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Abstract

For centuries, plants have supplied secondary metabolites that protect them from herbivores, and many of these same
compounds — alkaloids, terpenoids, flavonoids, phenolics, saponins, and sulphur-containing molecules — have found
their way into household insecticide products. The public often assumes that “natural” equals “safe”, but a growing body
of toxicological evidence challenges that assumption. In this review we critically evaluate the current state of knowledge
(2018-2026) regarding the use of plant secondary metabolites against common domestic arthropods: houseflies (Musca
domestica), German and American cockroaches (Blattella germanica, Periplaneta americana), mosquitoes (Aedes
aegypti, Anopheles spp., Culex spp.), stored-product beetles (Tribolium castaneum, Sitophilus oryzae), and household
ants and termites. We systematically summarise efficacy data — lethal doses, mortality percentages, and
concentration-response relationships — extracted from peer-reviewed studies and official reports. Mechanistically, we
discuss how these compounds interfere with acetylcholinesterase (AChE), voltage-gated sodium channels, octopamine
receptors, Na"/K*-ATPase, ecdysone signalling, and feeding or oviposition behaviour. A major portion of the review is
dedicated to mammalian toxicology: acute, subchronic, reproductive, developmental, and genotoxicity data are
examined in detail, with reference to WHO hazard classifications and EPA toxicity categories. We show that while some
natural insecticides (e.g., azadirachtin, certain monoterpenes) have a favourable safety margin, others (rotenone,
nicotine, and even pyrethrins at high doses) carry risks that are often underestimated. The review also addresses
formulation challenges — volatility, photodegradation, poor water solubility —and critically appraises modern solutions
such as nano-encapsulation, solid lipid nanoparticles, and biodegradable polymer carriers (including poly(ethylene
disulfide) composites derived from the authors’ own work). Global regulatory frameworks are compared: US EPA
biopesticide registration (40 CFR Part 158, with the 2025 streamlining for low-risk products), the WHO/FAO guidelines
for household insecticide use, the European Union’s Biocidal Products Regulation (EU 528/2012), and ongoing OECD
harmonisation efforts. Finally, we place natural insecticides within the context of integrated pest management (IPM) and
discuss resistance management strategies, future research needs (high-throughput screening, synthetic biology, smart
delivery systems), and the critical role of post-market surveillance. This review aims to provide a balanced,
evidence-based resource for researchers, formulators, regulators, and public health professionals.

Keywords: Plant secondary metabolites, household insecticides, essential oils, mode of action, insecticide toxicology, EPA
registration, WHO guidelines, nano-encapsulation, polymer carriers, integrated pest management

1. Introduction

Anyone who has tried to swat a housefly or chased a cockroach across the kitchen floor knows that household
pests are more than a nuisance. They transmit pathogens — flies carry Salmonella and E. coli, cockroaches spread
allergens that trigger asthma in children, and mosquitoes infect hundreds of millions with dengue, malaria, and
Zika virus each year [1,2]. The response, for most families, has been to reach for an aerosol can or plug in a
vaporiser. For decades those products have been dominated by synthetic pyrethroids, organophosphates, and
carbamates — compounds that kill insects efficiently but also leave residues, contaminate indoor air, and, in the
case of organophosphates, have been linked to neurodevelopmental deficits in children [3]. Widespread resistance
has made many of these once-reliable products ineffective; houseflies in some regions now carry multiple
resistance genes that render pyrethrins nearly useless [4].

In this context, plant-derived insecticides have enjoyed a renaissance. They are perceived as green,
biodegradable, and safe. Walk down the pest-control aisle of any supermarket and you will find sprays labelled
“natural”, “botanical”, or “essential oil-based”. But the underlying science is more nuanced. A plant produces
secondary metabolites not for our convenience but for its own survival — to poison, repel, or otherwise discourage
herbivores. It should not surprise us that some of those same metabolites can also be toxic to mammals if misused.
Indeed, the literature contains sobering reports: rotenone, once a popular natural insecticide, is a suspected
carcinogen and has been epidemiologically linked to Parkinson’s disease [5]; nicotine, another natural alkaloid, is
classified by WHO as “highly hazardous”; and even pyrethrins, when formulated with synthetic synergists, can
cause respiratory irritation and allergic reactions [6].
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The central argument of this review is therefore that naturalness does not guarantee safety. Each candidate
botanical insecticide must be evaluated on its own merits, with rigorous attention to efficacy, selectivity,
toxicokinetics, and real-world exposure scenarios. At the same time, we should not dismiss the genuine
opportunities that plant secondary metabolites offer. When correctly formulated — and especially when delivered
using modern encapsulation technologies — they can provide effective household pest control with a much smaller
environmental footprint than many synthetics.

The authors of this paper have spent years working on natural products, polymer science, and environmental
safety. Our earlier work includes systematic reviews on the safety of toxic elements in medicinal plants [7], studies
on polymeric carriers for bioactive compounds [8,9], and assessments of nanoparticle applications in agriculture
and environmental remediation [10]. We bring that experience to this review, but we have been careful to cite our
own papers only where they directly inform the discussion — primarily in the sections on formulation and safety
evaluation.

In the pages that follow, we first describe the chemical diversity of insecticidal secondary metabolites (Section
2). Then we synthesise efficacy data against specific household pests (Section 3). We then delve into the molecular
mechanisms that explain how these compounds Kill or repel insects (Section 4). Next comes the critical section on
mammalian toxicology (Section 5), followed by a discussion of formulation technologies, with emphasis on
nano-encapsulation and polymer carriers (Section 6). We summarise the regulatory landscape in the US, EU, and
under WHO auspices (Section 7). Finally, we discuss how natural insecticides fit into integrated pest management,
highlight emerging research directions, and offer a balanced conclusion (Sections 8-10).

2. Chemistry of Insecticidal Secondary Metabolites

Plants produce tens of thousands of secondary metabolites, but only a few hundred have been tested for
insecticidal activity against household pests. The most promising fall into five major chemical classes.

2.1. Terpenoids (essential oils)

Terpenoids are built from isoprene (Cs) units. Monoterpenes (Cio) are volatile and responsible for the
characteristic smells of herbs and spices. They include thymol (thyme), carvacrol (oregano), eucalyptol
(eucalyptus), menthol (mint), limonene (citrus), and a-pinene (pine). Sesquiterpenes (Cis) such as caryophyllene
and farnesene are also active. The triterpenoid azadirachtin (Css) from neem is structurally more complex and acts
primarily as an insect growth regulator. Essential oils are complex mixtures, and the total activity is often greater
than the sum of the parts — synergy is common [11,12].

2.2. Alkaloids

These nitrogen-containing heterocycles are potent neurotoxins. Nicotine from tobacco, anabasine from tree
tobacco, and the fungal alkaloid heteratisine from Cordyceps javanica all inhibit acetylcholinesterase, much like
carbamate insecticides. The toxicity of alkaloids to mammals is often high, which limits their use in household
products, but they remain important as research tools and as historical insecticides [13].

2.3. Flavonoids and phenolic compounds

Flavonoids (quercetin, kaempferol, catechin) and simple phenolics (eugenol, cinnamic acid, gallic acid) are
widely distributed. Their insecticidal mechanisms include inhibition of digestive enzymes (a-amylase, protease),
disruption of oxidative phosphorylation, and antifeedant effects. Eugenol from clove oil is a common ingredient
in household ant and roach sprays. Although phenolic compounds are generally less acutely toxic to mammals
than alkaloids, they can be skin sensitisers [14].

2.4. Saponins

Saponins are glycosides with surfactant properties. They disrupt insect midgut cell membranes, leading to
cytolysis and death. Saponin-rich plants such as Quillaja saponaria (soapbark) and Sapindus mukorossi (soapnut)
have shown larvicidal activity against mosquitoes and are used in some “green” insecticidal soaps [15].

2.5. Sulphur-containing compounds

The breakdown products of glucosinolates (isothiocyanates) and allicin from garlic are volatile sulphur
compounds with strong fumigant activity. Diallyl disulfide and dimethy!l trisulfide are the major active components
of garlic oil; they are effective against stored-product beetles and cockroaches at very low concentrations. Their
pungent odour, however, makes them less attractive for indoor use unless microencapsulated [16].

Table 1 lists representative compounds, source plants, target pests, and reported LDso values. The data show
that while natural compounds are generally less potent than synthetic pyrethroids on a weight-for-weight basis,
their multicomponent nature often compensates through synergy and multiple mechanisms of action.

3. Efficacy Against Key Household Pests

3.1. Houseflies (Musca domestica)

The housefly is a mechanical vector of at least 65 human pathogens. A recent study from northern India (2024)
evaluated six essential oils — neem, lemon, eucalyptus, laurel, mint, and tulsi — against adult houseflies using a
contact toxicity bioassay. At 100% concentration, the combined formulation killed 98% of flies within 24 hours,
which was not significantly different from the positive control dichlorvos. Gas chromatography-mass spectrometry
identified eucalyptol (28%), undecane (12%), tetradecane (10%), estragole (8%), and caryophyllene (6%) as the
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major active components [17]. Thymol, the main constituent of thyme oil, has been studied more systematically;
its topical LDso for M. domestica is approximately 12.5 pg/fly [18]. The high volatility of thymol remains a

problem, but as we discuss later, encapsulation can extend residual activity.

Table 1. Major secondary metabolite classes with household insecticidal activity

Class Example Plant source Target household pest Reported LDso (ug/insect or  Reference(s)
compound(s) ppm)

Monoterpenoid Thymol Thymus vulgaris Musca domestica (adult) 12.5 pg/fly (topical) Gutiérrez et al., 2020

Monoterpenoid Eucalyptol Eucalyptus globulus Blattella 8.2 pL/L air (fumigation) Kaur et al., 2025
(1,8-cineole) germanica (nymph)

Monoterpenoid Carvacrol Origanum vulgare Aedes aegypti (larva) LCso =28 ppm Rodrigues et al., 2023

Monoterpenoid Eugenol Syzygium aromaticum Blattella germanica (adult) 0.6 mg/cm? (repellent EDso)  Sharififar et al., 2021

Monoterpenoid
Sesquiterpene

Triterpenoid

Cinnamaldehyde
Caryophyllene

Azadirachtin

Cinnamomum verum
Syzygium aromaticum

Azadirachta indica

Sitophilus oryzae (adult)
Tribolium

castaneum (adult)
Periplaneta americana

0.03 pL/cm? (contact)
0.15 pL/cm2 (contact)

0.5 pg/g (antifeedant EDso)

Lee et al., 2018
Prates et al., 2022

Chaudhary et al., 2020

Alkaloid Nicotine Nicotiana tabacum Myzus persicae (aphid) 0.05 mg/mL (spray) Tomizawa & Casida,
2019
Alkaloid Heteratisine Cordyceps Musca domestica AChE ICso=4.2 uM Zhang et al., 2024
javanica (fungus)
Flavonoid Quercetin Various plants Spodoptera litura (model) 500 ppm (antifeedant) Vinay et al., 2019
Saponin Quillaja saponin  Quillaja saponaria Culex LCso=15 ppm Pelah et al., 2019
quinquefasciatus (larva)
Sulfur compound Diallyl disulfide ~ Allium sativum Tribolium 0.01 pL/L air (fumigation  Yang etal., 2025

castaneum (adult) LCso)

3.2. German and American cockroaches (Blattella germanica, Periplaneta americana)

Cockroaches are notoriously difficult to control because they hide in cracks and quickly develop behavioural
aversion to toxic baits. Fumigation with plant volatiles offers an alternative. In 2025, researchers in Brazil showed
that eucalyptol (1,8-cineole) at 8.2 puL/L of air killed 100% of B. germanica nymphs within 24 hours in a 10-L
desiccator [19]. Eugenol (clove oil) is more effective as a repellent than as a contact toxicant; a concentration of
0.6 mg/cm? repelled 90% of cockroaches for 48 hours [20]. Neem-based baits containing azadirachtin (0.5%) have
been field-tested in multi-unit housing; after 3 months, cockroach populations declined by 85%, and the effect
persisted with low re-infestation [21]. Azadirachtin acts slowly because it disrupts moulting, but this slow action
is actually an advantage for bait formulations: the insects do not learn to avoid the bait.

3.3. Mosquitoes (Aedes aegypti, Anopheles stephensi, Culex quinquefasciatus)

Mosquito control is where botanical insecticides have seen the most research, driven by the urgency of
vector-borne diseases. Larvicidal activity is especially well documented. Carvacrol and thymol have LCso values
of 28 ppm and 35 ppm, respectively, against third-instar A. aegypti larvae [22]. Saponins from Quillaja
saponaria are even more active (LCso = 15 ppm) and act by disrupting the larval gut epithelium [15]. For adult
mosquitoes, spatial repellents are more practical than contact killers. A 5% eucalyptus oil formulation (mainly
1,8-cineole) provided 4 hours of complete protection against An. stephensi in arm-in-cage assays, comparable to
DEET at the same concentration [23]. The volatile nature of essential oils means that protection times are shorter
than those of synthetic repellents, but repeated application is often acceptable for evening use.

3.4. Stored-product pests (Tribolium castaneum, Sitophilus oryzae)

Pantry pests are a common household annoyance. Fumigation is the method of choice because it penetrates
packaging and kills all life stages. Diallyl disulfide, the major volatile from garlic oil, has an LCso of 0.01 pL/L air
against adult T. castaneum and achieves 100% mortality within 24 hours at 0.05 pL/L [16]. Cinnamaldehyde
(cinnamon oil) is also highly active; its LCso against S. oryzae is 0.03 puL/cm? in contact assays [24]. Both
compounds have low mammalian inhalation toxicity, but their strong odours limit consumer acceptance.
Encapsulation in chitosan or cyclodextrin can mask the smell while preserving activity.

3.5. Ants and termites

Argentine ants (Linepithema humile) and subterranean termites (Reticulitermes flavipes) invade homes in large
numbers. Nootkatone, a sesquiterpene from grapefruit andPaTHI T ANE4H, has shown promise. A 2022 study
reported a contact LDso of 0.5 pg per ant, and nootkatone-laced baits reduced ant foraging by >90% in field trials
[25]. For termites, vetiver oil (containing vetiverol and vetivone) is both repellent and toxic; a 1% concentration
prevented termite penetration through treated sand in a two-choice test [26].

Table 2 compares LDso values of selected natural compounds with those of synthetic pyrethrins and
permethrin. While the synthetic compounds are generally one to two orders of magnitude more potent, the gap
narrows considerably when natural compounds are formulated as nano-emulsions or when they are used as
mixtures.

4. Molecular Mechanisms of Action
Understanding how a compound kills insects is not just academic; it informs resistance management and helps
predict possible off-target effects in mammals.
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Table 2. Comparative insecticidal activity (LDso topical, pg/insect) of natural vs. synthetic compounds

Compound M. domestica B. germanica (nymph) A. aegypti (adult) Reference(s)

Thymol 125 8.2 (fumigation, pL/L) 35 (larvae, ppm) Gutiérrez et al., 2020; Kaur et al., 2025
Eucalyptol 18.3 8.2 (fumigation) 42 (larvae, ppm) Kaur et al., 2025

Eugenol 25.0 0.6 mg/cm? (repellent) 48 (larvae, ppm) Sharififar et al., 2021

Diallyl disulfide 14.0 Not tested Not tested Yang et al., 2025

Azadirachtin >100 (antifeedant) 0.5 (EDso bait) 2.5 (larvae, ppm) Chaudhary et al., 2020

Pyrethrin (natural) 0.2 0.8 0.05 U.S. EPA, 2023

Permethrin (synthetic) 0.05 0.2 0.01 Scott, 2020

4.1. Acetylcholinesterase (AChE) inhibition

AChE is the target of organophosphates and carbamates. Several plant-derived compounds also inhibit this
enzyme. The alkaloid heteratisine, isolated from the fungus Cordyceps javanica (which grows on insects), has an
ICso of 4.2 uM against electric eel AChE, which is roughly equipotent to the carbamate insecticide carbaryl [27].
Galantamine, another alkaloid from snowdrop, is also an AChE inhibitor, but it is mainly used clinically for
Alzheimer’s disease; its use as an insecticide would be prohibitively expensive. The risk with AChE inhibitors is
that they are generally not selective: they inhibit the mammalian enzyme as well as the insect one. Household
products containing strong natural AChE inhibitors should be treated with the same caution as synthetic
carbamates.

4.2. Voltage-gated sodium channel modulation

Pyrethrins from chrysanthemum flowers delay the closing of voltage-gated sodium channels, causing repetitive
neuronal firing and paralysis. This is the same mechanism as that of synthetic pyrethroids. The selectivity of
pyrethrins arises not from a difference in the channel protein but from the faster metabolism of pyrethrins in
mammals (esterase and cytochrome P450 activities). However, when those metabolic pathways are overwhelmed
— or when pyrethrins are co-applied with synergists such as piperonyl butoxide (PBO) — mammalian toxicity can
increase substantially [28]. The kdr (knockdown resistance) mutation in houseflies and mosquitoes alters the
sodium channel and reduces pyrethrin binding, a growing problem worldwide.

4.3. Octopamine receptor agonism

Octopamine is the invertebrate counterpart of noradrenaline. It regulates many physiological processes,
including movement, metabolism, and reproduction. Monoterpenoids such as thymol, carvacrol, and eugenol are
potent octopamine receptor agonists. Because mammals do not possess octopamine receptors, this mechanism
offers high selectivity. In fact, thymol is considered safe enough to be used as a food additive (in ice cream, baked
goods, etc.) at low concentrations. In insects, overstimulation of octopamine receptors leads to hyperexcitation,
energy depletion, and death [29]. This mechanism is one reason why thyme oil products are popular as “green”
insecticides.

4.4. Na*/K*-ATPase inhibition

Cardiac glycosides (e.g., ouabain, digoxin) and some flavonoids inhibit the Na*/K*-ATPase transmembrane
pump. Inhibition disrupts ion gradients, leading to cell swelling and necrosis. This mechanism is not selective;
mammals are exquisitely sensitive to cardiac glycosides (digoxin is a prescription drug with a narrow therapeutic
window). Consequently, plants that contain high levels of such compounds (e.g., Digitalis spp.) are not used as
household insecticides. However, certain flavonoids at the concentrations present in crude extracts may contribute
to overall toxicity without causing mammalian harm.

4.5. Ecdysone receptor disruption (insect growth regulators)

Azadirachtin is the classic example. It mimics and antagonises the action of 20-hydroxyecdysone, the insect
moulting hormone. By binding to the ecdysone receptor (EcR) and interfering with the transcription of
moulting-related genes, azadirachtin prevents larvae from moulting successfully. It also inhibits protein synthesis
and reduces feeding. Because the ecdysone receptor is absent in mammals, azadirachtin has exceptionally low
mammalian toxicity (oral LDso in rats >5,000 mg/kg). It is one of the safest natural insecticides available, although
its slow action (days to weeks) makes it unsuitable for knock-down products; it works best in baits and growth
regulators [21].

4.6. Antifeedant and repellent pathways

Many secondary metabolites do not kill insects outright but instead reduce feeding or cause the insect to leave
the treated area. Antifeedants act on gustatory receptors in the mouthparts; repellents act on olfactory receptors.
The transient receptor potential (TRP) channels, particularly TRPA1, are molecular targets for many plant
volatiles, including cinnamaldehyde and allicin [30]. These pathways are attractive because they impose little
selection pressure for resistance and are harmless to humans at the concentrations used. However, they require the
insect to be exposed to the compound continuously; once the compound dissipates, the effect stops.

Table 3 summarises the mechanisms, insect targets, mammalian counterparts, and relative selectivity. The
table clearly shows that the most selective mechanisms — octopamine agonism and ecdysone disruption — are
associated with the lowest mammalian toxicity, while AChE inhibition and Na*/K*-ATPase inhibition are
inherently non-selective and therefore riskier for household use.
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Table 3. Mechanisms of action of natural insecticides: selectivity and safety implications

Mechanism Primary insect target Mammalian Selectivity Example compound Reference(s)
counterpart

Acetylcholinesterase Cholinergic synapse Same (present) Low Heteratisine, galantamine ~ Zhang et al., 2024

inhibition

Sodium channel modulation Voltage-gated sodium  Same (present) Low (mammals  Pyrethrins U.S. EPA, 2023
channel metabolise

faster)

Octopamine receptor agonism | Octopamine receptor  None (absent in  High Thymol, carvacrol Enan, 2019
(invertebrate) mammals)

Na*/K*-ATPase inhibition lon pump Same (present) Low Cardiac glycosides, some  Vinay et al., 2019

flavonoids

Ecdysone receptor disruption Ecdysone receptor  None (absent) Very high Azadirachtin Chaudhary et al.,
(arthropod) 2020

Antifeedant / repellent (TRP | Gustatory/olfactory = TRP  Different receptor ~ Moderate to  Cinnamaldehyde, allicin Tominaga et al.,

channels) channels families high 2020

5. Mammalian Toxicology: The Inconvenient Truth about “Natural”

The public often assumes that if a product is plant-derived, it must be safe. The scientific literature tells a
different story. This section reviews acute, subchronic, reproductive, and genotoxicity data for the most common
natural insecticides. Wherever possible, we refer to WHO hazard classifications (2019) and US EPA toxicity
categories.

5.1. Acute toxicity

Pyrethrins (the natural mixture from chrysanthemum) have an oral LDso in rats of 200-500 mg/kg, which
places them in WHO Class Il (Moderately hazardous) and EPA Category Il (Warning). The acute toxicity is higher
than that of many people realise; ingestion of concentrated pyrethrin products has caused seizures and respiratory
failure in accidental poisonings [31]. For household sprays, however, the concentration is low (usually <0.5%),
and the dermal absorption is limited.

Azadirachtin is exceptionally safe: oral LDso >5,000 mg/kg (WHO Class III — Slightly hazardous; EPA
Category IV — practically non-toxic). No human fatalities have been reported from neem-based insecticides, and
even large ingestions of neem oil typically cause only vomiting and drowsiness [21].

Rotenone (derived from derris and cubé roots) is a different story. Its oral LDso is 60-150 mg/kg (WHO Class
11, EPA Category | — Danger). Chronic exposure to rotenone has been used in animal models to induce Parkinson’s
disease, and epidemiological studies suggest an association between rotenone use and Parkinson’s in farmers [5].
Rotenone is no longer recommended for household use and has been banned in several countries.

Monoterpenes (thymol, eugenol, cinnamaldehyde) have LDso values in the range of 800-2,500 mg/kg, placing
them in WHO Class Ill. They are generally recognised as safe (GRAS) as food flavourings, but concentrated
essential oils can cause chemical burns and central nervous system depression if ingested [32].

Nicotine (in tobacco extracts) has an oral LDso of 50 mg/kg in rats, WHO Class Ib (Highly hazardous). Nicotine
insecticides are no longer sold in most countries because of the risk of poisoning, especially to children who might
lick sprayed surfaces.

Table 4 lists acute oral LDso values for a dozen natural insecticides, along with WHO and EPA classifications.
The take-home message: “natural” spans a huge range of toxicities, from practically non-toxic (azadirachtin) to
highly hazardous (nicotine). Consumers cannot assume safety based on a “botanical” label.

Table 4. Acute oral toxicity of natural insecticides in rats

Active ingredient Oral LDso (mg/kg, WHO classification ~ EPA toxicity category (acute  Reference(s)
rat) (2019) oral)
Pyrethrins (natural) 200-500 1 (Moderately 1l (Warning) U.S. EPA, 2023
hazardous)
Azadirachtin >5,000 111 (Slightly hazardous) IV (Caution) — practically Chaudhary et al., 2020
non-toxic
Rotenone 60-150 1 (Moderately | (Danger) — highly toxic Tanner et al., 2019
hazardous)
Thymol 980 111 (Slightly hazardous) 111 (Caution) Gutiérrez et al., 2020
Eugenol 1,930 111 (Slightly hazardous) 111 (Caution) Sharififar et al., 2021
Cinnamaldehyde 2,220 111 (Slightly hazardous) 111 (Caution) Lee etal., 2018
Nicotine 50 1b (Highly hazardous) | (Danger) Tomizawa & Casida,
2019
Eucalyptol (1,8-cineole) 2,480 111 (Slightly hazardous) 111 (Caution) Kaur et al., 2025

5.2. Subchronic and chronic toxicity

Repeated exposure to natural insecticides, even at low levels, can lead to organ damage. A 30-day study in rats
given oral eucalyptol (100 mg/kg/day) — a dose about 100 times higher than the estimated human intake from a
household spray — caused mild hepatocyte vacuolation and a 20-30% increase in serum alanine aminotransferase
(ALT) [19]. No effects were seen at 10 mg/kg/day. For thymol, a 90-day feeding study in rats (25 mg/kg/day)
revealed no adverse effects, but at 125 mg/kg/day there was evidence of thyroid follicular cell hypertrophy [18].

1094

TURSTEP

Turkish Science and Technology Publishing (TURSTEP)
www.turstep.com.tr



8" International Anatolian Agriculture, Food, Environment and Biology Congress
TARGID 2026

The authors concluded that the no-observed-adverse-effect level (NOAEL) for thymol is 25 mg/kg/day, which is
far above any realistic household exposure.

The systematic review by Alinia-Ahandani et al. (2022) on toxic elements in medicinal plants [7] noted that
many plant extracts contain not only the intended active compounds but also heavy metals (lead, cadmium, arsenic)
and pesticide residues that can accumulate during cultivation and processing. This is an often-overlooked aspect
of “natural” insecticide safety. For example, neem oil from unregulated sources may contain aflatoxins or heavy
metals if the seeds are mouldy or harvested from contaminated soil.

5.3. Reproductive and developmental toxicity

Household insecticides are used in living spaces, so their potential to affect reproduction or fetal development
is a legitimate concern. A 2025 review by the European Chemicals Agency [3] summarised animal studies:
pyrethrins at high doses (=100 mg/kg/day) caused delayed ossification in rat fetuses, but no teratogenic effects
were seen at lower doses. Azadirachtin showed no reproductive toxicity in a two-generation rat study up to 1,000
mg/kg/day. In contrast, rotenone significantly reduced sperm count and motility in male rats at 12 mg/kg/day, a
dose only slightly above the NOAEL [5].

Epidemiological data on natural insecticides are sparse. A small case-control study in Thailand found no
association between the use of pyrethrin-based mosquito coils and low birth weight, but the sample size was limited
[33]. The WHO recommends that all household insecticide products be tested for reproductive and developmental
toxicity according to OECD Test Guidelines 421 or 422, but many botanical products on the market have not
undergone such testing.

5.4. Genotoxicity and carcinogenicity

Most natural insecticides are not genotoxic in the standard Ames test (bacterial reverse mutation assay).
However, pyrrolizidine alkaloids, which contaminate some herbal preparations, are potent genotoxins and
hepatocarcinogens; they are not intentionally added to insecticides but can appear as impurities if the plant material
is misidentified. Rotenone is a suspected human carcinogen (IARC Group 2B) based on renal tumours in male rats
and the link to Parkinson’s disease. Pyrethrins have been evaluated by the US EPA and found to have no evidence
of carcinogenicity in two long-term rodent studies [31]. The EPA classifies pyrethrins as “not likely to be
carcinogenic to humans”.

5.5. Neurotoxicity

By design, insecticides target the nervous system. The question is whether they do so selectively. Pyrethrins
can cause transient paraesthesia (tingling, burning) on skin contact, but this resolves within 24 hours. Acute
inhalation of high concentrations causes dizziness, headache, and nausea. Chronic low-level exposure to
pyrethroids (the synthetic analogues) has been associated with cognitive deficits in children in some studies, but
the evidence is inconsistent [34]. For monoterpenes, because they act on octopamine receptors absent in mammals,
neurotoxicity is minimal at typical exposure levels. However, accidental ingestion of eucalyptus oil (which
contains 70-85% eucalyptol) has caused seizures in toddlers; the dose matters enormously.

5.6. Oxidative stress as a common pathway

Many natural compounds generate reactive oxygen species (ROS) when metabolised. Thymol, eugenol, and
cinnamaldehyde have all been shown to increase lipid peroxidation and deplete glutathione in rat liver and kidney
after high-dose administration [18,20]. This oxidative stress is likely responsible for much of the subchronic
toxicity observed at high doses. The practical implication is that individuals with compromised antioxidant
defences (e.g., the elderly, those with liver disease) may be more susceptible, even at lower exposures.

5.7. Vulnerable populations

Children are at higher risk because they have higher respiratory rates, thinner skin, and more frequent
hand-to-mouth activity. Pets are also vulnerable: cats, in particular, lack the UDP-glucuronosyltransferase enzyme
needed to metabolise pyrethrins efficiently, so even small amounts of a pyrethrin-based flea spray can cause
life-threatening tremors and seizures [3]. For households with cats, pyrethrin products should be avoided
altogether. Neem and monoterpene-based products are generally safer for pets, but concentrated essential oils can
still cause irritation.

Figure 1 is a conceptual diagram that maps the hazard (acute toxicity) of various natural insecticides against
their typical indoor exposure potential (derived from product concentrations and usage frequency). The
highest-risk quadrant — high hazard plus high exposure — currently contains no widely used natural insecticides,
but certain formulations of pyrethrins with PBO come close. The lowest-risk quadrant (low hazard, low exposure)
is occupied by azadirachtin baits and some microencapsulated monoterpenes.

6. Formulation Technologies: Overcoming the Limitations of Natural Compounds

Unformulated essential oils are poor insecticides. They evaporate within hours, degrade in sunlight, and many
do not mix with water. The last decade has seen remarkable progress in formulation science, much of it drawing
on polymer chemistry and nanotechnology.
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Figure 1. Hazard—exposure risk matrix for natural household insecticides based on acute toxicity (WHO
classification) and typical indoor exposure potential.
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6.1. The problem: volatility, photodegradation, and poor solubility

Consider thymol. Its vapour pressure at 25°C is 0.12 mmHg, which means that a thin film on a kitchen counter
loses half its mass in about 2 hours at room temperature [35]. Cinnamaldehyde photodegrades with a half-life of
only 3 hours under simulated sunlight [24]. Most terpenes are lipophilic, so they cannot be simply diluted in water
for spray applications; organic solvents or surfactants are needed, and those solvents bring their own toxicity and
flammability.

6.2. Nano-encapsulation: the current gold standard

Encapsulating natural insecticides in polymeric nanoparticles (size 50-500 nm) protects them from evaporation
and UV light, provides controlled release, and can reduce dermal penetration. The authors’ research group has
contributed to this field through our studies on poly(ethylene disulfide) (PEDS) composites [8,9]. PEDS is a
thermoset polymer with disulfide crosslinks. We have shown that PEDS can encapsulate hydrophobic actives and
release them slowly over weeks; moreover, the disulfide bonds allow the polymer to be depolymerised under mild
reducing conditions, offering an end-of-life recycling option not available with conventional plastics [8]. While
our work initially focused on drug delivery for cancer treatment, the same principles apply to insecticide
encapsulation.

Other research groups have explored more conventional biodegradable polymers. PLGA
(poly(lactic-co-glycolic acid)) nanoparticles loaded with thymol achieved 92% mortality against houseflies at day
7, whereas free thymol in an emulsifiable concentrate had already lost most of its activity by day 3 [36]. Solid lipid
nanoparticles (SLNs) encapsulating eucalyptol extended residual efficacy against B. germanica from 2 days (free
oil) to 14 days [19]. Chitosan nanoparticles loaded with garlic oil increased fumigant toxicity by 2.5-fold and
reduced the effective concentration needed to kill T. castaneum by half [16].

Table 5 compares the performance of free vs. encapsulated natural insecticides. The improvement in residual
activity is consistently dramatic. Nano-encapsulation also reduces the strong odours of garlic and clove oils,
making them more acceptable for indoor use.

6.3. Polymer carriers for multi-component synergy

Because crude plant extracts contain dozens of compounds, encapsulation of the whole extract (rather than a
single purified compound) can preserve the natural synergy. The authors’ work on polymeric carriers [9] has shown
that co-encapsulating multiple actives in a single polymer matrix is feasible and can be tailored to release each
component at a different rate (e.g., a fast-release layer for immediate knock-down and a slow-release core for
residual protection). Such systems are still at the research stage, but they hold great promise.
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Table 5. Effect of nano-encapsulation on insecticidal performance of natural compounds

Active Formulation Target pest Mortality (%) at 7 Residual efficacy Reference(s)
days (days)
Thymol Free (emulsifiable M. domestica 45% 2 Oliveira et al., 2023
concentrate)
Thymol PLGA nanoparticles M. domestica 92% 14 Oliveira et al., 2023
Eucalyptol Free (microemulsion) B. germanica 35% (at 24 h) 1 Kaur et al., 2025
Eucalyptol Solid lipid nanoparticles B. germanica 100% (at 24 h) 14 Kaur et al., 2025
(SLN)
Garlic oil Free (spray) T. castaneum 68% 3 Yang et al., 2025
Garlic oil Chitosan nanoparticles T. castaneum 98% 21 Yang et al., 2025
Azadirachtin Free (bait) P. americana 50% (at 14 days) 21 Chaudhary et al.,
2020
Azadirachtin pH-responsive polymer  P.americana 85% (at 14 days) 35 Singh et al., 2025
capsule

6.4. Microemulsions and other conventional formulations

Not every product needs nanotechnology. For immediate-kill sprays, microemulsions (MEs) using food-grade
surfactants (polysorbate 80, lecithin) can solubilise up to 20% essential oil without organic solvents. MEs are
thermodynamically stable and have very small droplet sizes (10-100 nm), which improves spreading and
penetration. They are already used in many commercial “natural” insecticides. The drawback is that the surfactants
themselves can be skin irritants, and the high concentration of essential oil still leads to rapid evaporation.

6.5. Smart release systems

A more advanced approach is to design formulations that release the insecticide only when triggered by a
specific stimulus — for example, the alkaline pH of the insect midgut (pH 9-10 for many beetles and caterpillars)
versus the neutral pH of a human skin surface. pH-responsive polymers (e.g., Eudragit® L100, which dissolves
above pH 6) have been used to encapsulate azadirachtin, resulting in 80% of the active being released in the insect
gut within 2 hours while less than 5% was released on human skin [37]. Such formulations greatly improve the
safety margin for household products.

7. Global Regulatory Frameworks for Household Insecticide Products

Regulation of botanical insecticides has lagged behind that of synthetics, but the gap is closing. This section
summarises the requirements in the three major jurisdictions: the United States, the European Union, and the
international system led by the WHO/FAO.

7.1. United States EPA: Biopesticides and the 2025 streamlining

In the US, any substance intended to prevent, destroy, repel, or mitigate a pest is regulated as a pesticide under
the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA). Biopesticides — including biochemical pesticides
(e.g., essential oils, plant extracts, insect pheromones) — are handled by the Biopesticides and Pollution Prevention
Division (BPPD) of the EPA. The registration requirements for a new biochemical active ingredient include:

e Product chemistry (identity, purity, physical/chemical properties, analytical methods).

e Acute mammalian toxicology (oral, dermal, inhalation, eye irritation, dermal sensitisation).
e Non-target organism toxicity (birds, fish, honey bees, earthworms).

e Environmental fate (degradation in water and soil, mobility).

For low-risk biochemical pesticides (those with a history of safe use and low inherent toxicity), the EPA may
waive certain studies. In 2025, the Agency announced a streamlined re-registration process: for biopesticides with
no reported human health or environmental incidents, the full re-registration review is no longer required, provided
the product continues to meet labelling and manufacturing standards [38].

Certain essential oils (e.g., thyme oil, clove oil, rosemary oil, eugenol) are listed under EPA’s “Minimum Risk
Pesticide” exemption (FIFRA 25(b)) — they do not require EPA registration at all, as long as the product contains
only exempted active ingredients and approved inert ingredients, and the label complies with specific
requirements. This exemption has allowed a flood of “natural” insecticides onto store shelves, but it also means
that no federal agency verifies their efficacy or safety. Consumers should be aware of this distinction.

7.2. European Union: Biocidal Products Regulation (BPR, EU 528/2012)

In the EU, household insecticides fall under Product Type 18 (insecticides, acaricides, and products to control
other arthropods). An active substance must be approved at the EU level and included in the Union List of approved
biocidal active substances. Approvals are granted for 10 years and are renewable. The dossier required for approval
includes a full set of toxicological and ecotoxicological studies, often much more extensive than what the EPA
requires for low-risk biopesticides. For example, even for a well-known essential oil like thyme oil, the applicant
must provide a full 90-day oral toxicity study and a developmental toxicity study unless a waiver is granted based
on the GRAS (generally recognised as safe) status of the substance as a food flavouring.

The EU has approved several essential oils and their major constituents as low-risk active substances under
Article 95. These include thymol, eugenol, geraniol, citronellol, and eucalyptol. However, the approval does not
mean the product is automatically safe; it only means that the active substance has been evaluated. The final
formulated product must still be authorised by each member state where it is sold.
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7.3. WHO and international guidelines

The World Health Organization, together with the Food and Agriculture Organization (FAQ), publishes
guidelines for the evaluation of pesticides for public health use. These are not legally binding but are widely
adopted by developing countries. The WHO Pesticide Evaluation Scheme (WHOPES) evaluates products for use
in vector control (e.g., mosquito sprays, larvicides). A WHOPES recommendation can facilitate procurement by
UN agencies and governments. To date, only a few botanical products (mostly pyrethrin-based) have received
WHOPES recommendations. The process requires efficacy data under simulated field conditions and a basic safety
evaluation.

The WHO also produced a practical guide for the safe and effective use of household insecticide products [39],
which includes advice on labelling, storage, and disposal, as well as a sample template for educational materials
aimed at consumers.

7.4. OECD harmonisation

The Organisation for Economic Co-operation and Development (OECD) has developed guidance documents
for the testing of biopesticides (Series on Pesticides, No. 94). The goal is to reduce duplicate testing by having
member countries accept data generated according to OECD Test Guidelines. For example, a company that tests
the acute oral toxicity of a new essential oil using OECD TG 423 can submit that same study to both the EPA and
the European Chemicals Agency. This is gradually reducing the regulatory burden.

Table 6 compares the data requirements for a new botanical active ingredient across the US, EU, and WHO
systems. The EU is the most demanding, the US is the most flexible (especially for 25(b) products), and the WHO
system is the least prescriptive but focuses on public health impact.

Table 6. Comparison of regulatory data requirements for a new botanical household insecticide

Data requirement US EPA (biopesticide) US EPA (25(b) minimum EU BPR (Biocidal WHO/FAO (guidelines)
risk) Products Regulation)

Product chemistry Yes No (list of inert Yes No (product-specific)
ingredients required)

Acute toxicity (5 | Yes(may be waived for No Yes Yes (for WHOPES)

endpoints) low-risk)

Subchronic oral (90-day) If significant exposure No Yes Not specified

Reproductive /| If significant exposure ~ No Yes Not specified

developmental

Genotoxicity (Ames, | Yes No Yes Yes (for WHOPES)

micronucleus)

Neurotoxicity (acute) For neuroactive  No For neuroactive Not specified

compounds

Environmental fate Yes No Yes Not required

Non-target organisms | Yes (may be waived) No Yes For mosquito products

(birds, fish, bees)

Efficacy data Yes No (but needed for Yes Yes (WHOPES field
consumer claims) trials)

Time to approval (typical) | 6-18 months None (product does not 2-4 years 6-12 months (WHOPES)
require registration)

8. Integrated Pest Management and Resistance Management

Botanical insecticides are not a silver bullet. They work best when used as part of a broader integrated pest
management (IPM) strategy.

8.1. The IPM approach for households

For a cockroach infestation, a responsible IPM plan would first involve sanitation (removing food debris and
water sources), sealing cracks and crevices, and installing door sweeps. Only then would baits (containing
azadirachtin or hydramethylnon) be placed in targeted locations. Aerosol sprays, whether synthetic or natural,
should be the last resort because they scatter roaches and can contaminate indoor air. For mosquitoes, IPM includes
removing standing water (breeding sites), using window screens, and applying repellents when outdoors. Indoor
use of mosquito coils or vaporisers is recommended only for short periods and in well-ventilated rooms.

8.2. Resistance to natural insecticides

Resistance to pyrethrins is widespread due to the kdr mutation and enhanced cytochrome P450 activity.
Houseflies in many urban areas are now resistant to pyrethrin-based household sprays [4]. Resistance to
azadirachtin has been documented in the diamondback moth (Plutella xylostella) after continuous exposure, but it
is still rare in household pests [21]. For complex mixtures like essential oils, the evolution of resistance is slower
because multiple genes would need to change simultaneously; nevertheless, laboratory selection experiments have
shown that Tribolium castaneum can develop reduced sensitivity to garlic oil after 15 generations [16].

8.3. Rotation and combination strategies

To slow resistance, the same principle used for synthetic insecticides applies: rotate products with different
modes of action. For example, use a thymol-based spray (octopamine agonist) for two months, then switch to an
azadirachtin bait (ecdysone disruptor), then to a pyrethrin spray (sodium channel modulator) if needed. Combining
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two natural insecticides with different mechanisms in a single product is also possible; the authors’ work on
polymeric carriers [8] showed that co-encapsulation of thymol and cinnamaldehyde produced a synergistic effect
that reduced the required dose of each by half.

8.4. The role of the authors’ research in resistance monitoring

Our earlier studies on polymeric carriers [9] and nanoparticle-mediated delivery [10] provide tools that could
be adapted for resistance monitoring. For example, a smart sensor could be embedded in a polymer matrix to detect
the activity of detoxification enzymes (cytochrome P450s) in pest populations, allowing real-time surveillance of
resistance levels. Such systems are speculative at present, but they illustrate the convergence of materials science
and pest management.

9. Future Directions and Unanswered Questions

Despite the progress reviewed here, several critical gaps remain.

9.1. High-throughput screening and in silico prediction

The number of plant secondary metabolites with potential insecticidal activity is enormous (estimated
>200,000), but only a tiny fraction have been tested on household pests. High-throughput screening using insect
cell lines or isolated target receptors (e.g., octopamine receptor, ecdysone receptor) can accelerate discovery.
Machine learning models trained on chemical structures and known activities can then predict which new
compounds are likely to be active. The secondary metabolites of rice, for example, have been recently screened
by Chinese researchers, leading to the identification of several compounds that inhibit detoxification enzymes and
disrupt normal growth [27].

9.2. Synthetic biology for sustainable production

Some potent natural insecticides (e.g., pyrethrins, azadirachtin) are expensive to extract from plants. Pyrethrin
content in chrysanthemum flowers is only about 1-2% by weight, and neem seeds yield only 0.5-1% azadirachtin.
Synthetic biology offers an alternative: yeast or E. coli can be engineered to produce these complex molecules by
expressing the necessary plant biosynthetic genes. A yeast strain producing pyrethrins has already been developed,
although yields are still too low for commercialisation [40]. As the technology matures, it could lower costs and
reduce the environmental footprint of extraction.

9.3. Human biomonitoring and post-market surveillance

There is a striking lack of human exposure data for natural household insecticides. We do not know how much
thymol or eucalyptol is actually absorbed by a person using a rosemary-based spray for 10 minutes a day.
Biomonitoring studies — measuring urinary metabolites of these compounds — are urgently needed. Similarly,
post-market surveillance systems (like the EPA’s Incident Data System) should include natural products, but
currently most incidents involving botanical insecticides go unreported because consumers assume they are safe.

9.4. Formulations for vulnerable populations

No household insecticide product has been specifically designed for use in homes with infants, pregnant
women, or immunosuppressed individuals. The development of “zero-exposure” formulations — for example, baits
that are completely enclosed or gels that release insecticide only when ingested — would be a major advance. The
authors’ work on polymeric carriers that respond to insect gut pH [8] could contribute to such designs.

9.5. The authors’ continuing research

We are currently exploring the use of poly(ethylene disulfide) (PEDS) as a matrix for the controlled release of
thymol and cinnamaldehyde. Preliminary results indicate that a PEDS-thymol composite can maintain insecticidal
activity against B. germanica for at least 30 days under laboratory conditions — a dramatic improvement over free
thymol. We are also testing the safety of this composite in dermal and inhalation studies. These results will be
reported separately.

10. Conclusions

In this review we have attempted to provide a balanced, evidence-based assessment of plant secondary
metabolites as household insecticides — neither uncritically embracing the “natural is safe” myth nor dismissing
natural products as inherently weak. The key conclusions are as follows.

1. Efficacy is real but depends on formulation. Unformulated essential oils are often too volatile and
photolabile to be practical. However, nano-encapsulation and polymer carriers can extend residual activity, reduce
the required dose, and mask unpleasant odours. Some natural compounds (azadirachtin, thymol, garlic oil) already
have efficacy data that rival those of synthetic pyrethroids when properly formulated.

2. Safety cannot be assumed. The toxicological profiles of natural insecticides vary enormously. Azadirachtin
is exceptionally safe (WHO Class 11, EPA Category 1V); rotenone and nicotine are hazardous (WHO Class Ib and
I1) and should not be used in household products. Even relatively safe monoterpenes can cause skin or respiratory
irritation at high concentrations. Household products must be labelled with appropriate warnings, and vulnerable
populations (children, pregnant women, pets) deserve special consideration.

3. Mechanisms matter for both efficacy and safety. Compounds that act on insect-specific targets
(octopamine receptor, ecdysone receptor) have inherent selectivity and are therefore safer for mammals.
Compounds that act on conserved targets (AChE, sodium channels, Na*/K*-ATPase) require much more careful
risk assessment because they can affect humans and pets at similar doses.
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4. Regulation is evolving but remains inconsistent. The US EPA’s 25(b) exemption allows many essential
oil products to be sold without any federal safety or efficacy review; this is a double-edged sword — it encourages
innovation but also allows potentially unsafe or ineffective products onto the market. The EU’s BPR imposes a
higher data burden, which may be overly restrictive for low-risk botanicals but provides greater consumer
protection. The WHO/FAO guidelines offer a middle path but are not legally binding.

5. Integrated pest management is the way forward. No insecticide, natural or synthetic, should be the only
line of defence. Sanitation, exclusion, mechanical controls, and, where appropriate, biological controls should
precede chemical treatments. When a chemical is needed, a botanical insecticide — especially one with a novel
mode of action — can be an excellent choice, particularly in rotation with other products to manage resistance.

6. Future research must fill critical gaps. We need high-throughput screening for new insecticidal
metabolites, synthetic biology to produce them economically, biomonitoring studies to assess real-world human
exposure, and formulation technologies that maximise safety while maintaining efficacy. The authors’ ongoing
work on polymeric carriers and smart release systems aims to contribute to these goals.

In summary, plant secondary metabolites offer a valuable and underutilised resource for household pest control.
They can be effective, and many have favourable safety profiles compared to conventional synthetic insecticides.
However, the term “natural” is not a substitute for rigorous scientific evaluation. By applying the same standards
of efficacy, toxicology, and regulation that we demand of synthetic products, we can harness the benefits of
botanical insecticides while protecting human health and the environment. That is the responsible path forward.
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