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ABSTRACT: The pulse beetle Callosobruchus maculatus is a
serious insect pest of stored legumes. Therefore, the management
of such pests has become a necessity as it causes great economic
loss to its plant host. Unfortunately, pest management programs
against C. maculatus encounter several obstacles, such as the
generation of insecticide resistance and environmental hazards of
traditional insecticides. The current study was designed to
overcome these obstacles by using synthetic nanoparticles as
alternative insecticides. In this study, a synthetic form of eggshell-
based hydroxyapatite nanoparticles (HAPNPs) was used as a
control agent against C. maculatus. This material was selected
because of its environmental safety, which is ensured due to its
wide spectrum of applications in our daily activities. HAPNPs
originating from eggshells were characterized by XRD, FTIR, and TEM. The obtained results revealed a lack of impurities in the
synthesized particles and that the average plate size is ~62.8 nm, while the rod structure has a length and width of ~91 nm and
~22.7 nm, respectively. A comparative study on the toxicity of HAPNPs and Malathion insecticide against C. maculatus showed a
significant impact of NPs originating from eggshells than the positive control insecticide. Based on this finding, further analyses were
performed to understand its subsequent effects. Eggshell-based HAPNPs disrupted C. maculatus fecundity and adult emergence rate.
In the meantime, it highly reduced the negative effects of C. maculatus on cowpea seeds. Scanning electron microscopy showed clear
disruption of the insect integument wax layer and the aggregation of HAPNPs on the beetle’s spiracles, leading to respiratory failure
and hence the death of the insects. Interestingly, there was no impact of HAPNP application on total antioxidants and H,0, levels in
C. maculatus. These results introduce a novel management tool using a safer nanopesticide against the cowpea beetle.
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1. INTRODUCTION

The world’s population is continuously increasing in number

of this beetle feed on the seeds, resulting in qualitative and
quantitative losses to the stored grains.6’7 Prevention of this

and needs a food supply. Grain production is an important
source of diet for humans." Unfortunately, damage to stored
grain has reached 40% in developing countries. In general,
stored grains are considered the primary host of the pulse
beetle pest Callosobruchus maculatus (Fab.) (Coleoptera:
Chrysomelidae).” This small insect is considered a primary
pest of Vigna unguiculata (L.) Walp. and Phaseolus vulgaris L.
grains.1 These grains are rich in protein (20—25%), carbs (50—
60%), and have a moderate fat content (1—2%), making them
an ideal dietary source around the world.” Cowpea is a versatile
food legume with significant nutritional value, containing
proteins, carbs, vitamins, minerals, dietary fibers, antioxidants,
polyunsaturated fatty acids, and polyphenols.”> The cowpea
seed beetle (popularly known as the cowpea weevil) is a major
storage pest that attacks cowpea (V. unguiculata) and many
other legumes, primarily in warm regions of the planet.” Larvae
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pest in stored grain, foodstuffs, and harvestable crops has
attracted critical attention, specifically in territories depending
on these crops for nutrition. Faster pest control usually relies
on the use of chemical pesticides in agricultural lands and
storage areas. Typically, methyl bromide and phosphine
pesticides are used to suppress coleopteran pests in stored
grains.” Excessive use of these chemical pesticides results in the
onset of many undesired effects, including toxicity to nontarget
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Table 1. Toxicity of Hydroxyapatite Nanoparticles (HAPNPs) Prepared Using the Eggshell as a Substrate against the Cowpea

Beetle C. maculatus Adults”

NP source®

Hydroxyapatite nanoparticles from the eggshell
Malathion

(LCyp (mg/6 g)?) - (LCs (mg/6 g)) - (LCyy (mg/6 g)) Probit equationY = a + bx
(0.001) - (0.003) - (0.016)
0.001) - (0.003) - (0.056)

Chi- p-
Square Value
Y = 5.67 + 55.43x 0.002 0.999
Y =475 + 65.04x 0.095 0.954

“Data of toxicity were collected 24 h post treatment. ”6 g refers to the quantity of cowpea seeds used in the experiment.

species, negative environmental impacts, and the appearance of
pest resistance.” The common method for controlling C.
maculatus relies on using fumigants; nevertheless, this approach
has led to many adverse effects on human health."’

Hydroxyapatite (HAP), with the molecular formula
Ca,o(PO,)s(OH),, like other calcium phosphate biocrystals,
has proven exceptional bone integration and ingrowth
properties. HAP is harmless and biodegradable, and readily
binds to the surfaces of bioactive compounds. These properties
make it suitable for tissue engineering (TE) and drug delivery
applications,"' ™" thanks to its safety. The application of
HAPNPs to stored grains can be done by directly mixing
HAPNPs with the grains in the storage areas, thanks to its
insolubility in water, which allows for the removal of HAPNPs
by washing.

Several studies in the literature have addressed the possible
effects of HAP nanoparticles on living organisms of the
ecosystem, specifically on soil microorganisms and higher
animals in the ecosystem. Nano-HAP did not show any
negative effects on the soil microbial communities and
fortunately increased the number of beneficial bacteria
involved in the solubility of phosphorus.'® Additionally, a
previous study evaluated the safety of the synthesized
nanoneedle HAP administered orally or subcutaneously in
rats and confirmed normal function in both the kidney and
liver of the treated individuals.'” Unfortunately, no reports
were found discussing its possible effects on beneficial insects
in the ecosystem.

The priority of using HAPNPs rather than other forms of
metal and metal oxide NPs was reviewed.”””' This study
concluded that exposure to metal and metal oxide nano-
particles can induce immunotoxic effects via various mecha-
nisms such as inflammation, oxidative stress (OS), autophagy,
and apoptosis. These effects are not present in BM
mesenchymal SCs treated with HAPNPs up to 800 ug/mL.**

There are numerous ways for synthesizing HAPNPs,
including wet chemical deposition, biomimetic approaches,
sol—gel, and hydrothermal methods.”®> The structure, shape,
and size of the synthesized calcium apatite nanopowders vary
according to various synthesis processes. Therefore, it was
concluded that any change in the synthesis process will
influence the final powder shape and characteristics.”*

This study aimed to determine the toxicity of synthetic HAP
nanoparticles as a nanobased pesticide against the cowpea
beetle, C. maculatus, one of the main damaging pests of cowpea
grains. Furthermore, it addressed the impact of this substance
on some physiological and developmental characteristics of the
cowpea beetles. Additionally, the protective effect of HAPNPs
on cowpea seeds against the infestation of C. maculatus
immature stages was also investigated.

2. MATERIALS AND METHODS

2.1. Insect Rearing. The initial strain of the cowpea beetle
was obtained from the Horticulture Research Institute,

Agriculture Research Center (ARC), in Dokki, Egypt. For
mass rearing, male and female adults were reared in a 1 L
container jar containing seeds of cowpea (8 cm in diameter, 19
cm in depth). Adults were removed from the jars after 1 week
to ensure mating and oviposition. Adults emerging from these
seeds were collected and used in subsequent experiments.
During the experimentation, the temperature was maintained
at 29 + 2 °C and the relative humidity was 60 + 5% R.H., with
about 12 h of light. According to international guidelines,
research on insects does not require ethical approval.

2.2. Synthesis of Hydroxyapatite Nanoparticles
(HAPNPs). A modified method from ref 20 was used to
synthesize eggshell HAPNPs. Briefly, the chicken eggshells
were collected, washed in distilled water, dried, and ground in
an agate mortar to produce a fine powder. The obtained
powder was boiled in a mixture of distilled water and ethanol
to remove impurities, followed by a drying step at 100 °C for
24 h and calcination at 500 °C for 3 h to remove the volatile
organic compounds. About 22 g of the calcined powder was
dissolved in 500 mL of 1 M HCI (36—38%, ADWIC, Egypt)
and stirred at room temperature for 1 h. After that, the solution
was filtered three times to separate the undissolved material.
Then, the filtrate was stirred and heated at 70 °C for 30 min. A
solution of NH,HPO, (assay: 98.1%, ADWIC, Egypt) (14.28 ¢
in 200 mL of bidistilled water) was added dropwise with
vigorous stirring. The solution’s pH was adjusted to 10 using
NH,OH solution (ADWIC, Egypt). After that, the formed
precipitate was aged at 70 °C for 2 h. Next, the resulting
HAPNP precipitate was filtered and rinsed three times with
bidistilled water and twice with ethanol, followed by drying at
80 °C for 24 h. Then, the HAPNP powder was calcined at 500
°C for 3 h under a static air atmosphere.

2.3. Characterization of HAPNPs. The prepared HAPNP
sample was analyzed by X-ray diffraction (XRD) using a
Philips PW 2103 diffractometer (Netherlands, Cu Ka =
1.54056 A radiation source). Fourier transform infrared
spectroscopy (FTIR, Nicolet spectrophotometer, model
6700, with a wavenumber range of 4000—400 cm™') was
conducted using the KBr technique.”> The size and shape of
the prepared particles were visualized using a transmission
electron microscope (TEM, JEOL, Model 100 CX II; Tokyo,
Japan).

2.4. Contact Toxicity of HAPNPs against C. maculatus.
A dose-mortality bioassay was conducted to determine the
lethal doses of nanohydroxyapatite (HAPNPs) synthesized
from eggshells (Table 1) on adult C. maculatus. Briefly,
synthesized HAP nanoparticles were applied to 6 g of cowpea
seeds in 0.1 L glass jars. Four doses of HAPNPs were tested in
the bioassays (0.00S, 0.01, 0.05, and 0.1 mg of NPs/6 g of
cowpea seeds). After application, the jars were manually
shaken to ensure a complete distribution of the nanoparticles.
Ten unsexed 0—2-day-old C. maculatus adults were placed in
each jar, and the jars were sealed with a fine porous cloth to
allow ventilation. The jars were maintained under controlled
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conditions: 29 + 2 °C temperature, 65 + 5% relative humidity,
and a 12 h photoperiod. The insect mortality was recorded
after 24 h of the exposure period. Insects were considered dead
if they did not respond to fine needle stimuli (ie. several
subsequent touches). Ten replications were used per dose, and
the control treatment did not receive any application. As a
positive control, we used malathion, an organophosphate
insecticide, under the same experimental conditions.

2.5. Ovipositional Deterrent Activity of Eggshell-
Based HAPNPs on C. maculatus. In order to address the
impact of HAPNPs on C. maculatus, an experiment was
conducted to determine the ovipositional deterrence of
eggshell-based HAPNPs on C. maculatus. Cowpea seeds were
treated with sublethal concentrations LC,, (0.001 mg NPs/6 g
cowpea seeds) and LCs, (0.003 mg/6 g cowpea seeds),
respectively. For each treatment, cowpea seeds were placed in
a 100 mL glass jar (5 cm in diameter, 6.5 cm in depth) mixed
with HAPNPs, and then ten adults (0—2 days old) (S males
and S females) were released. Jars were covered well with
muslin cloth, tightened and fastened with rubber bands, and
incubated at 29 + 2 °C and 65 + 5% R.H. For the control,
cowpea seeds were not exposed to any particles. The
experiment was replicated three times. After 24 h, the adults
were removed, and the numbers of eggs laid on the cowpea
seeds were counted.

2.6. Alterations Caused by HAPNPs on C. maculatus
and Cowpea Seeds. The infested seeds from the oviposi-
tional deterrence experiment were maintained for about 38
days to record the adult emergence, average development time,
and seed weight loss. The average development time (T) is the
time needed for the emergence of 50% of adults and was
calculated as:**

T (days)= D1AI + D2A2 + D3A3 + ... + DnAn/Total no. of
adults emerged

where D1 is the first day on which adults began to emerge,
and Al is the number of adults that emerged on D1.

The seed weight loss was calculated as”

Weight loss (%) = (Initial weight of grains — Final weight of
grains)/Initial weight of grains X 100

2.7. SEM Analysis of HAPNP-Treated C. maculatus.
Treatment (HAPNPs treated) and untreated control insects
were collected to visualize the morphological changes on C.
maculatus body following treatment with sublethal concen-
trations (LC,, and LCyy) of HAPNDs. Briefly, adults were
collected from samples treated for 24 h with HAPNPs and
stuck on metallic blocks with double carbon tape immediately,
without washing with cacodylate buffer, and fixed in 70%
ethanol or glutaraldehyde (Sigma-Aldrich, CAS No. G5882,
Darmstadt, Germany) as usual to observe changes on the
insect cuticle following nanoparticle treatment. Using gold
sputter coating apparatus, samples were evenly gold-coated to
a thickness of 15 nm. Samples were examined by using a JEOL
JSM 5400 LV scanning electron microscope. Images were
taken at different magnifications in different body regions to
visualize any changes on the body surfaces of adults.

2.8. Biochemical Assays. Homogenates of control insects
or those treated with LC,, HAPNPs were used for the
biochemical assays. Briefly, insects were homogenized in liquid
nitrogen and suspended in potassium phosphate-buffered
saline (PBS), pH 7.4 in a 1:10 ratio, and centrifuged (9000
rpm, 10 min, 4 °C). The clear supernatants were stored at —80
°C for biochemical analyses. Hydrogen peroxide and total
antioxidant content were measured by commercial kits

(Biodiagnostic, Cairo, Egypt) according to the manufacturer’s
instructions. All assays were performed based on 3
independent replicates using 20 insects.

2.9. Statistical Analyses. The toxicity of HAPNP powder
on C. maculatus was calculated by probit analysis using SPSS
(2025) statistical software. Log transformations of concen-
trations were chosen for data analysis. Data of fecundity, adult
emergence, biochemical studies and seed weight loss were
subjected to Student’s t-test or one-way ANOVA, and when
applicable, means were compared with Tukey’s post-hoc test at
a probability level of 5% to assess significant differences
between treatments. The development time data did not pass
the test of normality and were subjected to the H test.

3. RESULTS

3.1. Characterization of the HAPNPs. The XRD pattern
of CaHAP from the eggshell is depicted in Figure 1. It was

Intensity (a.u.)

T
10 20 30 40 50 60 70 80
26

Figure 1. XRD patterns of the prepared hydroxyapatite nanoparticles
(HAPNPs).

observed that the CaHAP synthesized from the eggshell
showed reflections at 26 values of 25.8°, 28.3°, 31.1°, 31.9°,
33.7°, 38.8° 46.2°, 49.4°, 53.6°, and 63.8°, corresponding to
the (002), (210), (211), (112), (300), (310), (222), (213),
(004), and (304) crystal planes of the hexagonal HAP (PDF
card number 01—072—1243),”*** respectively. No extraneous
peaks related to any impurities were detected in the examined
20 range, which indicated the high purity of the prepared HAP.
Moreover, the average crystallite size for the HAP sample was
evaluated using the Scherrer equation”””° and was found to be
~16 nm.

The Fourier transform infrared (FTIR) spectra of the
prepared HAPNPs are shown in Figure 2. It shows bands that
can be characterized as follows: 3441 cm™ (O—H stretching
vibration), 1636 cm™ (O—H bending vibration), 1088 and
1039 cm ™" (PO,*” group asymmetrical stretching, v; of the P—
O bonds), 961 cm™ (PO,’” group symmetrical stretching),
and 60S and 564 cm™' (asymmetric vibration mode, v, of the
O—P-0 bond).

The transmission electron microscopy (TEM) image of the
prepared HAP is shown in Figure 3. It displays a mixture of rod
and plate particles. The average plate size is ~62.8 nm, while
the rod structure has a length and width of ~91 nm and ~22.7
nm, respectively.

3.2. Contact Toxicity of HAP against C. maculatus.
The contact toxicity of HAP nanoparticles synthesized from
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Figure 2. FTIR spectrum of the prepared HAP nanoparticles.

Figure 3. TEM image of the prepared HAP nanoparticles.

eggshells against the cowpea beetle C. maculatus is presented in
Table 1. Eggshell-based HAPNPs have shown promising
toxicity against C. maculatus (LCgy = 0.003, LCy4o = 0.016 mg/6
g cowpea seeds) after 24 h, and these results were similar or
higher than the toxicity of the positive control (malathion
insecticide).

3.3. Physiological and Developmental Effects of
Eggshell-Based HAPNPs on C. maculatus. The impacts
of LCy, and LCy; of eggshell-based HAPNPs on C. maculatus
were assessed via monitoring several parameters, including
fecundity, adult emergence rate, and developmental time of
immature stages. Fecundity of the cowpea beetle C. maculatus
was reduced by about 90% in LCs-treated C. maculatus when
compared to the control (Figure 4a). The mean number of
eggs in control insects, those insects treated with LC,; and
LCq, was 98.33, 61.00, and 9.33, respectively (Figure 4a) (F =
7.02; df = 8; p = 0.01). The number of eggs laid by females for
24 h was significantly reduced in the insects treated with LCj,.
The fecundity rate in insects treated with LC,, was not
significantly different compared to control insects. The
eggshell-based HAP nanoparticles interfered with the growth
and development of the young stages. The number of emerged
adults showed the same pattern as the number of eggs, where
LCy, caused a significant reduction in the number of emerged
adults (Figure 4b) (F = 6.54; df = 8; p = 0.02). Although the
developmental period of the immature stage varied in average
number among the treatments, there were no significant
differences found in the insects treated either with LC,, or
LCs, compared to the untreated control (Figure 4c) (H =
442; df=2;p = 0.11).

3.4. Preventive Effects of HAPNPs on the Seeds of
Cowpea Following C. maculatus Infestation. In order to
address the preventive effect of HAPNPs on cowpea seeds, we

Control LC20 LC50

—  28.00 a (c)
[+
€ 27.00 a a
< .
E 2 2600
o s
T 25.00
[]
Q  24.00
Control  LC20 LC50

Figure 4. Effect of LC,, and LCs, of eggshell-based hydroxyapatite
(HAP) nanoparticles on C. maculatus. Number of eggs laid by five
females (a), adult emergence rate (%) (b), and developmental time
(days) (c). Data are presented as (mean + SE) based on 3 replicates.
Different letters above error bars represent statistical difference at p <
0.0S.

monitored the average number of holes per 6 g of cowpea
seeds as well as their weight loss (Figure S). Interestingly, the
LCs, of HAPNPs showed about 6- and 10-fold reduction in
the number of holes/6 g seeds (Figure Sa) (F=5.11; df = 8; p
= 0.05) and the seed weight loss percentage (Figure Sb) (F =

100.00 b (a)
80.00
60.00
40.00
20.00 a
0.00

Number of holes
/6 grams

Control  LC20 LC50

b
30.00 (b)
20.00

10.00

Weight loss %

0.00
Control LC20 LC50

Figure S. Effect of LCyy and LCy, of eggshell-based hydroxyapatite
(HAP) nanoparticles on C. maculatus. Number of holes representing
the destruction caused by C. maculatus in each 6 g seeds (a), seed
weight loss due to C. maculatus immature stage infestation (b).
Photographs of the protective effect of HAPNPs on cowpea seeds in
untreated control (c) and LCgy-treated adults of C. maculatus (d).
Data are presented as (mean + SE) based on 3 replicates. Different
letters above error bars represent statistical differences at p < 0.05.
NPs (nanoparticles) are represented by arrows in black showing dead
adult insects.
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Figure 6. Scanning electron micrographs of control, LC,, and LCs, HAPNP-treated C. maculatus. Sensilla of control (A) and HAPNPs treated
with LC,y (B) and LCy, (C) C. maculatus. Spiracles of control (D) and HAPNP-treated with LC,, (E) and LCy, (F) C. maculatus. Arrows in white
refer to spiracles. Changes in the wax layer of the cuticle were monitored in Control (G) and HAPNP-treated with LC,, (H) and LCy, (I) C.
maculatus. The wax layer of HAPNP-treated insects is seriously damaged in both LC,, and LCj,.

9.75; df = 8; p = 0.01), indicating a significant inhibition in the
destructive effects of C. maculatus on cowpea seeds.

3.5. Scanning Electron Microscopy of HAPNP-Treated
C. maculatus. Based on the fact that adults are not feeding on
cowpea, the destructive effects arise mainly from immature
stages. We designed our ultrastructural analysis using SEM,
assuming external manipulation of C. maculatus adults. Images
obtained from SEM showed normal appearance of the external
body cuticle with normal appearance of sensillae. Additionally,
it showed that HAPNPs were strongly attached to the body
surface of the insects. The adults of C. maculatus exposed to
cowpea seeds treated with LC,, (0.001 mg/6 g cowpea seeds)
and LCs, (0.003 mg/6 g cowpea seeds) of HAPNPs appeared
densely and uniformly coated with particles. HAPNPs seem to
be attached strongly to the sensilla of the adult insect (Figure
6a—c).

Applying HAP nanoparticles led to some morphological
changes in spiracle shape (Figure 6d—f). Unlike the control
(Figure 6d), it seems that the spiracle opening was contracted
to prevent particle entry (Figure 6e,f). This appeared from the
decreased atrium space size and clear appearance of the inner
valve-like structures that allow them to close, leading to
respiration prevention. The images in Figure 6h,i show that
HAP attached strongly to the cuticular wax layer of insects by a
sorption process, leading to disruption of the wax layer.

3.6. Effect of HAPNPs on Antioxidant-Free Radical
Balance in C. maculatus. In order to understand whether the
physiological and developmental changes in adult C. maculatus
are associated with oxidative stress, the total antioxidant
capacity and the free radical indicator, hydrogen peroxide, were
measured in control and LC,, HAPNP-treated C. maculatus.
Treatments did not affect either the total antioxidant content
(Figure 7A) (t =2.623, df = 4; p = 0.059) or H,0, (Figure 7B)
(t =085, df = 4; p = 0.443).

4. DISCUSSION

The current study highlights the negative effects of the
immature stages of the serious stored grain pest C. maculatus
while attacking the seeds of cowpea. It also evaluates the
possible use of a chemical compound, hydroxyapatite nano-
particles, in controlling such pests via targeting their adult
stage, leading to a reduced population. Generally, 17% of food
production is lost during the storage step of food resources,
with insects causing more than 60% of this loss.”’ Legumes and
cereal grains supply about 80% of plant-originated food.”* This
situation is pushing toward finding the optimum control
method for pests infesting these food sources. Control of these
pests depends mainly on mechanical and chemical methods.
Chemical control necessarily requires finding highly safe
chemical compounds. Hydroxyapatite is present naturally as
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Figure 7. Effect of HAPNP treatment on the antioxidant-free radical
balance in C. maculatus. Adults were treated with LC,, of HAPNPs
and their effect was monitored on untreated adults (Control) or
treated adults (Treated). (A) total antioxidants and (B) hydrogen
peroxide. Data are presented as (mean + SE) based on 3 replicates.
Data retrieved from statistical analysis showed no statistical difference,
p<0.

calcium apatite.”® Its nanoform has many applications in our
daily life activities,”* " making it an ideal candidate against
stored grain pests, as it can be easily washed from the grains
before use.

Based on the abovementioned facts, the present study
demonstrated the efficacy of hydroxyapatite nanoparticles in
protecting cowpea seeds from the infestation of the insect pest
C. maculatus in its immature stages.

The prepared HAPNPs were characterized by XRD, FTIR,
and electron microscopy. X-ray diffraction (XRD) data
suggested highly pure crystal planes of hexagonal HAPNPs.
Fourier transform infrared (FTIR) spectroscopy was also used
to identify the chemical bonding of the prepared HAPNPs.*®
The FTIR pattern showed bands corresponding to orthophos-
phate (PO,*”), O—H stretching, and vibrational mode of the
structural hydroxyl group.”””” Data retrieved from EM
characterization showed an average plate size of ~62.8 nm
and a rod structure with a length and width of ~91 nm and
~22.7 nm, respectively. These fluctuations in the size and
shape of the prepared particles were expected to introduce a
broader range of effects on treated C. maculatus. In general,
size and shape are the detrimental factors in nanoparticle
toxicity.*** For instance, the growth index of S. litura and
Achaea janata was retarded in nanoparticle treatments with a
size range of up to 100 nm.”’ Additionally, three different
shapes of carbon nanomaterials led to varied effects on
Daphnia magna.**

HAP nanoparticles prepared from eggshell precursors
showed high toxicity against C. maculatus. As a general
phenomenon, the ways in which nanostructures act against
their target organisms are governed by their chemical and
physical characteristics, such as their size, shape, and
concentration.* Generally, several forms of nanoparticles
have been used in the control of several agricultural pests
and insect vectors.**™*° After a careful review of the literature,
most of the trials using nanoparticles in 4pest management
relied on metals and metal oxides.*””* However, the
insecticidal activity of HAP nanoparticles has not been
previously reported in the literature, regardless that this
material was used previously as a carrier molecule to deliver Cu
ions for the purposes of pest management.*®

This study clearly showed a significant impact of eggshell-
based HAPNPs on the fecundity and emergence rate of C.
maculatus on cowpea. Several forms of nanostructures affected
the developmental success and the fecundity rate in insects.
Zinc oxide and silver nanoparticles negatively affected the
oviposition rate of Spodoptera frugiperda and Drosophila.*”** Tt
was proposed that the reduced fecundity is caused by the quick
distribution of the nanoparticles within an organism’s
reproductive organs, which in turn led to the production of
reactive oxygen species.”” Additionallyy, HAPNPs showed
protective effects on cowpea seeds, which appeared in the
form of a reduced number of holes caused by the immature
stages of the beetle and reduced seed weight loss. It was
reported that uncontrolled infestation of C. maculatus on
cowpea seeds leads to the appearance of quantitative and
qualitative losses in their value.”® The current study revealed
protective effects of HAPNPs on cowpea seeds, suggesting a
promising future for their use against C. maculatus infestation.

Although adult C. maculatus do not feed on cowpea seeds, as
the feeding stage is restricted to the larvae, it was interesting to
find the results obtained from toxicity studies reporting high
mortality rates in adult C. maculatus. This finding suggests a
need to understand how this unfed stage (unfed on cowpea
seeds) was affected by HAPNP treatment.

It was observed from the results that adult C. maculatus
suffered from desiccation and spiracular blockage following
exposure to HAP nanoparticles. In most cases, the modes by
which chemical insecticides reach the internal structures of the
insect body can be categorized into 3 routes: penetration via
the integument, oral, and spiracular inhalations.”’ The
scanning electron microscopic studies of adult C. maculatus
exposed to HAP nanoparticles showed the attachment of
nanoparticles all over the body of C. maculatus with scratches
and abrasions on the cuticle. This subsequently led to the loss
of water through dehydration and finally the death of the
insects.”” Damage could have occurred to the protective wax
coat on the cuticle of insects, both by sorption and abrasion.>
It is believed that this hypothesis for the physical mode of
action strengthens the use of nanocides for the control of
storage pests.”* As a result, it is assumed that there would not
be any genetic selection of resistance or physiological
resistance to such a mechanism of action of nanoparticles.”*
Furthermore, it has been shown that finely split particles
improve the dust’s insecticidal efficiency. The physical
properties of the seeds are also critical for the adhesion of
nanoparticles to their surface, in addition to insect species and
their developmental stage.>

Hydroxyapatite nanoparticles did not affect the content of
antioxidants and H,0, in C. maculatus. Insecticides, as
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mentioned before, reach the insect body through 3 routes:
penetration via the integument and oral and spiracular
inhalations. We excluded the oral inhalation route based on
the fact that C. maculatus adult is a nonfeeding stage. Scanning
electron microscopy showed signs of cuticular damage and
spiracular blockage. Induction of toxic effects via cuticle
abrasion by metal oxide nanostructures was reviewed in several
reports.”®”” Acting over the insect cuticle by insecticides is
achieved through abrasion, leading to damage of the cuticular
water barrier; therefore, insects begin to lose water from their
bodies and finally die.***” This route relies on external effects
on the cuticle of the insects, leading to slight changes in the
free radical and antioxidant levels. On the contrary, spiracular
blockage decreases the respiratory rate in insect bodies, leading
to oxidative stress and increased levels of free radicals and
subsequently the antioxidant content to overwhelm the impact
of free radicals. For instance, the accumulation of carbaryl on
the spiracular openings of S. littoralis led to increased levels of
antioxidant enzymes and free radicals due to a lack of sufficient
oxygen.éo Our findings showed the unaffected antioxidant-free
radical balance in C. maculatus. This might support the
speculation that HAPNPs are likely to act against C. maculatus
via cuticular abrasion rather than other routes of toxicity.

5. CONCLUSIONS

The current study showed that HAPNPs can be used to
control C. maculatus beetles. The hydroxyapatite nanoparticles
(HAPNPs) showed toxic effects against C. maculatus adults
and disrupted the beetle’s biology. The signs of effects
appeared as a reduction in fecundity, emergence rates, and
seed weight loss. Additionally, HAPNPs interfered with beetle
respiration and cuticular architecture, leading to dehydration of
the adult cuticle and consequently death. These results
suggested that HAP nanoparticles can be used in a promising
IPM program to control the cowpea beetle, C. maculatus,
thanks to their mode of action and their safety as a chemical
pesticide.
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