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Simple Summary

Plant-based repellents use essential oils made of terpenes, terpenoids, and phenylpropanoids that
either mask human scent or disrupt insect scent detection. Their environmental friendliness and
frequent antimicrobial activity make them promising alternatives to synthetic repellents, but their
short protection time remains a major limitation because the active compounds are highly volatile.
Current research aims to improve longevity through encapsulation and nanotechnology-based
delivery systems. Because essential oils are complex mixtures, resistance may develop differently
than with traditional single-ingredient repellents. Before these products become commercially viable,
they must undergo extensive safety testing, standardized efficacy comparisons with EPA-approved
repellents, large-scale field trials, and compliance with federal and state pesticide regulations.

Abstract

Most plant-based essential oil repellent products currently available on the market utilize a “green”
approach based on the volatile properties of essential oils. In general, these essential oils contain
terpenes, terpenoids, or phenylpropanoids that can be used to either (1) eliminate a human's scent
through a process called odor masking, or (2) interfere with an insect's ability to detect a person's
scent through interaction with both olfactory receptors and odorant binding proteins. Additionally,
many of the essential oil blends that have been developed have been shown to exhibit antimicrobial
properties. The primary drawback to using essential oil-based repellents is that their protection times
vary widely, and typically last only a short period of time due to the volatile nature of the active
ingredients, as well as differences in concentration and formulation among products. Encapsulation,
nano-delivery systems, and rationally designed blend combinations are being proposed as potential
methods to delay the release of the essential oil active ingredients, thus extending the duration of
effectiveness of the repellent product. Since essential oils represent complex mixtures, there is a
possibility that resistance to the repellent active ingredients could develop differently than it would
for single-active agents. However, before such resistance can be assessed, the repellents must
undergo extensive safety evaluations, along with standardized efficacy assessments against
Environmental Protection Agency (EPA)-approved repellent products, and ultimately, field trials
must be conducted in areas where the repellents will be used to prevent vector-borne diseases. In
addition to conducting these evaluations, the repellents must comply with existing state and federal
pesticide regulations.

Keywords: essential oils; olfaction; repellent; arthropods; insects; behavior; green repellent;
pesticides; pest

1. Introduction

Insects are the most diverse group of organisms in terms of number of species. More insect
species have been described in the literature in comparison to any other animal group. Insects belong
to the Phylum Arthropoda and include spiders, ticks, mites, scorpions, centipedes, crabs, and
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lobsters. Some arthropod species benefit humans as a source of food or as pollinators, providing
honey. However, many arthropod species are considered dangerous and harmful to human health
as they act as vectors for some of the most devastating human diseases. Vector-borne diseases
transmitted by mosquitoes, ticks, fleas and other arthropods remain a major global health concern
[1,2]. According to the World Health Organization (WHO, 2024), malaria was responsible for causing
nearly 600,000 deaths in 2023. Likewise, other diseases such as dengue fever, Chikungunya, Zika and
other viruses continue to cause large outbreaks. Humans have developed various methods to deter
or destroy harmful arthropods capable of transmitting these diseases. These range from insect traps
to poisons. Developing effective and safe repellents against arthropods is particularly important to
prevent arthropod-borne diseases and is critical for human health and safety [3]. Since vaccines and
therapeutic strategies are limited in their effectiveness, public health agencies emphasize prevention.
The use of insect repellents is therefore a key component of personal protection. The most widely
used synthetic repellent is DEET (chemical name, N,N-diethyl-meta-toluamide) developed by the
U.S. military in the mid-20th century. It has been successful against insect pests, such as mosquitoes
and ticks, which cause diseases such as malaria and Lyme disease [4,5]. Other insects, such as crickets,
cockroaches, and ants, have omnivorous feeding preferences and can contaminate and destroy stored
food products like sugar, flour, and grains with their feces [6]. DEET has raised environmental and
human health risk concerns, which have prompted a search for more healthy alternatives [7].

More recently, some aromatic, plant-based essential oils are becoming more popular as
alternatives to synthetic repellents against some arthropods [5,8-11]. Essential oils are volatile,
aromatic compounds that can be extracted from plants by steam distillation or solvent extraction.
They have a place in traditional medicine and have been used as fragrances, antiseptics, and
remedies. Essential oils degrade rapidly in the environment and often have pleasant scents. They can
be considered “green” or environmentally friendly repellents and have the potential to substitute
harmful synthetic repellents. Essential oils work through the sense of smell of insects.

Many insects have elaborate olfactory sense organs in the form of antennae [12]. Insect behavior
is in large part regulated by odor molecules in the air that guide insects to find food, mates, hosts, or
egg-laying sites. The cuticular insect antenna are located on the head of the animal and can be several
inches long. These antennae bear sensory organs known as sensilla [12]. Individual sensilla have
several receptor cells that can detect odors, taste molecules, temperature, or moisture. Insect
repellents typically activate or inhibit odor-detecting receptor cells in these antennal sensilla. In
mosquitoes, DEET acts by binding to the olfactory receptors. It disrupts host detection and prevents
mosquitoes from biting a human host.

Concerns about DEET, as well as an increase in consumer preference for natural products, have
stimulated interest in plant-based essential oils as green, biofriendly alternatives to conventional
synthetic repellents. Given the negative side effects of synthetic insect repellents like DEET, it is
important to determine if insect behavior can be regulated by specific biofriendly chemical
compounds, like essential oils, that can potentially serve as insect repellents. Like DEET, many
essential oils have been found to repel insects, as well as disrupt their olfactory-guided locomotory
behavior [5,9,13]. Essential oils are complex mixtures of volatile organic compounds from plants.
They can act as effective “green” biofriendly repellents by interfering with insect olfactory-guided
behavior. The presence of monoterpenoids, sesquiterpenes, and alcohols can be attributed to their
repellent properties [14,15]. In addition, they can offer additional antimicrobial and therapeutic
benefits and reduced ecological impact compared with conventional repellents and are effective
against a variety of insect species.

2. Materials and Methods

This study used a literature-based research methodology by drawing on primary peer-reviewed
articles, government guidelines, and authoritative reviews. Databases such as PubMed, the National
Library of Medicine (PMC PubMed Central), Google Scholar, and the CDC Yellow Book were
searched for publications on essential oils and insect repellents published up to 2025. Search terms
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included essential oil, repellent efficacy, olfactory receptors, nanoemulsion, citronella, catnip, neem
oil, and DEET environmental impact. Studies were selected that reported experimental results on the
repellency of specific essential oils, described the molecular mechanisms of insect olfaction, or
evaluated environmental or human safety of repellents. Secondary sources such as review articles
and regulatory documents were also used to provide a broader context. Data from these sources were
used to develop a structured argument addressing the research question.

3. Results

3.1. Synthetic Repellents

Synthetic insect deterrents, such as DEET, have been considered safe and the most effective
insect repellents. It is effective against many different insect species and does not show selectivity, as
tends to be the case with essential oils. According to the U.S. Environmental Protection Agency (EPA),
DEET has been deemed safe for human use [16] and recommended for use to repel biting pests such
as mosquitoes and ticks. DEET has been found to protect people from mosquito-borne illnesses such
as malaria, West Nile Virus, Zika virus, as well as tick-borne illnesses such as Lyme disease and Rocky
Mountain spotted fever. DEET was developed by the U.S. Army in 1946, and it had a proven track
record of reliability. It was made publicly available in 1957. In a report issued in 2014, the EPA
maintained that DEET does not pose any risks to human health, non-target species, or the
environment [16]. While the EPA does not issue any warnings against the use of DEET, other sources
have reported concerns about its use. New reports demonstrate that DEET and DEET-like repellents
are potentially harmful to human health and the environment [7]. DEET is not recommended for
pregnant women or children younger than 6 months of age [10]. DEET persists in the soil and water
and has been detected in groundwater and surface waters worldwide. Because DEET is long-lived in
the environment, it is often detected in human urine, plasma samples, and drinking water [17-20]. It
can enter the human body through the skin, where it is absorbed, or through inhalation of sprays.
Since DEET is used so widely, its safety is a matter of public debate [7]. DEET can cause skin
irritations, like rashes and itching, especially with prolonged use or when used in high
concentrations. In certain individuals, exposure to DEET may trigger allergic reactions, potentially
resulting in hives, swelling, or respiratory difficulties. Neurological complications linked to DEET
exposure can include seizures and tremors and have been reported on rare occasions. Such incidents
are exceedingly uncommon and are generally associated with misuse or accidental ingestion [21].

Although DEET is not regarded as a major environmental contaminant, high concentrations can
negatively affect certain aquatic insects, fish, and plants. It is moderately toxic to aquatic organisms
and may accumulate through food webs. In animal models and humans, exposure to DEET and its
breakdown products have been found to cause toxic effects on the heart, immune system, and
nervous system, as well as impaired function possibly because of oxidative stress [22-25]. In zebrafish
embryos, exposure to DEET led to inhibited development. Another study found a relationship
between DEET exposure and obesity-related outcomes in adult populations using data from the
National Health and Nutrition Examination Survey (NHANES) [26]. The authors of this study
suggest that food and exercise alone cannot account for the global rise in obesity. They suggest that
environmental contaminants, such as the use of DEET, may be responsible. Their results propose that
there is a correlation between exposure to DEET and obesity. Other studies have found that DEET
can impair human kidney function leading to hyperuricemia [27,28]. In hyperuricemia, elevated
levels of uric acid can be found in the blood, resulting in health problems, such gout, kidney stones,
and cardiovascular disease. Environmental exposure to DEET and its breakdown products have also
been associated with increased mortality risks in females and non-Hispanic Black individuals [29].
Another negative side effect of using conventional chemical insecticides, such as DEET, over long
periods, is the development of biological resistance thereby rendering them ineffective [9]. In
contrast, essential oils have a complex molecular structure which makes it difficult or impossible for
insects to develop resistance to them.
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Chemical research has resulted in many effective compounds that people have used in their
daily lives. DEET is an example of such a chemical that is widely used because of its effectiveness.
Another such compound is DDT, dichlorodiphenyltrichloroethane [30]. This artificial toxic chemical
was once widely used as an insecticide. Initially, it was praised for its superior effectiveness in
controlling insects that spread diseases like malaria and typhus and for having saved many lives.
People used it in agriculture, homes, and gardens. Eventually, DDT was banned in 1972 because it
killed birds, insects, and other wildlife. It caused significant health concerns for humans, such as
respiratory or heart failure, impairment of reproduction, harm to embryos, and was found to be a
possible cancer agent. This raises an important point that just because DEET can be more effective
than essential oils, people should consider any potential negative side effects, such as those seen after
the widespread use of DDT.

3.2. Essential Oils as Natural Repellents

Essential oils are concentrated hydrophobic liquids composed of volatile phytochemicals
extracted from leaves, flowers, bark, seeds, peels, or roots, most commonly via steam distillation. The
compounds can dissolve in solvents like ethanol, ethers, fatty acids and have a relatively low
molecular weight. Terpenoids, phenylpropanoids and as derivatives of short-chain aliphatic
hydrocarbons could be classified to this group [31]. Essential oils contain mainly allylic mono-, bi-, or
tricyclic mono- and sesquiterpenoids of different chemical classes including hydrocarbons, ketones,
alcohols, oxides, aldehydes, phenols, or esters.

At room temperature, these oils are typically liquid, volatile, colorless, and usually less dense
than water. In plants, they contribute characteristic fragrances that are emitted from the plants. They
are widely used in the perfume and cosmetic industry, as well as in aromatherapy. Essential oils act
as chemical signals to either control or modify the environment surrounding the plant. Functionally
speaking, they can attract pollinators, repel predators, prevent seeds from germinating, or
communicate with other plants by releasing signals chemically to e.g., indicate the presence of
herbivores.

Essential oils are effective and natural repellents against various insects and are not harmful to
humans [32]. They have been found to be more effective than synthetic repellents like DEET. In this
way, essential oils are superior to regular (synthetic) insect repellents, which are effective against
insects but are negative to organisms and the environment [33]. Numerous essential oils can weakly
to robustly deter a variety of insects and do so by targeting the insects’ sense of smell [5,34-36]. In
many insect species, behavior is regulated by olfactory (smell) cues to locate food, mates, egg laying
sites, and hosts. As an example, mosquitoes find humans by detecting carbon dioxide and human
body odors with their antennae [37,38]. Volatiles of essential oils can confuse or overpower the odor
receptors in the mosquito antennae, thereby preventing the insect from locating a person [39,40].

Essential oils can offer broad-spectrum protection against insects, as well as non-insect species,
while others target specific pest species. As an added benefit, essential oils provide antibacterial,
antifungal, insecticidal, and deterrent properties [41] (Figure 1). They are becoming increasingly and
widely accepted as promising “green” alternatives to synthetic chemicals, such as DEET. Essential
oils are more environmentally friendly than synthetic insect repellents like DEET, as synthetic
repellents are considered detrimental to beneficial insects, wildlife and ecosystems and cause adverse
effects on humans [10,33]. Essential oils are biodegradable and contain naturally occurring
compounds (e.g., terpenes, terpenoids), however they degrade more quickly than their synthetic
repellent counterparts. Essential oils can be safer options for humans since they are less likely to cause
adverse reactions than synthetic repellents for those with sensitive skin. They may become toxic to
both humans and pets if they are ingested or applied topically at high concentrations (e.g.,
eucalyptus, peppermint). Diluting essential oils may reduce their level of potency but can help to
overcome concerns of toxicity. Likewise, applying essential oils to clothes instead of skin can provide
a safe application method. Some essential oils, such as citronella, offer only a few hours of protection
and must be reapplied frequently. This is not the case with synthetic repellents, such as DEET. Certain
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common essential oil-containing repellents, like citronella, require several applications per day
because the oils evaporate relatively quickly. Further, there is the likelihood that the potency of
essential oils may vary based on their concentration. Advanced encapsulation and nano-formulation
techniques can help oil-soluble substances, such as essential oils, to be more stable, have higher
longevity, and to be steadily released through gradual evaporation. This can allow them to achieve
longer repellant activity compared to synthetic options [9,10,20]. Moreover, using essential oils in
blended formulations can help to enhance effectiveness by combining oils with varying
complementary strengths, allowing broader, extended protection free from synthetic chemicals.
Therefore, these innovations address concerns about extending the duration of effectiveness of
essential oils.

r( Plant-Based Repellents } { Synthetic Repellents }

W% Environmentally friendly @5 Standardized performance
éﬂg Biodegradable 8 Longer protection time
Antimicrobial potential & Environmental persistence

* Complex chemical mixtures
« Variable composition

Potential resistance

Icons for attributes: *@y Environment () Duration ) Safety 7 Efficacy 4% Resistance

Possible toxicity concerns

Figure 1. Some features of plant-based versus synthetic repellents.

Essential oils, like citronella, eucalyptus, peppermint, tea tree, and lavender, contain unpleasant
chemical compounds for insects. They are volatile chemicals that interfere with the sensory receptors
of insects [33]. Essential oils can interfere with insects” olfactory sense through several mechanisms
[33,36,42]. The volatile molecules released by essential oils can saturate the air around a host and,
thereby, effectively prevent the host’s scent from being detected. The essential oils mask the smell of
humans and make it harder for insects to detect their hosts [36]. The volatile components of certain
essential oils, such as citronellal, linalool, eugenol, limonene, terpineol, and benzyl benzoate may be
capable of binding to mosquito odorant-binding proteins (OBPs) (Figure 2). The OBPs may influence
olfaction by either preventing the odor molecules from reaching their corresponding receptors and/or
by modifying the function of these receptors to decrease their sensitivity to attractant odors. This can
lead to a reduction in a mosquito's ability to locate and feed on humans. Interestingly, many other
important human attractants such as lactic acid and CO: are perceived by mosquitoes through
different pathways. Lactic acid is detected primarily through IR8a-dependent ionotropic receptors
and CO: is detected primarily through gustatory receptors. Therefore, it is likely that the volatile
compounds of essential oils act by “blocking” or “desensitizing” odor receptors of mosquitoes
resulting in their inability to locate their hosts [36].
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Figure 2. Mechanisms of essential oil repellency against mosquitoes.

Insect systems detecting odorants use odorant receptors (ORx) in conjunction with a co-receptor
(Orco) that is both a receptor and an ion-channel within the complex. Upon binding of an odorant to
an ORYx, the ion channel in Orco opens resulting in activation of the sensory neuron responsible for
the perception of the odor. As such, either allosteric agonists or antagonists that bind to either the
ORx or the Orco could potentially be used as repellents to prevent the sensing of odors by insects.
Additionally, repellents such as DEET, IR3535, and picaridin have been proposed to directly interact
with specific mosquito odorant receptors (ORx), acting as agonists or antagonists that alter receptor
signaling either on their own or by changing the receptor’s response to odorants like indole and 1-
octen-3-ol [43]. Both compounds are of interest as they serve as odor cues which can reliably activate
certain mosquito olfactory receptors [43]. Therefore, they offer two advantages; they represent actual
stimuli with which mosquitoes respond to in the field, and they serve as readily available “reference
ligands” in studies testing if a repellent modulates the response of olfactory receptors [43]. Indole
and its analog, skatole, are produced through microbial activity or from decomposing organic matter
and serves as a behavioral cue for mosquitoes, particularly when female mosquitoes choose egg-
laying sites [43,44].

Many different essential oils have been shown to act as insect repellents such as citronella,
lemongrass, eucalyptus, peppermint, clove, lavender, neem, geranium, thyme, and tea tree [33,45].
Even though the essential oils come from different plant families such as grasses, herbs, trees, and
spices, they all share common chemical features, namely, they contain volatile compounds that
insects find noxious or disorienting [46,47]. Each oil is composed of various secondary metabolite
compounds that are of low molecular weight, have high volatility and are primarily lipophilic in
nature [47]. More specifically, the major components of most oils are terpenes and oxygenated
terpenoid compounds (specifically mono- and sesquiterpene types), with some oils containing
additional phenylpropanoids such as eugenol [33,47]. The rapid evaporation of these molecules
creates an intense olfactory plume near the surface of skin and clothing, and several of the molecules
directly interfere with the normal functioning of insect sensory systems, creating confusing, aversive,
or repellent signals that impede normal host-seeking and orienting behaviors [33,46].

Essential oils such as citronella, geraniol, limonene, cinnamaldehyde, lemongrass, eucalyptus,
and peppermint have been found to have strong repellent properties against mosquitoes and other
insect species. Interestingly, citronella oil was officially registered as an insect repellent in the United
States in 1948 by the Environmental Protection Agency (EPA, 1997). In comparison, while DEET was
developed by the U.S. Army in 1946, it became available to the public only in 1957 [48]. Therefore,
citronella oil was more widely used and registered as a repellent before DEET. Specific essential oils
can deter specific insects and other pests. For example, citronella helps to keep mosquitoes away from
humans [49], whereas eucalyptus oil is effective against ticks, and tea tree oil repels ants.

3.3. Chemical Classes of Essential Oils
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3.3.1. Terpenes and Terpenoids

Terpenes comprise a major class of natural products synthesized from C5 isoprene units and are
generated in plants [50,51]. They are a class of natural organic compounds found in plants [51].
Terpenes occur at varying sizes, including C10 monoterpenes, C15 sesquiterpenes, and C20
diterpenes, with smaller terpenes generally exhibiting higher volatility and therefore contributing
strongly to aroma and headspace chemistry [52]. In the form of essential oils, terpene hydrocarbons
(such as limonene and pinene) are generally very volatile and contribute to a bright “top note”
aromatic quality of the oil [52,53]. In ecological contexts, terpene emissions function as mediators of
plant interactions by deterring herbivores, attracting mutualists such as pollinators, and participating
in indirect defense signaling [50,51]. Many terpene constituents are chiral, and enantiomeric
composition can influence both sensory perception and biological responses, including those of insect
chemosensory systems [54,55]). Finally, terpene profiles are not static: unsaturated terpenes can
undergo oxidation during handling and storage, leading to compositional drift that can alter odor
and bioactivity and, in some cases, increase irritation potential, underscoring the need for controlled
storage and reporting of sample history in experimental studies [41,52,53].

Terpenoids are very similar to terpenes, but they have the same skeleton but contain one or more
oxygen containing functional groups [52,56]. The presence of oxygen containing functional groups is
important for discussion of repellents due to their effects on the physical properties of the compound
such as its ability to evaporate and interact with receptors [52]. Alcohols, aldehydes, ketones, esters,
oxides and ethers are all typical forms that terpenoids take [52]. The most common modification of
terpenes occurs through oxidation which creates functional groups (alcohol, aldehyde, ketone, oxide,
ester, ether) [31,52]. Citronellol, geraniol, linalool, and menthol are examples of alcohol terpenoids
while citronellal and citral (a combination of neral and geranial) are prominent examples of
aldehydes [52,56]. Menthone, camphor, and thujone are typical ketones while 1,8-cineole is can oxide
or cyclic ether [52,56]. Examples of terpenoid esters include linalyl acetate, geranyl acetate, and
menthyl acetate [52,56]. Oxidation of terpenes increases their polarity and decreases their volatility
compared to their parent hydrocarbon compound [52,56]. This generally results in changes to the
olfactory characteristics and longevity of an oil [56]. Variability in essential oil composition exists due
to differences in plant genetics (chemotype), environmental conditions, harvesting methods, and
extraction techniques [57,58]). Additionally, essential oil composition may be altered because of
processing due to exposure to heat and/or time, allowing for conversion to other terpene pathways
[52,56]. As many terpene components are susceptible to oxidation during storage, they will produce
various products that can alter the aroma and possibly increase the irritation potential associated
with use [31]. Thus, the importance of controlling the storage conditions of essential oils cannot be
overstated to maintain consistency in the chemical structure of the compounds present [31].

3.3.2. Monoterpenes and Monoterpenoids

Monoterpenes are C10 terpenes that are created by combining two isoprene units (Figure 3A)
[59,60] and can be found in abundance and high volatility in a wide range of essential oils [47],
therefore monoterpenes typically compose the majority of what we experience when smelling an
essential oil for the first time (“initial fragrance” or “first impression”) [59]. Monoterpenic
hydrocarbon molecules, such as limonene, alpha pinene, and myrcene) tend to have low polarity and
will therefore evaporate at a relatively rapid rate and contribute the strong citrus, pine, and resinous-
green aromatic character to their respective essential oils [47,61]. Representative monoterpene
hydrocarbons include limonene and the pinene isomers, along with compounds such as a-pinene, (3-
pinene, myrcene, y-terpinene, p-cymene, and sabinene [47]. In many oils, these constituents
contribute strongly to the initial odor impact and rapid evaporation behavior that can shape short-
term repellent performance [61,62].

Monoterpenoids are oxygen-containing ten-carbon molecules made from two isoprene units
(Figure 3B) and represent a large portion of many essential oils, and several classic plant-based
repellents fall into this category [41,63]. Monoterpenoids are oxygen-containing ten-carbon molecules
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made from two isoprene units and represent a large portion of many essential oils. They have
changed to include alcohol, aldehyde, ketone, and oxide functions. A few representative
monoterpenoid types include linalool (alcohol), citronellal (aldehyde), menthol (alcohol), camphor
(ketone), and 1,8 cineole (oxide) and many plant-based repellents fall into this category [41,63]. For
example, geraniol and linalool have shown to be spatial repellents in laboratory tests; for example, in
an indoor/outdoor diffusion chamber experiment, linalool was found to reduce mosquito trap
captures more than citronella, while geraniol had the highest capture reductions of the three [64].
Para-menthane-3,8-diols (PMD), which is found in oil of lemon eucalyptus, has been described as
highly effective and has a longer duration of action compared to other repellents [62,65]. Repellent
effects of essential oils are generally due to mixtures of monoterpenoids (for example citronella type)
however, the length of protection varies significantly across studies, and when evaporation is slowed
through formulation, protection times may be longer [62].

Catnip's nepetalactones are some of the most researched natural insect repellents which include
iridoid monoterpenoids (atypical monoterpenoids). Insect repellents from catnip specifically
stimulate the irritant TRPAT1 receptors; these stimulated responses result in a powerful avoidance
response and explain why catnip repellents will repel such a wide array of insects [66]. Products
containing catnip with high levels of nepetalactone or isomers of nepetalactone have been
demonstrated through standardized bioassays to repel mosquitoes, ticks and mites; in addition, they
often compare favorably to commonly used insect repellents [67-69].

Oxygenation of monoterpenes increases their solubility in water (polarity) and decreases their
volatility when compared to their parent monoterpenes [70]. As such, monoterpenoids tend to give
off less vapor than their hydrocarbon counterparts. In general, they will also tend to smell more
pleasant, as well as smell less fleeting and be more persistent on skin and other surfaces. Since
monoterpenes and monoterpenoids are both volatile and chemically active, their relative
concentrations may vary depending upon plant chemotype, processing techniques (i.e., harvest and
distillation methods), and storage conditions (oxidative aging) [31,57]. Changes in these factors can
influence both the scent characteristics of essential oils and their effectiveness for the desired purpose
[57].

Monoterpene Monoterpenoid alcohol Diterpene Diterpenoid
A D

(+-)-alpha-Pinene Citronellol Cafestol Rosane
Sesquiterpene Sesquiterpenoid alcohol Phenylpropanoid phenol Benzenoid
E F G H
- {1‘
. H L T)/
(+)-beta-Caryophyllene Patchoulol Eugenol Benzyl Acetate

Figure 3. Examples of various chemical classes of essential oils. Figures from PubChem [71].

3.3.3. Diterpenes and Diterpenoids
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Diterpenes are terpene compounds made up of C20 terpene hydrocarbons formed by four
isoprene units (C5H8) (Figure 1C). Diterpenes chemically consist only of carbon and hydrogen. They
are usually non-polar, commonly found as resins, and are much less volatile than monoterpenes and
sesquiterpenes [72]. The large molecular weight and lower volatility make them relatively rare in the
lighter, more volatile fractions of steam distilled plant extracts, and more commonly found in the
resins [72].

Diterpenes are terpene compounds made up of C20 terpene hydrocarbons formed by four
isoprene units (C5H8) (Figure 3C). Diterpenes chemically consist only of carbon and hydrogen. They
are usually non-polar, commonly found as resins, and are much less volatile than monoterpenes and
sesquiterpenes [72]. The large molecular weight and lower volatility make them relatively rare in the
lighter, more volatile fractions of steam distilled plant extracts, and more commonly found in the
resins [72].

Diterpenoids are oxygenated (functionally modified) versions of diterpenes. They retain the C20
terpene backbone of the parent diterpene but contain one or more oxygen- containing functional
groups, such as an alcohols (-OH), ketones (C=0), aldehydes (-CHO), carboxylic acids (-COOH),
esters (-COO-), or ether /epoxides (R-O-R) (Figure 3D) [52]. Addition of oxygen to a diterpene
structure usually results in increased polarity of the compound, and changes in how the compound
functions, such as increasing solubility, increasing reactivity, and providing for possible hydrogen
bond interactions with biological targets [47,70]. Like diterpenes, diterpenoids may also be found in
the less-volatile portions of plants, however, there may be trace amounts present in essential oil based
on the specific plant species and extraction methods used [52,72]. They act primarily in a feeding-
contact/deterrent manner, but not as a primary volatilized repellent [73,74].

The clerodane diterpenoids are an example of diterpenoids which have been extensively
studied, showing both feeding deterrent and repellent activity toward insects using various assay
methods, and showing structural activity relationships (SARs) based upon the presence of specific
oxygenated functional groups (e.g., certain types of furan diterpenes and lactones) [73,75,76]. An
extensive review in Natural Product Reports notes the wealth of research into this area, with over 200
natural clerodane diterpenes, as well as many semi-synthetic derivatives, having been tested for their
insect feeding inhibitory (and related plant protective) activities [76]. While clerodanes represent the
most well-investigated diterpenoid family in terms of insect feeding inhibition and related plant
protection, other diterpenoid families, e.g., abietanes, e.g., ferruginol-related oxides isolated from
Taxodium distichum, have been reported to inhibit termite feeding (in particular, subterranean
termites) and thus exhibit significant “stay-away” repellency [77,78]. Furthermore, botanical
insecticides (e.g., rosemary) containing phenolic diterpenes (e.g., carnosic acid and carnosol),
illustrate how diterpenoids may be employed in long lasting defense mechanisms of plants against
insects, and serve as an example of how diterpenoids may provide defense mechanisms to protect
plants in commercial formulations [79].

3.3.4. Sesquiterpenes and Sesquiterpenoids

Sesquiterpenes are classified as C15 terpenes and are formed from a combination of three
isoprene units (Figure 3E) and primarily synthesized in plant cells via the intermediate product
farnesyl pyrophosphate (FPP) [50]. The sesquiterpenes found in essential oils tend to have lower
volatility than monoterpenes and frequently provide the woody, spicy, resinous and earthy aromas
that remain after the more volatile compounds in the oil have evaporated [80,81]. As such, the
structural diversity of sesquiterpenes is tremendous, due to the various possible cyclization pathways
for FPP [50]. Therefore, they may exist in either acyclic forms (e.g., farnesene), monocyclic structures,
or complex bicyclic/ tricyclic ring systems (e.g., f-caryophyllene, humulene, and bisabolene). Due to
their hydrocarbon composition, sesquiterpenes are generally non-polar and may act as “fixatives” in
blends to slow the rate of total loss of aroma profiles [80,81], but they also undergo oxidation reactions
over time which contributes to why the aromatic characteristics and irritation potential of some
essential oils may change over time when stored [31,82,83].
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Sesquiterpenoids (oxygenated C15 terpenes made from three isoprene units) (Figure 3F) show
up in many essential oils and are interesting as repellents because they are often less volatile than
monoterpenes, which can translate to longer-lasting “bass note”, “stay away” signals on skin or
surfaces [84]. Several specific sesquiterpenoids have strong evidence: nootkatone (a
grapefruit/Alaskan yellow cedar—derived sesquiterpenoid ketone) repelled Aedes aegypti in human-
arm biting assays, and work around it has supported its development into registered
repellent/insecticide uses in the United States [32,85]. Patchouli alcohol (a sesquiterpenoid alcohol
from Pogostemon cablin) has also been reported to provide high levels of protection against major
mosquito vectors at tested doses and exposure times [86]. Other sesquiterpenes with similar long-
lasting behavioral effects are [-caryophyllene, humulene, and germacrene [87,88]. Beyond
mosquitoes, sesquiterpenoids and related sesquiterpenes can function as semiochemicals that drive
avoidance behavior in other pests: for example, (E)-pB-farnesene is a classic aphid alarm signal that
triggers dispersal and escape, which is essentially “repellency” at the behavioral level [89]. Plant-
emitted sesquiterpenes like (E)-3-caryophyllene are part of defensive blends that help plants reduce
herbivore pressure sometimes indirectly by recruiting natural enemies, illustrating how this chemical

class is deeply tied to “keep pests off” ecology [90].

3.3.5. Phenylpropanoids

Phenylpropanoids are aromatic, non-isoprenoid-derived, and particularly prevalent in oils
associated with spices and typically consist of either phenolic or aldehyde structures (Figure 3G).
They contain a six-carbon atom and three-carbon atom skeleton often derived from the phenylalanine
biosynthetic pathway. They are often cited as being active in bioassays involving the behavior of
insects. They include many of the most recognized “spice 0il” molecules found within essential oils,
such as eugenol (clove), (E)-cinnamaldehyde (cinnamon), and (E)-anethole/estragole (anise and
fennel) [41,52,91,92].

A repeated finding among studies focused on repellents is that many of the phenylpropanoids
have the potential to elicit strong avoidance and inhibit biting behaviors at biologically relevant
concentrations, and sometimes alongside causing toxicity, making these compounds of interest as
“dual action” botanicals [62,93]. There is good documentation for the repellent activity of eugenol
against the Tick species Ixodes ricinus [94]. A subsequent Structure Activity Relationship (SAR) study
initiated with eugenol as a starting compound identified many structurally similar phenylpropanoid
compounds which demonstrated repellent activity in a bioassay using the same tick species [94].
Some of the repellent phenylpropanoids were tested at concentrations that were equivalent to (and
in some cases lower than) the lowest concentration tested for DEET in this test. Eugenol was used
again in a separate tick study, along with methyl eugenol, another phenylpropanoid, to assess
repellent activity and the effectiveness of the repellent activity when applied at concentrations of 1-
2% [95]. The authors report that both eugenol and methyl eugenol produced significant repellent
activity at 1-2%, and that their activities were comparable to 7% DEET. Cinnamaldehyde has strong
repellent activity in Haemaphysalis longicornis ticks. Furthermore, Cinnamaldehyde alters the
electrophysiological responses of the Haller's Organ in H. longicornis, and the repellent activity of
cinnamaldehyde is dependent upon the presence of a specific ionotropic receptor, referred to as HL-
IR, since knocking out HL-IR results in a reduced repellent activity and sensory response [96]. Finally,
phenylpropanoids also demonstrate repellent activity against insects that can damage stored food.
Specifically, in four-way olfactometer assays with the confused flour beetle, Tribolium confusum,
anethole produces repellent activity at low concentrations, and the essential oil containing anethole
will suppress attraction to the beetle aggregation pheromone [97].

3.3.6. Benzenoids

Benzenoids are plant volatile compounds with a benzene ring structure, including benzoates,
salicylates, and anthranilates (Figure 3H) [98,99]. They act as “stay away” signals (“keep-away” or
repellent cues). They function most commonly as spatial repellents or oviposition-deterrents and
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rarely as contact-toxins [100]. Methyl benzoate, a floral benzenoid is an example of this type of
chemical that was tested as a spatial repellent/oviposition deterrent for pests such as spotted wing
Drosophila and specifically framed as a repellent in “push-pull” tracking and field style approaches
to pest management [101]. Methyl salicylate, another benzenoid, reportedly acts to repel gravid
insects and/or provides information to plants regarding the presence of an insect and contributes to
oviposition deterrence signaling [100]. Additionally, benzenoids have applications beyond the realm
of insects. For example, methyl anthranilate is identified within the applied literature as a strong
avian chemosensory (trigeminal) irritant and has been studied as an avian deterrent in several studies
[102]. Benzyl benzoate, (a general term for aromatic esters) is noted by many researchers to possess
acaricidal activity and has also been referenced as a tick/chigger/mosquito repellent in
pharmacology/toxicology resources [103,104].

3.4. Chemical Composition and Dominant Constituents of Essential Oils as Repellents

Repellency has a small set of recognizable chemical profiles, even though each essential oil can
contain dozens to hundreds of minor constituents [47,52]. The major contributors of each essential oil
profile identified are much reduced in number, with few major compounds that combined take up
most of the total chromatographic area and thus significantly control the oil’s volatility, and odor
notably the “baseline repellent signature” [52]. The main chemical profiles commonly implicated in
repellency are oxygenated monoterpenoids (e.g., aldehydes, alcohols, oxides/ethers, and ketones)
and aromatic phenylpropanoids, with some oils also containing lactone-type constituents depending
on botanical sources and processing [41,52,105]. Although dozens to hundreds of minor constituents
may be present, the dominant peaks in an oil’s chromatogram explain most of the oil’s volatility and
odor signature and can account for a sizeable portion of behavioral bioactivity observed in assays
[47,106]. An oil’s composition is not static and can vary with genetics (chemotype), geographic
location, harvest timing, and methods/conditions of distillation or expression [57,58,107]. As a result,
more recent repellency discussions increasingly pair bioassay outcomes with GC-MS chemical
profiles, since compositional differences within “the same 0il” can plausibly shift repellency rankings
across studies [106,107].

Citral-based, and citronellal-based essential oils, are two types of essential oils that are primarily
composed of monoterpenoid aldehydes [41,52]. Citral is comprised of neral and geranial [52], while
citronellal is a direct aldehyde form of citronellol [108,109]. Oils of this type are typically very potent
and have strong odor mediated effects [62] however, they also tend to evaporate rapidly and
therefore have limited duration when used alone. Thus, the longevity of an oil that has evaporated
quickly would need to be extended through either formulation or application strategies that slow
evaporation and prolong release [62]. On the other hand, many repellent studies include oils that
contain monoterpenoid alcohols such as geraniol, citronellol, linalool, and menthol [41,52]. This is
because all the above-mentioned compounds are found alcohols such as geraniol, citronellol, linalool,
a naturally in a variety of plants and are volatile and possess significant sensory properties that
contribute to the measured repellency [41,64].

A second common motif for repellents is the presence of phenolic monoterpenoids, specifically
thymol and carvacrol, which are typically found in oils derived from plants in the Lamiaceae family
(e.g., thyme and oregano), as well as in some of their respective chemical profiles [110,111]. It is
common to find reports of high bioactivity for thyme- and oregano-type oils in insect-related
contexts, consistent with the broad bioactivity of these phenolic monoterpenoids and their rich
essential-oil mixtures [62,112]. These oils also commonly contain abundant accompanying
monoterpene hydrocarbons such as p-cymene and vy-terpinene, which are frequently present
alongside thymol/carvacrol and can vary substantially with chemotype [111,113]. In addition, it is
common to find phenylpropanoid-rich oils being tested, particularly eugenol-dominant clove-type
oils and cinnamaldehyde-dominant cinnamon-type oils, because a single compound can constitute a
large fraction of the total chromatographic area and thus strongly shape odor, volatility, and
measured bioactivity [41,114,115].
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3.5. Essential Oils as Insect Repellents

Essential oils commonly referenced as repellents tend to group into specific chemical signatures:
aldehyde-rich Cymbopogon oils (e.g., citronellal or citral); phenolic Lamiaceae oils (e.g., thymol or
carvacrol); phenylpropanoid-rich spice oils (e.g., eugenol or cinnamaldehyde); lactone-dominant
catnip oil (nepetalactones) and a variety of oxygenated “medicinal” profiles dominated by cineole,
camphor, or related compounds (e.g., eucalyptus, rosemary, and sage oils) (Figure 4). This chemical
framework also provides a practical connection between composition and bioassay interpretation:
rather than simply treating “oil identity” as a label, the dominant constituents can be utilized as a
mechanistic basis to understand why oils within the same common-name category may exhibit
differing levels of repellency across studies. Composition is not static. Essential oil profiles vary with
plant genetics (chemotype) [111,113], environment, harvest timing, and extraction conditions, and
can also shift during processing (heat and time) and storage. Many common terpene constituents
oxidize during storage, and oxidation products can change odor and increase sensitization or
irritation potential, which is why reporting storage conditions and sample history matters in
experimental work.

While raw lemon eucalyptus essential oil (from Corymbia citriodora) has low PMD (p-menthane-
3,8-diol) levels, oil of lemon eucalyptus is refined to specifically boost PMD levels. Repellent activity
is attributed to PMD, an effective oxygenated monoterpenoid (diol) [65,116,117]. In most repellent
applications, PMD is treated as the primary active because PMD-based products, derived from lemon
eucalyptus sources, can contain it at high levels and it tends to persist longer than highly volatile
monoterpene hydrocarbons. As a result, compositional descriptions and many practical evaluations
in this category focus specifically on PMD as the dominant component rather than on the full essential
oil bouquet [65,116,117]. From a chemical standpoint, the distinction is that the PMD-centered profile
is oxygenated and therefore less “top-note volatile” than limonene- or pinene-dominated citrus and
conifer oils, which evaporate very quickly and provide the bright first odor. This helps to explain
why PMD-based repellents are commonly discussed separately from most unformulated essential
oils [41,116,117].

MAJOR CHEMICAL CLASSES OF
ESSENTIAL OIL REPELLENT COMPOUNDS
MONOTERPENES (C10) MONOTERPENOIDS (C10)
(e.g., Limonene, Pinene) Mgﬁoﬂ%;EESgINDESS éC;(‘ID (e.g., Citronellal, Linalool)
High volatility, strong scent-masking, rapid e Significant odor activity, can have potent
activity, short duration. | repellency, interaction with insect receptors.
SESQUITERPENES (C15) SESQUITERPENES & SESQUITERPENOIDS (C15)
(e.g., Caryophyllene, Germacrene) SESQUITERPENOIDS (C15) (e.g., Nootkatone, Patchouli Alcohol)
Medium volatility, extended persistence, Potent and longer-lasting activity, lower volatility,
structural components of complex oils. J key components in some highly effective oils.
[ ! . 4 w
: DITERPENES (C20) DITERPENES & — DITERPENOIDS (C20)
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moderate persistence, can have behavioral effects. J interaction with distinct target systems.
\
PHENYLPROPANOIDS (C9 backbone) ©*  AROMATIC COMPOUNDS BENZENOIDS
(e.g. Eugenol, Methyl chavicole) (PHENYLPROPANOIDS & (e.g. Methyl benzoate, Benzyl acetate)

Moderate volatility, distinct aromatic profiles, BENZENOIDS) Variable volatility, specific behavioral actions,
strong initial repellent effects. action, contributes to synergistic effects.

Figure 4. Classes of essential oils and their repellent properties.

Citronella oils (Cymbopogon spp.) represent one of the most frequently referenced essential oils
in repellent assessments and are chemically characterized by a triad of monoterpenoid constituents:
citronellal (an aldehyde), citronellol (an alcohol), and geraniol (an alcohol). Additionally, most
citronella oils contain measurable amounts of geranyl acetate (an ester) and lesser amounts of
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monoterpene hydrocarbons that affect scent and volatility. Due to their strong odor and rapid
evaporation, citronella oils are often used as the “classical” example of botanical repellents [118,119].
As a result, the majority of studies examining citronella reference that the speed of evaporation is a
common problem, and thus studies referencing citronella frequently report that formulation
techniques that control the rate of evaporation (gels, lotions, microencapsulation, or blends of
fixatives) can be as important as the oil itself [120] (Figure 5).

UNFORMULATED FORMULATION APPROACHES FORMULATED
ESSENTIAL OIL (RAW) ESSENTIAL OIL
ENCAPSULATION
Volatile o ° o OO Volatile el : Forms physmlfl Controlled Release of
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Figure 5. Formulation techniques to control the rate of evaporation of essential oils.

Lemongrass oils (also Cymbopogon spp.) are commonly grouped with citronella oils in repellent
assessments; however, the chemical characteristics of lemongrass and citronella oils are different in
that lemongrass oils are citral-dominant [121]. Citral is not a single compound; rather it is a mixture
of two monoterpenoid aldehydes, geranial and neral, and in many lemongrass oils, these two peaks
are among the largest in the chromatogram [122]. Like citronella, lemongrass can also contain
geraniol and geranyl acetate, along with minor amounts of monoterpene hydrocarbons [121]. Since
citral is highly volatile and chemically reactive relative to some other terpenoids, discussions of
lemongrass as a repellent frequently reference strong initial repellency activity, the potential for
oxidation/reaction of the citral during storage, and the significance of the method of delivery to
achieve meaningful protection durations [31].

Catnip oil (Nepeta cataria) is often referenced as a botanical repellent because the chemical
identity of catnip oil is unusual in that it is dominated by isomers of nepetalactone, which are lactone-
type monoterpenoid derivatives [123]. Frequently, the nepetalactones are the dominant components
of the oil, with the remaining components of the oil consisting of smaller amounts of related
terpenoids [124]. Catnip is a useful comparison to oils such as citronella and lemongrass, which are
characterized by a broad spectrum of monoterpenoids, to demonstrate that strong repellency can be
attributed to a single dominant scaffold (i.e., nepetalactone).

Clove oil (Syzygium aromaticum) represents a different biosynthetic class of oils than citronella
and lemongrass oils, as clove oils are typically dominated by eugenol, a phenylpropanoid phenol
[125]. Often, clove oils contain measurable amounts of eugenyl acetate (an ester) and p-caryophyllene
(a sesquiterpene hydrocarbon), in addition to the dominant eugenol. Eugenol-dominant oils are
commonly referenced in repellency screening studies because of their ease of identification using GC-
MS and their potency Additionally, clove oils serve as a reference point that not all potent repellent
oils are primarily composed of terpenes [126]. Phenylpropanoids can dominate a repellent oil and
exhibit significantly different volatility and persistence properties than monoterpene aldehydes or
alcohols.
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Cinnamon essential oils (Cinnamomum spp.) are frequently included in repellency screens and
can reduce mosquito attraction o r b iting u nder | aboratory b ioassays [ 32,127]. H owever, i tis
important to distinguish bark oil from leaf oil, because their dominant constituents can differ
substantially, meaning “cinnamon oil” may refer to chemically different materials depending on the
plant part and source [25,128]. Cinnamon bark oils are commonly reported as (E)-cinnamaldehyde-
dominant, with cinnamaldehyde appearing as the major aromatic aldehyde peak in GC-MS profiles
[115,128]. In contrast, cinnamon leaf oil is often eugenol-rich, which makes some leaf oils chemically
closer to clove-type profiles than to cinnamaldehyde-dominant bark oils [129]. This distinction
matters w hen interpreting repellency results as “ cinnamon oil” may be referring to a chemically
distinct material depending on the source and method of extraction of the oil. Repellent activity
associated with cinnamon-type oils can be strong in screening studies, but the likely active repellent
constituents depend on whether the oil is primarily cinnamaldehyde-dominant or eugenol-dominant
[32,106].

Thyme oil (Thymus vulgaris) and oregano oil (Origanum spp.) are frequently referenced as highly
bioactive essential oils and are often grouped together as “phenolic Lamiaceae oils,” largely because
many chemotypes are dominated by the phenolic monoterpenoids thymol and/or carvacrol
[111,130,131]. Thyme is often represented as a thymol chemotype, where thymol is a dominant peak,
commonly accompanied by substantial p-cymene and y-terpinene [132-134]. These hydrocarbons are
often discussed as biosynthetic precursors associated with phenolic thyme profiles, and they also
strongly shape aroma [111]. Oregano is often represented as a carvacrol chemotype, where carvacrol
is dominant and p-cymene and y-terpinene are commonly present at appreciable levels [130,135,136].
These oils are frequently used to illustrate two points: (i) phenolic monoterpenoids can be highly
active in insect-related assays, and (ii) chemotype matters, since both genera can also occur in non-
phenolic chemotypes, including linalool-rich profiles, which may behave differently in repellency
testing [134,137].

Peppermint oil (Mentha x piperita) is commonly evaluated as a repellent and is generally
characterized as having a menthol (a monoterpenoid alcohol) and menthone (a monoterpenoid
ketone) dominant profile, with additional contributions from isomenthone, menthyl acetate, and
smaller amounts of monoterpene hydrocarbons [138]. Peppermint is often included in botanical
repellent comparisons because it appears frequently in plant-based repellent discussions and has
documented mosquito repellency in laboratory and human-skin style evaluations, while essential oils
in general tend to show limited duration due to their volatility [62]. Interestingly, “mint oils” are not
interchangeable. Spearmint (Mentha spicata) is carvone-dominant (often with limonene), and other
Mentha species can alter the balance between alcohols, ketones and other monoterpenes. Therefore,
it is important to specify the type of mint (or hybrid) and dominant constituents when comparing the
repellent effectiveness of different oils.

Eucalyptus oils are frequently included in repellent studies, but their chemical composition is
highly species- and chemotype-dependent [139,140]. Many eucalyptus oils (particularly cineole-
dominant oils) are dominated by 1,8-cineole (eucalyptol), an oxygenated monoterpenoid oxide/ether,
often with supporting monoterpene hydrocarbons including a-pinene and limonene [141,142]. Other
eucalyptus species can be more citronellal-dominant, resulting in a profile that can be more similar
to aldehyde-rich citronella than to cineole-dominant oils [140,143]. Eucalyptus is a good example of
how the botanical name and dominant constituents of an oil are more important than the common
name, as “eucalyptus o0il” can refer to chemically distinct materials that may not have similar
repellent activities.

Rosemary oil (Salvia rosmarinus, formerly Rosmarinus officinalis) is frequently referenced in insect
behavior and repellent studies [62,144,145]. Rosemary oils are notable for exhibiting multiple
chemotypes, with composition shifting across plant source, geography, and processing procedures.
Many rosemary oils contain 1,8-cineole among the dominant peaks, often accompanied by a-pinene
and oxygenated monoterpenes including camphor, and sometimes borneol or verbenone based on
plant source and distillation [133]. This mixed cineole-plus-camphoraceous profile is often

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1463.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 April 2026 d0i:10.20944/preprints202604.1463.v1

15 of 28

interpreted as potentially useful for repellency; but reported performance can vary substantially
across studies, which reinforces the importance of chemotype, doe, and especially formulation or
solvent system in determining protection time [62,144,145]. Rosemary is also commonly used to
illustrate mixture effects in essential oils, since oils often contain multiple mid-to-high abundance
constituents rather than a single dominant compound, and bioactivity may reflect the blend rather
than any one component [133,145].

Sage oil (Salvia officinalis) is another Lamiaceae oil that is commonly evaluated in insect-related
studies [146,147]. Sage oils are often characterized by dominance of oxygenated monoterpenoids,
specifically thujone isomers (frequently a- and (-thujone), camphor, and 1,8-cineole in varying
proportions [148,149]. Sage oil is a good example of why composition must be handled carefully: the
thujone/camphor/cineole balance can shift substantially across samples (chemotype, harvest stage,
geography, and processing), and those shifts can reasonably change bioactivity and measured
repellency in behavioral assays [148,149]. When sage is referenced in repellency screening studies, its
performance is often interpreted through the context of its oxygenated-ketone and oxide-dominant
chemistry rather than through the context of monoterpene hydrocarbon-dominant chemistry [148].

Geranium oil (typically Pelargonium graveolens, “rose geranium”) is frequently included in
botanical repellent testing, in part because it shares key odorant constituents with “citronella-type”
profiles and has shown measurable repellency in both mosquito and tick assays [145,150,151].
Geranium oils are often rich in citronellol and geraniol (monoterpenoid alcohols), with esters such as
citronellyl formate and other related citronellyl/geranyl esters varying by oil and source [152-154].
This places geranium within a broader “citronellol/geraniol alcohol” chemistry that is repeatedly
associated with repellency in insect assays, including studies where geraniol itself performs strongly
as a botanical repellent [64]. Differences in alcohol-to-aldehyde balance and ester content across oils
can shift evaporation behavior and perceived persistence, which matters because the practical
duration of protection for many essential oil repellents is often limited by volatility unless
formulations slow release [62].

Lavender oil (Lavandula angustifolia) is frequently referenced in repellent studies, in part
because it is widely used in personal-care and fragrance contexts and has a well-established chemical
“fingerprint” in GC-MS analyses [62,155]. Many lavender oils are characterized by linalool (a
monoterpenoid alcohol) and linalyl acetate (an ester), with smaller contributions from terpinen-4-ol,
lavandulyl acetate, and minor monoterpene hydrocarbons that vary by cultivar and production
conditions [155-157]. Lavender oil’s typical alcohol-plus-ester profile can provide measurable
repellency in certain assays, but outcomes and protection times are variable across studies and often
depend strongly on formulation, since evaporation can limit the practical duration of many essential-
oil repellents [62,145,150].

4. Conclusions

Essential oils are becoming increasingly and widely accepted as promising “green” alternatives
to synthetic chemicals, such as DEET. There is evidence that several essential oils are effective in
repelling a variety of insect and pest species, such as mosquitoes, fleas, and ticks. Essential oils are
thought to interfere with antennal olfactory receptors, making it difficult for them to locate human
hosts. Some essential oils can offer broad-spectrum protection against insects, as well as non-insect
species, while others target specific pest species. As an added benefit, essential oils provide
antibacterial and antifungal properties. While essential oils are more biodegradable and do not
persist as long in the environment as their synthetic repellent counterparts, there may be some
concern for the potential for skin irritation if they are applied topically at higher concentrations. They
may become toxic to both humans and pets if they are ingested or applied topically at high
concentrations (e.g., eucalyptus, peppermint). Diluting essential oils may reduce their level of
potency but can help to overcome concerns of toxicity. Likewise, applying essential oils to clothes
instead of skin can provide a safe application method. Essential oils may be less effective or short-
lived when compared to their synthetic repellent counterparts. Some essential oils, such as citronella,
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offer only a few hours of protection and must be reapplied frequently. This is not the case with
synthetic repellents, such as DEET. The potency of essential oils may vary depending on their
concentration. With new delivery systems being manufactured, the stability and longevity of
essential oils have increased drastically, making them comparable to synthetic chemical counterparts.

Many essential oils have antimicrobial features, in addition to serving as insect repellents. Some
essential oils may provide relief and/or disinfection from insect bites or other skin irritations.
Essential oils can demonstrate antimicrobial activity as they contain active compounds, like terpenes,
phenols, and aldehydes, which inhibit a broad range of microorganisms, including bacteria, fungi,
and viruses. Among the ~250 commercially available essential oils, about a dozen possess high
antimicrobial potential [158]. Examples include oils from thyme, oregano, tea tree, and clove that
have been effective against pathogens like Staphylococcus aureus, Escherichia coli, and Candida albicans
in laboratory settings [159]. Essential oils disrupt microbial cell membranes which causes leakage and
cell death [160]. They also inhibit enzyme function and interfere with cell signaling. Essential oils can
be used together with antibiotics to enhance their effect. They can be eco-friendly alternatives to
synthetic antimicrobials, especially in food preservation, healthcare, and cosmetics. However,
essential oils are not designed to be specifically antimicrobial compounds, they are likely to be
inferior to any commercially available antimicrobial medication. Nevertheless, the antimicrobial
properties of essential oils provide an added benefit that is not present with conventional synthetic
insect repellents.

Essential oils often have calming, healing, and mood-enhancing effects. Essential oils are known
to reduce stress and anxiety by regulating the limbic system, the part of the brain that influences
emotions and memory. Lavender, chamomile, and ylang-ylang are known for their calming and
relaxing effects. Studies have shown that inhaling lavender oil can significantly reduce anxiety and
improve sleep quality [161,162]. In high-stress environments, essential oils serve as a natural solution
for stress relief and provide mental health support. As far as respiratory health is concerned,
eucalyptus and peppermint are frequently used in aromatherapy for their benefits to respiratory
health. They aid in clearing airways and reducing congestion [163]. Furthermore, peppermint oil can
relieve tension headaches. This effect is likely due to its menthol content which cools the respiratory
passages and leads to muscle relaxation [164]. Essential oils help with cognitive health, mental focus
and concentration. Rosemary and peppermint essential oils are routinely used to enhance alertness
and cognitive performance [163]. Tea tree and frankincense have antibacterial, antifungal, and
immune boosting properties [165], thereby providing immune support.

Essential oils are thought to have therapeutic effects on physical, emotional, cognitive, and
psychological well-being. Depending on the essential oil, aromatherapy can help reduce stress,
anxiety, and depression, improve sleep quality, and enhance overall mood. These significant benefits
outweigh the anecdotal reports of negative side effects of aromatherapy. Essential oils provide a
multifaceted tool for overall well-being and are appreciated in holistic therapeutic health practices.
While producing essential oils involves substantial amounts of plant material. This may cause a strain
on natural resources and potentially limit their availability. On the other hand, more widespread use
of essential oils can boost the industry involved in producing the required plant material and
manufacturing essential oils. This, in turn, can create a boost to the economy.

While essential oils have been shown to promote emotional and physical health, there are valid
concerns regarding their safety, even when they are used in aromatherapy [163]. Essential oils are
highly concentrated solutions and must be used with caution. While pure essential oils may repel
insects, they can induce skin irritation (e.g., tea tree, eucalyptus, clove). Skin irritation, allergic
reactions, or toxicity have been reported when used improperly, especially in children or pets. Some
essentials oils, such as oregano or cinnamon, when applied directly to the skin, without proper
dilution, may be particularly harsh. However, proper dilution and blending of essential oils with
carrier oils can help to reduce the potential for skin irritation or toxicity while maintaining their
efficacy over time. In contrast, synthetic repellents may pose health risks with exposure as they
degrade more slowly than essential oils. Essential oil can be applied directly to clothing, rather than
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directly to skin, reducing the chance of harmful exposure to humans. Additionally, essential oils
should not be ingested for risks of poisoning or adverse reactions. Moreover, scientific evidence for
use of essential oils in aromatherapy is not as robust as that for synthetic aroma chemicals. Typically,
the latter are formulated to imitate natural aromas found in plants and produced at minimal cost.
Many studies on aromatherapy are not fully validated in terms of reliability [162,166]. This creates a
problem when essential oils are applied in the clinic where consistent results are required. Despite
these concerns, essential oils are known for their function in aromatherapy, making them versatile
options in therapeutic treatments.
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EPA Environmental Protection Agency

WHO World Health Organization

NHANES National Health and Nutrition Examination Survey
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