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Abstract: In recent years, nanotechnology has emerged as one of the promising new
technologies for pest control. In this study, a screening program was conducted to evaluate
the impact of silicon nanoparticles (SiNPs) and silver nanoparticles (AgNPs) on the mortality
of the adult stage of Tribolium castanium on wheat grains. The nanoparticles were
synthesized using a laser ablation process, and their characterization was performed using
Zeta-sizer, UV-visible spectroscopy, X-ray Diffraction, and Transmission Electron
Microscopy. Different concentration levels of SiNPs and AgNPs (100 ppm, 200 ppm, 300
ppm, and 400 ppm) were tested to assess their effects on 7. castaneum mortality. The LCso
value for SiNPs and AgNPs were calculated at 438.3 and 657.4 ppm NPs, respectively. The
feeding method revealed that AgNPs resulted in 40% mortality, while SiNPs resulted in 70%
mortality. These findings suggest that the synthesized SiNPs have a greater potential as an
alternative option in managing pests in stored products compared to AgNPs at the same
exposure time (four days). The results showed that both SiNPs and AgNPs were having a
potential effect on adult stage of 7. castaneum. This study demonstrated the utility of AgNPs
and SiNPs in T.castaneum pest management programs.

Keywords: Nanotechnology, Pest control, Tribolium castaneum, Silicon nanoparticles, Silver nanoparticles.

Introduction

Grain crops are vulnerable to insect damage
after harvesting, leading to significant losses in
quantity and quality. In the case of Iraq, the
exact extent of grain loss during storage
remains unknown. However, according to the
FAQ's report, it is estimated to range of 10-
20% (Rajendran & Sriranjini, 2008; Liu et al.,
2021; Papanikolaou et al., 2022; FAO, 2023).

Wheat
significant importance as a vital food source in

(Triticum aestivum L.) holds
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various countries, including Iraq (FAO, 2023).
During the 2019/2020 growing season, wheat
cultivation in Iraq expanded across a
substantial land area, as reported by the Central
Statistical Organization (CSO) (Al-Hussine &
Alyousuf, 2021; FAO, 2023). However, the
grain production was severely affected by
drought and water shortages; hence, Iraqi
Ministry of Agriculture reduced agricultural

cropping in irrigated areas by 50 percent in
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2022.
experienced a significant decline (Al-Hussine
& Alyousuf, 2021). According to post
forecasts for MY 2022/23, wheat production is
expected to reach only 3.25 million metric

Consequently, wheat production

tons, a significant decrease from previous
seasons (USDA, 2023). The Central Statistical
Organization (CSO) estimated that the total
amount of cereal harvested in 2022 was around
3.6 million tonnes, which is 45 percent
reduction compared to the previous year's
harvest, with wheat accounting for 3.1 million
tonnes (FAO, 2023).

The red flour beetle, Tribolium castaneum
(Herbst) (Coleoptera: Tenebrionidae) is a
prevalent and significant insect pest infests
stored grain products worldwide (Padin et al.,
2002; Padin et al., 2013; Papanikolaou et al.,
2022).
including dry fruits, pulses, bran, coat, germ,

Cereal grains and their derivatives,

grain dust, and processed cereal foods, are
attacked by both adult beetles and larvae
(Huang et al., 2020; Li et al., 2020). The
mandible chews of adults and larvae can cause
severe damage to the stored products, directly
or indirectly. Additionally, the adult beetles,
being strong fliers, have the capability to move
easily between storage facilities and fields
(Rajendran & Sriranjini, 2008; Liu et al.,
2021).

the of
agricultural grains and their products after

Ensuring protection stored
harvest is crucial for global food security
(Papanikolaou et al., 2022). However, with
increasing consumer awareness, research has
shifted of

controlling postharvest pests, moving away

towards alternative methods
from reliance solely on pesticides. While
chemical insecticides are effective against
many insects, they have several negative
impacts on the environment and human health
(Oliveira et al., 2017; Campolo et al., 2018).
Furthermore,

the effectiveness of major
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insecticide classes, such as organophosphates
and pyrethroids, has been diminished due to
the development of pesticide resistance by
stored-product insects (Al-Jabr, 2006; Mossa,
2016). Consequently, alternative approaches
treatments

have emerged, including gas

involving Carbon dioxide, Nitrogen, and
ozone. These methods have proven to be
effective in controlling postharvest pests with
minimal impact on the nutritional, physical,
and chemical properties of the grains (Jiang et

al.,2016; Al-Emara et al., 2021).

An alternative approach involves the use of
DEs (diatomaceous earths) are primarily
silica-based and are obtained from fossilized
phosphatlankton. Dietomaceous earths are
insect
populations. Subramanyam et al. (2000),
Roesli et al. (2001) and Mewis et al. (2003)
proposed that DEs are more effective against

used to control stored product

insect pests if they are high in silica, have a
uniform size distribution and possess certain
physical characteristics. To achieve these
characteristics, altering their size to the
nanoscale has been proposed by Debnath et al.

(2011).

Nanomaterials have emerged as a
promising alternative to traditional pesticides
for the control of stored product insect pests,
such as the red flour beetle 7. castaneum. In
recent studies, the efficacy of various types of
nanomaterials, including metal nanoparticles,
for controlling 7. castaneum has been
highlighted. For instance, silver nanoparticles
exhibited

properties against 7.

have remarkable insecticidal

castaneum at low
concentrations (Jafari et al., 2021). Similarly,
copper oxide nanoparticles were effective in
reducing the development and survival of T.
castaneum larvae (Hossein et al., 2021).
However, the Silicon nanoparticles (SiNPs)
can also affect the insect respiratory system,
suffocation and

leading to subsequent
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mortality. SINPs can enter the insect tracheal
system, leading to the obstruction of airflow
and subsequent asphyxiation (Hossein et al.,
2021). The objective of this study was to
evaluate the insecticidal activity of AgNPs and
SiNPs against red flour beetle 7. castaneum.

Materials & Methods
Synthesis of AgNPs and SiNPs

In this study, the laser ablation in water
technique (LAW) was employed for the
synthesis of silver nanoparticles (AgNPs) and
silicon nanoparticles (SiNPs). LAW was
conducted at the Nanotechnology lab, Physics
Department, Collage of Sciences, University
of Basrah. Silicon /silver target (purity >
99.99%) is placed in a glass container filled
with deionized water (DI). The container is
irradiated with a high-power laser beam, Q-
Nd:  YAG (1064nm
wavelength), which vaporizes the surface of

switched laser
the silver target. The laser beam is focused on
the silver with a pulse duration of 6 ns and a
repetition rate of 10 Hz. The laser energy is
500 mJ to obtain AgNPs and SiNPs the laser
ablation is performed for 5 minutes. The
resulting vapor rapidly condenses to form
AgNPs in the water. The AgNPs /SiNPs
further
characterization and applications. The LAW

suspension is  collected  for
method does not require any reducing agents
or stabilizers, making it an eco-friendly
approach for the production of SiNPs and
AgNPs.

samples were determined by scanning electron

The size and morphology of the

microscope (SEM) and zeta sizer (Aslani e al.,
2003; Rai, et al., 2009; Mathew &
Narayanankutty, 2010; Zhang et al., 2017;
Vahid & Zangeneh, 2019; Abbas & Abbas,
2019; Shah et al., 2020; Dongshi Zhang, 2021;
Jasrotia et al., 2022). The size and shape of the
AgNPs and SiNPs produced by the LAW
method can be controlled by adjusting various
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parameters, such as laser power, irradiation
time, and distance between the target and the
water surface.

Nanoparticles characterization

Samples of AgNPs and SiNPs were exposed to
X-ray diffraction (XRD) at a wavelength of
1.54 A with a scanning time of 0.52 per
second. EDA was carried out by x-ray Oxford
(Model 6647, England) at 5.9 keV.
Preparations were scanned using scanning
electron microscope (SEM) at the Faculty of
Science, University of Basrah (Jasrotia et al.,
2022). To determine the sizes and zeta
of the
nanoparticles, advanced instrumentation was

potentials silicon and silver
employed. The measurements were carried out
using a state-of-the-art device, the Malvern
Zetazizer ZEN 36W (United Kingdom), which
provided particle size distribution data in the

range of 2nm to 3nm (Jakinala ef al., 2021).
Wheat grains

The wheat grains, Triticum aestivum (var.
Adana), were commercially acquired from the
local market that widely used and stored for
sowing purposes. However, the red flour beetle
is a secondary pest of stored grain products, the
insects found to be attacking the stored grains.
The grains were cleaned to remove any
impurities by sieving, sterilized and stored at
25°C until to use for the experiments.

Insect colony

A colony of T. castaneum was maintained in
the Entomology laboratory of the Plant
Protection Department at the University of
Basrah, College of Agricultural. The insects
were reared on wheat grains in sterilized glass
jars (1000 ml). The wheat grains as a food
source for reared insects (Sial et al., 2017; Al-
Emara et al., 2021). The rearing conditions
were set at 28 = 2° C and 65 + 5% relative
humidity in the incubator (Binder, Germany)
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(Al-Emara et al., 2021). The adult beetles used
for all bioassays were selected from a mixed-
sex population with less than two weeks old
(Padin et al., 2013; Bhavaniramya et al., 2019;
Al-Emara et al., 2021).

Bioassay

Contact toxicity assay was used to determine
the effects of AgNPs and SiNPs on adults of 7.
castanium at four doses of 100, 200, 300, and
400 ppm nanoparticles prepared according
Austin et al. (2020). The experiments were
conducted in 500 ml glass Jars with a tight
glass cap, and 20 g of sterilized wheat grains
was well mixed to get homogenious with each
NPs.
Randomized Design

The experiment was a Completely
(CRD) with five
replications, each containing 20 adults.
Nanoparticles were applied to each container
and then manually shaken for about Imin to
ensure uniform nanoparticle distribution. The
treated containers were allowed to settle for 10
min. 7. castanium adults were added to each
vessel and incubated for 28 min at 28°C+1 (RH
70+5). Each concentration was repeated three
times. Mortality was observed at 24-, 48-, 72-

and 96-hours post-treatment.
Statistical analysis

The corrected mortality data were analyzed
using SPSS 16 software. An analysis of
variance (ANOVA) according to randomized
complete design using factorial arrangement
followed by a Tukey post-hoc analysis was
conducted. The results were presented as
means (+SE) of the untransformed data;
statistically  significant differences were
determined using a significance level of p <
0.05. Probit analysis software was utilized to
estimate the LCso of the corrected values with

fiduciary limits (SPSS Inc., 2006).
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Results & Discussion

Structural study of nanoparticles

In this study, the nanoparticles were prepared
and characterized using scanning electron
microscope (SEM). The SEM images (Fig. 1)
revealed the original morphology of the silicon
of
spherical

and silver nanoparticles. Both types

nanoparticles are approximately
shape, with diameters ranging from 20 nm to
70 nm.

Fig. (2) showed the particle size distribution
and Zeta Potential of AgNPs. The average
particle size of the synthesized AgNPs in this
study was determined to be 40 nm using
dynamic light scattering spectrometry. The
measurements were conducted on an aqueous
solution of AgNPs with an approximate size of
~45 nm and a zeta potential of -19 mV. These
findings regarding hydrodynamic size and zeta
potential of AgNPs are consistent with the
recent reports by Badoei-Dalfard et al. (2019)
and Jakinala et al. (2021). Hydrodynamic size
falls within the range of 20-70 nm and a zeta
potential of -4.6 mV for AgNPs (Jakinala et
al.,2021).

Figure 3 illustrated the particle size
distribution and zeta potential of SiNPs studied
in this research. The average particle size of
synthesized SiNPs was 35 nm. The size of the
SiNPs were calculated by dynamic light
scattering spectroscopy using an aqueous
solution, revealing a size of approximately 45
nm and a zeta potential of -19 mV (Fig. 3). The
hydrodynamic size and zeta potential of
AgNPs
accordance with the findings reported by
Badoei-Dalfard ef al. (2019) and Jakintala et
al. (2021). Specifically, the AgNPs exhibit a

hydrodynamic size ranging from 20 to 70 nm

observed in this study are in

and a zeta potential of -4.6 mV (Jakinala et al.,
2021). These consistent results from different
studies validate the accuracy and reliability of
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our measurements and add to the growing
body of knowledge on AgNPs properties.

The effect of nanoparticles against the T.
castaneum

The mortality rate of adult 7. castaneum
treated with the nanoparticles was observed
within 24 hours under laboratory conditions.
Significant interaction effects were observed
between dates. These results agreed with Jafari
et al. (2021) which mentioned that the silver
nanoparticles have been shown to have
significant insecticidal activity against 7.
castaneum adults. Based on this observation,
day-by-day treatment effects were reported.
Analysis of variance indicated that AgNPs had
no significant effect on the treated adults at the
first day across all concentrations. However,
there was a significant difference at the second
day (F= 7.733, P =0.009), the third day (F =
13.33, P = 0.002), and the fourth day (F =
20.79, P = <0.001) at a 1% level of
significance (Table 1). Similarly, the analysis
of variance revealed that the effect of silicon
nanoparticles on the treated adults was non-
significant on the first and second days across
all significant
differences were observed on the third day (F
= 7.33, P = 0.011) and the fourth day (F =
22.07,P <0.001) at a 1% level of significance
(Table 2). These results partially agreed with
Rouhani et al. (2012) and Jafari et al. (2021).
At the highest concentration of 400 ppm, the

concentrations. However,

presence of nanosilicon and nanosilver
resulted in 70% and 40% mortality of 7.
castaneum adults, respectively, on the fourth
day (Tables 1 and 2). It was observed that the
percentage of adult mortality increased with an
increase in nanoparticle concentrations, which
is consistent with previous studies (Rouhani et
al.,2012; Padin et al., 2013; Bhavaniramya et
al.,2019; Al-Emara et al., 2021).
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Table (1) showed that the highest
percentage of mortality achieved with silver
nanoparticles (40%) on the fourth day at a
concentration of 400 ppm. In comparison,
SiNPs resulted in the mortality of 70% of T.
castaneum adults at a similar concentration.

The LCso value for SiNPs and AgNPson
adults of 7. castaneum were revealed in Table
3. Based on these values, adults exhibited
higher susceptibility to SiNPs compared to
AgNPs. There was no significant difference
between LCso of SINPs and AgNPs. The LCso
values decreased with increasing nanoparticle
concentrations (Table 3). Hence, these results
found to be in consistency with Raduw &
Mohammed (2020) when they mentioned that
the Silicon oxide and aluminium oxide NPs
were more effective than zinc oxide NPs,
where the mortality of the second instars on
wheat treated with 200 mg. kg
concentrations.

Concurrently, the mortality rate increased
with the rise in nanoparticle concentrations.
These results were compatible previous studies
(Elchiguerra et al., 2005; Reddy et al., 2007;
Meng et al., 2009; Donaldson et al., 2009;
Rouhani et al., 2012; Padin et al., 2013;
Bhavaniramya et al., 2019). The LCso values
for SiNPs and AgNPson adults after four days
of exposure were estimated (Table 3). The
LC50 value comparison using the LCso and
their lower and upper 95% confidence limits
showed that there was a significant difference
between LCso value for SiNPs and this value
for AgNPs (582- 751.7) in adults. Statistic t
ratio >1.96 for all nanoparticles, g factor <0.5,
<1 all
nanoparticles. Due to the significant LCso
difference between SiNPs and AgNPs in

adults, the use of silicon nanoparticles may be

and heterogeneity factor for

more suitable for control of 7. castaneum.
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Fig. (1): The SEM images of the synthesized Si (left) and Ag (right) nanoparticles.
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Fig. (2): Size distribution of synthesized AgNPs.
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Fig. (3): Size distribution of synthesized SiNPs.
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Table (1.): Effect of silver nanoparticles (AgNPs) on the mortality rate 7. castaneum adult.

Time The mortality rate (%=SE) at concentration Mean

(hrs) 100 ppm 200 ppm 300 ppm 400 ppm " P
24 0.0+0.00*  0.0+0.00* 0.00+0.00° 0.00£0.00*  0.00 - -
48 0.0+£0.004  0.0+0.00**  0.00+£0.00°4  3.30+0.33°** 0.825  1.000 0.441
72 0.0£0.00%  0.0+0.00°®  6.70£0.67**A8  13.3+1.33*4 500 7.333" 0.011
96 0.0£0.00%  6.7+0.67°®  16.70£1.67*®  40.00+4.00** 15.85 22.067° <0.001"
Mean 0.00 1.68 5.85 14.15
F2 - 4.000 11.167° 23.667
p2 - 0.052° 0.003" <0.001"

p1: p-value for comparing the different concentrations each time

p2: p-value for comparing the different times in each concentration

*: Statistically significant at p < 0.05

Means in the same Column with lowercase letters are not statistically significant
Means in the same Row with uppercase letters are not statistically significant

Table (2): Effect of silicon nanoparticles (SiINPs) on on the mortality rate 7. castaneum adult.

Time The mortality rate ((%=SE) at concentration
Mean F1 p1
(hrs) 100 ppm 200 ppm 300 ppm 400 ppm
24 0.0£0.00°®  3.3+0.33°AB 3.3+0.33°AB 13341334 498  4.000 0.052
48 6.7£0.67°8  10.0£1.0°B  13.3£1.33°AB  30.0+£3.0°* 15.00 7.733°  0.009"
72 10.0+1.00%°B  20.0+2.0%°®  33.33+£3.33B  567+5.67*A 30.00 13.333" 0.002°
96 23.342.3338 30+3.0°B 53.3+£5.33% 70+£7.0%  44.15 20.792" <0.001"
Mean 10.00 15.83 25.81 42.50
F2 6.933" 12.250" 25.286" 21.424
p2 0.013" 0.002° <0.001" <0.001"

pi: p-value for comparing the different concentrations each time

p2: p-value for comparing the different times in each concentration

*: Statistically significant at p < 0.05

Means in the same Column with lowercase letters are not statistically significant
Means in the same Row with uppercase letters are not statistically significant

Table (3): LCso (ppm) values of silicon and silver nanoparticles against 7. castaneum adults

after 4 days
Nanoparticles Estimated LCso (ppm) Slope(=zSE)  Limits 95%
AgNPs 657.4 291 +0.78 582.0-751.7
SiNPs 438.3 3.82+£0.98 381.4-508.3
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Tribolium castanium (Herbst) 8day 4ilaY) s 4gilill ddadlly O gSulaad) CluSpa Bolis

gﬂu dhiall (g e (Coleoptera: Tenebrionidae)
Loube 5 3aa daaa g Tdhu gl gl Jde 21 s alg
Ghall ¢Bpeaid) (Bread) daals cdel) ) AAS () A5 o !
c yian B 3Rl daala el LIS (il Lol clydal) aud?
o & Y dadlSa sac gl saaaldl L) saalS 4l La o) oS @ yeda oAl il 8 1 aldil)
Gl Ji@ll Jaea e (AgNPs) duaill LS 5a s (SINPS) GoSibind) LS ja 5l anill (and gali e ol ja) o3l
pladinls Letna ¢ ol o) g e alll aladiuly 4 Ul SIS el sl &3 Adaisll s e Tribolium castanium 3_éa
Aaline S 5l i Jlia) o3 38U 5 s IV seaall 5 cdiand) Aad¥) il g o Sal) i) (§5d cauda g (U (il A
& e3> 400 5 csalall (B e 300 ol (A e x 200 ¢salal) e 3 100) il 5 ¢ sSalanadl Ay gL LS el e
5438.3 e Ayl Ladll 5 ¢ o) LS 5al LC50 4af Gl a3 T, castanium. J8 Sle b il aniil (¢ sldl)
O %40 JB ) @l iy gl dcadll il ja o Adaall Alaiu¥) 43y ph coelal Ml e sl s s 657.4
BS ST AlSa) Ll dnimall Ay 5l & gSabanal) LS all o ) il o3 09670 JiB (M Ay 58l () sl LS e
JS of gl cojelal (Al A l) el B 58 Lk 8 4 ) dcadl) LS jay 455l 45 A Claiiall 8 i) 5 ) b
.T. castanium. Sl 1 36l Lagl 4 Uil Auzadll g ) bl CUS ja (4
cogilil) Ll GlSpe (gl (sl @S ye « TribONUM castaneum « &Y daslSe (gl Ll il @ dualidal) cilalsl)
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