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Abstract: This study aimed to produce and characterize solid
containing

nanoparticles

the

lipid

essential oil (SLN-EOQ) of Ziziphora

clinopodioides Lam. The preparation was carried out using the high shear
homogenization and ultrasound method. The biological activities of the
prepared nanoformulation were evaluated against Mediterranean flour moth
Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) larvae under laboratory
conditions. The particle size of SLN-EO was estimated to be under 150 nm
(polydispersity index, PDI < 0.2) and zeta potential was negative. Morphology
of nanoparticles was in globular form as demonstrated by transmission
electron microscopy analysis. The loaded essential oil (EO) in SLN was
calculated as 92% using the filtration-centrifugation method. The fumigant
toxicity of EO as SLN formulation against E. kuehniella larvae was three times
greater than that of pure EO. Similar results, but to a lesser extent, were
obtained from comparing their contact toxicities. The fumigant durability of
EO was enhanced by nanoformulation for up to two weeks. The nutritional
indices of larvae, including relative growth rate (RGR), relative consumption
rate (RCR), and feeding deterrence (FDI), were influenced considerably by
SLN-EO compared to pure EO. The findings suggested the solid lipid
nanoparticles as a suitable nanocarrier for EO in sustainable control
management of Mediterranean flour moth.

Keywords: nanoformulation, Ziziphora clinopodioides, Ephestia kuehniella,
durability, nutritional indices

Introduction

Ephestia  kuehniella  Zeller (Lepidoptera:
Pyralidae) is a severe storage pest and feeds on
different kinds of cereals (Karaborkli et al.,
2011), especially in flour mills or bakeries
(Pandir and Hatice, 2016). The quality of these
products decreases by direct damage caused by
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their feeding in addition to the presence of
larvae and their webbing (Johnson et al., 1997).
Due to the environmental pollution and
resistance of pests to chemical insecticides,
considerable attention has been paid to the
botanical materials (Ayvaz et al., 2010).
Several studies have evaluated the insecticidal
activity of some essential oils (EO) against
different stored product pests (Ebadollahi and
Taghinezhad, 2020; Ma et al., 2020; Mustapha
et al., 2020; Najem et al., 2020; Pang et al.,
2020; Pavela et al., 2020).
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Nanotechnology is the central zone of
science, mainly because of its extensive
application in various fields such as
engineering, medicine, chemistry, and biology
(Paula et al., 2010). Essential oils consist of
degradable components when exposed to
oxygen, light, and heat (Moretti et al., 2002).
Nanoparticles can be employed to produce
nanoinsecticides and pest repellants (Owolade
et al., 2008). The aims of the preparation of
nanoformulation are: to increase the solubility
of active components in water, to preserve
active ingredients against degradation, and to
release them in a controlled release system
(Ragaei and Sabry, 2014). In the
nanoencapsulation  process, the  active
component is enclosed by coating material such
as chemical polymers, eco-friendly polymers,
lipids, and phospholipids to preserve them from
environmental factors (such as light, humidity,
and temperature). (Kumari et al., 2010).

Recently, solid lipid nanoparticles (SLN)
have attracted more attention because of
tremendous benefits such as big scale,
nontoxicity, controlled release properties, and
active compound protection. Encapsulation
using SLN can be a valuable weaknesses
compensation method for applying essential
oils (Mdiller et al., 2000; Singhal et al., 2011).
Asnawi et al. (2008) demonstrated that
geranium oil obtained by ultrasonic-solvent
emulsification technique is efficient mosquito
repellent. In another study, frankincense and
myrrh oils, using Compritol 888 ATO (as a
lipid phase), soybean lecithin, and Tween (as
emulsifiers), were prepared for oral delivery
(Shi et al., 2012). Nasseri et al. (2016) prepared
loaded Zataria multiflora Boiss. in SLN to
enhance the efficacy of EO to control some
fungal pathogens. Al-Haj et al. (2010)
encapsulated Nigella sativa L. pure oil using
SLN and applied it for dermal and cosmetic
purposes. Zingiber officinale Roscoe EO-loaded
nanofiber was prepared and evaluated against
Phthorimaea operculella (Zeller) (Mahdavi et
al., 2018).

The present study aimed to prepare
encapsulation of Z. clinopodioides EO using
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SLN. The prepared nanoparticle was
characterized using particle size analysis and
transmission electron microscopy (TEM). The
biological activities of solid lipid nanoparticle
essential oil (SLN-EO) and pure EO were
evaluated and compared in terms of fumigant
and contact toxicity and their effects on
nutritional indices of the 3" instar E. Kuehniella
larvae.

Materials and Methods

Insect rearing

The larvae of E. kuehniella used in this
investigation were provided by the Plant
Protection Department, Ferdowsi University of
Mashhad, Iran. The insects were reared in a
growth chamber set at 27 + 1 °C, 65 £+ 5% RH,
and dark conditions. The 3" instar larvae were
used in the experiments. The larvae were
cultured on a natural composition containing
wheat flour: wheat germ: yeast (10:2:1 w/w)
(Ebadollahi et al., 2010).

Preparation of essential oil

The blue mint bush plants, Ziziphora
clinopodioides, known as kakuti-e kuhi in the
Persian language, were collected in the
mountainous areas of Bojnord, North Khorasan
Iran, during the spring season. Species
identification was confirmed by the Department
of Botany, Ferdowsi University of Mashhad,
Mashhad, Iran. They were dried at room
temperature. Aerial parts of plants were hydro-
distilled in a Clevenger apparatus (600 ml water
and 50 g dried plant) for 4 hours. The extracted
oil was preserved at 4 °C in a refrigerator
(Faraone et al., 2012).

Preparation of nanoencapsulation

Preparation of nanoformulations was performed
according to Kumar et al. (2018). The
following materials in this study were from
specified sources. They were applied without
more refining: Poloxamer 188 (Unigema,
Belgium), glyceryl behenate (Compritol® 888
ATO) (Gattefossé, France), glyceryl
monostearate (Gattefossé, France), glyceryl
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palmitostearate (Precirol® ATO 5) (Gattefossé,
France), and Tween 80 (Croda-international
PLC, UK). So,

To obtain appropriate nanoformulations, 10
ml of diluted water with emulsifiers (Tween 80
and Poloxamer 188, 2.5% w/v) was added to
molten lipids (Compritol 888 ATO, Precirol®
ATO 5, and glycerol monostearate, 5% w/v)
containing the volume of EO (0.5, 1, 2 and
2.5% wiv) at 75 °C. Afterward, homogenization
was performed at 24000 rpm for 5 min with
ultraturax homogenizer. The sonication of the
obtained emulsion was done by a prob sonicator
(Bransonic, USA). This experiment was
conducted in 3 cycles of 30-second sonication
at 15-second intervals. Nanoemulsions were
cooled to room temperature.

Characterization of solid lipid nanoparticles
loaded with EO
Estimations of particle size, zeta potential, and

polydispersity index of SLN-EO were
conducted using Dynamic Light Scattering
(DLS) (Zetasizer Nano-Zs; Malvern

Instruments Ltd., United Kingdom). The Zeta
potential of specimens specifies if nanoparticles
tend to adhere together or not. Total sizes were
achieved in triplicate (25 = 2 °C). Stored
nanoparticles kept in the refrigerator at 8°C
were assessed for physical stability at 24 hours,
1 month, 2 months, 4 months, and 6 months
time points.

The samples of SLN-EO were prepared
according to Layegh et al. (2013) and analyzed
by transmission electron microscopy (TEM)
(CEM 902A; Zeiss, Germany) to specify the
shape of SLN-EO and its distribution. Briefly,
water was added to nanoformulation and
located on a carbon-coated copper grid.
Afterward, extra water was removed by filter
paper (after 30 seconds). Subsequently, uranyl
acetate 2% (20 ul) was added to SLN-EO and
eliminated after 30 seconds. The prepared grid
was left at room temperature to dry.

Filtration—centrifugation  technique  was
applied for calculating entrapment efficiency
(EE) (Nasseri et al., 2016). Pulegone is the
major constituent of Z. clinopodioides oil, used
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as an index. Different solutions of pulegone
(100, 500, 1000, 2000, 3000, and 4000 ppm)
were prepared. The calibration curve of
pulegone was drawn using the gas
chromatography procedure. For purification of
SLN-EO, 1 ml of prepared nanoformulations
was poured in an amicon (Amicon Ultra-15,
PLHK Ultracel-PL Membrane, 100 KDa,
Millipore) and centrifuged at 14000 rpm for 30
minutes. A clear section gathered at the bottom
of amicon was used for GC-MS analysis. The
entrapment efficiency of SLN-EO (%) was
determined by the equation (C - N) / C %100, in
which N and C refer to concentrations of
pulegone before and after purification,
respectively.

According to Kheirkhah et al. (2015) Gas
chromatography-mass spectrometry analysis
was conducted according to Kheirkhah et al.
(2015. An equipped thermoQuest-Finnigan by
DB-1 fused-silica capillary column (60m-
0.256mm i.d., 0.25 mm film thicknesses) was
used. The oven temperature was gradually
increased from 60 to 250 °C at 5 °C/min. The
detector and injector temperatures were set at
280 °C and 250 °C, respectively. A flame
ionization detector (FID) and the carrier gas,
helium, were utilized at a 1.1 ml /min constant
flow. The ionization voltage was 70 eV.

Bioassay of nanoformulation and pure oil
fumigant bioassay

To assess the fumigant toxicity of EO and SLN-
EO, their LCso values were determined -for E.
kuehniella larvae using a 28-ml glass jar. The 2-
cm-diameter pieces of filter paper (Whatman
No. 1) were impregnated with six
concentrations  with  equally  logarithmic
intervals based on equivalent pure essential oil
in the air (11.11, 18.52, 33.33, 59.26, 103.7 and
185.18 pl EO.I* air for EO, and 8.14, 10.37,
13.33, 17.41, 22.22 and 29.63 pl EO.I* air for
SLN-EQO). The lowest and  highest
concentrations were chosen based on several
preliminary trials, causing 10 and 90%
mortality. The filter paper was attached to the
undersurface of the screw cap of the glass jar.
The cap was screwed tightly onto the jar
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containing 20 3“-instar larvae.  Non-
impregnated  filter  papers and  those
impregnated with non-loaded SLN were served
as controls in the bioassay of EO and EO-SLN,
respectivel. The jars were placed randomly into
the growth chamber, and mortality was
recorded after 24-hour exposure. Each bioassay
was replicated 5 times.

Contact bioassay

Nine cm diameter filter papers (Whatman No.
1) placed in the bottom of glass Petri dishes
were impregnated with six concentrations with
equal logarithmic intervals based on equivalent
pure EO per m? area. The Concentrations
consisted of 0.79, 0.83, 0.89, 0.97, 1.04 and
1.12 ml.m? for EO and 0.47, 0.53, 0.6, 0.68,
0.75 and 0.85 ml.m? for SLN-EO, dissolved in
1 ml acetone and distilled water, respectively.
The solvents were allowed to evaporate for ten
minutes before introducing E. kuehniella larvae.
Control dishes were treated with either distilled
water or acetone only. Each experimental unit
consisted of 20 third-instar larvae, maintained
into the growth chamber and replicated 5 times.
Mortalities were recorded after 24 hours.

Antifeedant bioassay

Wheat flour discs were made to assess the
antifeedant effects of EO and SLN-EO on
nutritional indices of E. kuehniella larvae. 200
ul flour suspension (10 g wheat flour: 50 ml
distilled water) was poured on plastic film. The
discs were dried at room temperature for 4
hours and maintained overnight in a growth
chamber. The mean weight of the flour discs
was 36.9 + 0.32 mg. The experiment was set as
a completely randomized design. Based on a
feeding toxicity test of EO on flour disc in 4
days, the concentrations of LC1o, LC15 and LCos
were used for both EO and SLN-EO treatments,
which were equivalent to 0.051, 0.058, and
0.067 ul EO.disc?, respectively. The
concentrations were applied on the surface of
flour discs using 10 pl of acetone and distilled
water for EO and SLN-EO treatments,
respectively. After evaporating the solvents for
15 minutes, two flour discs from each treatment
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and ten live larvae of the 3 instar were
weighed and placed at the bottom of a vial,
considered the experimental unit. After four
days, the weights of live larvae and discs were
recorded. Four replications were carried out.
The following formulae were used according to
Huang et al. (2002) to calculate Relative
growth rate (RGR), relative consumption rate
(RCR), the efficiency of conversion of ingested
food (ECI), and feeding deterrence index (FDI).
RGR=(A-B)/(BxP)
RCR=T/(BxP)
ECI = (RGR / RCR) x 100
FDI=(C-T)/C x 100

Where, A = final mean weight of live larvae
(mg), B = initial mean weight of larvae (mg), P
= duration of feeding period (day), T = weight
of consumed food in treatment (mg), C =
weight of consumed food in Control (mg).

Insecticidal durability

The biological durability of EO and SLN-EO
were determined as described by Ziaee et al.
(2014). LCg value of Z. clinopodioides
obtained from fumigant bioassay of EO
(129.472 pl.Lt air) was applied in this
investigation. From the onset of the experiment,
20 larvae were introduced to each vial of either
EO or SLN-EO treatments at two-day intervals.
The process of the persistence experiment was
similar to one defined for fumigant bioassay.
Mortalities were recorded from 24-hour post-
exposure up to when the potential toxicities of
SLN-EO or EO were diminished to their lowest
level (Zero percent mortality).

Data analysis

Concentration-mortality data were subjected to
probit analysis (Finey, 1971) using a Maximum
Likelihood program (POLO-PC, LeOra Sotware,
Berkeley, California) to determine the lethal
concentration values, confidence limits, and
slope of probit mortality regressions. There was
no mortality in the control groups; therefore, no
data correction was needed (Abbott, 1925). Data
on antifeedant bioassays of EO and SLN-EO on
nutritional indices were subjected to analysis of
variance (ANOVA) using the “Univariate”
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option of GLM within SPSS 19.0 statistical
software (SPSS, 1998) followed by Tukey’s test
(P < 0.05) for post-hoc testing. Prior to analysis,
data were examined and confirmed for normality
by the Kolmogorov-Smirnov test.

Results

Characterization of SLN-EOs

The combinations of different preprations of
SLN-EOs, assigned from F1 to F10 are
accessible in table 1. Three lipids, including
Precirol (P), glyceryl monostearate (GMS), and
Compritol (C) were used to prepare different
formulations of solid lipid nanoparticle loading
by Z. clinopodioides EO. Nanoformulations
containing Tween as surfactant became
semisolid after a short time. Although F4, F5,
F6, F8, and F9 had small size (less than 200
nm) and negative zeta potential after
production, the nanoformulation F10 was

Table 1 The compositions of prepared nanoformulations.

chosen due to its good physical stability for
further study on characterization and toxicity
against Ephestia larvae.

Particle sizes and Polydispersity indices of
F10 during 6 months are presented in Table 2.
The particle diameter of the nanoformulation
SLN-EO, F10 after 6 months of storage was
140.4 + 2.49 nm, which was not significantly
different from its diameter on the first day of
storage (133.56 = 1.76). (p < 0.05). Moreover,
phase separation did not occur during storage.
Spherical shape and homogenous dispersion of
the  nanoparticles were achieved as
demonstrated by TEM analysis (Fig. 1). The
calculated encapsulation efficiency of SLN-
EO was 92% indicating proper entrapment of
most ingredients of EO by lipid carriers. The
results of GC-MS analysis indicated that the
major components of essential oil were not
modified before and after the encapsulation
process (Fig. 2).

SLN-EO  Lipid Rate (%w/v)  Surfactant Rate (Y%ow/v) EO (Y%owiv) Outcome Size (nm)
F1 GMS 5 Tween 25 0.5 Semisolid -

F2 GMS 5 Tween 25 1 Semisolid -

F3 GMS 5 Tween 35 0.5 Semisolid -

F4 GMS+C 25+25 Poloxamer 25 1 Nanoemulsion 1342
F5 GMS+C 25+25 Poloxamer 25 2 Nanoemulsion 121.8
F6 GMS+C 25+25 Poloxamer 25 25 Nanoemulsion 169.0
F7 GMS 5 Poloxamer+Tween  1.25+125 05 Semisolid -

F8 GMS+P 25+25 Poloxamer 25 1 Nanoemulsion 114.3
F9 GMS+P 25+25 Poloxamer 25 2 Nanoemulsion 114.1
F10 GMS+P 25+25 Poloxamer 25 25 Nanoemulsion 136.7

F: Formulation; GMS: Glyceryl monostearate; C: Compritol; P: Precirol; Ziziphora clinopodioides EO: Essential oil.

Table 2 Particle size and polydispersity index (PDI) of formulation 10 (GMS+P 2.5%) during a 6-month storage

period.

Storage period
Parameter 1 day 1 month 2 months 3 months 6 months
Size (nm) + SE SE 133.56 + 1.760 134.43 £ 2.750 137.73 £4.010 138.23 + 1.440 140.4 £2.490
PDI £ SE 0.155 + 0.006 0.159 £ 0.012 0.178 £ 0.005 0.177 £ 0.006 0.181 + 0.007

GMS: Glyceryl monostearate; P: Precirol.
SE: Standard error.
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Figure 1 Transmission electron microscopy of SLN-EO.
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Biological activity of nanoformulation and
pure oil

The results of fumigant bioassay of EO and
SLN-EO after 24 hours exposure showed that
EO LCs value on the 3 instar larvae was
47.946 pl.L! air. In contrast, the corresponding
value for the nanoformulation SLN-EO reduced
t0 16.176 pl.I* air (Table 3). The comparison of
LCso values revealed that the vapor toxicity of
SLN-EO was 2.964 times higher than that of
EO (95% confidence limit of the LCs ratio:
2.552-3.443, p < 0.05).

Table 4 shows the influence of contact activity
of EO and nanoformulation against E. kuehniella
larvae. Based on the LCs ratio of EO and SLN-
EO, the contact toxicity of SLN-EO was 1.457
times more potent than that of EO (95% confidence
limit of the LCso ratio: 1.409-1.507, p <0.05).

The antifeedant activities of EO and SLN-
EO are presented in Tables 5 to 8. EO and
SLN-EO were effective on nutritional indices
of the 3" instar Ephestia larvae. Both relative
growth rate (RGR) and relative consumption
rate (RCR) diminished with concentration
increase of EO or SLN-EO. Nevertheless, the

effects of nanoformulations in reducing the
RGR and RCR of larvae were significantly
greater than the effects of pure EO (p < 0.05).
(Tables 5 and 6). The results indicated that
the efficiency of conversion of the ingested
food (ECI) of larvae was not significantly
affected by EO and SLN-EO or their
concentrations. (Table 7). The feeding
deterrence indices (FDI) of Ephestia larvae
were enhanced with increasing oil
concentration. Means comparison indicated
that the nanoformulation SLN-EO
significantly increased the FDI of larvae more
than that of EO counterpart (p < 0.05). (Table
8). The results of bioassays on the persistence
of fumigant activity against E. kuehniella
larvae showed that the SLN-EO formulation
caused a uniform 90% mortality during the
first week after exposure, after which its
mortality was gradually reduced so that on
the 14" day it was reduced to zero. While the
EO form caused 85% larval mortality at the
beginning of the test, it declined rapidly,
reaching 10% at the end of the first week and
was zero on the 8" day (Fig. 3).

Table 3 Fumigant lethal concentrations of Ziziphora clinopodioides essential oil and its nanoformulation against
Ephestia kuehniella larvae.

Lethal concentration (ul.I"* air)

Treatment  No. of insects LCso LCo0 Slope + SE 2 (df)

95% CL (lower-Upper) 95% CL (lower-Upper)

EO 700 47.946
(41.962-54.921)

217.614
(171.153-297.643)

1.951 £0.15 1.483(4)

SLN-EO 700 16.176 32.912
(15.202-17.245) (29.311-38.335)

4.154 +0.327 1.733(4)

CL: 95% confidence limits; SE: Standard error; EO: Essential oil.

Table 4 Contact lethal concentrations of Ziziphora clinopodioides essential oil and its nanoformulation against
Ephestia kuehniella larvae.

Lethal concentration (ml.m)
Treatment  No. of insects LCso LCoo

95% CL (lower-Upper) 95% CL (lower-Upper)
0.937 (0.922-0.952) 1.117 (1.086-1.16)

Slope £SE 42 (df)

EO 700 28.69%2.277 0.837(4)

SLN-EO 700 0.643 (0.624-0.662) 0.895 (0.848-0.964) 1526 £1.29 2.476(4)

CL: 95% Confidence limits; SE: Standard error; EO: Essential oil.
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Table 5 The impacts of Ziziphora clinopodioides essential oil and its nanoformulation on relative growth rate
(RGR) of 3" instar Ephestia kuehniella larvae.

Concentration

RGR (mg.mg.day?)

(ul.disct) EO SLN-EO Mean + SE
Control 0.1076 + 0.0053a 01057+0003la -

0.051 0.0954 + 0.0026 ab 0.0744+00058b  0.0849+0.01a
0.058 0.0819 + 0.0021 b 0.0651+0.0044b  0.0735+0.0084 a
0.067 0.0736 + 0.004 ¢ 0.0623+0.0052b  0.0679 +0.0056 b
Mean + SE 0.0836 + 0.0031 A 0.0672 + 0.003 B

Means followed by similar small letter within a column and similar capital letter in the last row (Comparison between EO and SLN-EO) are
not significantly different (Turkey’s test at p < 0.05).

Table 6 The impacts of Ziziphora clinopodioides essential oil and its nanoformulation on relative consumption
rate (RCR) of 3" instar Ephestia kuehniella larvae.

Concentration

RCR (mg.mg*.day?)

(ul.disct) EO SLN-EO Mean + SE
Control 0.3269 £ 0.0198 a 0.3104 £0.0154 a -

0.051 0.3181+0.02 ab 0.2728 + 0.0218 ab 0.2098 + 0.027 a
0.058 0.2512 % 0.0161 b 0.2244 + 0.0062 bc 0.2378 00133 a
0.067 0.2008 = 0.0174 b 0.1922 + 0.0245 ¢ 0.1965 + 0.0043 b
Mean + SE 0.2595 + 0.0183 A 0.2298 + 0.0142 B

Means followed by similar small letter within a column, and similar capital letter in the last row (Comparison between EO and SLN-EO) are
not significantly different (Turkey’s test at p < 0.05).

Table 7 The impacts of Ziziphora clinopodioides essential oil and its nanoformulation on efficiency of
conversion of ingested food (ECI) of 3" instar Ephestia kuehniella larvae.

Concentration (ul.disc?) EC1 (%) Mean + SE

' EO SLN-EO -
Control 33.9623 £ 1.1697 a 34.2795+1.737a -
0.051 29.4674 + 1.5639 a 27.3507 £1.1749a 28.4091 * 1.0583 a
0.058 33.1027 £ 2.6425a 29.1592 +2.6281 a 31.1310+1.9716 a
0.067 37.5813+4.2932 a 33.9216 +4.7976 a 35.7514+1.8298 a
Mean + SE 33.3838 +1.8799 A 30.5725+1.824 A

Means followed by similar small letter within a column, and similar capital letter in the last row (Comparison between EO and SLN-EO) are
not significantly different (Turkey’s test at p < 0.05).

Table 8 The impacts of Ziziphora clinopodioides essential oil and its nanoformulation on feeding deterrence of
3 instar Ephestia kuehniella larvae.

Concentration (ul.disc?) FDIC%) Mean + SE

' EO SLN-EO -
0.051 7.0423 +5.1104 a 19.2488 + 4.9685 a 13.1455 + 6.1037 a
0.058 22.2744 + 48499 ab 27.4178 £1.4737 a 24.8461 +2.5717 ab
0.067 30.5164 + 4.8488 b 38.9671+7.3735a 34.7418 + 4.2253 b
Mean + SE 19.9443 £ 3.905 A 28.5446 + 3.6514 B

Means followed by similar small letter within a column, and similar capital letter in the last row (Comparison between EO and SLN-EO) are
not significantly different (Turkey’s test at p < 0.05).
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Figure 3 Mortality (mean + SE) of 3" instar Ephestia kuehniella larvae caused by pure EO and SLN-EO during

fumigant durability test.
Discussion

A sufficient characterization of the SLN is a
prerequisite to control the quality of the
prepared formulation. Some factors, including
physical stability, biofate of the nanoparticles,
and release rate of the active loading
component, are affected by size alteration
(Abdelbary and Fahmy, 2009). In this research,
SLN-EO methods confirmed the high shear
homogenization and ultrasound are efficient by
their nanometric size. Furthermore, the
polydispersity index value showed narrow size
distribution in SLN-EO. The high zeta potential
resulting in this investigation provided good
stability during storage time and prevented
aggregation of nanoparticles. It is noteworthy
that encapsulation efficacy is affected by factors
such as temperature and pressure during
preparation technique (Varona et al., 2010) and
the constitution of EO (Kumar et al., 2014).

As mentioned in GC-MS analysis, pulegone
was the principal constituent of Z.
clinopodioides oil, and it was applied as an
index for calculating entrapment efficiency.
Because of the high lipophilicity of EO, high
EE was obtained. The encapsulation efficacy of
SLN-EO was 92%. A similar result was
obtained by Fazly Bazzaz et al. (2018), who
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gained high encapsulation efficacy for prepared
EO nanoformulation. In another survey, it has
been concluded that the presence of GMS as
lipid enhanced encapsulation efficacy of active
components (Vivek et al., 2007). Our prepared
SLN-EO exhibited exceptional stability during
experiment time. Some factors such as
nanometric size, negative zeta potential, the
gradual motion of lipid into solid lipid
nanoparticles, and attendance of GMS may
cause physical stability of SLN-EO (Hou et al.,
2003; Liu et al., 2007). The nanoformulation
could be dispersed easily in distilled water. This
finding is a result of the nanosize of SLN-EO.
The TEM image confirmed the spherical shape
and uniform size of SLN-EO. Similarly, other
researchers have reported the round shape of
solid lipid nanoparticles (Chen et al., 2006; Liu
et al., 2007). GC-MS analysis showed that the
major components before and after the
preparation process did not alter considerably,
suggesting that SLN is a suitable carrier for
EOs and preserving monoterpene constituents.
Solid lipid nanoparticles improved essential
oils' insecticidal activity (contact and fumigant
toxicity) against E. kuehniella larvae. According
to our results, the SLN-EO formulation causes a
significant  reduction in  required EO
concentrations to control Ephestia larvae,
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solving the limitations of EO in pest
management programs. Moreover, the longer
persistence of the SLN-EO suggested that the
prepared nanocapsules have controlled release
properties. Similarly, Campolo et al. (2017)
found that nanoemulsion of EO had substantial
contact toxicity against eggs and larvae of Tuta
absoluta. In another research, Louni et al. (2018)
reported the high insecticidal activity of Mentha
longifolia L nanoemulsion against E. kuehniella.
They indicated that in the highest value of EO,
the 50% persistent time (PT) of Mentha
nanoemulsion was 17.13 days, while pure oil
was less effective (PT50 = 2.39 days). Kumar et
al. (2014), who produced nanoparticles of PEG-
Mentha oil, reported similar results. They
concluded that after the first week of application
against housefly larvae, the mortality of
nanoparticles was 93% and reached 57% in the
6th week. In other surveys that EO of garlic and
geranium were incorporated in polyethylene
glycol, a remarkable increase in contact toxicity
persistence against two stored product pests was
achieved because of controlled release of
terpenes of EOs (Gonzalez et al., 2014; Yang et
al., 2009).

The mobility of nanoparticles is more than
their bulk, and they can penetrate the tissue of
insects (Nel et al., 2009). On the other hand,
when nanoparticles were held in the
extracellular  area, the percentage of
detoxification decreased. Therefore, they are
not available for detoxifying systems; thus,
further bioactive compounds reach the action -
site improving the toxic influences of pure oil
(Regnault-Roger et al., 2012).

According to our finding, SLN-EO and EO
significantly affected the feeding activity of the
34 instar E. kuehniella larvae. Based on
statistical analysis, the SLN-EO showed more
influence on reducing relative growth and
consumption rates than the EO. In other studies,
the effects of EO on nutritional parameters in
various stored product insects were investigated
(Huang et al., 2002; Stefanazzi et al., 2011). Our
findings agree with Gonzales et al. (2014), who
assessed the capability of geranium and
bergamot EOs nanocapsules on T. castaneum
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nutritional indices. They reported a notable
reduction in RGR and RCR values. Furthermore,
Bahrami et al. (2016) reported that the EOs of
asafetida, geranium, and walnut changed the
nutritional parameters of Rhyzopertha dominica.
Heidarzade et al. (2019) demonstrated that T.
castaneum feeding indices were influenced by
both EOs and nanoformulated EO.

Conclusion

The findings of the current study confirmed the
high insecticidal activity of SLN-EO
nanoformulation against E. Kuehniella larvae.
Besides, a solid lipid nanoparticle could improve
the residual function of EO. It could be
concluded that the nanoencapsulation using the
high shear homogenization and ultrasound
method may solve the constraints of the EO
application. Further experiments are suggested to
investigate solid lipid nanoparticles loaded by
EO for long-time conservation of stored products
and their influence on various insect species.

Conflict of Interest Statement
All authors state that they do not have any
conflict of interest.

Authors’ Contributions
All writers contributed similarly to the current
study.

Acknowledgments

This research is a part of the Ph.D. thesis of the
first author. The authors appreciate Mr.
Zanghaei for his technical assistance in the
process of GC-MS analysis. We are thankful to
Ferdowsi University of Mashhad, Iran, for their
financial support.

References

Abbott, W. S. 1925. A method of computing
the effectiveness of an insecticide. Journal of
Economic Entomology, 18(2): 265-267.

Abdelbary, G. and Fahmy, R. H. 2009.
Diazepam-loaded solid lipid nanoparticles:



Hossein Pour Jajarm et al.

J. Crop Prot. (2021) Vol. 10 (4)

design  and  characterization.  AAPS
PharmSciTech, 10(1): 211-219.

Al-Haj, N. A., Shamsudin, M., Alipiah, N. M.,
Zamri, H., Ahmad, B., Siddig, l.and
Rasedee, A. 2010. Characterization of
Nigella sativa L. essential oil-loaded solid
lipid nanoparticles. American Journal of
Pharmacology and Toxicology, 5(1): 52-57.

Asnawi, S., Abd. Aziz, A., R. and Khamis, A.
2008. Formulation of geranium oil loaded
solid lipid nanoparticles for mosquito
repellent application. Journal of Chemical
and Natural Resources Engineering, 2: 90-99.

Ayvaz, A., Sagdic, O., Karaborklu, S.and
Ozturk, I. 2010. Insecticidal activity of the
essential oils from different plants against
three stored-product insects. Journal of
Insect Science, 10(1): 21-29.

Bahrami, R., Kocheili, F. and Ziaee, M. 2016.
Effects of asafoetida, geranium and walnut
leaves essential oils on nutritional indices
and progeny reduction on Rhyzopertha
dominica adults (Coleoptera: Bostrychidae).
Journal of Crop Protection, 5(3): 369-375.

Campolo, O., Cherif, A., Ricupero, M., Siscaro,
G., Grissa-Lebdi, K., Russo, A., Cucci, L.
M., Di Pietro, P., Satriano, C. and Desneux,
N. 2017. Citrus peel essential oil
nanoformulations to control the tomato
borer, Tuta absoluta: chemical properties
and biological activity. Scientific Reports,
7(1): 1-10.

Chen, H., Chang, X., Du, D., Liu, W., Liu, J.,
Weng, T., Yang, Y., Xu, H. and Yang, X.
2006. Podophyllotoxin-loaded solid lipid
nanoparticles for epidermal targeting. Journal
of Controlled Release, 110(2): 296-306.

Ebadollahi, A., Safaralizadeh, M. H., Hoseini,
S. A., Ashouri, S. and Sharifian, 1. 2010.

Insecticidal activity of essential oil of
Agastache foeniculum against Ephestia
kuehniella and Plodia interpunctella
(Lepidoptera: Pyralidae). Munis

Entomology & Zoology, 5(2): 785-791.
Ebadollahi, A. and Taghinezhad, E. 2020.

Modeling and optimization of the
insecticidal effects of Teucrium polium L.
essential oil against red flour beetle

755

(Tribolium  castaneum  Herbst)  using
response surface methodology. Information
Processing in Agriculture, 7(2): 286-293.

Faraone, N., Caleca, V., Bruno, M., Vitagliano,
S. and De Cristofaro, A. 2012. Biological
activity of Citrus spp. metabolites on
Ceratitis capitata (Wiedemann). 10BC-
WPRS Bulletin, 74: 167-173.

Fazly Bazzaz, B., Khameneh, B., Namazi, N.,
Iranshahi, M., Davoodi, D. and
Golmohammadzadeh, S. 2018. Solid lipid

nanoparticles carrying Eugenia
caryophyllata essential oil: the novel
nanoparticulate  systems  with  broad-

spectrum antimicrobial activity. Letters in
Applied Microbiology, 66(6): 506-513.

Finney, D. L. 1971. Probit analysis: Cambridge
University Press; Cambridge, 318 Pages

Gonzalez, J. O. W., Gutiarrez, M. M., Ferrero,
A. A. and Band, B. F. N. 2014. Essential oils
nanoformulations for stored-product pest
control “Characterization and biological
properties. Chemosphere, 100: 130-138.

Heydarzade, A., Valizadegan, O., Negahban,
M. and Mehrkhou, F. 2019. Efficacy of
Mentha spicata and Mentha pulegium
essential oil nanoformulation on mortality
and physiology of Tribolium castaneum
(Col.: Tenebrionidae). Journal of Crop
Protection, 8(4): 501-520.

Hou, D., Xie, C., Huang, K. and Zhu, C. 2003.
The production and characteristics of solid
lipid nanoparticles (SLNs). Biomaterials,
24(10): 1781-1785.

Huang, Y., Ho, S. H., Lee, H. C. and Yap, Y. L.
2002. Insecticidal properties of eugenol,
isoeugenol and methyleugenol and their
effects on nutrition of Sitophilus zeamais
Motsch.(Coleoptera:  Curculionidae) and
Tribolium castaneum (Herbst)(Coleoptera:
Tenebrionidae). Journal of Stored Products
Research, 38(5): 403-412.

Johnson, J., Valero, K. and Hannel, M. 1997.
Effect of low temperature storage on
survival and reproduction of Indian meal
moth  (Lepidoptera:  Pyralidae). Crop
Protection-an International Journal of Pest
Disease and Weed Control, 16(6): 519-524.



A nanoformulation against E. kuehniella Larvae

J. Crop Prot.

Karaborkli, S., Ayvaz, A., Yilmaz, S. and
Akbulut, M. 2011. Chemical composition
and fumigant toxicity of some essential oils
against Ephestia kuehniella. Journal of
Economic Entomology, 104(4): 1212-1219.

Kheirkhah, M., Ghasemi, V., Yazdi, A. K. and
Rahban, S. 2015. Chemical composition and
insecticidal activity of essential oil from
Ziziphora clinopodioides Lam. used against
the Mediterranean flour moth, Ephestia
kuehniella Zeller. Journal of Plant Protection
Research, 55(3): 260-265.

Kumar, P., Mishra, S., Malik, A. and Satya, S.
2014. Preparation and characterization of
PEG-Mentha oil nanoparticles for housefly
control.  Colloids and Surfaces B:
Biointerfaces, 116: 707-713.

Kumar, R., Singh, A., Garg, N. and Siril, P. F.
2018. Solid lipid nanoparticles for the
controlled delivery of poorly water soluble
non-steroidal  anti-inflammatory  drugs.
Ultrasonics Sonochemistry, 40: 686-696.

Kumari, A., Yadav, S. K. and Yadav, S. C. 2010.
Biodegradable polymeric nanoparticles based
drug delivery systems. Colloids and Surfaces
B: Biointerfaces, 75(1): 1-18.

Layegh, P., Mosallaei, N., Bagheri, D., Jaafari,
M. R. and Golmohammadzadeh, S. 2013.
The efficacy of isotretinoin-loaded solid
lipid nanoparticles in comparison to
Isotrex® on acne treatment. Nanomedicine
Journal, 1(1): 38-47.

Liu, J., Hu, W., Chen, H., Ni, Q., Xu, H. and
Yang, X. 2007. lIsotretinoin-loaded solid
lipid nanoparticles with skin targeting for
topical delivery. International Journal of
Pharmaceutics, 328(2): 191-195.

Louni, M., Shakarami, J. and Negahban, M.
2018. Insecticidal efficacy of nanoemulsion
containing Mentha longifolia essential oil
against Ephestia kuehniella (Lepidoptera:
Pyralidae). Journal of Crop Protection, 7(2):
171-182.

Ma, S., Jia, R., Guo, M., Qin, K. and Zhang, L.
2020. Insecticidal activity of essential oil
from Cephalotaxus sinensis and its main
components against various agricultural

756

pests. Industrial Crops and Products, 150:
112403.

Mahdavi, V., Rafiee-Dastjerdi, H., Asadi, A,,
Razmjou, J. and Fathi Achachlouei, B. 2018.
Synthesis of Zingiber officinale essential oil-
loaded nanofiber and its evaluation on the
potato tuber moth, Phthorimaea operculella
(Lepidoptera: Gelechiidae). Journal of Crop
Protection, 7(1): 39-49.

Moretti, M. D., Sanna-Passino, G., Demontis,
S. and Bazzoni, E. 2002. Essential oil
formulations useful as a new tool for
insect pest control. AAPs PharmSciTech,
3(2): 64-74.

Miller, R. H., Méader, K. and Gohla, S. 2000.
Solid lipid nanoparticles (SLN) for
controlled drug delivery-a review of the
state of the art. European Journal of
Pharmaceutics and Biopharmaceutics, 50(1):
161-177.

Mustapha, M. B., Zardia Bergaoui, A., Chaieb,
I., Flamini, G., Ascrizzi, R. and Jannet, H. B.
2020. Chemical Composition and Insecticidal
Activity of Crithmum Maritimum L. Essential
Oil against Stored Product Beetle Tribolium
Castaneum. Chemistry and Biodiversity,
17(3): €1900552.

Najem, M., Bammou, M., Bachiri, L.,
Bouiamrine, E. H., Ibijbijen, J. and Nassiri,
L. 2020. Ruta chalepensis L. Essential Oil
Has a Biological Potential for a Natural
Fight against the Pest of Stored Foodstuffs:
Tribolium castaneum Herbst. Evidence-
Based Complementary and Alternative
Medicine, Article ID 5739786.

Nasseri, M., Golmohammadzadeh, S., Arouiee,
H., Jaafari, M. R. and Neamati, H. 2016.
Antifungal activity of Zataria multiflora
essential oil-loaded solid lipid nanoparticles
in-vitro condition. Iranian Journal of Basic
Medical Sciences, 19(11): 1231-1236.

Nel, A. E., Médler, L., Velegol, D., Xia, T,
Hoek, E. M., Somasundaran, P., Klaessig,
F., Castranova, V. and Thompson, M. 20009.
Understanding biophysicochemical
interactions at the nano-bio interface. Nature
Materials, 8(7): 543-557.



Hossein Pour Jajarm et al.

J. Crop Prot. (2021) Vol. 10 (4)

Owolade, O., Ogunleti, D. and Adenekan, M.
2008. Titanium dioxide affects disease
development and yield of edible cowpea.
Journal of Agricultural and Food Chemistry,
7(50): 2942-2947.

Pandir, D. and Hatice, B. 2016. Compositional
analysis and toxicity of four plant essential
oils to different stages of Mediterranean
flour moth, Ephestia kuehniella Zeller
(Lepidoptera: Pyralidae). Tarkiye
Entomoloji Dergisi, 40(2): 185-195.

Pang, X., Feng, Y. X,, Qi, X. J.,, Wang, Y.,
Almaz, B., Xi, C. and Du, S. S. 2020.
Toxicity and repellent activity of essential
oil from Mentha piperita Linn. leaves and its
major monoterpenoids against three stored
product insects. Environmental Science and
Pollution Research, 27(7): 7618-7627.

Paula, H. C., Sombra, F. M., Abreu, F. V. O.
and Paul, R. 2010. Lippia sidoides essential
oil encapsulation by angico gum/chitosan
nanoparticles. Journal of the Brazilian
Chemical Society, 21(12): 2359-2366.

Pavela, R., Maggi, F., Petrelli, R., Cappellacci,
L., Buccioni, M., Palmieri, A., Canale, A.
and Benelli, G. 2020. Outstanding
insecticidal activity and sublethal effects of
Carlina acaulis root essential oil on the
housefly, Musca domestica, with insights on
its toxicity on human cells. Food and
Chemical Toxicology, 136: 111037.

Ragaei, M. and Sabry, A-k. H. 2014
Nanotechnology for insect pest control.
International Journal of Science,

Environment and Technology, 3(2): 528-545.
Regnault-Roger, C., Vincent, C. and Arnason, J.
T. 2012. Essential oils in insect control: low-
risk products in a high-stakes world. Annual
Review of Entomology, 57: 405-424.
Shi, F., Zhao, J. H., Liu, Y., Wang, Z., Zhang,
Y. T. and Feng, N. P. 2012. Preparation and

757

characterization of solid lipid nanoparticles
loaded with frankincense and myrrh oil.
International Journal of Nanomedicine, 7:
2033-2043.

Singhal, G. B., Patel, R. P., Prajapati, B. and
Patel, N. A. 2011. Solid lipid nanoparticles
and nano lipid carriers: As novel solid lipid
based drug carrier. International Research
Journal of Pharmacy, 2(2): 20-52.

Stefanazzi, N., Stadler, T. and Ferrero, A. 2011.
Composition and toxic, repellent and feeding
deterrent activity of essential oils against the
stored grain pests Tribolium castaneum
(Coleoptera: Tenebrionidae) and Sitophilus
oryzae (Coleoptera: Curculionidae). Pest
Management Science, 67(6): 639-646.

Varona, S., Kareth, S., Martin, A. and Cocero,
M. J. 2010. Formulation of lavandin
essential oil with biopolymers by PGSS for
application as biocide in ecological
agriculture. The Journal of Supercritical
Fluids, 54(3): 369-377.

Vivek, K., Reddy, H. and Murthy, R. S. 2007.
Investigations of the effect of the lipid
matrix on drug entrapment, in vitro release,
and physical stability of olanzapine-loaded
solid lipid nanoparticles. AAPS
PharmSciTech, 8(4): 16-24.

Yang, F. L., Li, X. G., Zhu, F. and Lei, C. L.
2009.  Structural  characterization  of
nanoparticles loaded with garlic essential oil
and their insecticidal activity against
Tribolium castaneum (Herbst) (Coleoptera:
Tenebrionidae). Journal of Agricultural and
Food Chemistry, 57(21): 10156-10162.

Ziaee, M., Moharramipour, S. and Mohsenifar,
A. 2014. MA-chitosan nanogel loaded with
Cuminum cyminum essential oil for
efficient management of two stored product
beetle pests. Journal of Pest Science, 87(4):
691-699.



A nanoformulation against E. kuehniella Larvae J. Crop Prot.

31 1Al yi o & oy i 9,¥ dpde (AL uilsl (Gl (g 90 355 0 3 )L
o (o ) Sadled g g 90,3 Sluoguas s (Ephestia kuehniella

Tosljanzmo IS Tgais o' Joliwyoko (soteo <z 30 (mmummodlé o2l 591 (rmam dongd

Ol egeion cdgaiin owgs 8 olRidls ((g5,0LaS 0uSiisls o SijelS 09,5 -)

Ol edguiin gt (S pole oKl ((g3lwg lo 0aSiidls (6540 9iST gl wlado S 0 Y
MOoravej@um.ac.ir :a.slSe Jgius odingi S iSUl oy

VEe e LI VE 0 VTR LT YO sl o

osbl sl asle o) 39l Sleogas (sl 5 oy ol i Sus oSy
S5 solital Byl gly ol 5 YUy (G2AS a8 b ysaliizan (Bss sliecns S5t (5551
351 e oyt 5 )Y ale oo b 4t gV go ol (S pm S llad
S8 2l oy 2 Eaglesl Lyl i o Ephestia kuehniella Zeller (Lepidoptera: Pyralidae)
e 555 el 5 (1Y 1 508 (SaiST abls) el 10+ o5 S35l o3l .2 5
035 98T 15T s (o35S 5y S Lasi allas b 35 8,5 US55
9o, AV Sgein il - gl ild (i) bawgi wele o] Sl,3550 )0 uilul 6251
Iy ol wdiicaiow wilgs oo dula o] 13650 conel cavsay gl 3l ol aulxs
B oY ade |) (alls Guilul plgs codlys bl (Vg0 Bl iz ee (2l V) a0 (il 381
Srae gy atlh (i 03 £ 5 P s el )Y i slagasli aas (ol aiis o
30 S Huill gsls vl gond O3l lawgd slasdss Sasjlosh jasli o oo
) S35 sy ol SRl ol 3,5 st g b il L anslio
gy 9,1 sl yo oy 5 )Y Sl S5 g el qaslio Jul> st

29,5 oo

«plgs Ephestia kuehniella Ziziphora clinopodioides Lam. ¢ s wY g0 ,8450 1 gl L531q

slaodss Lgl.mua}l,i}

758



	Research Article
	Introduction0F 1F
	Materials and Methods
	Insect rearing
	Preparation of essential oil
	Preparation of nanoencapsulation
	Characterization of solid lipid nanoparticles loaded with EO
	Bioassay of nanoformulation and pure oil
	fumigant bioassay
	Contact bioassay
	Antifeedant bioassay
	Insecticidal durability

	Data analysis
	Results
	Characterization of SLN-EOs
	Biological activity of nanoformulation and pure oil

	Discussion
	Conclusion
	Conflict of Interest Statement
	Authors’ Contributions
	Acknowledgments
	References

