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Abstract

The increasing reliance on synthetic pesticides in agriculture has led to significant environmental and
health concerns, necessitating the development of safer, more sustainable alternatives. Essential oils
(EOs), derived from plants, have gained attention due to their natural insecticidal, repellent, and
fungicidal properties. However, their direct application in pest management is hindered by challenges
such as high volatility, limited residual activity, and poor water solubility. This study investigates the
development of essential oil-based pesticide formulations using Nanoemulsion and polymeric
nanoparticle encapsulation technologies to address these limitations. Eucalyptus oil, neem oil, and
citronella oil were selected for their proven pesticidal activity. Nanoemulsion formulations were
prepared using high-energy homogenization, while polymeric nanoparticles were prepared through a
solvent evaporation method. The efficacy of the formulations was assessed against key agricultural
pests, including Spodoptera litura, Aphis gossypii, and Bemisia tabaci. Results demonstrated that
eucalyptus oil-based Nanoemulsions exhibited the highest mortality rates, reaching up to 72% for
Spodoptera litura after 72 hours of exposure. Additionally, the stability of the Nanoemulsion
formulations was evaluated over a 30-day period, showing minimal changes in particle size and
sustained insecticidal activity. The encapsulation of essential oils not only enhanced their efficacy but
also improved their stability, reducing volatility and increasing their field longevity. These findings
suggest that essential oil-based Nanoemulsion formulations represent a promising alternative to
synthetic pesticides, offering an eco-friendly, effective solution for sustainable pest management.
Further studies on environmental impacts and large-scale applications are needed to fully integrate
these formulations into agricultural practices.
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Introduction

Pesticides are essential for ensuring crop yields and food security, but the widespread use of
synthetic pesticides has raised significant concerns regarding environmental contamination,
human health risks, and the development of pesticide resistance in pest populations & 2.
These challenges have spurred a global search for safer, more sustainable alternatives.
Essential oils (EOs), which are complex mixtures of volatile compounds extracted from
plants, have emerged as a promising solution due to their diverse biological activities,
including insecticidal, repellent, and fungicidal properties [* 4. EOs are generally recognized
as safe (GRAS) and are biodegradable, making them attractive candidates for eco-friendly
pest management 1. However, the direct application of pure EOs in the field presents several
challenges. Their high volatility leads to rapid degradation, reducing their residual activity
and requiring frequent re-application 1. Their hydrophobicity makes them immiscible with
water, complicating their application in aqueous sprays /1. Furthermore, the phytotoxicity of
some EQOs can harm crop plants, while their strong odors may be unpalatable to consumers
B, These limitations highlight the critical need for developing advanced formulation
strategies that can enhance the stability, efficacy, and ease of application of essential oil-
based pesticides, addressing the gap between their proven bioactivity in laboratory settings
and their practical utility in agriculture [,
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The problem, therefore, is to overcome the inherent
limitations of essential oils to create stable, efficacious, and
user-friendly pesticide formulations that can serve as viable
alternatives to synthetic pesticides. The overarching
objective of this research is to develop and characterize
novel essential oil-based pesticide formulations that
demonstrate enhanced stability, prolonged residual activity,
and improved efficacy against key agricultural pests while
minimizing phytotoxicity. We hypothesize that by
encapsulating essential oils within a suitable carrier matrix,
such as polymeric nanoparticles or Nanoemulsions, we can
significantly reduce their volatility, control their release rate,
and improve their water dispersibility, thereby increasing
their field longevity and pesticidal effectiveness. This
approach aims to provide a sustainable pest management
solution that mitigates the environmental and health risks
associated with conventional pesticides, contributing to the
development of a more resilient and eco-friendly
agricultural system (1011,

Materials and Methods

Materials

The essential oils (EOs) employed in this study were
sourced from commercial suppliers that specialize in plant-
derived products. The selected EOs included eucalyptus oil,
neem oil, and citronella oil. These oils were specifically
chosen due to their well-established insecticidal and
repellent properties, which have been widely reported in the
literature [5 15 1 Euycalyptus oil is known for its high
content of 1,8-cineole, which has shown significant toxicity
against various pest species, while neem oil contains
azadirachtin, an active compound recognized for its anti-
feedant and insecticidal properties [ 4. Citronella oil,
derived from Cymbopogon nardus, has also demonstrated
effective insecticidal action and was selected to provide a
comparative perspective on the efficacy of different
essential oils in pesticide formulations.

To facilitate the incorporation of EOs into stable
formulations, the study utilized polymeric nanoparticles and
Nanoemulsion systems as carrier matrices. Polymeric
nanoparticles, particularly those made from poly(lactic-co-
glycolic acid) (PLGA), were selected due to their
biodegradable nature and proven ability to encapsulate
active ingredients in controlled-release systems 23,
Polyvinyl alcohol (PVA) was used as a stabilizing agent in
the formulation process. Nanoemulsions, on the other hand,
were chosen for their ability to improve the water
dispersibility of hydrophobic essential oils and enhance their
stability through the use of surfactants such as Tween 80
and Span 80 21 221, These systems were considered suitable
due to their ability to significantly increase the solubility of
essential oils in water and enhance their long-term stability
and controlled release in the field.

The agricultural pests chosen for testing included
Spodoptera litura (a common lepidopteran pest), Aphis
gossypii (a major aphid pest), and Bemisia tabaci (the
whitefly), all of which are widespread and cause significant
damage to crops globally. The insects were reared in a
laboratory under controlled environmental conditions, and
their use in experiments followed standard protocols for pest
bioassays [*l. The insecticidal efficacy of the formulations
was evaluated by exposing the pests to different
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concentrations of the prepared formulations and monitoring
their mortality rates.

Methods

The essential oil-based pesticide formulations were prepared
using two different methods: the solvent evaporation
technique for nanoparticle-based formulations and high-
energy homogenization for Nanoemulsion preparation. For
nanoparticle preparation, 100 mg of PLGA was dissolved in
a mixture of dichloromethane and ethanol (1:1, v/v). To this,
10 mg of essential oil was added, and the solution was
emulsified in an aqueous phase containing 2% PVA to
create a stable emulsion. The solvent was then evaporated
under reduced pressure using a rotary evaporator, and the
nanoparticles were collected by centrifugation at 10,000 rpm
for 15 minutes. The resulting nanoparticles were washed
with distilled water to remove residual solvents, and the
final nanoparticle dispersion was stored at 4 °C.

In the preparation of Nanoemulsions, the essential oils were
mixed with surfactants (Tween 80 and Span 80) in an
aqueous phase. The mixture was subjected to high-energy
homogenization using an Ultraturrax homogenizer (IKA
T25) at 20,000 rpm for 30 minutes to achieve a fine
Nanoemulsion. The particle size and distribution of the
Nanoemulsions were analyzed using dynamic light
scattering (DLS) to confirm the successful formation of
nano-sized droplets. The stability of the formulations was
monitored over a 30-day period under ambient temperature
and humidity conditions, with regular analysis of particle
size, distribution, and insecticidal activity.

To assess the insecticidal activity, Spodoptera litura, Aphis
gossypii, and Bemisia tabaci were exposed to different
concentrations of the essential oil formulations. For the
bioassays, the insects were placed in petri dishes and
exposed to the formulations for 24, 48, and 72 hours.
Mortality was recorded at each time point, and the data were
analyzed statistically using one-way analysis of variance
(ANOVA), followed by Tukey’s honestly significant
difference (HSD) test to identify significant differences
between treatments.

Results

Insect Mortality Rates and Efficacy Evaluation

The primary objective of this study was to assess the
insecticidal efficacy of the developed essential oil-based
pesticide formulations. The efficacy was determined by
exposing different agricultural pests, namely Spodoptera
litura, Aphis gossypii, and Bemisia tabaci, to the formulated
pesticides for varying time intervals (24, 48, and 72 hours).
The mortality rates of these pests were recorded and
analyzed.

Mortality Rate Analysis

The results clearly showed that the Nanoemulsion
formulations of eucalyptus oil achieved the highest
mortality rates across all tested pests, followed by citronella
oil and neem oil formulations. In general, all essential oil
formulations exhibited a significantly higher mortality rate
than the control (water or surfactant-only solutions).
Mortality rates were recorded at three time intervals: 24
hours, 48 hours, and 72 hours.
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Table 1: Mortality Rates (%) of Spodoptera litura After Exposure to Different Essential Oil Formulations at Various Time Intervals

Time Interval (hrs) | Eucalyptus Oil (Nanoemulsion) | Neem Oil (Nanoemulsion) | Citronella Oil (Nanoemulsion) | Control (Water)
24 45% 32% 38% 8%
48 62% 46% 54% 10%
72 72% 52% 61% 12%

The highest mortality was observed after 72 hours of
exposure to eucalyptus oil Nanoemulsions, with 72%
mortality in Spodoptera litura, compared to 52% in neem oil

and 61% in citronella oil. The control group (water) showed
a mortality rate of only 12%, confirming the effectiveness of
the essential oil-based formulations.

Mortality Rate {

48 hrs
Time Interval (hrs)

. Eucalyptus Oil
- Neem Oil
= Citronella Oil

Fig 1: Mortality Rates of Spodoptera litura Exposed to Different Essential Oil-Based Formulations Over 72 Hours

Figure 1 displays a bar chart comparing the mortality rates
of Spodoptera litura after 72 hours of exposure to
eucalyptus oil, neem oil, citronella oil, and control. The
highest mortality is observed with eucalyptus oil
Nanoemulsion, followed by citronella oil and neem oil
formulations.

The insecticidal activity of each formulation was
statistically significant as evidenced by a one-way ANOVA
followed by Tukey’s HSD test (p<0.05), confirming that all
EO formulations outperformed the control group. The
eucalyptus oil-based Nanoemulsion demonstrated superior
efficacy, followed by citronella oil and neem oil.

Table 2: Insect Mortality Rates of Aphis gossypii and Bemisia tabaci Exposed to Different Essential Oil Formulations After 72 Hours

Pests Eucalyptus Oil (Nanoemulsion) | Neem Oil (Nanoemulsion) | Citronella Oil (Nanoemulsion) | Control (Water)
Aphis gossypii 68% 56% 62% 10%
Bemisia tabaci 65% 53% 58% 12%

Both Aphis gossypii and Bemisia tabaci exhibited showed the highest mortality rate of 68% and 65%,

significant mortality after exposure to the essential oil
formulations. The eucalyptus oil-based Nanoemulsion

respectively, for Aphis gossypii and Bemisia tabaci,
compared to neem oil and citronella oil formulations.
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Fig 2: Mortality Rates of Aphis gossypii and Bemisia tabaci Exposed to Different Essential Oil-Based

Formulations

Figure 2 illustrates a bar graph comparing the mortality rates
of Aphis gossypii and Bemisia tabaci exposed to different
EO formulations after 72 hours. Eucalyptus oil
Nanoemulsion consistently exhibited the highest mortality
rate for both pest species.
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Statistical Analysis of Mortality Data

The mortality data were subjected to statistical analysis
using one-way ANOVA to determine the differences in
mortality between the various formulations. Post-hoc tests
using Tukey’s HSD showed that the eucalyptus oil
Nanoemulsion formulation significantly outperformed both
neem oil and citronella oil formulations, as well as the
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control group (p<0.05). The results suggest that eucalyptus
oil has superior insecticidal properties, likely due to its
active compounds, such as 1,8-cineole, which have been

previously reported to exhibit potent insecticidal effects [*
14]

Particle  Size  Distribution  of
stability of the formulated

Stability and
Nanoemulsions: The
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Nanoemulsions was evaluated by monitoring the particle
size distribution and the integrity of the emulsions over a
period of 30 days. Dynamic light scattering (DLS) analysis
was performed at regular intervals to assess changes in
particle size. The particle size of the eucalyptus oil-based
Nanoemulsion remained relatively stable, with an average
size of 200 nm throughout the 30-day period (Figure 3).
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Fig 3: Stability of Eucalyptus Oil Nanoemulsion Over 30 Days

Figure 3 shows the stability of the eucalyptus oil
Nanoemulsion over a 30-day period. Particle size remained
stable around 200 nm, indicating good formulation stability.
The results indicate that the eucalyptus oil-based
Nanoemulsion formulation had excellent stability, as
evidenced by the minimal change in particle size and
continued efficacy against pests. This stability is crucial for
ensuring the formulation's field applicability, as it ensures
that the pesticide remains effective over extended periods of
time without significant degradation.

Toxicity and Phytotoxicity Evaluation

In addition to evaluating insecticidal activity, the
phytotoxicity of the formulations was also assessed to
ensure that the EO-based pesticides would not harm crops.
The toxicity was assessed by applying the formulations to a
model plant species, Lactuca sativa (lettuce), and observing
any signs of phytotoxicity such as leaf chlorosis or wilting.
The formulations were applied at the concentrations that
showed the highest efficacy against pests, and no significant
phytotoxicity was observed in any of the formulations. This
suggests that the encapsulation of essential oils in
Nanoemulsions effectively reduces the risk of phytotoxicity,
making them safer for use in agricultural settings compared
to pure essential oils [ 131,

Table 3: Phytotoxicity Ratings of Essential Oil-Based
Nanoemulsions on Lactuca sativa

Formulation Phytotoxicity Rating (0-5)
Eucalyptus Oil (Nanoemulsion) 0
Neem Oil (Nanoemulsion) 0
Citronella Oil (Nanoemulsion) 0
Control (Water) 0

Rating Scale Explanation

The phytotoxicity ratings are based on a scale from 0 to 5,

where:

e 0: No observable toxicity. The plants showed no visible
signs of damage or stress, such as leaf wilting, chlorosis

(yellowing), or necrosis (death of tissue). This indicates
that the essential oil-based formulations did not harm
the plant.

e 1 to 2: Low toxicity. Minimal signs of stress, such as
slight leaf discoloration or minor stunting of plant
growth, are observed. This range indicates a mild effect
but still acceptable for agricultural use.

e 3 to 4: Moderate toxicity. More significant signs of
stress, including stunted growth, noticeable yellowing
of leaves, and overall reduction in plant vigor, are
observed. This may indicate that the formulation could
harm crops at higher concentrations.

e 5: High toxicity. Severe plant damage or death occurs,
including widespread necrosis and total plant loss.

Interpretation of Table 3

e Eucalyptus Oil (Nanoemulsion): The phytotoxicity
rating of O means that the eucalyptus oil nanoemulsion
had no harmful effects on Lactuca sativa. This
formulation is safe for use in agricultural applications
without causing damage to crops, which is a promising
result for its potential in pest control.

e Neem Oil (Nanoemulsion): Similarly, the neem oil
nanoemulsion also received a rating of 0, indicating no
observable toxicity to the plants. This further supports
the safety profile of neem oil in agricultural pest
management.

e Citronella Oil (Nanoemulsion): The citronella oil
nanoemulsion also received a rating of 0, meaning it did
not cause any visible phytotoxicity. This shows that
citronella oil, when formulated into a nanoemulsion, is
safe for use in pest management.

e Control (Water): The control group, which consisted
of water alone, also received a rating of 0, indicating
that water did not cause any phytotoxicity to the plants.

Discussion
The findings of this study underscore the potential of
essential oil-based formulations as effective alternatives to
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conventional synthetic pesticides. The eucalyptus oil-based
Nanoemulsion demonstrated superior insecticidal activity,
which is consistent with previous research that identified
1,8-cineole, a major constituent of eucalyptus oil, as a potent
insecticidal agent [ 41, The encapsulation of essential oils in
Nanoemulsion systems significantly enhanced their stability,
reduced volatility, and allowed for a controlled release of
the active compounds, which contributed to the sustained
insecticidal activity observed in this study.

The encapsulation of essential oils in nanoparticles or
Nanoemulsions is crucial for improving their performance
in the field. Essential oils are generally volatile and degrade
rapidly when exposed to environmental conditions, which
limits their effectiveness when applied directly to crops. By
encapsulating these oils in polymeric matrices or emulsions,
it is possible to protect the active compounds, reduce their
evaporation, and ensure a steady release of the insecticidal
agents over time. This also addresses the challenge of the
hydrophobic nature of essential oils, which makes them
difficult to apply in aqueous sprays. Nanoemulsions, in
particular, provide a solution by improving the solubility of
essential oils in water and ensuring uniform distribution
during application [2% 241,

One of the key challenges in developing essential oil-based
pesticides is the potential for phytotoxicity. While essential
oils are generally considered safe, some oils can cause
damage to crops when applied in high concentrations. In this
study, the Nanoemulsion formulations showed minimal
phytotoxicity, which is a significant advantage over pure
essential oils that may cause damage to plants * %31, Further
studies are needed to optimize the concentration of essential
oils in the formulations to minimize any potential phytotoxic
effects while maintaining high efficacy against pests.
Despite these promising results, the high cost of production
of Nanoemulsions and nanoparticles remains a significant
barrier to their widespread adoption in commercial
agriculture. Further research should focus on cost-effective
methods for large-scale production and explore the
feasibility of these formulations in different agricultural
systems. Additionally, regulatory approval for the use of
essential oil-based pesticides in different regions will be
essential for their commercialization.

Conclusion

This study highlights the potential of essential oil-based
pesticide formulations as a sustainable and eco-friendly
alternative to conventional synthetic pesticides. By
encapsulating essential oils in Nanoemulsions, we were able
to enhance their stability, reduce volatility, and improve
their efficacy against key agricultural pests. The eucalyptus
oil-based Nanoemulsion exhibited the highest insecticidal
activity, which provides a promising foundation for the
development of more effective and environmentally friendly
pest control solutions.

To translate these findings into practical applications, it is
recommended that future research focus on optimizing the
production processes for Nanoemulsions, improving their
cost-effectiveness, and evaluating their long-term
environmental impacts. Furthermore, continued efforts to
reduce the phytotoxicity of essential oils while maintaining
high efficacy will be essential for ensuring the safe and
widespread use of these formulations in agriculture. The
adoption of essential oil-based pesticides, supported by
regulatory frameworks, can contribute to a more sustainable
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and resilient agricultural system, reducing the environmental
and health risks associated with the use of conventional
chemical pesticides. By prioritizing sustainable pest
management strategies, we can help create a more eco-
friendly future for agriculture while ensuring food security
and supporting the health of ecosystems worldwide.
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