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1. Introduction

Abstract
The present study was aimed to prepare clove oil nanocapsules (PEG-CIO NCs) and to

investigate their insecticidal potential against stored grain pests including Sitophilus oryzae
and Tribolium castaneum. Nanocapsules were synthesized by the melt dispersion method.
The 10% PEG-CIO NCs formed the most stable nanocapsules with 270.30 nm size, 0.25 PDI,
and 90.03% encapsulation efficiency. Scanning electron microscopy images showed slightly
irregularly shaped nanocapsules in a good dispersion. The major phytochemicals identified in
GC-MS analyses of pure clove oil were eugenol, phenol, and caryophyllene. Contact toxicity
bioassay revealed that clove essential oil nanocapsules showed 100% mortality against
Tribolium castaneum and Sitophilus oryzae after 3 and 7 days of exposure respectively. The
LC50 values for nanocapsules were 2260.89 and 10498 mg/kg against S. oryzae and T.
castaneum. The residual contact toxicity of pure oil was reduced gradually and after 4 weeks
it showed 61.67 % and 58.36 % mortality upon exposure as compared to PEG-CIO NCs that
showed 95.67 % and 93.33% mortality against Sitophilus oryzae and Tribolium castaneum
respectively. The results of this study suggested that PEG-based nanocapsules prevented the
clove essential oil evaporation and rapid degradation while allowing a persistent and slow
release. It is concluded that PEG nanocapsules loaded with clove essential oil are feasible to
be used as bioinsecticide against stored grain pests for a long time.

Keywords: Syzgium aromaticum; Polyethylene glycol (PEG); Essential oil; Sitophilus

oryzae; Tribolium castaneum

Stored grains such as rice, maize, barley, and wheat are
the primary sources of proteins, dietary fibers, and
carbohydrates. Unfortunately, 20-50% of stored grains get
destroyed annually in developing countries and 10-20% in
developed countries due to insect infestation [1]. Along
with direct consumption of kernels, the destruction
inflicted by insects to stored grains also includes the
aggregation of insect cadavers, webbing, frass, and
grains unhealthy for

exuviae. These make cereal

consumption, resulting in monetary losses [2]. Moreover,
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changes induced by insect infestation in the storage
environment mostly led to the formation of moist and
warm “hotspots” suitable for the invasive development of
fungi which further produces harmful mycotoxins [3].

Stored grain pests, based on their feeding habits, are
classified into primary and secondary pests [4]. Tribolium
castaneum, commonly known as (Red flour beetle), is
considered a secondary pest. It is notoriously destructive
with a reported potential to destroy 246 commodities,

making it the most resilient polyphagous insect pest
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globally [5]. It usually feeds over cereals, pulses, seeds,
flour, spices, nuts, rice, starchy material, fruits, and bakery
items [6]. Sitophilus oryzae (Coleoptera: Curculionidae),
commonly known as rice weevil is a primary pest
responsible for deteriorating 10-65% of grains in normal
storage conditions and could probably cause 80% damage
in prolonged storage conditions [7]. S. oryzae can induce
serious infestation in paddy, maize, sorghum, wheat, and
other cereals [8, 9]. Both red flour beetle and rice weevil
are major destructors and are responsible for serious
financial detriment globally [4, 10].

There are various methods for stored grain pest control
including mechanical routes (using different storage
structures) chemical, biological, and physical practices.
The most practical and convenient approach is fumigation,
considering its quick and effortless implementation over
various storage locations specifically silos, bunkers, jute
sacks, warehouses, and bulkers [11, 12]. However,
utilizing synthetic insecticides is the most stereotypical
approach to control these insect pests, either by direct
application over grains or simply by gas fumigation [13].
Nowadays, methyl bromide and phosphine are being used
extensively for managing pests intruding on stored
commodities like grains and dried fruits worldwide [14,
15].

Although methyl bromide is a very quick and effective
disinfectant, it is one of the major ozone-depleting
substances. Therefore, obeying ‘Montreal Protocol’ it has
been phased out and ceased globally [11, 16]. In
developing countries, the disinfestation of stored
commodities generally hinges on phosphine gas [17].
Serious upsurge in phosphine resistance at different levels
in T. castaneum [18, 17]. and S. oryzae has also been
reported [17, 19, 20].

Besides resistance development, the excess usage of these
insecticides induces environmental toxicity [21, 22].
Pesticides also exert carcinogenic effects such as
mammary tumors, hematopoietic, uterine, and lymphatic

malignancies and disturb immune responses [23, 24]. All
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these issues have intensified the need to find efficient
alternatives that must be safe, biodegradable, cost
effective [25]. This obligation for secure control agents
has promoted the development of bioinsecticides [26].
From this perspective bioinsecticides, based on essential
oils (EOs) are believed to be a better substitute for
conventional insecticides [27, 28].

Essential oils are natural, aromatic, lipophilic and volatile
compounds that are composed of complex secondary
metabolites such as terpenes and terpenoids [29].
Phytochemicals that are naturally present in plants EOs act
as a neurotoxicant. EOs also invade insect's respiratory
systems by obstructing their spiracle pleading them to
suffocate and die [29]. EOs can stimulate biochemical
dysfunction by entering the insect body through inhalation,
skin absorption, and ingestion simply because of their
lipophilic nature [30]. EOs also exhibit sub-lethal toxicity
and repellency towards insects. The EOs can restrict the
oviposition and feeding habits of insects [31]. Clove
(Syzygium  aromaticum) EO having eugenol and
caryophyllene as major phytonutrients, hinders eggs and
grubs’ developmental stages inside grains thoroughly [13,
32].

Regardless of EOs striking pesticidal potential, their
implementation at commercial level and over large-scale
is deferred because of their high volatility, chemical
instability, poor solubility as well as sensitivity towards
temperature, moister, and PH [33, 34]. To overcome these
problems nanoformulations of essential oils can be utilized.
Nanoformulations can increase physical stability, facilitate
controlled release, and protect the deterioration of
bioactive constituents. Furthermore, nanoencapsulation of
EO provides higher mobility, increasing water solubility
and permeability into the insect’s cuticle [35, 36].

A broad range of agents like synthetic polymers,
phospholipids, natural polymers, inorganic material, and
lipids are available that can be used for encapsulation [37].
The most commonly used polymers include chitosan,

chitin, alginates, cyclodextrin, and polyester like poly-¢-
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caprolactone and polyethylene glycol (PEG) [38]. PEG
6000 is preferred over other available options because it
improves the solubility of EOs and is intoxicant itself with
no immunotoxicity or antigenicity. PEG does not intrude
into any enzymatic activity and gets easily defecated after
being consumed by a human being [39]. The present study
was planned to prepare PEG-based clove essential oil
nanocapsules and to examine their insecticidal potential

against stored grain pests.
2. Materials and Methods

2.1. Extraction of essential oil

Dry clove buds (Syzygium aromaticum) were obtained
from the local market of Lahore. After removing the
unnecessary dust particles, the grinding of clove buds was
carried out using an electric blender. Clove oil was
extracted by using a traditional hydro distillation plant at
100 °C. The clove powder (50g) was mixed with 300 ml
distilled water in a 500 ml round bottom flask. The
extraction time was approximately 6 hours. After the
hydro-distillation process, the obtained solution contained
a mixture of water and oil. Oil was separated from the
obtained solution by using anhydrous magnesium sulphate
followed by filtration. Collected essential oil was stored in
a cool and dark place before any further testing [40].

2.2. Rearing of Insects

Adults of Sitophilus oryzae and Tribolium castaneum were
collected from infested rice and wheat grains obtained
from the local market of Lahore, Pakistan. Both insect
species were identified by using a stereomicroscope. T.
castaneum adults were reared in a clean plastic jar (2L
capacity) and the medium for this culture was a mixture of
5% instant yeast and 95% sterilized wheat flour. The
culture was maintained at an optimal temperature 26+2°C,
65+5 RH, and a photoperiod of 12;12h (L:D). Moreover, S.
oryzae were also reared on sterilized rice grains, in the
laboratory at 26+2°C with 65+5% RH and photoperiod of
12h;12h (L:D). Jars were covered by muslin cloth to
insects

prevent from escaping and ensure proper

ventilation [41, 42]. Cultures of both species were
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maintained for 7 months in the Applied Entomology and
Toxicology Laboratory, Department of Zoology GC
University, Lahore

2.3. Preparation of PEG-based clove oil nanocapsules
(PEG-CIO NCs)

The melt dispersion technique (with a few modifications)
was used for the preparation of PEG-coated nanocapsules.
Several parts of PEG 6000 (from Sigma-Aldrich) 100g per
part were separately heated using a hotplate stirrer at 65°C.
After PEG is melted completely, 8, 10, 12, and 15ml of
clove oil were added separately to prepare different
concentrations (8,10,12 and 15ml/100g PEG) of PEG-CIO
NCs, namely P1, P2, P3, and P4 respectively. Equal
distribution of clove oil within melted PEG was ensured
by mixing it continuously with a glass rod for at least
30min. The mixture was then cooled immediately at -4°C
for 45 mins and then ground in a cold mortar. Finally, the
powder was sieved through stainless steel 230 mesh sieve.
The powder was stored in a zipper bag at 27+£2°C in a
desiccator containing calcium chloride to prevent moisture
absorption before further testing [39].

2.4.
The polydispersity index (PDI) and size of PEG-CIO NCs

Size and distribution of clove oil nanocapsules

were assessed a day after the preparation of nanocapsules
by using the Dynamic light scattering (DLS) technique
[42]. From each concentration of PEG-CIO NPs powder
(0.2g) was taken and suspended in 10 ml distilled water
for about 30min. After equilibrating the sample for 2
minutes measurements were performed at 25°C. The
procedure was replicated thrice [43, 44].

2.5. Encapsulation Efficiency (% EE)

The percentage encapsulation efficiency (%EE) was
evaluated by forming a standard concentration curve.
After 2 days of storage, 0.1g powder from each sample of
PEG-CIO NCs formulations was dissolved in 2ml of
absolute ethanol. A series of different concentrations were
prepared for each mixture by mixing pure clove oil with
absolute ethanol. A colorimetric assay was carried out to

determine the absorbance of these samples by using UV-
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visible spectrophotometry (Agilent Technologies Cary 60
UV-Vis). Absorbance was determined at 290nm and the
values obtained were then compared to the standard curve.
The percentage encapsulation efficiency (% EE) was
calculated by comparing these values with the original

amount of EO incorporated [45].

2.6. Clove oil composition pre-/post-Nano
formulation
Gas chromatography-mass spectrometry (GC MS

model:7890B, 5977A, Agilent USA) was used for the
phytochemical analysis of pre-/post-nanoformulations.
0.5g of 10% PEG-CIO NPs formulation was dissolved in
5ml of distilled water and then heated for 50°C for about
30min followed by the addition of 4ml absolute ether to
recollect the EO extracted [46].

2.7. Contact toxicity

Pure clove oil as well as selected PEG-CIO NCs with
highest %EE were used to treat 20g of milled rice
obtained from the local market of Lahore. The experiment
was performed in an air-tight glass container. In the case
of S. oryzae, rice grains were treated with doses of 180,
360, 540, 720g, and 900 mg/kg of pure clove essential oil
and nanoformulations (containing equal concentration of
pure oil mentioned above taking account the encapsulation
efficiency). In the case of T. castaneum, the concentration
for pure clove oil was 900, 1125, 1350, 1575, and nano-
formulations containing equal concentration of pure oil.
Pure oil solutions were prepared by using acetone as a
solvent. The rice samples were treated with different
concentrations followed by drying them for 1h to
evaporate the solvent before releasing insects. Nano
formulation powder and rice samples were mixed
vigorously to spread the formulation evenly.

Twenty adults were released into each glass jar with
different concentrations of pure oil and nanoformulations
and were stored at 28+2°C, 754+5% RH. Rice samples
treated with PEG 6000 and acetone were used as a control.
A Glass jar with untreated rice was established as a

negative control. All treatments to evaluate contact
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toxicity were replicated 3 times and mortality was
recorded after 3 and 7 days. The insects showing no
mobility of legs and antennas even after disturbing them
with pins were considered dead [32].

2.8. Residual toxicity

Residual bioassays were conducted periodically after 1
day of storage as well as for 1-4 weeks of storage. Pure
clove oil as well as nanoemulsions were applied once to
establish treatment groups. The treated rice was stored and
assessed for residual toxicity periodically. The
experimental model was the same as described above.
This experiment was performed on a regular basis for 4

weeks [47].
3. Results
3.1. GC-MS analysis

Screening of pure clove oil phytochemicals was performed
by using GC-MS analysis. The eugenol, phenol, and
caryophyllene were identified as major constituents.
Analysis of results from GC-MS showed that there were
slight chemical variations between the pure clove oil and
oil released by nanocapsules. The major components
before the nanoformulations were eugenol, phenol, and
caryophyllene. Eugenol was maintained throughout the
storage period even after formulation but there was a
reduction in phenol and caryophyllene content after
encapsulation (Table 1).

3.2. Characterization of PEG-CIO NCs

The average size of PEG-CIO NCs was about 200,
220,270, and 305 nm for P1, P2, P3, and P4 respectively.
The size of PEG-CIO NPs P4, containing higher
concentration is noticeably larger compared to the one
with lower concentrations. The prepared nanoformulations
had low PDI values ranging from 0.19 to 0.59. The P3
(10ml/100g PEG) showed the best results for all 3
variables that were analyzed ie, P3 showed the
highest %EE of 90+1.25, had low PDI (<0.3), and was
relatively smaller in size (Table 2). Therefore, P3

(10ml/100g PEG) nanoemulsion was selected for further

experiments to assess the insecticidal potential against 7.
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Castaneum and S. oryzae adults.

3.3. Morphology of PEG-CIO NCs

The PEG-CIO NCs were formed in the form of dry solid
powder. The morphology of the optimized formulation
(P3) was visualized by scanning electron microscope
(SEM). The obtained nanocapsules appear slightly
irregular and were in good dispersion with a size range of
200nm (Figure 1).

3.4. Insecticidal activities

The results of contact toxicity of PEG-CIO NCs toward
Sitophilus oryzae and Tribolium castaneum adults showed
that after 3 days of exposure, PEG-CIO NCs did not show
any significant mortality. In contrast clove oil showed
100% mortality even after 24 hours of exposure in both
insects but after 7 days of exposure, nanoparticles showed
100%
1000mg/kg and 20000 mg/kg in both S. oryzae and T.

mortality at the highest concentrations of
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castaneum respectively (Figure 2 and Figure 3).

The LCso and LCo values obtained after treating S. oryzae
and T. castaneum with PEG-CIO NPs for 3 days were
higher as compared to the values obtained after 7 days of
exposure (Table 3). The LCso values were 7580.67 and
13200.5 mg/kg and LCo values were 17358.1 and
30969.1 mg/kg for S. oryzae and T. castaneum
respectively after 3 days of exposure. Moreover, the LCso
values for clove oil cannot be measured as it showed
100% mortality after 24 hours of exposure so it LCso was
much smaller as compared to nanoformulations.

However, no mortality was recorded in the negative
control group. The LC50 (7580.67 and 13200.5 mg/kg)
and LCoo (17358.1 and 30969.1) values for S. oryzae and T.

castaneum respectively after 7 days of exposure were

smaller.
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Figure 1. SEM micrograph of PEG-CIO NCs (10ml:100g) of clove oil to PEG a) at 200nm b) at 300nm c) at 1pm.
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Table 1. Component analysis of major constituents of pure clove oil and post-encapsulated clove oil.

Sr. No. Components Pre-encapsulation % Post encapsulation%
1 Phenol 87 4.59
2 Eugenol 98 85
3 Caryophyllene 99 91
Clove Oil PEG-CLO-NPs

n i | | | | 10000
B2000mg W4000mg W6000mg W8000mZ E10000ME 17000 SN0ng R0tueg: Rotng: NAr0Ing me

120.00 *
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100.00 100.00
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Figure 2. The % mortality of Sitophilus oryzae after exposure with (a) clove essential oil and (b) polyethylene glycol-based

clove oil nanocapsules (PEG-CIO NCs) treated rice that were stored for various durations.
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Figure 3. The % mortality of Tribolium castaneum after exposure with (a) clove essential oil and (b) polyethylene glycol-based

clove oil nanocapsules (PEG-CIO NCs) treated rice that were stored for various durations.
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Table 2. The average size, polydispersity index (PDI), and percentage encapsulation efficiency of polyethylene glycol-based

clove oil nanocapsules.

Groups P1 P2 P3 P4

Size (nm) 200 £2.19 220 +1.64 270.30 £1.29 305 £3.06
PDI 0.19 £0.007 0.22 £0.004 0.25 +£0.006 0.59 +£0.012
Encapsulation efficiency (%) 782.21 84 +£1.95 90.03 £1.25 86 +2.78

Table 3. Toxicity of polyethylene glycol-based clove oil nanocapsules (PEG-CIO NCs) against S. oryzae and 7. castaneum after

3 and 7 days of exposure.

Insect Exposure  Dose (mg/kg) LCS0/LC90 Lower Limit Upper Limit ANOVA
2000
4000 X?=1.402
S. oryzae 6000 7580.67/17358.1 ggg;gg ;‘32;2 Fs 2= 14.577
8000 : ' P>0.05
1000
3 Days 10000
12500 X2=0.0925
T. castaneum 15000 13200.5/30969.1 ;;2?225 };§§2329 F5,12-26.961
17500 : P>0.05
20000
2000
4000 X2=3.592
S. oryzae 6000 2260.89/7569.99s 222'50‘3‘3 é;ig; Fs1214.577
8000 : ' P>0.05
1000
7 Days 10000
12500 4999.40 125470 X2=3.608
T. castaneum 15000 10498.2/19123.2 16724.8 yealdl Fs1=103.342
17500 ' P>0.05
20000

3.5. Residual toxicity

To investigate the residual toxicity of PEG-CIO NCs (P3)
and clove oil, mortality of insects was observed at
intervals of 3, 5, 7 days and 1-4 weeks. The contact
toxicity of PEG-CIO NPs toward Sitophilus oryzae and
Tribolium castaneum adults was increased by increasing
the dosage and exposure time. However, the contact
toxicity of pure clove oil decreased gradually after storage.
After 4 weeks of storage, PEG-CIO NCs still caused 95%
and 93% mortality whereas clove oil contact toxicity was
reduced significantly to 62.12 and 59.01% towards S.
oryzae and T. castaneum.

4. Discussion

Stored grains and a few other stored commodities are

highly prone to insect infestations during their storage
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period [48]. Insect pest infestations of grains are absurdly

controlled by different synthetic insecticides [49].
Essential oils along with their phytochemicals are
grabbing much attention nowadays. Therefore, in this
research study, clove essential oil was selected to develop
insecticides against stored grain pests. Plant EOs have
some limitations associated with their use. These
limitations can be subdued by encapsulating EOs to
enhance their efficacy and stability [34, 50]. Therefore, the
present study aimed to synthesize polyethylene glycol
(PEG) based insecticidal nanocapsules containing clove
essential oil .

The results of GC-MS analysis suggest that Eugenol,
phenol, and caryophyllene were three phytochemicals that
were present as major constituents. Ibrahim [32] also

mentioned the eugenol as major components of clove oil.
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However, post-encapsulation results showed a slight
difference in the content ratio of these phytochemicals
before and after encapsulation. These results were similar
to another study conducted by lkawati et al. [39]. The
minor differences observed in GC-MS analysis before and
after encapsulation might be due to the diffusion and
volatility of core material right through the wall material
which was PEG in this study.

Different ratios (oil: PEG) showed wvariations in the
Polydispersity index (PDI) and average size values of
nanocapsules. The smallest and largest size noticed in our
study was 200 and 305nm along with PDI values of 0.24-
0.59 in P1 and P4 respectively. A lower PDI value usually
indicates homogenous dispersion and stability of
nanoformulations. Ideally, the PDI value should be > 0.30
[51]. The 10% PEG-based nanocapsules of clove oil (P3)
showed 270.3 nm of average size and 0.25 PDI, these
results are in accordance with Ibrahim [32]. Ikawati et al.
[39] also reported an average size of 179 nm along with
0.24 PDI of the clove oil nanocapsules. Gonzalez et al. [52]
reported that PEG-based nanocapsules containing
bergamot and geranium EOs show an average size of <
255nm and their PDI values are <0.270.

Nanoformulations with higher percentage encapsulation
efficiency (%EE) indicate maximum entrapment of active
ingredients within the

highest %EE noticed in this study was 90% for 10% PEG-

encapsulated system. The
CIO (P3) indicating that it provides maximum entrapment
of clove essential oil. These results were similar to some
previous studies showing 89.54% of % EE for clove EO
nanocapsules prepared by the melt dispersion method [32].
However, Ikawati et al. [39] reported 77% encapsulation
efficiency although the method and oil used for the
preparation of nanocapsules were similar for all these
studies. The reason behind the variation observed in %
Encapsulation efficiency of nanocapsules prepared with a
similar technique might be due to the amount of essential
oil [53]. these PEG-CIO

Based on results, the

nanocapsules of 10% ratio were selected to analyze their
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toxicity against Tribolium castaneum and Sitophilus
oryzae.

The polyethylene glycol-based clove essential oil
nanocapsules (PEG-CIO NCs) showed remarkable toxicity
against S. oryzae and T. castaneum. Toxicity increased
after increasing the dosage. It was noticed that S. oryzae
showed 100% mortality at 10000 mg/kg while T.
castaneum showed 55% mortality at the same
concentration on day 7. The LCso values were 7580.67 and
13200.5 mg/kg against S. oryzae and T. castaneum
respectively after 3 days of exposure. The LCso values
decreased to 2260.89 and 10498.2 mg/kg respectively
after 7 days of exposure. The S. oryzae was more sensitive
as compared to 7. castaneum and showed more mortality
even at low concentrations. Yang et al. [54] concluded that
garlic EO nanocapsules showed 80% mortality against 7.
castaneum while garlic oil showed 11% mortality even
after 6 months of exposure Hemalatha and Kumar [55]
observed that cardamom EO-NPs caused 85% mortality
against Oryzaephilus surinamensis.

The results of residual contact toxicity showed that the
insecticidal potential of PEG-CIO nanocapsules and pure
oil varied depending on the exposure period and dose. The
toxicity of nanoformulations reduces gradually after a long
storage period because phytochemical release also
becomes slow over time. The reduction in insecticidal
potential in this result was like that of Ikawati et al. [39]
but in contrast, Ibrahim [32] concluded that CIO-PEG NPs
were more toxic than pure oil even at their lowest
concentration and toxicity of nanoformulations increased
over time. Results might be different because the insect
tested was Rhyzopertha dominica which could be more
sensitive toward these formulations just like S. oryzae in
our study.

In the present study contact toxicity of clove oil was
initially more than nanocapsules containing clove oil
which might be due to the adsorption route involving
direct contact with the cuticles or interrupting the

respiratory route of the insect. But toxicity for pure oil
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eventually dropped immediately after a few weeks of
application while the toxicity of nanocapsules was time
dependent showing slow but persistent toxicity. Therefore,
it can be used as an effective method to control stored
grain pests for a long period of time. The nanocapsules
can be easily removed from grains by simply washing
them off as PEG makes them soluble in water. Thus, PEG-
based clove essential oil holds potent application potential
to be used as a protectant for stored grain against insect

pests.
5. Conclusion

The insecticidal potential of clove EOs was improved by
encapsulation using the melt dispersion method. This
approach increased the stability of oils and facilitated a
slow and persistent release of active phytochemicals
responsible for insecticidal activity. S. oryzae was more
sensitive towards clove essential nanocapsules as
compared to 7. castaneum. This study suggested that for
long-term and effective control of stored grain insect pests,
PEG-based clove essential oil nanocapsules could be an
effective method.

However, it is suggested to unfold the exact mode of
action of these nanocapsules. The long-term stability of
these nanocapsules should further be explored.
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