from various primary
sources, such as research articles, and secondary sources, including books, reports,
magazines, news, and online platforms like Google, Google Scholar, ResearchGate,
etc., and were reviewed extensively for the preparation of this manuscript.

12. Conclusion and future directions

The majority of farmers are not aware of the potential risks associated with
pesticide usage. They do not have enough information regarding the types of
pesticides, levels of poison, and safety measures. Pesticide contamination causes
significant loss to humans, the environment, and BC populations. To minimize its
impact, we must decrease chemical contamination.

We must adopt new techniques and tools to reduce overall pesticide usage
without decreasing crop quality and quantity. We must develop systems of pesticide-
resistant BC agents to ensure their survival and control secondary pest outbreaks.
This pest management technique will lead toward sustainable pest management in
agroecosystems. The development of resistance in BC agents has been reported [86].
Along with this, we need to check the pesticide impact on BC agents regarding blood
biochemical parameters, growth disorders, chromosomes, behavioral variations,
genotoxicity, immune system, and enzyme functioning. It is the demand of the time
to integrate different discipline studies like environmental chemistry, ecology,
population biology, conservation biology, and toxicology to estimate the pesticide
impact on the environment [87].
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Chapter 5

Environmental Effects and Risk
Control of Neonicotinoid
Insecticides

Xiaoning Wang, Chuanxi Yang, Yongkun Wu, Mingfang Zhang,
Kaipeng Sun, Yiyong Xu and Ziheng Wan

Abstract

Neonicotinoid insecticides (NEOs) have become the most widely used class of
insecticides globally since the 1990s, owing to their high insecticidal efficacy, broad
spectrum, and low acute toxicity to mammals. However, their widespread
application, high water solubility, environmental persistence, and systemic
properties have led to ubiquitous contamination in various environmental media,
biota, and food products. This chapter systematically reviews the emission pathways,
environmental distribution, and ecological and human health risks of NEOs and
summarizes the latest advances in risk control technologies. NEOs are primarily
emitted through industrial wastewater discharge, agricultural runoff, and sewage
treatment plant effluents, and are frequently detected in water, soil, air, and
biological matrices (human urine, tea, milk, and wildlife). Human exposure occurs
mainly via dietary intake, with children and neonates showing higher vulnerability
due to maternal-fetal transfer and immature metabolic systems. Ecologically, NEOs
pose significant risks to non-target organisms, including birds, bees, and aquatic
invertebrates, affecting their health, behavior, reproduction, and survival. Risk
control strategies for NEOs include physicochemical technologies (adsorption,
photocatalysis, Fenton-like processes) and biotechnologies (microbial degradation,
phytoremediation), each with unique advantages and limitations. Key challenges
remain the low detectability of transformation products, their potential toxicity, and
the need for synergistic control strategies. This chapter provides a comprehensive
overview of the environmental effects and environmental risk prevention and
control for emerging contaminants, NEOs.

Keywords: neonicotinoid insecticides, environmental effects, risk control,
environmental exposure, health effects

1. Introduction

Since their commercialization in the early 1990s, neonicotinoid insecticides
(NEOs) have transformed agricultural pest management, replacing older classes
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such as organophosphates and carbamates [1]. Their unique mode of action,
targeting insect nicotinic acetylcholine receptors (nAChRs), delivers high
selectivity and efficacy against a broad range of sucking and chewing pests, while
exhibiting low acute toxicity to mammals [2]. By 2014, NEOs accounted for over
25% of the global insecticide market, registered in 120 countries for use on more
than 140 crops [3]. In China, one of the world’s largest agricultural economies,
NEOs are extensively employed in seed coating, foliar spraying, and soil
application, supporting high crop yields but also raising concerns about
environmental contamination [4].

Despite their agricultural benefits, NEOs’ environmental behavior has
sparked growing alarm. Unlike traditional insecticides, NEOs are systemic-
absorbed by plant roots or leaves and translocated to all tissues, including nectar,
pollen, and fruits [5]. Among these cases, 101 incidents — resulting in the death
of at least 734 animals — were linked to the agricultural application of imidacloprid
(IMI) as a seed treatment. The primary affected species included gray partridges
(Perdix perdix) and three pigeon species (Columba palumbus, Columba livia,
and Columba oenas). Notably, over 70% of these mortality incidents occurred
during the autumn cereal sowing period [5]. NEOs residues have been detected in
diverse environmental matrices, from urban streams to remote agricultural soils,
and even in human biological samples such as urine, serum, and cerebrospinal
fluid [6].

The ecological risks of NEOs are particularly well-documented for pollinators.
Honeybees exposed to sublethal concentrations exhibit reduced foraging activity,
impaired navigation, and colony collapse [7]. Beyond bees, NEOs affect birds,
aquatic invertebrates, and soil microorganisms, disrupting food webs and ecosystem
function [8, 9]. For humans, chronic exposure has been linked to
neurodevelopmental disorders, insulin resistance, reduced semen motility, and
increased risks of osteoporosis and cancer [10]. Vulnerable populations, such as
children and neonates, face elevated risks due to maternal-fetal transfer of NEOs and
their metabolites [11].

To address these challenges, extensive research has focused on developing
efficient risk control technologies, including physicochemical methods
(adsorption, advanced oxidation processes) and biotechnologies (microbial
degradation, phytoremediation) [12]. Oxygen-doped graphitic carbon nitride
(OCN) activated peroxymonosulfate (PMS) for IMI degradation, enhancing PMS
adsorption, electron transfer, redox sites, light absorption, and charge separation.
OCN-10/PMS removed 94.5% of IMI (3.0 mg/L) in 2 hours; its k (1.501 h™1) was
30.3 times higher than g-CsN4/PMS (0.048 h'1) [13]. However, many of these
technologies remain in the laboratory stage, with practical application limited by
factors such as cost, efficiency, and environmental compatibility. Additionally,
the complexity of NEOs' transformation products, some of which are more toxic
than the parent compounds, poses new hurdles for risk assessment and
control [14].

As shown in Figure 1, this chapter synthesizes the latest research on NEOs,
covering their emission pathways, environmental distribution, ecological and
human health risks, and risk control technologies. It also identifies key knowledge
gaps and future research directions to inform policy-making and environmental
management.
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Figure 1.
Overview of environmental effects and risk control of NEOs.

2. Emission, occurrence, and exposure of neonicotinoid insecticides
2.1 Emission pathways

NEOs enter the environment through multiple pathways, primarily driven by
anthropogenic activities such as industrial production, agricultural application, and
wastewater discharge [15].

Industrial emission: During NEOs manufacturing, untreated or partially treated
wastewater containing high concentrations of parent compounds and by-products is
discharged into water bodies, posing acute risks to aquatic organisms [15]. Health
Canada’s Pest Management Regulatory Agency (PMRA) has classified IMI as persistent
and assigned it a high leaching potential. Globally, neonicotinoids have been detected
in diverse water bodies, with concentrations typically falling in the low pg/L range [16].

Agricultural non-point source pollution: Agricultural application is the
largest source of NEOs in the environment. Applied as seed coatings, soil drenches,
foliar sprays, or trunk injections, NEOs enter the environment through runoff,
leaching, volatilization, or crop residue decomposition [17]. Seed coating, common
for corn, soybeans, and wheat, releases NEOs into soil and water during planting or
rainfall [18]. Studies in China’s Yangtze River Delta found agricultural runoff
contributed 60-80% of NEO loads in surface water, with thiamethoxam (TMX)
and IMI as dominant compounds [19].

Sewage treatment plant (STP) discharge: Flow-weighted daily composite samples
were analyzed via isotope dilution liquid chromatography-tandem mass
spectrometry (ID-LC-MS/MS). Mass balance analysis indicated insignificant
removal of IMI (p = 0.09, 95% CI) and limited removal of the sum of acetamiprid
(ACE) and its degradate N-desmethyl-ACE (N-dm-ACE, 18 + 4%, p = 0.01, 95% CI).
Clothianidin (CLO) was detected only intermittently, whereas TMX, thiacloprid
(THD), and dinotefuran (DIN) were not detected at all [20]. Studies show STP
effluents in China contain NEO concentrations ranging from 0.01 to 0.5 pg/L, which
can accumulate in receiving water bodies over time [21].
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2.2 Environmental occurrence
2.2.1 Water

NEOs are frequently detected in surface water, groundwater, and drinking water
globally, with concentrations varying by region, land use, and hydrological conditions.
In China, surface water samples from agricultural areas have NEO concentrations
ranging from 0.001 to 4.68 pg/L, with TMX, IMI, and ACE as the most common
compounds [22]. A nationwide survey of drinking water in China found 92-98% of
samples contained detectable NEOs, with a median total concentration of 0.27 ug/L
[22]. The maximum total neonicotinoid concentration in a single sample reached
400 ng/L, which provides critical baseline data for evaluating the potential ecological
risks of neonicotinoid accumulation in the study area [23].

Groundwater contamination by NEOs is a growing concern, particularly in
intensively agricultural areas. In China’s Pearl River Delta, the >.6NII concentrations
(six neonicotinoids, i.e., IMI, CLO, ACE, imidaclothiz (IMZ), DIN, and flonicamid
(FLO), range [median]) in soils were 0.26-390 (23) ng/g for vegetable farms,
0.26-280 (6.1) ng/g for rice paddies, and 0.26-120 (5.0) ng/g for fruit farms. NEOs
are more frequently detected in vegetable soils (higher levels) than in rice/fruit
soils due to frequent NEOs use [24]. NEOs can leach into groundwater through soil
pores, especially in sandy soils with low organic matter content.

2.2.2 Soil

Soil serves as a major sink for NEOs, with concentrations strongly influenced
by application rate, soil properties, and climate. The occurrence and ecological
risks of 10 NEOs in Chinese field soils (rice, wheat, corn) were investigated using
an optimized UPLC-MS/MS method (LOQ = 0.01-1.7 ng/g; RSD). <12.21%), 10
NEOs were quantified in 69 soil samples (23 rice, 18 corn, 28 wheat). NEOs
detection frequency (DF) was 100% across all samples; individual DFs: IMI
(100%) >TMX (88.4%) > CLO (87.0%) > ACE (46.4%) > DIN (7.2%) >
nitenpyram (NTP, 1.4%). Mean total NEO concentrations showed crop specificity:
wheat (1.77-214.55 ng/g) > corn (0.79-97.53 ng/g) > rice (0.75-72.97 ng/g) [4].

NEOs act as nicotinic acetylcholine receptor (nAChR) agonists, binding
strongly to insect central nervous system nAChRs. This binding causes nervous
overstimulation at low concentrations and receptor blockage, paralysis, and death
at higher concentrations [17]. Owing to their greater affinity for insect versus
vertebrate nAChRs, they exhibit selective toxicity to insects [25].

Chemically, they fall into three groups: N-nitroguanidines (IMI, TMX, CLO, DIN),
nitromethylenes, and N-cyanoamidines (ACE, THD) [1]. Their high insect toxicity
is exemplified by honeybee oral LDs  values: 5 ng/insect (IMI) and 4 ng/insect
(CLO) —~1/10,000th of DDT’s LDs  in honeybees [26]. Soil organic matter content,
pH, and clay content affect NEOs' adsorption and degradation; higher organic matter
increases adsorption, reducing leaching but prolonging persistence [27].

2.2.3 Air

NEOs enter the atmosphere through volatilization from soil or foliage, or via
wind erosion of contaminated dust particles. Airborne NEO concentrations are
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generally low (pg/m? to ng/m?) but widespread. In urban areas of China, PM2.5
samples contained IMI and ACE concentrations ranging from 0.01 to 0.1 ng/m?, with
higher levels near agricultural fields [28]. In agricultural areas, wind-driven dust
from seed coating operations can lead to short-term high concentrations of NEOs in
the air, posing inhalation risks to farmworkers [18].

2.3 Environmental exposure
2.3.1 Human

Human exposure to NEOs is widespread, as evidenced by their detection in
urine, serum, cerebrospinal fluid, and breast milk. Urine is the most commonly
used matrix for biomonitoring, as NEOs are rapidly metabolized and excreted
within three days [29]. Six target NEOs - IMI, TMX, ACE, CLO, THD, and DIN -
were detected in over 90% of urine samples from 305 children, indicating
widespread exposure in this population. Their median urinary concentrations were
0.13, 0.21, 0.01, 0.19, 0.002, and 1.64 pg/L, respectively [30].

Neonates are exposed to NEOs via maternal-fetal transfer. Tang et al.
determined concentrations of 13 NEOs and their metabolites in first-void urine
from 92 preterm and full-term newborns in southern China (2020-2021) [11].
NEOs/metabolites were detected in 91 samples, with over 93% containing
compound cocktails — confirming maternal-fetal transfer. N-dm-ACE, IMZ, CLO,
and FLO were the most prevalent analytes, with detection frequencies of 59 - 87%
and median concentrations of 0.024 - 0.291 ng/mL [11].

Serum samples also confirm human exposure. Following exposure, NEOs
undergo Phase I/II metabolism via human cytochrome P450 enzymes. However, the
toxicities of parent NEOs and their metabolites remain unclear, and human NEO
biotransformation rates and pathways are poorly understood. Conjugated NEOs
accounted for 53% of total NEOs. NEO Phase II metabolites are linked to oxidative
DNA damage, and serum-conjugated IMI, DIN, and 5-OH-IMI correlated positively
with oxidative stress [31].

2.3.2 Plants

NEOs are systemic in plants, meaning they are absorbed and translocated to all
tissues, including leaves, fruits, and seeds. Tea is particularly vulnerable to NEO
contamination due to intensive pesticide use in plantations. Xiao et al. reported
that ingestion of contaminated tea poses human exposure risks to NEO residues,
yet empirical research on this topic is limited [32]. Xiao et al. collected 220 tea
samples (unfermented green, semi-fermented white/oolong, fully fermented
black, post-fermented dark) from four Chinese regions [32]. Wang et al.
developed a quantum-dot-based fluorescent lateral flow immunochromatographic
strip (LFICS) coupled with a broad-specific antibody for detecting three typical
NEOs (IMI, IMZ, CLO) [33].

2.3.3 Animals

NEOs accumulate in terrestrial and aquatic animals through dietary intake or
water exposure. Birds are exposed to NEOs not only via direct ingestion of coated
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seeds and NEO-containing plant material, but it is now also clear that NEOs
dissolve in water and soil — causing long-lasting, intensive pollution across large
continental scales [34]. While NEOs' half-lives are typically short, the time required
for the most widely used NEOs to degrade to half their original amount (i.e., DT50 or
half-life) ranges from 4.7 to 40.3 days in water and 3 to >1,000 days in soil [35].
NEOs accumulate in birds — including upper trophic level species such as birds

of prey and owls [36]. Molenaar et al. systematically quantified, via an extensive
meta-analytic model of experimental exposure studies, which key performance
metrics (health, behavior, reproduction, survival) are affected by direct NEO
exposure [37].

The neonicotinoid IMI, when extensively used, causes unintended toxicity to
non-target aquatic fish. Topal et al. evaluated its neurotoxicity in rainbow trout by
measuring 8-hydroxy-2-deoxyguanosine (8-OHdG) activity, oxidative stress
markers, and acetylcholinesterase (AChE) activity in brain tissue after a 21-day
exposure to 5, 10, or 20 mg/L IMI [38]. Brain tissue showed significantly higher
antioxidant enzyme (SOD, CAT, GPx) activities and malondialdehyde (MDA) levels
compared to the control (p < 0.05). High IMI concentrations also significantly
reduced AChE activity (p < 0.05).

2.3.4 Microorganisms

NEOs affect soil and aquatic microbial communities, altering diversity and
function. Principal component analysis showed that IMI shifted measured
parameters, confirming its risk to soil biochemical and microbial activity [39].
During plant treatment, IMI enters the soil and exhibits high persistence, with
a half-life (t;/,) of up to 229 days [39]. Its behavior in soil depends on soil
physicochemical properties, including organic matter type and content, pH,
temperature, IMI concentration, presence of cover crops, and time.

2.4 Food products

Dietary intake is the primary route of human exposure to NEOs, with tea, milk,
and grains being major contributors.

Tea infusions: NEOs transfer from tea leaves to infusions during brewing.
Xiao et al. found that transfer rates (TRs) were highest in the first brew (30-60%)
and declined gradually in subsequent brews [32]. After three brews, the TRs of
26NEOs dropped by 40-50%, suggesting that discarding the first two brews can
reduce exposure [32]. Green tea infusions had the highest NEOs concentrations
(8.76-29.77 ng/mL), followed by oolong tea (6.54-15.30 ng/mL) and black tea
(4.47-9.68 ng/mL) [32].

Milk: Since the 1990s, the global application of NEOs has increased dramatically;
however, the extent of human exposure to these compounds and their potential
health risks remains incompletely unraveled. Wei et al. analyzed residues of 16 NEOs
and their metabolites in 205 commercial cow milk samples from China’s market
[40]. Fedrizzi et al. evaluated five NEOs (ACE, IMI, CLO, THD, TMX) in sheep
(37 samples) and cow (31 samples) milk from the Jordan Valley - an area with citrus
plantations using these insecticides [41]. The analytical method (diatomaceous earth
SPE cleanup + LC-MS/MS) achieved 75.1-88.3% recoveries, 0.5 pg/kg LOD, and
1ug/kg LOQ (far below Codex milk residue limits) [41].
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Grains and cereals: In Shandong and Jiangsu, mean total NEOs concentrations in
wheat soils exceeded those in corn soils; in Liaoning, corn soils had higher levels
than rice soils. Across all crops, the order was: wheat soil (42.47 ng/g) > corn soil
(22.08 ng/g) > rice soil (12.05 ng/g). Compositional analysis showed IMI, CLO, and
TMX accounted for 93.6-94.4% (mean: 94.1%), 97.2-100% (mean: 99.5%), and
94.1-99.6% (mean: 97.4%) of total NEOs in rice, corn, and wheat soils, respectively
[4]. Carbonell-Rozas et al. reported that separation was achieved in <19 min using
a Zorbax XDB-C18 column (150 mm x 0.5 mm i.d., 5 um) at 25 °C [42].

3. Environmental risks of neonicotinoid insecticides
3.1 Human health risks

Human exposure to NEOs is ubiquitous due to their widespread presence in food,
water, and air, with vulnerable populations (neonates, children, pregnant women)
facing elevated risks.

3.1.1 Exposuve assessment

NEO exposure is quantified via estimated daily intake (EDI), hazard quotient
(HQ), and biomonitoring (urine, serum, cerebrospinal fluid). Differences in dietary
patterns, regional agricultural practices, and physiological status (pregnancy) lead to
significant exposure variability.

Children and adolescents: Six NEOs — IMI, TMX, ACE, CLO, THD, DIN - were
detected in 305 children’s urine samples with high frequencies (>90%), indicating
widespread exposure in this population. Their median urinary concentrations were
0.13, 0.21, 0.01, 0.19, 0.002, and 1.64 ug/L, respectively. Among the target NEOs,
urinary concentrations of CLO showed a significant positive correlation (p < 0.05),
suggesting common exposure sources [30].

Pregnant women and neonates: Maternal-fetal transfer of NEOs is a critical
exposure pathway. Tang et al. detected NEOs/metabolites in 98.9% of neonatal first
urine samples from southern China, with N-dm-ACE (median: 0.291 ng/mL) being
the dominant metabolite, which was 6-fold higher than in Japanese neonates [11].

Occupational exposure: Farmworkers involved in NEOs seed coating or
foliar spraying face high inhalation and dermal exposure. Owing to their broad
spectrum and lack of cross-resistance, NEOs account for over 25% of the global
pesticide market. They have been widely used in more than 120 countries, with
an annual global expenditure of $1.9 billion [43]. For NEOs/m, N-dm-ACE, IMI,
and TMX were most frequently detected, with IMI having the highest GM
concentration (8.7 pg/g-creatinine) [44].

3.1.2 Health effects

Epidemiological and toxicological studies have linked NEOs exposure to diverse
adverse outcomes, with recent research focusing on long-term chronic effects and
mechanistic pathways (oxidative stress, endocrine disruption). IMI exposure
significantly reduced the number and activity of microglia during development,
induced neural circuit dysfunction in the hippocampal CA1 and CA3 regions in the
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early post-natal period, and suppressed csflr expression during development [45].
6-Chloropyridine-3-carboxylic acid (6-CN) showed the highest median
concentration (9.58 pg/g creatinine, creatinine-adjusted). A 10-fold increase in IMI
(= -1.83; 95% CI: - 3.04, - 0.62) and ACE (f = - 2.27; 95% CI: - 3.56, - 0.98)
reduced newborn head circumference; a 10-fold higher IMI increased newborn PI
(#=0.40; 95% CI: 0.03, 0.75) [46].

Metabolic disorders: NEOs are widely used globally, leading to their extensive
environmental distribution and frequent detection in humans. The hazard quotient
(HQ) and hazard index (HI) were used to assess exposure risks of individual and
combined NNIs via vegetable/fruit intake, respectively [47]. Sun et al. investigated
IMI’s effects and its interaction with dietary fat on adiposity and insulin resistance in
male C57BL/6 ] mice [48]. IMI altered the expression of genes regulating lipid/
glucose metabolism - including those in the AMP-activated protein kinase-a
(AMPKa) pathway - in white adipose tissue and liver [48].

Available toxicological data from animal studies indicate potential genotoxicity,
cytotoxicity, impaired immune function, and reduced growth and reproductive
success, even at low concentrations [34]. Bone biopsies from exposed individuals
showed reduced osteoblast activity (lower alkaline phosphatase levels) and increased
osteoclast differentiation — effects attributed to NEOs-induced oxidative stress
(elevated 8-OHdG levels in serum, » = 0.41, p < 0.01).

3.2 Ecological risks
3.2.1 Bivds

Birds are highly vulnerable to NEOs due to their widespread exposure pathways,
including ingestion of NEO-contaminated seeds, insects, or water, and inhalation of
NEO-laden dust [8]. Molenaar et al. meta-analyzed 1612 effect sizes from 49 studies,
finding that NEOs consistently harm bird health, behavior, reproduction, and
survival [37]. Beyond reduced food availability, their direct negative effects likely
drive global bird declines. Despite local bans, neonicotinoid metabolites and residues
remain in the environment and in birds, with long-lasting direct impacts on
individuals and populations [37].

NEOs harm bird physiology; U.S. data links 2008-2014 NEO use to bird biodiversity
decline. Accounting for the dynamic effects of population declines on future growth,
these rates rose to 12% and 5% annually, respectively [49]. IMI reduced fat stores
and mass (mean loss: - 17% low, - 25% high dose) and disrupted orientation;
chlorpyrifos impaired orientation but not mass. Wild songbirds eating 4 IMI-treated
canola seeds or 8 chlorpyrifos granules daily for 3 days may face poor condition,
migration delays, misorientation, and higher mortality/breeding loss risks [50].

NEOs interfere with bird neurobehavioral functions, including foraging,
navigation, and social interaction, by targeting nAChRs in the brain [51]. NEOs
are the most widely used insecticides globally. Compared to controls, exposed
offspring had lower triglycerides and altered motor/social behaviors (enhanced
dominance, reduced depression/aggression). Low IMI levels were found in the
maternal brain and liver, with traces detected in some offspring [51].

NEOs damage bird reproductive systems at multiple levels, from hormone
regulation to offspring survival. All three caused sub-lethal effects (genotoxicity,
impaired immunity, reduced growth/reproduction) at concentrations far below
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lethal levels. Seed treatments of IMI/CLO risked small birds — even a few seeds could
kill or impair reproduction. Freshwater vertebrates faced no lethal risks from
environmental IMI/CLO, but not fipronil (some levels harmed fish) [52].
Environmental samples also contained NEOs, indicating agricultural exposure.
Compounds accumulated more in albumin than yolk (albumin-to-yolk ratios:
263-694) [53].

Acute and chronic NEOs exposure increases bird mortality, with effects varying
by exposure duration and dose. CLO/TMX affected intake/markers but less
severely, with no neurotoxicity observed. Acute exposure harms songbirds, risking
survival [54]. The LogRR (logarithm of relative risk) value indicates that exposed
birds had a 29% lower survival probability (calculated as RR = exp(-0.34) = 0.71)
compared to unexposed birds, with effects manifesting within 8 days of initial
exposure. Only two (one adult and one nestling from Kern County dairy farm
breeding colonies) had detectable CLO (40 ppb and 7 ppb, respectively) [55].

3.2.2 Bees

Bees (honeybees, bumblebees, solitary bees) are critical pollinators, and NEOs
exposure, even at sublethal concentrations, disrupts their individual physiology and
colony function. Most studies assessed individual bees; linking individual effects to
sub-individual mechanisms, colonies, and populations is needed. Finally, future
research should clarify NEOs’ role relative to other drivers of bee declines [56].
Expressing honeybee CYP3 clade P450s identified CYP9Q3, which efficiently
metabolizes THD but not IMI. Bumblebees also differ in neonicotinoid sensitivity;
CYP9Q4 (CYP9Q3 ortholog) is their key metabolic determinant [57].

3.2.3 Aquatic organisms

NEOs are highly water-soluble, leading to widespread contamination of surface
water and groundwater [5]. Malhotra et al. demonstrated that NEOs are highly toxic
to diverse aquatic invertebrates, and field-realistic exposures often yield results
distinct from or non-comparable to laboratory exposures [58]. This review addresses
NEOs’ environmental impacts and proposes policies to mitigate adverse biological
and ecological effects on non-target aquatic species — ultimately preventing further
harm to aquatic food webs [9].

3.2.4 Microorganisms

Soil microbial communities are critical for nutrient cycling and organic matter
decomposition. Pesticides support pest management and agriculture, but overuse
harms human health and the environment. NEOs — the most widely used systemic
insecticides — raise global concerns over pollinator impacts. Post-application,
unabsorbed NEOs accumulate in soil, affecting soil microbes. This review
synthesizes lab and field studies, showing NEOs alter soil microbial activity and
communities via unique chemical properties, soil degradation, soil type, soil
property effects, and application methods. NNIs change microbial diversity,
structure, and abundance (some groups increase or decrease). Pseudomonadota,
Bacillota, Actinomycetota, Nitrospirota, and families like Nitrosomonadaceae often
increase post-exposure [59]. Paichongding (IPP) — a novel cis-nitromethylene NEO
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developed in China - inhibited urease activity in the first 75 days of incubation, with
this effect weakening afterward [60].

3.2.5 Risk levels

Molecular Level: NEOs interact with nAChRs in insects and mammals, but binding
affinity varies by species. In insects, NEOs bind to a42 nAChRs with high affinity,
causing overstimulation and death [1]. Parent neonicotinoids (p-NEOs) and their
metabolites (m-NEOs) were quantified in 95 paired maternal serum (MS) and cord
serum (CS) samples from southern China. IMI was the dominant p-NEO in both
matrices, with median concentrations of 1.84 ng/mL (CS) and 0.79 ng/mL (MS).
N-dm-ACE was the most abundant m-NEO, with median concentrations of 0.083 ng/
mL (CS) and 0.13 ng/mL (MS). Transplacental transfer efficiencies (TTEs) of p-NEOs
and m-NEOs were high (median range: 0.81 for TMX to 1.61 for olefin-IMI (of-IMI)),
confirming efficient placental transfer. Additionally, NEOs' transplacental transport
is passive and structure-dependent: cyanoamidine NEOs (ACE, THD) had higher
TTEs than nitroguanidine NEOs (CLO) [61].

Protein Level: NEOs exposure alters the expression of proteins involved in
detoxification, oxidative stress, and neurodevelopment. Sheets et al. collated in vitro,
in vivo, and epidemiological studies, as well as GLP-compliant, EPA-aligned rat studies,
focusing on six major market-registered NEOs: IMI, ACE, THD, CLO, TMX, and DIN
[62]. For the guideline-based studies, primiparous female rats received treatment
(three dose levels + vehicle control; 220 rats/dose) via diet or gavage from gestation day
0 or 6 to lactation day 21. F1 offspring (males/females) were assessed for motor activity,
acoustic startle response, cognition, brain morphometry, and neuropathology.

Individual Level: NEOs - systemic insecticides used in agriculture across more
than 120 countries — contaminate soil via widespread agricultural and veterinary use,
with residues further reaching aquatic environments. Recent global monitoring
shows these pesticides (residues: ng/L-pg/L) pollute streams, rivers, and lakes [63].
They pose major environmental risks to non-target species: terrestrial (mammals,
birds, reptiles), semiaquatic (amphibians), and aquatic (fish, crabs, shrimps,
oysters). Benli detailed NEOs' toxicity to non-target species (fish, amphibians,
reptiles), covering their biochemical, physiological, and behavioral responses [63].
Data show short- and long-term exposure causes multi-system toxicity, harming
survival, development, and reproduction across life stages.

4. Risk control technologies for neonicotinoid insecticides
4.1 Physicochemical technologies

Physicochemical methods are widely used for NEOs' removal from water and soil,
with recent advances focusing on catalyst modification and process integration to
improve efficiency and reduce costs.

4.1.1 Adsorption

Adsorption is ideal for low-concentration NEOs removal, with adsorbent material
properties (specific surface area, functional groups) determining efficiency. Biochar:
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Modified biochar exhibits enhanced adsorption capacity. Cui et al. revealed that the
interaction mechanisms between biochar and NEOs primarily involve 7z-7
interactions, electrostatic interactions, pore filling, and hydrogen bonding [64].
Biochar boosts NNI degradation via Fenton, photocatalysis, persulfate oxidation,
biodegradation (radical/non-radical processes), as well as biodegradation —
predominantly through radical processes (e.g., involving SO4¢~, *OH, and *O2")

and non-radical processes (e.g., involving 102 and electron transfer) [64]. Srikhaow
et al. applied eucalyptus wood chip-derived biochar (BC) to remove three pesticides
(IMI, ACE, methomyl) from water [65]. Pesticide adsorption on BC was best fitted by
the pseudo-second-order kinetic model. BC’s maximum adsorption capacities were
32.42mg g™ (methomyl), 14.75mg g* (IMI), and 4.87 mg g™ (ACE). Key interactions
included 7z-7 bonding and hydrogen bonding; the steric aromatic groups of adsorbed
IMI/ACE hindered other pesticide molecules from accessing sorption sites [65].

4.1.2 Catalytic degradation

Advanced oxidation processes (AOPs) generate reactive oxygen species (ROS)
to degrade NEOs, with recent progress in metal-free catalysts and pH tolerance. OCN
is a metal-free photocatalyst. Tan et al. synthesized OCN-10 (10% oxygen doping)
that activated PMS under visible light [13]. IMI is a global concern owing to its wide
distribution, persistence, high toxicity, and the limited efficacy of conventional
treatment methods. Conventional Fenton (CF) techniques have attracted attention
for effectively and eco-friendly degrading IMI, yet they suffer from prolonged
treatment times and substantial sludge generation. Wang et al. explored IMI removal
from its commercial formulation via a combined electro-Fenton (EF)-CF process
[66]. The CF-EF process outperformed EF alone: it achieved 80% IMI removal in 80
minutes, 68.6% COD removal in 50 minutes of electrolysis, and a Mineralization
Current Efficiency (MCE%) of 1.1%. IMI degradation mainly involves hydroxyl
(-OH), singlet oxygen (*02), and superoxide (-Oz") radicals, with - OH being
dominant [66]. The apparent first-order rate constant (k) of SOs-AgsPOa
varied with the type of NEOs, ranging from 0.003 to 0.432 min~', and was at least
5.4-fold higher than that of pristine AgsPOa. The degradation rate followed the
order: THD > NTP > IMI > CLO > ACE > TMX > DIN [67].

4.2 Biotechnologies

Biotechnologies (microbial degradation, phytoremediation) are environmentally
friendly, with recent advances in strain engineering and symbiotic systems.

4.2.1 Microbial degradation

Microorganisms degrade NEOs via enzymatic pathways (hydrolysis, oxidation),
with strain specificity determining the substrate range. Pigmentiphaga sp. AAP-1 is
a highly efficient ACE-degrading bacterium [12]. The extensive agricultural use
of NEOs (notably THD, THI, TMX, THIA) raises major environmental and
ecological concerns. Microbial bioremediation is a promising mitigation strategy, yet
while THI/THIA-degrading microorganisms have been identified, their degradation
mechanisms remain unclear. Zhao et al. comprehensively examined key catabolic
enzymes (nitrile hydratases, NHases; cytochrome P450s, CYPs; aldehyde oxidases,
AOXs) and the synergistic potential of microbial communities in enhancing
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degradation (especially in complex pesticide-contaminated environments) [68]. The
microalgae produced oxygen via photosynthesis, enhancing bacterial respiration
and enzyme activity. The consortia also reduced wastewater toxicity by 60%
(measured via a daphnia survival assay), compared to 35% for microalgae alone.

4.2.2 Phytoremediation

Plants remove NEOs via absorption and rhizosphere degradation, with recent
focus on wetland plants and endophyte symbiosis. McKnight et al. compared three
wetland species for IMI removal: Juncus effusus, Pontederia cordata, and Sagittaria
latifolia [69]. Plants were destructively harvested at 14, 28, and 56 days after the
experiment began, and pesticide residues in soil, above-ground vegetation, and
below-ground vegetation were analyzed. Results showed that at 56 days, Pontederia
cordata achieved a greater reduction in azoxystrobin (51.7% lower than treated non-
planted containers) compared to Juncus effusus and Sagittaria latifolia (24.9% and
28.7% lower than non-planted containers, respectively). In contrast, S. latifolia
exhibited a more significant reduction in IMI at 56 days (79.3% lower than non-
planted containers) than J. effusus and P. cordata (36.0% and 37.1% lower than non-
planted containers, respectively) [69]. Widely used NEOs severely threaten the
ecological environment and human health, posing an urgent environmental
problem. Li et al. showed that P. chrysosporium improved TMX degradation in both
non-sterilized and sterilized soils, with obvious bioaugmentation in non-sterilized
soil at the early stage (<10 days) [70].

4.2.3 Physicochemically enhanced microbial remediation

Characterized by low volatility, high water solubility, and a long half-life in soil and
aquatic environments, NEOs have accumulated significantly in the environment over
the past two decades due to their widespread application. This residual buildup has
exerted severe adverse effects on non-target organisms, including humans. The
degradation of NEOs has garnered widespread attention, as it is crucial for
environmental protection and biodiversity conservation. Combining physicochemical
methods with microbial remediation enhances NEOs removal. Among various NEOs
degradation technologies, biological approaches are widely recognized as cost-
effective, eco-friendly, and highly efficient. Notably, microbial species enable more
accessible, rapid, and robust degradation of xenobiotics (such as NEOs), largely owing
to their small size and high metabolic activity. NEOs are low-volatile, highly soluble,
and long-lived in soil and water, with rising environmental residues over two decades
harming non-target organisms (including humans) [71]. Biological degradation —
especially via microbes (small, fast-acting) — is cost-effective, eco-friendly, and
efficient, converting NEOs to less toxic substances. Solarization raised soil
temperature, while compost provided nutrients for microbial growth.

5. Challenges and future directions

5.1 Analytical detection

Detecting NEOs and their metabolites is challenging due to their low
concentrations (ng/L to ug/L), complex matrices (soil, food, biological samples), and
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the presence of multiple transformation products. An analytical method was
optimized for extracting and determining NEO residues and their metabolites in
honey bees and bee products. Samples were extracted with 2% triethylamine (TEA)
in acetonitrile (ACN), followed by salting out, solid-phase extraction (SPE) cleanup,
and detection via liquid chromatography - tandem mass spectrometry (LC-MS/MS).
Validated in triplicate at three fortification concentrations per matrix, the method
showed good recoveries (70-120%) for most analytes and relative standard
deviations <20% in most cases [72]. Limits of detection were 0.2 ng/g for parent
NEOs and 0.2-15 ng/g for metabolites. Kamel et al.'s refined method offers lower
detection limits and improved recoveries, aiding the evaluation of NEOs' subchronic
effects, addressing colony collapse disorder (CCD) data gaps, and clarifying
pesticide roles in pollinator decline [72]. Future research should prioritize
developing rapid, sensitive, and cost-effective detection tools, such as biosensors and
portable HPLC-MS/MS, for on-site monitoring.

5.2 Endocrine disrupting effects

NEOs act as endocrine disruptors by interfering with the hypothalamic—
pituitary—adrenal (HPA) axis and thyroid function, but their mechanisms remain
poorly understood. Growing evidence indicates NEOs may exert long-term adverse
effects on bee health, though the underlying mechanisms remain unclear. Pesticides
can act as endocrine-disrupting chemicals (EDCs) in animals, characterized by
multiphasic dose-response curves and non-lethal endpoints in toxicity studies — but
whether NEOs act as EDCs in bees is unknown [73]. Acute studies revealed late-
onset non-lethal symptoms (e.g., ataxia) in all species; CLO and TMX showed
biphasic dose-response curves across all three. Notably, CLO and TMX were
extremely toxic to winter worker honey bees (pre-spring brood production) - the
most sensitive bee stage identified so far. Chronic exposure to field-realistic
neonicotinoid levels reduced survival and induced significant late-onset symptoms
in all three species. Future studies should investigate the molecular mechanisms of
NEO-induced endocrine disruption, including interactions with hormone receptors
and regulation of gene expression.

5.3 Toxicity of transformation products

NEOs’ transformation products (N-dm-ACE, DIN-U) often exhibit higher
toxicity than their parent compounds. N-dm-ACE is more toxic to honeybees than
ACE, and DIN-U shows greater oxidative stress potential than DIN [31].
Neonicotinoid transformation products (t-NEOs) draw significant attention due to
their potentially higher environmental persistence and toxicity compared to parent
compounds, yet systematic reviews on their human health risks are lacking. This
review summarizes t-NEOs’ physical properties, transformation patterns, and
predicted toxicity, using the PECO framework to optimize exposure assessment. It
highlights t-NEOs’ distinct toxicity (e.g., hydroxylation boosting mammalian
toxicity), dominant human exposure via water/food (possibly leading to higher
internal levels than p-NEOs), and unique risks (transplacental transfer, enhanced
neurotoxicity). It calls for greater focus on t-NEOs under the One-Health perspective
[74]. However, little is known about their environmental behavior, transport, and
long-term toxicity. Future research must characterize the formation, fate, and
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toxicity of these transformation products and integrate them into risk assessment
frameworks.

5.4 Integrated control strategies

Single risk control technologies have inherent limitations: adsorption requires
regeneration, photocatalysis depends on light availability, and microbial degradation
is slow. Integrated strategies, such as adsorption—catalysis (biochar-PMS
photocatalysis) and physicochemical-biological combinations (solarization-
microbial remediation), show great promise. NEOs are widely used globally,
especially in agriculture, but mounting evidence links their large-scale, preventive
use to serious risks for beneficial organisms and ecology. This drives exploration of
alternatives, exemplified by Italian maize and Canadian forestry under integrated
pest management (IPM) — which uses data for need-based decisions. Further
research is needed, along with knowledge transfer, training, and policies to boost
IPM and alternative adoption [75]. Future work should optimize these integrated
technologies for large-scale application, balancing cost, efficiency, and
environmental compatibility.

5.5 Policy and regulation

Global regulatory disparities significantly hinder the effective mitigation of
NEO risks across regions. NEOs are a widely used insecticide class, partly due to
their low acute risk to non-target organisms. Yet, rising concerns over their long-
term chronic impacts on pollinators and other key species have driven increased
governmental regulations since the mid-2010s, with a particular focus on
agricultural settings [76]. As the agricultural regulatory landscape for NEOs
evolves rapidly, it is critical to review the contexts shaping diverse regulatory
approaches, existing regulatory templates, and the consequences of these measures
so far. Objectives focus on deepening comprehension of how agricultural
neonicotinoid regulatory frameworks might progress across various regions and
over time.

6. Conclusion(s)

NEOs are widely used globally, but their environmental persistence and systemic
properties have led to ubiquitous contamination and significant risks to human
health and ecosystems. This chapter summarizes NEOs’ emission pathways,
environmental distribution, and associated risks, while reviewing the latest risk
control technologies. NEOs enter the environment through industrial production,
agricultural application, and wastewater discharge, and are detected in water, soil,
air, biota, and food products. Human exposure via dietary intake poses risks to
neonates, children, and adults, with links to neurodevelopmental disorders,
metabolic diseases, and chronic illnesses. Ecologically, NEOs impair the health of
birds, bees, and aquatic organisms, disrupting food webs and ecosystem function.
Risk control technologies for NEOs include physicochemical methods (adsorption,
photocatalysis, Fenton processes) and biotechnologies (microbial degradation,
phytoremediation), each with unique strengths and limitations. Integrated strategies
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promise efficient, sustainable NEOs removal but face key challenges: detecting low
concentrations/transformants, clarifying endocrine effects, and developing cost-
effective large-scale technologies. Future research should focus on characterizing
NEOs transformation products, optimizing integrated control strategies, and
strengthening policy and regulation to mitigate risks.
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Edited by Farzana Khan Perveen

This book describes that a pesticide is a substance used to control organisms considered harmful.
Pesticides target insect pests, fungi, weeds, and parasitic worms, respectively. Modern agriculture
faces a critical dichotomy: the imperative for global food security versus the ecological debt
incurred by the inefficiency of conventional agrochemicals. This book explores the ‘Nano-Green
Nexus’, a paradigm shift moving from recalcitrant synthetics to biodegradable, nanotechnology-
enabled delivery systems. The agriculture sector is one of the largest users of various synthetic
(chemical) insecticides. However, extensive use of synthetic (chemical) insecticides has raised
significant concerns, including environmental pollution, harm to non-target organisms, the
development of pest resistance, and potential health risks to humans. Botanical insecticides,
pest control products derived from plants, have become an important environmentally
friendly alternative to synthetic (chemical) insecticides. In addition to their environmentally
friendly nature, botanical insecticides offer benefits like low toxicity to non-target organisms,
biodegradability, and reduced risk of pest resistance. The agriculture sector plays a pivotal role
in ensuring food security and contributing to economic stability. Despite its advantages, the
widespread use of synthetic pesticides for pest control poses significant threats to human health,
environmental quality, and biological control agents. This book highlights the dual nature of
pesticides, focusing on their benefits in enhancing crop yields and their adverse impacts on
non-target species. Neonicotinoid insecticides (NEOs) have become the most widely used class
of insecticides globally since the 1990s, owing to their high insecticidal efficacy, broad spectrum,
and low acute toxicity to mammals. However, their widespread application, high water solubility,
environmental persistence, and systemic properties have led to ubiquitous contamination in
various environmental media, biota, and food products. This book systematically reviews the
emission pathways, environmental distribution, and ecological and human health risks associated
with NEOs, and summarizes the latest advances in risk-control technologies.
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