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ABSTRACT

Rice, an important cereal crop of Pakistan suffers 10 to 18% loss each year during harvesting, threshing, transportation,
and storage. Several insect pests attack the grains during storage, but Sitophilus oryzae is one of the most destructive
insect pests of rice grains, which causes substantial losses under warm climatic conditions. Conventional control
practices such as use of chemical insecticides and fumigants have led to the resistance development in storage insect
pests. Moreover, they also exert hazardous effects on human health and environment. This study evaluated the
entomotoxic potential of zinc oxide (ZnO), titanium dioxide (TiO;), and aluminum oxide (Al,O3) nanoparticles (NPs)
against adult Sitophilus oryzae under controlled laboratory conditions. Custom-synthesized NPs with distinct surface
properties viz., hydrophilic, hydrophobic, and lipophilic were tested at three concentrations (0.5, 1.0, and 2.0 g kg™ of
rice grains), alongside untreated controls. The experiment was laid out in a completely randomized design (CRD)
following a factorial arrangement, with each treatment replicated five times. After four days of aluminum oxide (1 g
kg™) application, 90% of mortality of S. oryzae was recorded, while titanium oxide and zinc oxide showed similar
results (85-90% mortality) with 2 g kg™ dose rate after 14 days of application. In short, it is preferred to use titanium
oxide and zinc oxide than aluminum oxide which exhibits hazardous impacts on stored grains. Furthermore, titanium
oxide and zinc oxide also have antimicrobial properties and can protect the stored grains from both insect pests as well as
infection caused by microbes.
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INTRODUCTION attack the grains during the storage (Rosentrator, 2022).

Mostly insects belonging to the order Coleoptera and

Rice (Oryza sativa L.), an important cereal crop Lepidoptera attack on stored grains (Jamwal et al., 2022).

of Pakistan has a central position in the agricultural ~ \Weevils are major stored grain pest that cause huge
policies of Pakistan. It accounts for 76% of food grain ~ damage to stored grains (Attia et al., 2020). The S. oryzae
production with 13.8% share to the value-added in  (Order: Coleoptera; Family: Curculionidae) is most
agriculture and is spread on about 37% of the cropped destructive pest of rice grains during storage. It is a
area (Chandio et al., 2020; World Bank, 2022). Rice primary storage pest that causes both qualitative and

suffers 10-18% loss every year during harvesting, quantitative losses of rice in tropical areas of the world
threshing, transportation, and storage (Ahmed et al., (Tadesse, 2020), Many chemical insecticides and
2020). Several insect pests viz., Sitophilus oryzae, fumigants are being used to protect the rice fro_m storage
Rhyzopertha dominica and Trogoderma granarium etc. ~ Pests (Qurban et al., 2020). As these chemicals have
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health risks, residual toxicity for mammals, and
resistance development by stored grain pests, these
conventional insecticides lead researchers to find
alternative strategies (Aatif et al., 2020). In the recent
past, inert dusts, such as diatomaceous earths (DESs),
silica nanoparticles, and silica aerogel have increasingly
been used for commercial storage in developed countries,
replacing traditional chemicals (Hanif et al., 2021, 2022).
But DEs also have some limitations, e.g., it led to lower
bulk density, and its efficiency varies with geographic
origin and moisture content in commodity (Jones et al.,
2022). Nanotechnology is innovative in the broad fields
such as pesticides, agriculture, and pharmaceuticals
(Acharya and Pal, 2020). Without harming nature,
nanotechnology is an efficient alternative for the
management of insect pests (Shahid et al., 2021).
Nanoparticles help to produce new pesticides,
insecticides and insect repellants (Dangi and Verma,
2021). This study extends existing research by
comparatively assessing the effectiveness of various
entomotoxic nanoparticles against S. oryzae in stored
rice. In contrast to earlier studies limited to individual
nanoparticle types, this work provides an integrated
comparative evaluation, elucidating differences in
toxicity and potential as eco-friendly alternatives to
conventional insecticides.

MATERIALS AND METHODS

Nano formulation Development: Research trial was
conducted, during May-July 2021, at the Entomology
Laboratory, Bahauddin Zakariya University Bahadur Sub
Campus Layyah, Punjab, Pakistan. Custom synthesized
oxide nanoparticles (NPs) including hydrophilic ANP-a
and ANP-¥, hydrophilic TNP (Anatase), hydrophilic and
hydrophobic TNP (Rutile), hydrophilic, lipophilic and
hydrophobic ZNP were procured from M K Implex,
Canada. Titanium dioxide (TiO;), aluminum oxide
(AlO3) and zinc oxide (ZnO) of micron size were
procured from Pakistan Companies (PQ Chemicals,
Sheikhupura and Naseem Enterprises, Lahore, Pakistan)
to measure their insecticidal ability with nano-sized
counterpart. Treatments detail given below (Table 1).

Insect culture: Insects were collected from traditional
grain storage shops and milling units located in the
District Layyah region of Punjab, Pakistan. Sitophilus
oryzae was reared on rice grains in permanent darkness at
temperature and relative humidity (R.H.) ranges of 30 £ 2
°C, 755%, respectively. The saturated solution of
sodium chloride was used to maintain R.H. Adult insects
(two weeks old) were used in the experimentation
(Trematerra et al., 2013).
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Table 1: Description of nanoparticles evaluated in the

bioassays
Sr# Code Nanoparticles
1 NP1  Al;O3 (o) — hydrophilic
2 NP2 Al2Os (y) — hydrophilic
3 NP3 Al;O3 (bulk)
4 NP4  TiO; (Anatase) — hydrophilic
5 NP5  TiO; (Rutile) — hydrophilic
6 NP6  TiO; (Rutile) — hydrophobic
7 NP7  TiO; (Bulk)
8 NP8  ZnO - hydrophilic
9 NP9  ZnO - lipophilic
10 NP10 ZnO - hydrophobic
11 NP11 ZnO (bulk)
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Evaluation of entomotoxic effectiveness of surface
functionalized: Contact toxicity bioassays were
performed in plastic boxes (99) having screw and
perforated caps (diameter: 8 cm, height: 8.5 cm). Twenty
gram of rice was taken in each plastic boxes and treated
with nanoparticles at three dose rates 0.5, 1.0, and 2.0 g,
while control was maintained without nanoparticles
treatment. The experimental plastic boxes were shaken
manually approximately for one minute to achieve equal
dispersal of materials in rice (Subramanyam and
Hangstrum, 2000). Twenty S. oryzae adults were released
in each box. All bioassays were conducted at similar
laboratory conditions as mentioned earlier. There were
five replications for each dose. Insect mortality was noted
after 1, 2, 4, 7, and 14 days of application. The corrected
mortality was counted with Abbott’s formula (Abbott,
1925).

c
X 100

o (0f) — — —
Corrected mortality (%) 100 = Me

Mo= Mortality observed
Mc= Mortality in control

Statistical analysis: The data collected were checked for
normality using Shapiro-Wilk normality test, which
confirmed the normal distribution. After that, the data
were analyzed following two-way ANOVA under CRD
with factorial arrangement using Statistix 8.1 software.
However, the treatment means were compared using
Tukey’s HSD test at (p<0.05) (Steel et al., 1997).

RESULTS

All NPs with their respective doses significantly
(p<0.05) impacted the S. oryzae adults’ mortality at
various exposure intervals. In case of NP-2 (Al.Os (y) —
hydrophilic) applied on rice, maximum mortality was
assessed at all exposure intervals. Interaction between NP
and dose rate, after 1 day of treatment, NP2 (Al.O3 (y) —
hydrophilic) showed maximum mortality (88%) when
used at 2 g kg™ rate as compared to other NPs and their
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used doses (Fig. 1). More than 90% mortality was
attained, on day 2, with ANP along with its higher dosage
rate (2 g kg™t). On 2" day, 100% mortality was recorded,
in case of NP2 hydrophilic applied at 2 g kg™ dose rate,
while, NP1 (Al,Os; (a) — hydrophilic) showed 91%
mortality with its higher dose application (2 g kg™).
Around 40% insects were dead when NP-4 (TiO;
(Anatase) — hydrophilic), NP6 (TiO, (Rutile) -
hydrophobic) and NP9 (ZnO — lipophilic) were used with
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2 g kg™t (Fig. 2). Mortality was more than 90%, after day
4, in case of ANP applied at 1 g kg™ and 0.5 g kg™t dose
rate, whereas, 100% mortality was observed when ANP
was applied with higher dose rate (2 g kg™). Application
of ZNP with 2 g kg™ dose rate exhibited more than 45%
mortality of insects. Approximately 60% insect mortality
was assessed where TNP- (Anatase) and TNP- (Rutile)
were used along with their respective higher dose (Fig.
3).
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Fig. 1. Interactive effect of NP and D on mortality of Sitophilus oryzae at day 1. Similar letters on the bars
represent non-significant difference among treatments (p = 0.05). (ANPs) NP1= Al2Os (a) - hydrophilic,
NP2= AlzOs (y) — hydrophilic, NP3= Al>Os (bulk), (TNPs) NP4= TiO2 (Anatase) — hydrophilic, NP5= TiO:
(Rutile) — hydrophilic, NP6= TiO2 (Rutile) — hydrophobic, NP7= TiO2 (Bulk), (ZNPs) NP8= ZnO -
hydrophilic, NP9= ZnO - lipophilic, NP10= ZnO - hydrophobic, NP11= ZnO (bulk).
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Fig. 2. Interactive effect of NP and D on mortality of Sitophilus oryzae at day 2. Similar letters on the bars
represent non-significant difference among treatments (p = 0.05). (ANPs) NP1= Al2Os (a) - hydrophilic,
NP2= Al2Os3 (y) — hydrophilic, NP3= Al2Oz (bulk), (TNPs) NP4= TiO2 (Anatase) — hydrophilic, NP5= TiO:
(Rutile) — hydrophilic, NP6= TiO: (Rutile) — hydrophobic, NP7= TiO2 (Bulk), (ZNPs) NP8= ZnO -
hydrophilic, NP9= ZnO - lipophilic, NP10= ZnO - hydrophobic, NP11= ZnO (bulk).
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ANPs, killed nearly all the insects at 1 g kg™
and 2g kg™ dose rate, while, Hydrophobic TNP - (Rutile)
showed 94% insect mortality when applied with 2 g kg™
dose rate after 7 days of treatment. In contrast, ZNPs
exhibited more than 60% mortality at similar higher
dosage rate (Fig. 4). After 14 days, ANPs showed 100%
mortality of insects when applied with 2g kg™ dose rate,
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while, application of TNPs and ZNPs exhibited 90% and
80% mortality of insects at higher dose rate (2 g kg™).
Mortality of insects was 60-75% when ZNPs and TNPs
were applied at 1 g kg™ dose rate (Fig. 5). Nano particles
impacted more efficiently and significantly as compared
to their bulk sizes across all days. Progeny of S. oryzae
was not observed in stock of rice even after 2 months.
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Fig. 3. Interactive effect of NP and D on mortality of Sitophilus oryzae at day 4. Similar letters on the bars
represent non-significant difference among treatments (p = 0.05). (ANPs) NP1= Al.Os (a) - hydrophilic,
NP2= Al2Os (y) — hydrophilic, NP3= Al>Os (bulk), (TNPs) NP4= TiO2 (Anatase) — hydrophilic, NP5= TiOz
(Rutile) — hydrophilic, NP6= TiO2 (Rutile) — hydrophobic, NP7= TiO2 (Bulk), (ZNPs) NP8= ZnO -
hydrophilic, NP9= ZnO - lipophilic, NP10= ZnO - hydrophobic, NP11= ZnO (bulk).
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Fig. 4. Interactive effect of NP and D on mortality of Sitophilus oryzae at day 7. Similar letters on the bars
represent non-significant difference among treatments (p = 0.05). (ANPs) NP1= Al2Os (a) - hydrophilic,
NP2= Al2O3 (y) — hydrophilic, NP3= Al2O3 (bulk), (TNPs) NP4= TiO: (Anatase) — hydrophilic, NP5= TiOz
(Rutile) — hydrophilic, NP6= TiO: (Rutile) — hydrophobic, NP7= TiO2z (Bulk), (ZNPs) NP8= ZnO -
hydrophilic, NP9= ZnO - lipophilic, NP10= ZnO — hydrophobic, NP11= ZnO (bulk).
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Fig. 5. Interactive effect of NP and D on mortality of Sitophilus oryzae at day 14. Similar letters on the bars
represent non-significant difference among treatments (p = 0.05). (ANPs) NP1= Al2Os (a) - hydrophilic,
NP2= Al2O3 (y) — hydrophilic, NP3= Al.O3 (bulk), (TNPs) NP4= TiO: (Anatase) — hydrophilic, NP5= TiOz
(Rutile) — hydrophilic, NP6= TiO2 (Rutile) — hydrophobic, NP7= TiO2 (Bulk), (ZNPs) NP8= ZnO -
hydrophilic, NP9= ZnO - lipophilic, NP10= ZnO - hydrophobic, NP11= ZnO (bulk).

DISCUSSION

Researchers are increasingly exploring the use
of diatomaceous earth (DE) dusts as ecofriendly
insecticides for managing a range of insect pests (Hanif et
al., 2021, 2022). However, the efficacy of diatomaceous
earth (DE) is influenced by several factors, including
temperature, relative humidity, and the geographical
origin of the material (Hasan et al., 2022). In modern
agriculture there is significant increase in the use of
nanotechnology (Das et al., 2019). Under controlled
laboratory conditions, nanoparticles (NPs) have gained
attention for insect pest management owing to their high
surface area, precision in target delivery, and ability to
enable controlled release of active agents (Thabet et al.,
2021). Results of the current study showed that these NPs
have insecticidal effects on S. oryzae. In the current
experiment, oxide forms of NPs were used which are
more effective due to their size. Owing to the micron size
of NPs, these interact with protective waxy layer of
insects. The NPs damage the wax layer due to abrasion
and adsorption of lipids, and desiccation occurs leading
to insect death (Fraceto et al., 2020). The physical mode
of action of NPs, including cuticle abrasion and
disruption, has been documented through scanning
electron microscopy. For instance, nano silica particles
showed degradation of S. oryzae cuticle and mandible
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damage leading to desiccation and death (Padmasri et al.,
2018), which may explain the persistent high mortality
across our tested NPs, especially aluminum and zinc
oxide types. AlOz (y) was found more effective to
control S. oryzae at 14" day at dose rate of 2 g kg™.
According to previous studies, higher concentrations and
longer exposure times enhance insect mortality
(Srinivasan et al., 2023). The results for the hydrophilic
nanoparticle Al,O3 (y) are particularly noteworthy since
they indicate a better insecticidal mechanism than other
materials studied (El-Barkey et al., 2023). Hamza et al.
(2012) reported that TNP (titanium dioxide nanoparticles)
and ZNP (zinc oxide nanoparticles) showed 100%
mortality of rice weevil at 7" day and 14" day at 2 g kg™.
The dose-dependent nature of insect mortality observed
in this study supports by earlier work (Ismail et al.,
2021), which showed that increasing aluminum
nanoparticle concentration significantly raised S. oryzae
mortality and decreased progeny emergence, supporting
our findings where the highest dose caused 100%
mortality on day 2 and suppressed progeny for two
months. According to Saeed et al. (2025), the study
demonstrates that the nanoparticles not only cause acute
adult mortality but also interfere with population
dynamics, limiting the establishment of succeeding
generations, which is essential for long-term storage
protection. Furthermore, TNP or ZNP are strong anti-
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microbial agents and have benefit over conventional
insecticides (Wang et al. 2016). These NPs not only
provide protection from insects’ pests but also minimize
microbial infection of agricultural products. Titanium
dioxide and Zinc oxide are used in cosmetics from
several decades (Mallakpour and Mustansar, 2022) and it
is safe for humans. Results of the current study support
the broader evidence that TNP and zinc oxide
nanoparticles can be developed as safer, residue-free
alternatives to conventional insecticides for stored
product protection. Further investigations into the
mechanisms of toxicity, environmental safety, and field-
scale evaluations are required to optimize formulations
and application strategies for commercial use.

Conclusion: The study revealed that all tested
nanoparticles significantly increased the mortality of S.
oryzae in stored rice, with efficacy influenced by
nanoparticle type, dose, and exposure time. Among them,
titanium oxide and zinc oxide showed similar results (85-
90% mortality) with 2 g kg™ dose rate after 14 days of
application. Aluminum oxide nanoparticles were
generally more effective than titanium dioxide and zinc
oxide types. The absence of progeny even after two
months indicates strong long-term effects. Overall,
titanium oxide and zinc oxide nanoparticles demonstrate
great potential as eco-friendly alternatives to
conventional insecticides for protecting stored rice,
offering both effectiveness and environmental safety.

Acknowledgement: This research project has been
supported by the Ongoing Research Funding program,
ORF-2026-298, King Saud University, Riyadh, Saudi
Avrabia.

Conflicts of Interest: All of the authors declare that
there is no conflict of interest regarding the publication of
this paper.

Authors’ Contribution: Ch. Muhammad Shahid Hanif,
Hafiz Muhammad Aatif and Muhammad Zeeshan
Mansha conducted the experiments, Ibrahim Al-Ashkar
and El-Sabagh Ayman analyzed the data. Kamran Ikram,
Zahid Mahmood Sarwar and Qamar uz Zaman wrote the
main manuscript text. Muhammad Zeeshan Mansha,
Qamar uz Zaman, Ibrahim Al-Ashkar, Muhammad
Kamran and El-Sabagh Ayman revised and checked the
manuscript. All authors have read and agreed to publish
this version of the manuscript.

REFERENCES

Aatif, H.M., M.S. Hanif, M. Raheel, M. Ferhan, M.Z.
Mansha, A.A. Khan, M.I. Ullah, Q. Shakeel and
S. Ali (2020). Temperature dependent virulence
of the entomopathogenic nematodes against
immatures of the oriental fruit fly, Bactrocera

667

J. Anim. Plant Sci., 36 (3) 2026

dorsalis Hendel (Diptera: Tephritidae). Egypt. J.
Biol. Pest Co. 30: 42. https://doi.org/
10.1186/s41938-020-00248-7

Abbott, W.S. (1925). A method of computing the

effectiveness of an insecticide. J. Econ.

Entomol.  18(2): 265-267. https://doi.org/

10.1093/jee/18.2.265a

A. and P.K. Pal (2020). Agriculture
nanotechnology: translating research outcome to
field applications by influencing environmental
sustainability.  Nanoimpact. 19:  100232.
https://doi.org/10.1016/j.impact.2020.100232

Ahmed, H.G.M.D., Y. Zeng, X. Yang, H.A. Anwaar,
M.Z. Mansha, C.M.S. Hanif, K. Ikram, A. Ullah
and S.M.S. Alghanem (2020). Conferring
drought-tolerant wheat genotypes through
morpho-physiological and chlorophyll indices at
seedling stage. Saudi J. Biol. Sci. 27: 2116-
2123. https://doi.org/10.1016/j.sjbs.2020.06.019

World Bank. (2022). Enhancing smallholder incomes by
linking to high value markets in Pakistan’s
Punjab and Sindh provinces. World Bank, USA.,
Washington DC.

Attia, M.A., T.F. Wahba, N. Shaarawy, F.l. Moustafa,
R.N.C. Guedes and Y. Dewer (2020). Stored
grain pest prevalence and insecticide resistance
in Egyptian populations of the red flour beetle
Tribolium castaneum (Herbst) and the rice
weevil Sitophilus oryzae (L.). J. Stored Prod.
Res. 87: 101611.
https://doi.org/10.1016/j.jspr.2020.101611

Chandio, A.A., H. Magsi and I. Ozturk (2020).
Examining the effects of climate change on rice
production: case study of Pakistan. Environ. Sci.
Pollut. Res. 27: 7812-7822. https://doi.org/
10.1007/s11356-019-07486-9

Dangi, K. and A.K. Verma (2021). Efficient & eco-
friendly smart nano-pesticides: Emerging
prospects for agriculture. Mater. Today Proc. 45:
3819-3824. https://doi.org/
10.1016/j.matpr.2021.03.211

Das, M., A. Yadav and N. Debnath (2019). Entomotoxic
efficacy of aluminum oxide, titanium dioxide
and zinc oxide nanoparticles against Sitophilus
oryzae (L.): A comparative analysis. J. Stored
Prod. Res. 83: 92-96. https://doi.org/
10.1016/j.jspr.2019.06.003

El-Barkey, N.M., M.Y. Nassar, A.H. EI-Khawaga, A.S.
Kamel and M.M. Baz (2023). Efficacy of
alumina nanoparticles as a controllable tool for
mortality and biochemical parameters of Culex
pipiens. Sci. Rep. 13: 19592.
https://doi.org/10.1038/s41598-023-46689-6

Fraceto, L.F., S.S. de-Castro, V.L. Grillo, R. Avila, D.C.
Oliveira and H. Lima (2020). Nanopesticides.

Acharya,


https://doi.org/%2010.1186/s41938-020-00248-7
https://doi.org/%2010.1186/s41938-020-00248-7
https://doi.org/%2010.1093/jee/18.2.265a
https://doi.org/%2010.1093/jee/18.2.265a
https://doi.org/10.1016/j.impact.2020.100232
https://doi.org/10.1016/j.sjbs.2020.06.019
https://doi.org/10.1016/j.jspr.2020.101611
https://doi.org/%2010.1007/s11356-019-07486-9
https://doi.org/%2010.1007/s11356-019-07486-9
https://doi.org/%2010.1016/j.matpr.2021.03.211
https://doi.org/%2010.1016/j.matpr.2021.03.211
https://doi.org/%2010.1016/j.jspr.2019.06.003
https://doi.org/%2010.1016/j.jspr.2019.06.003
https://doi.org/10.1038/s41598-023-46689-6

Hanif et al.,

Springer; Singapore. 165-225
https://doi.org/10.1007/978-3-030-44873-8

Hamza, A.M. (2012). Efficacy and safety of non-
traditional methods as alternatives for control of
Sitophilus oryzae (L.) (Coleoptera:
Curculionidae) in rice grains. Egypt. J. Biol.
Pest Co. 22(2): 103-108.

Hanif, Ch.M.S., M.Z. Mansha, H.M. Atif, Q.U. Zaman,
M. ljaz, K. Ikram, A.A. Khan, M. Ismail and M.
Ashir (2022). Aptness of entomogenus fungi
with diatomaceous earth against various stored
grain insect pests. Egypt. J. Biol. Pest Co. 32:
14. https://doi.org/10.1186/s41938-022-00514-w

Hanif, M.S., H.M. Aatif, M.Z. Mansha, Z.M. Sarwar, K.
Ikram, T. Abbas, A. Rahim, M. Ashir and M.
Ismail ~ (2021). Interactive  impact of
diatomaceous earth and bio nicotine pesticide
against mortality and emergence of stored grains
insect pests. Egypt. J. Biol. Pest Co. 55(6):
3195-1405.

Hasan, K., S.B. Yousuf, M.S.H.K. Tushar, B.K. Das, P.
Das and M.S. Islam (2022). Effects of different
environmental and operational factors on the PV
performance: A comprehensive review. Energy
Sci. Eng. 10(2): 656-675. https://doi.org/
10.1002/ese3.1043

Ismail, T., M.A. Salama and M. El-Ebiary (2021).

Entomotoxic effects of synthesized aluminum

oxide nanoparticles against Sitophilus oryzae

and their toxicological effects on albino rats.

Toxicol Ind. Health. 37(10): 594-602.

https://doi.org/10.1177/07482337211035000

N., S. Bhatia and A. Sharma (2022).

Biodiversity of some economically significant

stored grain pests in Jammu, Jammu and

Kashmir. Biosci. Biotechol. Res. Asia. 19(1):

281. 10.13005/bbra/2984

Jones, S.B., W. Sheng and D. Or (2022). Dielectric
measurement of agricultural grain moisture-
theory and applications. Sensors. 22(6): 2083.
DOI: 10.3390/522062083

Mallakpour, S. and Mustansar, C. (2022). Handbook of
consumer nanoproducts. Springer, Singapore.

Padmasri, A., J.A. Kumara, B. Anil, K. Rameash, C.

Srinivas, K.V. Lakshmi and T. Pardeep (2018).

Efficacy of nanoparticles against rice weevil

(Sitophilus oryzae) on maize seeds. J. Entomol.

Zool. Stud. 6(5): 326-330.

https://doi.org/10.51470/jez.2023.26.2.2255

A., M.H. Ranjha, G.M. Sahi, M. Faisal, H.U.

Shakir, H. Rehamn, N.A. Anjum, J. Igbal, M.S.

Hanif and F.A.A. Shaymaa (2020). Ovicidal

effect of insect growth regulators against eggs of

Trogoderma granarium (Everts) and Tribolium

castaneum (Herbst). Pakistan J. Agri. Sci. 57(1):

73-79. DOI: 10.21162/PAKJAS/20.8047

p.

Jamwal,

Qurban,

668

J. Anim. Plant Sci., 36 (3) 2026

Rosentrator, K.A. (2022). Storage of cereal grains and
their products. 5" Ed. Woodhead Publishing;
Sawston  (England). 113-133 p. DOI:
10.1016/C2016-0-03912-8

Saeed, M.S., U. Faroog, M.Z. Majeed, L.A. Alkeridis, S.

Sayed, A.B.M. Raza and A. Akram (2025).

Toxicity and repellency potential of silver nano-

formulated phytoextracts against rice weevil

Sitophilus oryzae (L) (Coleoptera:

Curculionidae).  Pakistan J. Zool. 1-9.

https://dx.doi.org/10.17582/journal.pjz/2024100

8140626

M., N. Ullah, W. Khan, D.S. Saeed and K.

Razzaq (2021). Application of nanotechnology

for insect pest management: A review. J. Innov.

Sci. 7: 28-39. https://doi.org/ 10.17582/

journal.jis/2021/7.1.28.39

Srinivasan, A., K. Manickavasagam, K. Malaichamy, L.
Arunachalam, P. Sundaram, E. Kolanthasamy,

Shahid,

G. Kasivelu (2023). Impact of silver
nanoparticles against stored product pest
Sitophilus oryzae (L) and effect on

agromorphological characteristics of Zea mays
(maize seeds). Process Saf. Environ. Prot. 177:
1336-1350.
https://doi.org/10.1016/j.psep.2023.07.074

Steel, R.G.D., Torrie, J.H. and Dickey, D.A. (1997).
Principles and procedures of statistics: A
biometric approach. McGraw Hill, New York.

Subramanyam, B.H. and Hangstrum, D.W. (2000).
Alternatives to pesticides in stored product IPM.
Kluwer Academic Publishers, Boston (USA).
321-380 p. https://doi.org/10.1007/978-1-4615-
4353-4

Tadesse, M. (2020). Post-harvest loss of stored grain, its

causes and reduction strategies. Food Sci.
Quality Man. 96: 26-35. DOI: 10.7176/
FSQM/96-04

Thabet, A.F., H.A. Boraei, O.A. Galal, M.F. EI-Samahy,
K.M. Mousa, Y.Z. Zhang, M. Tuda, E.A.
Helmy, J. Wen and T. Nozaki (2021). Silica
nanoparticles as pesticide against insects of
different feeding types and their non-target
attraction of predators. Sci. Rep. 11(1): 14484.
https://doi.org/10.1038/s41598-021-93518-9

Trematerra, P., C. Lupi and C. Athanassiou (2013). Does
natal habitat preference modulate cereal kernel
preferences in the rice weevil? Arthropod Plant
Interact. 7: 287-297.
https://doi.org/10.1007/s11829-012-9243-y

Wang, Y., C. Sun, X. Zhao, B. Cui, Z. Zeng, A. Wang, G.
Liu and H. Cui (2016). The application of nano-
TiO, photo semiconductors in agriculture.
Nanoscale Res. Lett. 11: 529.
https://doi.org/10.1186/s11671-016-1721-1.


https://doi.org/10.1007/978-3-030-44873-8
https://doi.org/10.1186/s41938-022-00514-w
https://doi.org/%2010.1002/ese3.1043
https://doi.org/%2010.1002/ese3.1043
https://doi.org/10.1177/07482337211035000
https://doi.org/10.3390/s22062083
https://doi.org/10.51470/jez.2023.26.2.2255
https://dx.doi.org/10.17582/journal.pjz/20241008140626
https://dx.doi.org/10.17582/journal.pjz/20241008140626
https://doi.org/%2010.17582/%20journal.jis/2021/7.1.28.39
https://doi.org/%2010.17582/%20journal.jis/2021/7.1.28.39
https://doi.org/10.1016/j.psep.2023.07.074
https://doi.org/10.1007/978-1-4615-4353-4
https://doi.org/10.1007/978-1-4615-4353-4
https://doi.org/10.1038/s41598-021-93518-9
https://doi.org/10.1007/s11829-012-9243-y
https://doi.org/10.1186/s11671-016-1721-1

