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Abstract: The saw-toothed grain beetle Oryzaephilus surinamensis (Coleoptera: Silvanidae) is a widespread warehouse pest that 
attacks a range of stored food products. Although chemical pesticides are effective to control this beetle, however, these agents are 
associated with harmful effects on humans and to the environment, indicating the need for safer and ecofriendly alternatives. In the 
present study, we aimed to compare the efficacy of neem (Azadirachta indica) essential oil and its nano-emulsion in the control of 
O. surinamensis adults. Neem essential oil was prepared using a steam distillation method, whereas the nano-emulsion was prepared 
using a non-ionic surfactant. Adults of O. surinamensis were exposed to both preparations, and mortalities were recorded after 24 h. 
The mean nano-emulsion droplet size was found to be 63.94 nm, and electron microscopy revealed that the nanoparticles occur either 
as scattered particles or agglomerated in small groups, with size ranging from 6.94 to 13.9 nm. The lethal concentrations of the neem 
essential oil and its nano-emulsion that cause 50% mortality (LC50) among O. surinamensis adults were 18.2 and 15.7 µL/L of air, 
respectively, indicating that the LC50 of the nano-emulsion against these beetles was 13.7% lower (p < 0.05) than that of the parent 
essential oil. Although, beetles were found to be susceptible to both preparations, the higher efficacy of the nano-emulsion as compared 
to the essential oil indicates that it would be a more promising option for the control of O. surinamensis.
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مســتخلص البحــث: خنفســاء الحبــوب المنشــارية تعتبــر مــن آفــات المخــازن عالميــة الانتشــار والتــي تهاجــم مــدى واســع مــن المنتجــات والأغذيــة المخزونــة. 
وبالرغــم مــن فعاليــة المبيــدات الحشــرية الكيميائيــة فــي مكافحتهــا إلا أنهــا ارتبطــت بالعديــد مــن الأضــرار علــى الإنســان وبيئتــه الطبيعيــة. لــذا دعــت الحاجــة 
إلــى البحــث عــن بدائــل للمبيــدات الكيميائيــة تكــون أكثــر أمانــاً وفــي ذات الوقــت صديقــة للبيئــة. وتهــدف دراســتنا الحاليــة إلــى مقارنــة فعاليــة الزيــت العطــري 
ــة بعــد  ــغ للحشــرة وحســاب نســب الإمات ــة الطــور البال ــم معامل ــد ت ــوب المنشــارية. وق ــم لمكافحــة خنفســاء الحب ــت الني ــو لزي ــم مــع مســتحلب النان ــات الني لنب
24 ســاعة. وكان متوســط حجــم قطــرات النانــو التــي تــم تحضيرهــا 63.94 نانومتــر، كمــا تبيــن مــن خــال الفحــص بالمجهــر الإلكترونــي أن جســيمات النانــو 
تظهــر إمــا كجســيمات متناثــرة أو مجتمعــة فــي مجموعــات صغيــرة، وبأحجــام تتــراوح مــا بيــن 6.94 إلــى 13.9 نانومتــر. دلــت النتائــج أن تركيــز الزيــت 
العطــري للنانــو ومســتحلب النانــو لــه والــذي أحــدث 50% مــن الإماتــة للطــور الكامــل للحشــرة هــو 18.2 و15.7 ميكــرو لتر/لتــر هــواء علــى التوالــي، وهــذا 
يظهــر بــأن التركيــز المميــت لخمســين بالمئــة مــن الحشــرات لمســتحلب النانــو قــد كان أقــل بنســبة 13.7% عــن الزيــت العطــري للنيــم ممــا يــدل علــى أنــه 
الأكثــر فعاليــة. وبشــكل عــام أظهــرت نتائــج المقارنــة بيــن الزيــت العطــري للنيــم و مســتحلب النانــو للنيــم قــد يكــون لــه مســتقبلاً واعــداً فــي مكافحــة خنفســاء 

الحبــوب المنشــارية.                                                                                       
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1.	 Introduction
Stored grains and other products often become 

infested with pests that inflict varying degrees of 
damage, which accordingly reduce product quantity and 
quality, thereby resulting in considerable economic loss. 
According to the Food and Agricultural Organization 
(FAO), approximately 17% of food produced annually 
is lost, of which 10% is attributable to insect infestation 
(Stathas et al. 2023). Among pests that affect foodstuffs, 
the saw-toothed grain beetle Oryzaephilus surinamensis 
(Coleoptera: Silvanidae) causes severe damage to 
stored food (Gharsan 2022; Kousar et al. 2021), and 
thus it would be highly desirable to develop effective 
strategies for controlling and eliminating the damage 
caused by this beetle. Although in this regard, chemical 
insecticides are effective to control of O. surinamensis, 
they are associated with a number of potentially harmful 
effects with respect to human health and the environment 
(Kim et al. 2017). Consequently, studies are necessary 
to identify safer and effective alternatives, such as plant 
extracts, for the control of stored product insects (Ahmed 
et al. 2021; Alhaithloul et al. 2023; Garay et al. 2020). For 
example, Gharsan et al. (2018) have reported that onion 
and lavender oils are particularly effective in combating 
grain beetles, resulting in mortality rates reaching 100% 
for onion oil at all concentrations and 90% for lavender 
oil at a concentration of 4 μL/mL. Additionally, Al 
Qahtani et al. (2012) established that among the three 
types of plant powder they assessed, the ginger powder 
was the most effective in combating grain beetles, with a 
lethal concentration that causes 50% mortality (LC50) as 
low as 0.14 mg/g. Neem extracts are among those plant 
extracts that have widely been used and proven to be 
effective in the control of insect pests of stored products 
(Saxena et al, 2018). For example, a study of the efficacy 
of different neem products (those of leaves, seeds, and 
bark) against cowpea beetle (Callosobruchus maculatus) 
infestation in bean seeds revealed that powdered seed 
had the highest protective effect, resulting in the lowest 
weight loss percentage of bean seeds (0.09%) compared 
to that in control group (1.16%) (Rajab & Abdullahi 
2020). Neem contains a range compound with favorable 
bioactive properties, among which terpenoids are the 
most important and can be extracted from different parts 
of the plant. Additionally, azadirachtin has been identified 
as one of the most active biological components in neem 
(da Costa et al. 2014). Moreover, neem contains more 
than 20 sulfur compounds, which are responsible for 
its distinctive odor (Lokanadhan et al. 2012). Recently, 
the efficacy of plant extracts in the control of insects 
has attracted considerable research attention, notably 
in the context of the emergence and development of 
nanotechnology, which has contributed to enhancing 

the stability of active compounds (Hashem et al. 2020; 
Melanie et al. 2022; Palermo et al. 2021). In this regard, 
the toxicities of citronella essential oil and its nano-
emulsion against O. surinamensis have previously been 
evaluated, however, to date, there have been no similar 
studies that have examined the toxicity of neem oil 
against this beetle. Consequently, in this study, we aimed 
to evaluate the efficacy of neem essential oil and its nano-
emulsion against the adults of O. surinamensis. 

2.	 Materials and Methods
2.1	 Insect rearing
Saw-toothed grain beetles (O. surinamensis) were 

collected from infected oats and dates from the market 
of Al-Baha City, Saudi Arabia, and then transferred to 
the laboratory of the Biology Department, College of 
Science, University of Al-Baha. The insect was identified 
by microscopic examination and using identification keys 
(Vendl et al. 2019). The insects were reared on dry dates 
within plastic containers (1 L) in an incubator at 27 ± 
2°C and 65% ± 5% relative humidity and maintained for 
several generations to obtain a sensitive population.

2.2	 Extraction of neem essential oil 
Neem essential oil was extracted from the fresh 

leaves of neem plants (Azadirachta indica, A. Juss, 
1830) collected during July 2019 from the Department 
of Medicinal and Aromatic Plants Research, Institute 
of Horticulture Research (El-Kanater El-Khairia farm), 
Egypt. The extracted oil was purified using a steam 
distillation method. Fresh neem leaves were dried, 
ground, and 100 gm of powder was placed in 300 ml of 
water and then distilled using a Clevenger apparatus for 3 
hours. (Wu et al. 2019).

2.3	 Preparation of a neem nano-emulsion 
A nano-emulsion of the neem extract was prepared by 

mixing 10 mL of neem essential oil with 5 mL of a non-
ionic surfactant (Tween 80), followed by slow stirring 
until a homogeneous mixture had formed. Thereafter, 
the mixture was diluted with 85 mL of water to obtain 
final volume of 100 mL, followed by continuous stirring 
for 30 min using a magnetic stirrer to ensure adequate 
dispersion and complete incorporation. The mixture thus 
obtained was divided into two portions, both of which 
were sonicated at 700 W using a SONOPULS HD 2200 
ultrasonicator (Bandelin, Germany): one portion for 15 
min and the other for 1.5 h. The size of the particles in each 
portion of the 10% neem nano-emulsion were determined 
using a hydrodynamic light scattering analyzer (DLS) 
following storage for 90 d at 27°C (Hassanin et al. 2017).
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2.4	 Determination of nano-emulsion droplet size
The size of the neem nano-emulsion droplets was 

measured at 27 °C using a Zetasizer Nano ZS particle 
sizer (Malvern Instruments, UK). Briefly, prior to 
measurement, 30 µL of the nano-emulsion was diluted 
with 3 mL of water at 25 °C. Molecule size information 
is presented as the mean Z-normal of three independent 
batches of nano-emulsions (Hassanin et al. 2017).

2.5	 Transmission electron microscopy
The samples for transmission electron microscopy 

observation were prepared initially by pipetting a 20-µL 
diluted sample onto a 200-mesh copper specimen grid 
coated in film, followed by incubation for 10 min, with 
subsequent blotting of excess liquid. Thereafter, the grid 
was stained with one drop of 3% phosphotungstic acid 
and allowed to dry for 3 min. Finally, the dried coated grid 
was observed using a Tecnai G20 Super TWIN double-
tilt transmission electron microscope (FEI, Netherlands) 
operated at 200 kV (Hassanin et al. 2017)

2.6	 Fumigant toxicity 
To assess the toxicity of neem essential oil and its 

nano-emulsion against O. surinamensis, 10 adult insects 
(2 weeks old) were placed in 1-L plastic containers, in 
which were suspended filter papers (1 cm × 1 cm) soaked 
with graded concentrations of neem essential oil as well 

as its nano-emulsion (10, 15, 20, and 25 μL/L). Control 
group insects were maintained in containers in which 
untreated filter papers were suspended. The insects were 
exposed to the test materials for 24 h, after which the 
number of dead insects was counted under a microscope. 
The experiments were performed under laboratory 
conditions at 27 ± 2°C with 65% ± 5% relative humidity 
(Gharsan et al. 2022; Malacrinò et al. 2016).

2.7	 Statistical Analysis
The percentage mortality was calculated and 

corrected according to the formula proposed by Abbott 
(1925), as follow:

Percentage mortality of treated insects = (percentage 
of dead insects in the control/total number of tested 
insects) × 100

After calculation of the percentage mortalities, 
the toxicity data were analyzed to determine the 
lethal concentration to 50% of the insects (LC50; Ldp 
line) using probit analysis (Finney 1952). Significant 
differences between the groups were determined by one-
way ANOVA, followed by Tukey’s honest significant 
difference (HSD) tests, and statistical significance was set 
at p < 0.05. All statistical analyses were performed using 
SPSS (USA-based IBM Corp.). 

3.	 Results
3.1	 �Droplet size and polydispersity of the neem nano-emulsion  
The mean droplet diameter of the prepared neem nano-emulsion was 63.94 nm (Fig. 1), and the value of the 

polydispersity index, an indicator of polydispersity and a measure of the regularity and stability of droplet size, of this 
preparation was found to be 0.364.

Figure 1. Mean droplet size (nm) of neem nano-emulsion.
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3.2	 Characteristics of neem nano-emulsions
The shape and size of the nanoparticles, which were determined from transmission electron micrographs, revealed 

that the particles are dark and spherical, and they appeared either as single scattered particles or in small clusters ranging 
in size from 6.94 to 13.9 nm (Fig. 2).

Figure 2. Representative transmission election microscopy image of neem nano-emulsion

3.3	 Toxicity of neem essential oil against O. surinamensis adults 
The essential oil of neem showed a concentration-dependent increase in toxicity against O. surinamensis adults, 

with mean mortality rates of 8%, 28%, 57%, and 81% , being recorded at concentrations of 10, 15, 20, and 25 µL/L, 
respectively (Table 1 and Fig. 3). On the basis of these findings, the LC50 and LC95 values of neem essential oil against O. 
surinamensis adults were calculated as 18.2 and 35.5 µL/L, respectively.

Figure 3. Regression line of Log concentration-mortality of neem essential oil on Oryzaephilus surinamensis adults.
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Table 1 Toxicity of neem essential oil and neem nano-emulsion against Oryzaephilus surinamensis adults
Sig.SlopeLC95LC50Sig.Mean toxicity 

(percentage) 
Conc.

µL/L of air
0.025.735.518.2a*0.782810Essential oil of neem

2815
5720
8125
0Control

10.622.615.7b0.0313.310Neem nano-emulsion
2515

91.620
10025
0Control

* Different letters following values in the same column indicate statistically significant differences at the p < 0.05 level.

3.4	 Toxicity of neem nano-emulsion against O. surinamensis adults
Consistent with the parent oil, the neem nano-emulsion was found to show a concentration-dependent increase in 

toxicity against the insects, with mean mortalities ranging from 3.3% to 100% at concentrations from 10 to 25 µL/L of air 
(Table 1 and Fig. 4), and an LC50 value of 15.7 µl/L.

Figure 4. Regression line of Log concentration-mortality of neem nano-emulsion on Oryzaephilus surinamensis adults.

4.	 Discussion
In this study, it has been observed that the neem essential 

oil was effective in eliminating O. surinamensis, which 
is consistent with the findings of previous studies that has 
evaluated the exterminatory effects of neem against insect 
pests of stored products (Mantzoukas et al. 2020; Muhammad 
& Kashere 2020; Onu et al. 2015). Neem contains range of 
active substances, which are presumed to contribute to the 
efficacy of neem extracts in controlling insects, among which, 
the limonoids present in neem are believed to be responsible 
for its insecticidal properties. Although azadirachtin has 
been identified as the most active compound in neem, other 
limonoids may also contribute in enhancing its activity and 
efficacy, as well as to preventing insect resistance (Iqbal et 
al. 2021). Compared with that of the neem oil, we noted a 
13.7% reduction in the LC50 of the nano-emulsion against 
O. surinamensis adults, thereby indicating that the nano-
emulsion was more effective than its parent essential oil in 
controlling these beetles. These results are consistent with 
previous findings indicating that the conversion of essential 
oils to nano-emulsions enhances their efficacy in eliminating 

insects (Giunti et al. 2019; Gharsan et al. 2022; Manjesh et 
al. 2022; Palermo et al. 2021; Sabbour 2020). For example, 
da Costa et al. (2014) found that the mortality of Zabrotes 
subfasciatus increased when exposed to nanocomposites of 
neem extract, and also noted that the compounds were more 
stable than the parent extract. 

In the present study, we obtained a value of 63.94 
nm for the mean droplet size of the prepared neem 
nano-emulsion, which is within the 20–200 nm droplet 
size range, considered to be suitable for a good nano-
emulsion (Ibrahim 2020; Ostertag et al. 2012). The neem 
nano-emulsion was prepared using a surfactant (Tween 
80), which has been reported to ensure the stability of 
emulsions of essential oils (Mansouri et al. 2021). For 
example, Ali et al. (2017) have confirmed that the use of 
Tween 80 in combination with high-energy sonication 
promoted the formation of a stable and durable nano-
emulsion. In addition, to enhance the stability of plant 
extracts, there are certain other advantages also associated 
with the use of nano-emulsions in the field of pest 
control, including an increased solubility of the active 
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constituents and enhanced wettability during application 
(Mustafa & Hussein 2020). Moreover, the small size of 
the nanoparticles comprising nano-emulsions facilitates 
active constituent penetration through the insect cuticle, 
thereby enhancing their ability to eliminate insects 
(Margulis-Goshen & Magdassi 2013). However, one of 
the limitations of the present study is that all experiments 
were conducted under laboratory conditions, and 
consequently, it is necessary to further validate our 
findings under actual storage conditions.

Conclusively, the findings of this study will make a 
valuable contribution to the field of pest control, and in 
particular control of the pests of stored products, as plant 
extract nanoparticles have shown to possess a number 
of important advantages. Moreover, the continued 
application of nanotechnology will no doubt contribute to 
the discovery of other effective compounds for control of 
the insect pests of stored products.

5.	 Conclusions
In this study, we compared the pesticidal activities 

of a neem essential oil and its nano-emulsion against 
the adults of O. surinamensis. The conversion of 
neem essential oil to a nano-emulsion was found 
to significantly enhance its toxic effects against O. 
surinamensis. Although the efficacy of natural plant 
products in controlling insects is often attributable to the 
action of their active compounds, these plants products 
and their bioactive compounds tend to be unstable and 
are susceptible to deactivation or degradation by multiple 
factors. However, converting compounds of plant origin 
to a corresponding nano form can enhance their stability, 
thereby making them more promising candidates for 
the control of insect pests. Moreover, nano-emulsions 
can be incorporated as a complementary component of 
integrated pest management programs.
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