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Abstract: The rice weevil, Sitophilus oryzae L., and the red flour beetle, Tribolium
castaneum (Herbst), are major storage pests with a global distribution, causing
significant damage to agricultural products. Increasing attention has been directed
toward the use of plant essential oils as natural and eco-friendly alternatives.
However, their low water solubility, high susceptibility to oxidation, and instability
limit their direct application. In this regard, advanced formulation technologies offer
an effective approach to enhance the stability and efficacy of essential oils for pest
control. In the present study, the essential oil of Cuminum cyminum L. was
encapsulated by in situ polymerization of an oil/water (O/W) emulsion at the
nanoscale. The contact toxicity and repellent activity of the essential oil were
evaluated against S. oryzae and T. castaneum before and after formulation. All
experiments were conducted with four replications, including a control treatment,
under controlled conditions at 25 + 1 °C, 65 + 5% relative humidity, and in the dark.
The results indicated that in contact toxicity assays using the spraying method, the
nanoformulation demonstrated superior efficacy. Moreover, repellent activity assays
revealed that while the pure essential oil showed stronger short-term repellency (up
to 6 hours post-exposure), the formulated oil exhibited significantly higher
repellency after 24 hours. Overall, nanoencapsulation improved the contact toxicity
and prolonged repellency compared with the pure essential oil against stored-
product pests. Therefore, these results highlight the promising potential of plant-
based nanoformulations for sustainable pest management.
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Introduction compatibility, biodegradability, shorter half-lives,
low toxicity to mammals, low environmental

Over the last decades, essential oils derived from persistence, and slower development of insect

medicinal plants have attracted interest because of resistance (Lowry et al., 2019; Isman, 2020;

their toxicity to pests. Plant compounds have Farina and Conti, 2024).

attracted interest because of their contact and The major components of essential oils are

respiratory toxicity, repellency, environmental monoterpenes, phenols, and sesquiterpenes,
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which have been shown to be effective against
a variety of pests (Wilson and Isman, 2006;
Abdelgaleil er al., 2024). In addition to their
insecticidal action, plant essential oils may also
display antifungal, antitumor, and antimicrobial
properties (Sacchetti et al., 2005; Wang et al.,
2006). Although essential oils in pest control
offer numerous benefits, their use also has
several limitations.

The volatility, low solubility in water, quick
oxidation, and chemical instability of plant
essential oils, which are sensitive to air, light,
moisture, and high temperature (Pillmoor et
al.,1993; Turek and Stintzing, 2013), have
prompted the search for new methods to improve
the toxicity and effectiveness of essential oils
before application in pest management.

One crucial strategy is designing novel
formulations and modifications that enhance the
quality and activity of essential oils.
Nanotechnology is an emerging field that is
increasingly important in modern technology.
Over the past decade, it has shown the potential to
transform agricultural practices (Moharramipour
and Negahban, 2014; Nuruzzaman et al., 2016).

The choice of formulation depends on the
physical, chemical, and biological
characteristics of the essential oil, mechanism
of action, method of application, and type of
product. To enhance efficacy and minimize
environmental hazards, controlled-release
formulations appear most suitable (Maji ef al.,
2007; Negahban et al., 2007). Thus, nano- and
microencapsulation of essential oils imparts
controlled-release  properties, which can
enhance and prolong their biological activity
(Lai et al., 2006; Aghazadeh et al., 2025).

The rice weevil, Sitophilus oryzae L.
(Coleoptera: Curculionidae), and the red flour
beetle,  Tribolium  castaneum  (Herbst)
(Coleoptera: Tenebrionidae), are some of the
most devastating global pests and cause large
economic losses of stored products. S. oryzae has
been reported as one of the most severe pests of
cereal grains and their products (Baloch, 1992;
Lee et al.,2001). T. castaneum is a cosmopolitan
and serious pest of cereal grains and their
products. Adult beetles and larvae feed on stored
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foodstuffs, including dry fruits, pulses, bran,
coat, germ, grain dust, and prepared cereal foods
(Atwal, 1976; Hamed and Khattak, 1985;
Khattak et al., 1999; Dars et al., 2001; Brown et
al., 2009; Campbell et al., 2022).

Given these insects’ strong resistance to most
pesticides and the high effectiveness of essential
oils in managing stored-product pests, this study
evaluated C. cyminum essential oil and its
nanoencapsulated formulation for managing
stored-product infestations. Therefore, the
objective of this study was to evaluate the
contact toxicity and repellent potential of C.
cyminum essential oil and its nanoencapsulated
formulation against S. oryzae and T. castaneum
under identical laboratory conditions. We
hypothesized that nanoencapsulation would
improve contact toxicity and repellency
compared with the pure oil. Unlike Negahban et
al. (2012b), who focused on the fumigant
toxicity of nanoencapsulated C. cyminum against
T. castaneum, this study directly compares pure
and formulated oil against two major stored-
product pests and characterizes the temporal
pattern of repellency over 24 h.

Materials and Methods

Insect culture

Adult S. oryzae were collected from infested rice
grains and wheat groats, and adult 7. castaneum
were collected from infested flour in the rearing
building of the Entomology Department in the
Faculty of Agriculture at Tarbiat Modares
University. Following species identification, a
mass rearing program for the insects was started.
Adult S. oryzae and T. castaneum were utilized
in the experiments. S. oryzae were fed on
Hashemi rice grains, and 7. castaneum were fed
95% wheat flour + 5% yeast. The insects were
maintained at 25 £ 1 °C and 65 + 5% relative
humidity, in a germinator under complete
darkness. Insects were maintained under the
above conditions for at least 20 generations
before the experiments. Adults aged 1-7 days
were obtained by collecting newly emerged
adults from synchronized cultures every 24 h.
Sex was not controlled; mixed-sex populations
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were used because mortality and repellency were
assessed at the population level. For each
replicate, insects were randomly allocated from
the same synchronized cohort to treatment and
control groups.

Formulation of nanoencapsulation

All formulation procedures were conducted at
the Faculty of Agriculture, Tarbiat Modares
University. Nanoencapsulation of C. cyminum
essential oil was performed using the in-situ
polymerization technique (addition—
condensation polymerization) through an oil-
in-water (O/W) emulsion system (Negahban et
al., 2013a, b). The essential oil was employed
as the core material of the nanocapsules, while
urea and 37% aqueous formaldehyde were
utilized for the synthesis of urea—formaldehyde
(U—F) prepolymers, which served as the wall-
forming matrix of the nanocapsules. To prepare
the prepolymer, urea and formaldehyde
solution were added to a reactor equipped with
a homogenizer and allowed to react under
controlled conditions.

Following the formation of the U-F
prepolymer, the stirring rate was increased, and
the emulsifier was gradually incorporated into
the reaction medium. The essential oil was
subsequently added dropwise to form a stable
emulsion. Then, the pH was adjusted to acidic
conditions to initiate polymerization and
promote the deposition of poly(urea—
formaldehyde) around the dispersed oil
droplets. The reaction proceeded for 4 hours to
ensure complete polymerization and stabilize
the formed nanocapsules (Negahban et al.,
2013a,b). The concentration of C. cyminum
essential oil was determined proportionally to
the total formulation components, such that the
final nanoformulation contained 2% (w/w)
active ingredient.

Contact toxicity of pure and nanocapsules
containing the essential oil

To determine the concentration needed to
achieve 50% mortality of the adult insect
population (LCsp), preliminary experiments
were conducted to identify concentrations
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resulting in 20%-80% mortality. Subsequently,
the test concentrations were selected on a
logarithmic scale, and the experiment was
conducted as follows. To investigate the contact
toxicity of the essential oil and essential oil-
containing nanocapsules, we sprayed both the
insects and the inner surfaces of the Petri dishes.
Therefore, the observed mortality represents
combined direct topical exposure and exposure
to treated surfaces. It should not be interpreted as
purely topical toxicity.

A spray device connected to a nitrogen
cylinder available in the entomology laboratory
of the Faculty of Agriculture was used for
spraying. To achieve an even coating of the test
material (liquid formulation) on a circular
surface with a 9 cm diameter, the spray tower
pressure was set to 5 pounds per square inch, and
1 milliliter was sprayed per application. Ten
adult flour beetles and rice weevils were placed
into Petri dishes. To improve ventilation, the
center of the Petri dish lid was perforated with a
2 cm diameter hole and covered with mesh. At
24 hours after treatment, the number of dead
insects in the treated containers and the control
group was counted, and the percentage of
mortality was calculated (Abbott, 1925).
Concentrations of 8000, 10000, 12000, 14000,
and 16000 ppm of C. cyminum essential oil were
prepared and used for 7. castaneum, and
concentrations of 10000, 12000, 14000, 16000,
and 18000 ppm were prepared and used for S.
oryzae. For the formulation of C. cyminum
essential oil, concentrations of 200, 400, 600,
800, and 1000 ppm were prepared and used for
T. castaneum, and concentrations of 600, 800,
1000, 1200, and 1500 ppm were prepared and
used for S. oryzae. All concentrations are
expressed as essential-oil equivalents, and we
compare the pure oil and the formulation on an
equivalent active-ingredient basis.In the control
container, 1 milliliter of 5% ethanol was sprayed.
This experiment was carried out with 4
replications, including the control group, at
temperature conditions of 25 £ 1 °C, relative
humidity of 65 + 5%, and total darkness. For
further evaluation, the insects were transferred to
clean containers, and their mortality status was
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reevaluated after 24 hours. LCso values for the
test insects at concentrations inducing 20%-80%
mortality were calculated using SPSS 18.
Repellency of pure essential oil and
nanocapsules containing the essential oil

According to the procedure of Shakarami et al.
(2003) with slight alterations, an opening was
made on each side of a plastic jar (a cubic-shaped
container with a lid of 65 milliliter capacity). Each
of the holes was connected by a plastic tube 3
millimeters in diameter and 2 centimeters in
length to two plastic containers of equal volume,
in a way that the insects could move freely from
the center container to the side containers via the
connecting tubes. For this experiment, the control
container received a 45-milligram rice disk (for
the S. oryzae) and a 45-milligram flour disk (for
the T. castaneum) (and one milliliter of acetone
for the essential oil and one milliliter of water for
the essential oil formulation). A milliliter of the
different concentrations of nanocapsules of the
essential oil or pure essential oil was added to the
disks in the treatment container. For C. cyminum
essential oil and nanocapsules of the essential oil,
3400, 3800, 4100, 4500, and 4800 ppm
concentrations were used for 7. castaneum and
2000, 2800, 3100, 3500, and 4000 ppm for S.
oryzae. In the experiments, 10 adults T.
castaneum and S. oryzae aged 1 to 7 days (after 3
hours of starvation) were released into the central
container. During the experiment, the containers
were left open but covered with mesh. After 1, 3,
6, 12, and 24 hours, the number of insects in each
container was counted, and the repellency
percentage (%) of the conventional essential oil
and nanoencapsulated essential oil was
calculated. The experiments were conducted in 4
replicates. The repellency percentage (%) of the
conventional and nanoencapsulated essential oils
was calculated using the following formula (Liu

et al., 2006)
C-T

Repellent Index (R)% = x100

. C = number of insects in the control
container,

. T = number of insects in the treatment
container,
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. G = Total number of insects tested.

Insects remaining in the central chamber were
not assigned to either the control or the treatment
chamber. They were included only in G, the total
number of insects tested. The repellency index
therefore represents the net distribution between
treated and control chambers relative to the total
number of released insects.

To compare the effects of different
concentrations within each treatment (essential oil
or nanoencapsulated essential oil) on the
repellency index, a one-way ANOVA was used. If
the results were statistically significant, the means
were further compared using Tukey’s test at a 5%
significance level. Before statistical analysis, the
repellency index was normalized using the

following transformation: Aresine \/;

Statistical analyses were performed using
SPSS 18, and graphs were generated using
Microsoft Excel 2007.

Results

Contact toxicity of pure and nanoencapsulated
essential oil on adult insects

The results indicate that the LCsy values of
pure C. cyminum essential oil against adult S.
oryzae and T. castaneum after 24 hours of
exposure were 11488 ppm and 9194 ppm,
respectively.

In contrast, the LCso values obtained from
nanoencapsulated cumin essential oil under the
same conditions were significantly lower: 810
ppm for S. oryzae and 297 ppm for T.
castaneum (Table 1). The findings on the
efficacy of C. cyminum essential oil against S.
oryzae and T. castaneum revealed that mortality
was significantly greater for the red flour beetle

than for the rice weevil (p < 0.05).
Nanoencapsulated formulations also had
greater insecticidal activity against flour

beetles, further suggesting that the red flour
beetle is more susceptible to nanoencapsulated
essential oils than rice weevils.

The estimated regression lines for adult S.
oryzae and T. castaneum responses to C.
cyminum essential oil and its nanoencapsulated
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formulation indicate that regression lines for rice
weevils (x> =0.75, df =1, P = 0.38) and for flour
beetles (x> = 1.79, df = 1, P = 0.18) were
statistically parallel at the 95% confidence level.

(Fig. 1).

Repellency of pure and nanoencapsulated
essential oil on adult insects

The ANOVA results for repellency activities of
C. cyminum  essential oil and its
nanoencapsulated form against adult S. oryzae
and 7. castaneum indicated statistically
significant differences (p < 0.01) among the
repellency percentages (Tables 2 and 3). The
results showed that repellency caused by
conventional cumin essential oil in treated food
was initially low in both insects in the early
hours, peaked at the 6th hour, and then declined

J. Crop Prot. (2026) Vol. 15(1)

progressively over time. In contrast, repellency
assays using nanoencapsulated essential oil

showed no repellent activity at low
concentrations at early hours. However,
repellency increased progressively as the

essential oil was slowly released from the
nanocapsules. Conventional essential oil showed
effective repellency for 6 hours, whereas the
nanoencapsulated formulation persisted for 24
hours (Figs. 2 and 3). Moreover, repellency
patterns were the same for both rice weevil and
flour Dbeetle after exposure to either
nanoencapsulated or conventional essential oil.
Repellency was higher in both insect species at
higher concentrations. For instance, in flour
beetles at 6 hours, repellency at 3400 ppm was
17.5% and increased to 55% at 4800 ppm
(Tables 2 and 3)

Table 1 LCs, and LCqq values for contact toxicity of Cuminum cyminum essential oil and its nanoencapsulated
formulation against Sitophilus oryzae and Tribolium castaneum.

Insect Formulation type N P-value o2 (df) Slope + SE LCso (ppm) LCoo (ppm)
(95% CI) (95% CI)
S. oryzae Pure essential oil 200 0.784 1.073(3) 4.68+1.05 11,488 21,562
(9,688 — 12,622) (18,307 — 31,946)
Nanoencapsulated oil 200 0914 0.521 (3) 3.56+0.69 810 1,856
(681 -913) (1,500 —2,901)
T. castaneum  Pure essential oil 200 0.963 0282 (3) 3.72+0.88 9,194 20,289
(7,228 -10,379) (20,116 — 34,373)!
Nanoencapsulated oil 200 0.249 4.119(3) 2.53+041 297 954
(221 - 362) (751 - 1,433)

CI: Confidence intervals. 'LCo values exceeding the tested concentration range are extrapolated estimates. The approximate lower confidence

limit is close to the point estimate and interpreted with caution.

Probit Transformed Responses

Eo: R Linear = 0.95
IEO: R* Linear = 0.98

NED

/

T T T T T
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157 y / EO: R2 Linear = 0.984
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Figure 1 The lethal probit of Cuminum cyminum essential oil and its nano-encapsulated form on Sitophilus oryzae

(left) and Tribolium castaneum (right).
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Table 2 Repellency of Cuminum cyminum essential oil and its nanoencapsulated formulation against Sitophilus
oryzae at different exposure times.

% Repellency (Mean + SE)1

lh 3h 6h 12h 24h

Formulation Concen. (ppm)

Pure essential oil 2000 1.3£03b 1.3+£0.3d 13.8+24d 125+32e 10.0+£3.5d
2800 50+2.0b 75+ 1.4cd 175+ 1.4cd 20.0+3.5de 10.0+£4.1d
3100 63+24b 16.3+1.3bc 27.5+2.5bc 23.8+2.4de 3.8+24d
3500 200+2.0a 23.8+13b 338+13b 275+ 14cd 63+63d
4000 225+32a 350+00a 525+32a 52.5+35ab 175+1.4d

Nanoencapsulated EO 2000 0.0+£0.0b 3.8+24d 11.3+£3.8d 11.3+43e 363+3.1¢
2800 1.3+£03b 63+24d 163+24cd 18.8+ 1.3 de 51.3+3.1c¢
3100 0.0+£0.0b 10.0+29cd 22.5+2.5bed 38.8+2.4bc 75.0+2.0b
3500 1.3+£03b 88+24cd 16.3+24cd 40.0+ 0.0 be 938+24a
4000 0.0+£0.0b 88+13cd 18.8+2.4cd 575+48a 975+14a

F 24.54 31.08 23.94 29.37 126.97

df (t.e) 9,30 9,30 9,30 9,30 9,30

P-value <0.001 <0.001 <0.001 <0.001 <0.001

Means with the same letters within a column indicate no significant difference (Tukey’s test, P < 0.05).

Table 3 Repellency of Cuminum cyminum essential oil and its nanoencapsulated formulation against Tribolium
castaneum at different exposure times.

% Repellency (Mean + SE)1

lh 3h 6h 12h 24h

Formulation Concen. (ppm)

Pure Essential oil 3400 6.3+1.3bc 7.5+ 1.4de 17.5+6.0 cde 17.5+35e 10.0+3.5d
3800 10.0+0.0b 13.8+13cd 23.8+ 1.3 bed 25.0+3.5de 125+254d
4100 5.0£0.0 be 20.0+2.0 be 27.5+ 1.4 bed 28.8+3.8 cd 10.0+3.5d
4500 225+14a 27.5+14ab 37.5+32b 325+1.4cd 150+6.0d
4800 250+35a 36.0+13a 55.0+20a 51.0+2.4 ab 20.0+£2.0d

Nanoencapsulated EO 3400 0.0£00c¢c 38+24e 63+38¢ 26.0+ 1.3 de 40.0+53¢
3800 0.0+£0.0c 63+ 1.3de 80+24¢e 31.0£23cd 475+14c¢
4100 1.3+13¢ 10.0+0.0 de 15.0+2.0de 40.0+2.0 be 68.0+28b
4500 1.3+13¢ 15.0+0.0cd 23.8+ 1.3 bed 46.0+ 1.3 ab 80.0+£2.0b
4800 3.0+2.4bc 7.0+£3.5de 31.0£2.4 be 55.0+20a 98.0+18a

F 33.33 28.87 24.57 24.31 102.51

df (t, e) 9,30 9,30 9,30 9,30 9,30

P-value <0.001 <0.001 <0.001 <0.001 <0.001

Means with the same letters within a column indicate no significant difference (Tukey’s test, P < 0.05).
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Figure 2 Repellency of different concentrations of essential oil and nanocapsule formulation containing Cuminum
cyminum essential oil on Sitophilus oryzae over different time periods.

Discussion

Plant-derived essential oils are increasingly
considered suitable alternatives to synthetic
insecticides in stored-product protection
because they have low mammalian toxicity,
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natural origins, and rapid environmental
degradation. However, high volatility, rapid
oxidation, low persistence, and inconsistent
efficacy under storage conditions limit their
application in stored-product systems (Isman,
2006; Rajendran and Sriranjini, 2008; Demeter
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et al.,2021). These constraints are particularly improving the stability and persistence of
critical in stored-grain ecosystems, where essential oils is a key step toward their
prolonged protection against internal and practical implementation in stored-product
external feeders is essential. Therefore, pest management.
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Figure 3 The percentage of repellency of different concentrations of essential oil and nanocapsule formulation
containing Cuminum cyminum essential oil on Tribolium castaneum over different time periods.

90



Khademi et al.

J. Crop Prot. (2026) Vol. 15(1)

In the present study, nanoencapsulation of
essential oil derived from C. cyminum was
evaluated as a strategy to enhance its insecticidal
performance against two major stored-product
pests, T. castaneum and S. oryzae. These species
are among the most economically important
stored-grain ~ pests  worldwide,  causing
quantitative and qualitative losses during storage.
Because S. oryzae develops inside grains and 7.
castaneum inhabits flour and processed products,
effective control requires sustained contact
activity. Nanoencapsulation is rational here
because it may reduce rapid evaporation and
degradation of volatile constituents, maintaining
effective concentrations over longer periods.

Contact toxicity results further emphasized
the advantages of nanoencapsulation. Direct
spraying of the nanoformulation onto adults of
S. oryzae and T. castaneum resulted in
significantly higher mortality compared with
the pure essential oil. Enhanced dispersion in
water, reduced surface tension, and improved
adhesion of nanocapsules to the insect cuticle
likely contributed to this effect. Earlier studies
have reported similar improvements in the
contact activity of formulated essential oils
(Negahban et al., 2011; Ziaee et al., 2014).
However, it should also be noted that a blank
formulation containing the wall material,
emulsifier, and other formulation components
without the essential oil was not evaluated in
this study; therefore, non-specific effects of the
formulation matrix cannot be fully excluded,
and future studies should include such a control
to isolate the contribution of the encapsulated
essential oil.

Repellency assays revealed distinct release
dynamics between formulations. Pure C.
cyminum essential oil showed stronger
repellency in the first hours after application,
likely due to rapid volatilization of active
compounds. However, repellency decreased
over time. In contrast, the nanoencapsulated
formulation showed low initial repellency but
gradually increased and maintained repellent
activity up to 24 hours. The temporal repellency
pattern, low initial repellency followed by
increased repellency, may reflect a slow-release
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effect. However, direct release and stability
measurements were not performed, and
controlled release should therefore be considered
a possible explanation rather than a
demonstrated mechanism. Previous studies have
reported high repellent activity of essential oils
against stored-product pests (Sahaf et al., 2008;
Akrami et al., 2010; Zimmermann et al., 2021),
and our results confirm that cumin essential oil
also possesses strong repellent properties.

The temporal repellency pattern—low initial
repellency followed by increased repellency after
24 h—may be consistent with a slow-release
effect. However, direct release and stability
measurements were not performed, and controlled
release should therefore be considered a possible
explanation rather than a demonstrated
mechanism.

The overall pattern observed in this study
highlights an important trade-off between rapid
knockdown and long-term persistence. Pure
essential oil provides strong short-term fumigant
toxicity because it immediately releases volatile
compounds. However, high evaporation rates
and oxidative degradation limit its residual
activity. Nanoencapsulation, by contrast,
moderates the release rate, resulting in lower
acute toxicity but extended protection. In stored-
product pest management, where infestation
pressure is continuous, prolonged persistence
may be more valuable than rapid but short-lived
toxicity.

Application method also significantly
influences efficacy. Direct spraying while the
formulation is wet ensures effective coverage and
adherence of nanocapsules to insect surfaces.
However, after drying, residual contact activity is
minimal. Therefore, practical implementation in
storage systems should consider timing, exposure
conditions, and target life stages of pests.

Nanoencapsulation of C. cyminum essential
oil enhances its suitability for stored-product
pest management by improving contact toxicity
under direct application, and prolonging
repellency. Although pure essential oil
demonstrates  stronger  initial  toxicity,
nanoformulations offer greater long-term
effectiveness, which is particularly relevant for
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controlling S. oryzae and T. castaneum in storage
environments. Further studies under real storage
conditions are needed to evaluate residual
performance and additional effects, such as anti-
oviposition and anti-feeding activities, to fully
assess the potential of cumin nanoformulations
in integrated pest management programs.

Conclusion

Under laboratory conditions, nanoencapsulation
improved the contact toxicity of C. cyminum
essential oil and prolonged repellency up to 24 h
compared with the pure oil against stored-product
pests such as S. oryzae and T. castaneum.
Therefore, nanoformulations may represent an
effective strategy to enhance performance, reduce
the required dosage of active ingredients, and
strengthen the role of plant essential oils in
integrated  pest management  programs.
Nevertheless, further investigations are required
to evaluate long-term effects and practical
applicability under real-world conditions.
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