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Abstract

Background: The German cockroach (Blattella germanica) is a pest with a global distribution that has adapted to live
in human environments. Blattella germanica threatens human health by producing asthma-inducing allergens, carrying
pathogenic/antibiotic-resistant microbes, and contributing to unhealthy indoor environments. Effective application of
insecticides can play an important role in cockroach control programs. The purpose of this research was to develop and
optimize a nanoparticle-based imidacloprid insecticide and evaluate its effectiveness against the German cockroach.
Methods: A bioassay was conducted to determine the LCso and LCqo of imidacloprid technical against adult German
cockroaches. The appropriate initial concentration of 3mg/m? was then utilized in the synthesis of nanoencapsulated
imidacloprid via the ionic gelation method. The average particle size was determined using Dynamic Light Scattering
(DLS) and the dried nanoparticles were analyzed using a Scanning Electron Microscope (SEM). The LCsp and LCy
values of Nano-imidacloprid were then compared with the technical grade of the insecticide.

Results: A comparison of the bioassay results for nanoencapsulated and imidacloprid technical revealed a superior in-
secticidal effect of the nanoencapsulated imidacloprid against the German cockroach. The LCsy value for the nanoen-
capsulated imidacloprid decreased from 4.656 to 3.081 mg/m? and the LCgo value decreased from 8.381 to 4.486 mg/m?
when compared to imidacloprid technical.

Conclusion: The use of nanotechnology in insecticides can lead to increased efficacy and reduced consumption. This is
because the smaller particle size of nanomaterials allows for better penetration and targeted delivery to pest organisms,
reducing the overall amount needed for control.
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Introduction

German cockroaches are among the most tions (14-16). Studies have shown that these
prevalent pests globally, known for their small insects possess a high level of physiological
size, dietary habits, and specific behaviors. resistance to various types of insecticides (17,
These insects are also known to act as vectors 18).
for a range of pathogens, including bacteria, The widespread resistance among cockroach
fungi, protozoa, and viruses (1-13). Despite populations presents significant challenges for
the use of various methods to control these pest control efforts. Concerns about the envi-
pests in different parts of the world, taking in- ronmental effects of synthetic insecticides, in-
to account the unique conditions and resources cluding resistance and toxicity to humans and
of each region, the frequent and widespread beneficial insects, have led to an increasing in-
use of insecticides has resulted in increasing terest in low-risk alternatives. In recent years,
resistance among German cockroach popula- insecticides based on micro and nanomaterials
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have emerged as a promising alternative to
traditional chemical insecticides (19, 20).

Nanotechnology can help control insecticide
resistance by developing novel insecticides with
nanoparticles. Nanoparticles can be used as in-
gredients in insecticidal formulations or to de-
liver active components that are effective against
targeted pests (21). At present, nano-scale in-
secticide formulations have been found to ef-
fectively protect against environmental factors
such as temperature, rain, UV, and light (22).
Studies on these formulations have shown that
they are more stable than commercial formu-
lations and retain their effectiveness for long-
er periods (23). The use of a nano-synthetic
formulation for the insecticide eththiameth-
oxam has been found to improve delivery to
pest tissues and enhance effectiveness (24).
Various materials, including natural and syn-
thetic polymers, lipids, surfactants, and den-
drimers, have been utilized as carriers in drug
delivery, insecticide optimization, and other
industries such as health and cosmetics. Among
these, polysaccharides have gained significant
attention due to their exceptional physical and
biological properties (25).

Chitosan nanoparticles have become a pop-
ular carrier for drugs due to their simple and
mild preparation methods, as well as their
ability to associate with macromolecules and
facilitate their transport across mucosal barri-
ers (26). Encapsulation is a common nano-
formulation method for insecticides, in which
the chemical, such as an insecticide, is physi-
cally or chemically coated and protected by
specific substances. This protects the active
ingredients from incompatible interactions, loss,
or exposure to light (27). The primary goal of
research on the transfer of insecticides using
this technology is to increase toxicity by suc-
cessfully delivering the active ingredients to
the intended target. Microencapsulation of in-
secticides also increases the uptake of nano-
or micro-compounds by the target organism
compared to the pure compound (28).

Imidacloprid is a systemic insecticide that
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acts as a neurotoxin and belongs to a group of
chemicals called neonicotinoids that target the
central nervous system of insects. It interferes
with the transmission of stimuli in the insect
nervous system, specifically by blocking the
nicotinergic nerve pathway (29). In the cur-
rent study, we carried out the synthesis of a
nanoformulation of imidacloprid using the mod-
ified ionic gelation technique, specifically for
the formulation of imidacloprid-loaded Chi-
tosan nanoparticles. The insecticidal activity
of the imidacloprid-loaded chitosan nanopar-
ticles was then studied in comparison to the
technical formulation.

Materials and Methods

Materials

Imidacloprid, with a purity of 95%, was
procured from Exirkeshavarz Yazd Company.
Tripolyphosphate (TPP) and chitosan were
sourced from Sigma Aldrich Co. Additional-
ly, 5% acetic acid, acetone, and NaOH were
acquired from Merk Co.

Breeding cockroaches

In this study, we utilized a sensitive strain
of German cockroaches that had been main-
tained in the insectarium of the School of
Public Health at Tehran University of Medi-
cal Sciences for nearly 20 years. The cock-
roaches were maintained in optimal breeding
conditions, with a temperature of 25+2 de-
grees Celsius, the humidity of 60+10 percent,
and a 12-12-hour light-dark cycle. They were
fed a diet of dry bread, soy, and water, and
were housed in rectangular plastic containers.

Bioassays

The experiments in this study were con-
ducted following the guidelines determined
using the WHO glass jar method as described
by Ladonni (30). The initial dose of insecti-
cide was calculated based on the manufactur-
er's guidelines, and the required solvent was
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provided for each jar with a surface area of
269.18 cm?,

To determine the minimum and maximum
insecticide concentrations associated with mor-
tality rates ranging from 0% to 100% among
German cockroaches, a series of serial con-
centrations of technical grade imidacloprid in-
secticide, ranging from 0.5 mg/m? to 12 mg/
mz2, was prepared.

The solvent was infused into glass jars and
rolled until it was fully vaporized, ensuring
that the insecticide dose was deposited evenly
over the inner surface of the jars. Bioassays
were carried out as recommended by Ladonni
(30). German cockroaches were anesthetized
with CO, and 10 male cockroaches were in-
troduced into each jar and exposed to the in-
ner surface(31). The exposure time was 30
minutes, and the mortality rates were recorded
24 hours later. Each dose of insecticide was
tested in 4 replications, and 10 cockroaches
were used as a control group per concentra-
tion, with exposure to only the solvent. After
several stages of preliminary testing, the min-
imum and maximum insecticide concentration
values were determined, and from that the
logarithmic concentration needed to perform
the biometric test was calculated. The calcu-
lated concentrations for reaching from mini-
mum to maximum mortality rates are 1.48,
2.019, 3.026, 4.08, 7.08, and 10 mg/m?.

Preparing the nanoparticles

Nonencapsulated imidacloprid was synthe-
sized using the ionic gelation method as pre-
viously described by Keawchaoon et al. (32).
The ionic gelation method is based on the
electrostatic interaction between the free amine
groups of chitosan and the tripolyphosphate
polyanion groups and causes the formation of
a hydrogel of microparticles or nanoparticles
that can be used to encapsulate various com-
pounds. Based on the above-mentioned bioas-
say results, it was determined that 3 mg/m?
represented the optimal quantity of imidaclo-
prid to be utilized in the synthesis.
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Chitosan was dissolved in a 0.05% aque-
ous solution of acetic acid and the pH was
adjusted to 5. The solution was filtered and
mixed with a 3 mg/m? solution of imidaclo-
prid and tween 80, then stirred for 2 hours.
Tripolyphosphate (TPP) was dissolved in de-
ionized water and added to the chitosan solu-
tion in a 3:1 ratio, and the solution was stirred
for 120 minutes to achieve crosslinking. The
size and polydispersity index (PDI) was deter-
mined using dynamic light scattering DLS,
and the amount of imidacloprid loaded was
evaluated using an optical spectrophotometer
based on the amount of imidacloprid loaded
in nanoparticles, the required amount of nano
encapsulated imidacloprid was calculated to
reach the equivalent dose of insecticide in bi-
oassay tests with technical imidacloprid and
Bioassay tests were performed for the nano
encapsulated imidacloprid on German cock-
roaches. SEM was used for morphological
analysis. Unloaded nanoparticles were also
prepared as a control.

Structure Characterization of nanoparticles

The mean particle size of nanoparticles
was quantitatively determined using dynamic
light scattering (DLS) techniques with a Vas-
co/Cordouan Technologies instrument, sourced
from France. The samples were dispersed, and
their intensity was measured at a temperature
of 25 °C, with a refractive index of 1.335. The
electrokinetic properties of the drug-loaded na-
noparticles were evaluated using Zeta poten-
tial measurement with a Zeta sizer (sz-100/
Horiba Scientific) instrument, sourced from Ja-
pan. To investigate the morphological charac-
teristics of the nanoparticles, scanning elec-
tron microscopy (SEM) was employed. The
nanoparticles were deposited onto a thin sheet
of metal and subsequently coated with a thin
layer of gold to enhance their conductivity.
The resulting images were obtained by detect-
ing electrons emitted from the sample surface
during SEM imaging.
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Quantifying the quantity of encapsulated
insecticide

To assess the nanoparticle formation effi-
ciency, the unincorporated insecticide content
was quantified, and its efficiency was deter-
mined by subtracting it from the initial in-
secticide amount. The insecticide content re-
maining after centrifugation was determined
using an optical spectrometer. Centrifugation
was conducted at room temperature at 15,000
rpm for 15 minutes, and the concentration of
unbound insecticide in the supernatant was
measured at 270 nm using an optical spec-
trometer. A standard calibration curve for im-
idacloprid loaded onto the nanoparticles is
shown in Fig. 1. The loaded insecticide ranged
from 0.005 to 0.3 mg per square meter, yield-
ing a correlation coefficient of 0.98. Sub-
sequently, the absorbance value of the super-
natant solution, post-centrifugation, was fitted
into the previously derived linear equation to
determine the concentration of unbound in-
secticide. The loaded insecticide amount was
then calculated using the following formula
equation(33):

Loaded Insecticide (mg/mz‘)i

. m
Insecticide amonunt {(—)
me

. - ng s L mg
Unbonded insectided aml:luutf:ﬁ }—[mtlal insectcide anwuutl\;-_-_‘r' i

Release test of insecticide from nanoparticles

Release testing of imidacloprid from na-
noparticles was conducted employing the di-
alysis method (34). This method is a venera-
ble technique for eliminating low molecular
weight compounds from a solution and sub-
stituting them with a buffer referred to as the
dialysis bath or dialysate.

After preparing the phosphate buffer solu-
tion and the dialysis bag, a volume of 20 ml
of the suspension, previously determined to
contain the loaded insecticide nanoparticles,
was subjected to centrifugation. The resultant
nanoparticles were transferred into the dialysis
bag, which was then immersed in the phosphate
buffer solution. Subsequently, the vial contain-
ing the dialysis bag and buffer was positioned
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on a magnetic stirrer operating at a speed of
150 rpm. At specific time intervals (1, 2, 4, 6,
8, 10, 12, and 24 hours), one milli liter of the
solution was withdrawn as a sample and sub-
stituted with fresh buffer. The collected sam-
ples were then analyzed using a spectropho-
tometer to quantify the released amount of
insecticide.

Determining the nanoparticles’ properties

The experimental results indicated that the
production of chitosan nanoparticles is feasi-
ble within a specific range of chitosan and
tripolyphosphate concentrations. The DLS
analysis revealed that the mean particle size
of the nanoparticles was in the range of 70-100
nm, as illustrated in (Fig. 2). The percentage
of insecticide loaded in the nanoparticles was
54%. Furthermore, scanning electron micros-
copy (SEM) images of the dried particles re-
vealed that they had a homogeneous structure,
with an average size of 40-50 nm and an al-
most spherical shape, as depicted in (Fig. 3).
Following a 24 hours evaluation of insecticide
release from nanoparticles within a phosphate
buffer solution, a release profile for imidaclo-
prid was constructed, depicting the percentage
of released insecticide as a function of time
(Fig. 4). The maximum release observed after
24 hours amounted to 76%. The release pro-
file exhibited a gradual, sustained release of
the insecticide from the nanoparticles at each
time interval.

Bioassay

The comparison of the results of probit
analysis for insecticidal activity of imidaclo-
prid technical and nanoencapsulated imidaclo-
prid against B. germanica is represented in Ta-
ble 1. As the results presented in Fig. 5. The
insecticidal potency of imidacloprid exhibited
enhancement, with the lowest test concentra-
tion (1.48 mg/m?) resulting in a mortality rate
of 3.36%, whereas nanoencapsulated im-
idacloprid yielded a slightly higher mortality
rate of 3.59%. Conversely, at the highest test
concentration (10 mg/m?), the mortality rate
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increased from 95% with conventional im-
idacloprid to 100% with nanoencapsulated
imidacloprid.

As evidenced by a decrease in the 50% le-
thal concentration (LCso) from 4.656 mg/m?
for the technical sample to 3.081 mg/m? for
the nano-formulation of imidacloprid, and al-
S0 a decrease in the 90% lethal concentration
(LCgo) from 8.381 mg/m? for the technical sam-
ple to 4.486 mg/m? for the nano-formulation
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of the insecticide. In addition, statistical an-
alyzing by T-test was performed to compare
two series of data and there is a statistically
significant difference (P< 0.05) between the
means of the two variables.

However, these findings highlight the en-
hanced potency of the nanoencapsulated form
of imidacloprid in controlling German cock-
roaches. The reduction in LCsg and LCg Vval-
ues indicates improved efficacy.

0.64

y=0.1217x - 0.126
R*=0.985

0.2 0.25

Imidacloprid concentration series

Fig. 1. A standard calibration curve was constructed for imidacloprid loaded onto the nanoparticles. The loaded
insecticide exhibited a concentration range of 0.005 to 0.3 mg per square meter, resulting in a high correlation
coefficient of 0.98

0.1 —

0.08 —

0.06 —

Number (a.u.)

0.04 —

0.02 —

100

Diameter (nm)

Fig. 2. Result of Dynamic Light Scattering (DLS) employed to characterize the nanoencapsulated imidacloprid. The
mean particle size of the nanoparticles fell within the range of 70-100 nm
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Fig. 3. Scanning electron microscopy (SEM) images of the dried particles of nanoencapsulated imidacloprid reveal a
homogeneous structure, with an average size of 40-50 nm and an almost spherical shape

Release %

Fig. 4. The release pattern of imidacloprid from nanoparticles over time (Hour). Imidacloprid is gradual and sustained
released from the nanoparticles at any given point in time. The error bars represent the standard error of the mean (SE)
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Fig. 5. Probit linear regression line equation of the insecticidal activity of imidacloprid technical vs nanoencapsulated

imidacloprid against a susceptible laboratory strain (SPH-TUMS) of Blattella germanica in laboratory condition. The

LCso value for the nanoencapsulated imidacloprid decreased from 4.656 to 3.081 mg/m? and the LCgy value decreased
from 8.381 to 4.486 mg/m? The error bars represent the standard error of the mean (SE)

Discussion

Nanotechnology can reduce the applica-
tion of high amounts of insecticides as nano-
materials have a high surface area with en-
hanced reactivity, thus lowering the cost with
increasing yields (19). Thus, the less frequent
application is good for costs and human and
environmental safety. Nanotechnology can of-
fer advantages to insecticides, like improving
the shelf-life and increasing the solubility of
poorly water-soluble insecticides, all of which
could have positive environmental impacts (35).
In a study on Cu nanoparticles, results indi-
cate that ingestion of copper nanoparticles
could affect the growth of the German cock-
roach through an unclear mechanism that does
not involve a reduction in the overall bacterial
microbiota load (36). In another study the le-
thal, sublethal, and ecotoxic effects of pepper-
mint and palmarosa essential oils (EOs) and
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their polymeric nanoparticles (PNs) were eval-
uated on the adults of rice weevil (Sitophilus
oryzae L.), cigarette beetle (Lasioderma serri-
corne F.), and the larvae of Culex pipiens
pipiens Say. On S. oryzae and L. serricorne,
PNs increased EOs’ lethal activity, extended
repellent effects for 84 h, and also modified
behavioral variables during 24 h. Moreover,
EOs and PNs generated toxic effects against Cx.
pipiens pipiens. These results show that nanofor-
mulation can have a positive effect on the tox-
icity of insecticides (37). In a study essential
oils (EO) from peppermint and palmarosa
were nano-formulated and tested against the
German cockroach, B. germanica. Peppermint
and palmarosa nanoparticles enhanced the le-
thal and sublethal effects of the essential oils
on B. germanica. These results suggest that
the newly developed nano insecticides could
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be successfully used to control German cock-
roaches (38). Another study on the effects of
orally administered gold nanoparticles (AuNPS)
on the reproduction and growth of the insect
B. germanica showed that ingestion of AuNPs
caused lethal effects in B. germanica that com-
promised critical traits involved in population
dynamics (39).

The main objective of encapsulation is to
increase the efficacy of the insecticide by de-
livering the active ingredients to the intended
target in a controlled manner. The study of
encapsulation as a method of transferring in-
secticides is an area of ongoing research,
aimed at developing more efficient and effec-
tive pest management strategies (40).

In recent years, researchers have explored
diverse techniques and materials for the nanofor-
mulation of imidacloprid. In one such study,
nano-imidacloprid was synthesized through
direct encapsulation with ABA triblock linear
dendritic copolymers. Bioassay outcomes for
this nanoformulation, evaluated on Glyphodes
pyloalis (Lepidoptera, Crambidae) demonstrat-
ed a substantial reduction in the required in-
secticide dosage and environmental risks when
employing the nanoform of imidacloprid. These
results underscore the promising performance
and efficacy of this formulation (41). In a sep-
arate investigation, amphiphilic copolymers
were employed to create controlled-release
formulations of imidacloprid. Analysis of the
imidacloprid release kinetics in water from var-
ious formulations revealed that the controlled-
release formulation exhibited a more rapid re-
lease profile in comparison to commercial for-
mulations. These newly developed controlled-
release formulations offer promising potential
for effective pest management in a variety of
crop applications (42).

We utilized a straightforward ion gelation
method, which involved chitosan and Tripol-
yphosphate, to nanoencapsulate imidacloprid.
Subsequently, we assessed its effectiveness
against German cockroaches, representing the
first instance of such an approach. Research
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has examined various applications of chitosan
in the nanoencapsulation of insecticides, aim-
ing to enhance efficiency and regulate the
controlled release of these agents. The find-
ings of these studies have demonstrated the
effectiveness of this approach in a variety of
cases. For example, in a study by Guan et al
(43). imidacloprid microcrystals were directly
encapsulated with natural polysaccharides chi-
tosan and sodium alginate. The toxicity of the
insecticide was evaluated against the adult
stage of Martianus dermestoides (Coleoptera:
Tenebrionidae)). The results showed that the
polysaccharide capsules prolonged the release
time of the encapsulated imidacloprid crystals.
The toxicity of the novel 50% nanoformula-
tion imidacloprid was higher in the adult stage
compared to the 95% imidacloprid as indicat-
ed by the lower LCsg value. In another study,
researchers explored the use of chitosan na-
noparticles to formulate the metabolite of
Nomureae rileyi, which possesses insecticidal
properties. They compared the insecticidal
efficacy of this nanoformulation with that of
the main metabolite on Spodoptera litura. The
results revealed a significant increase in effec-
tiveness after nanoencapsulation with chitosan
nanoparticles (44). Additionally, a separate
study investigated poneem nano formulated
with chitosan, and the synergistic effect of
chitosan was demonstrated in enhancing the
efficacy of the insecticide (45). Furthermore,
research has shown that the combination of
chitosan and insecticide can lead to a decrease
in the activity of the Phytophthora infestans
fungus. This synergistic effect highlights the
potential of chitosan-based formulations for
pest management strategies (46). In this study,
using chitosan nanoparticles, control tests were
performed on German cockroaches, and no
significant mortality was observed in bioassay
tests.

These findings, along with others, demon-
strate the potential of using chitosan nanopar-
ticles as a means of encapsulating insecticides
to improve their effectiveness and stability.
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The limitations and ineffectiveness of con-
ventional pest management methods have ne-
cessitated the exploration of modern ap-
proaches to pest control, which can be a time-
consuming process. The application of nano-
technology in pest management has the poten-
tial to offer efficient and effective solutions to
this problem (23). At the nanometer scale, the
properties of materials, both physicochemical
and biological, exhibit variations from those
of single atoms, molecules, and bulkier mate-
rials, as demonstrated in various studies (47).
The use of micronutrients at the nanoscale
could thus provide promising opportunities for
the development of innovative pest manage-
ment strategies.

The integration of nanotechnology into in-
secticides holds promise for enhancing effica-
cy while minimizing consumption. The reduced
particle size of nanomaterials facilitates im-
proved penetration and targeted delivery to pest
organisms, ultimately decreasing the overall
required dosage for effective control. How-
ever, it remains crucial to acknowledge that
the long-term environmental and human health
implications of nanotechnology are still under
investigation. Further research is necessary to
comprehensively assess its potential impact.

Conclusion

Utilizing nanotechnology insecticides would
provide efficient alternatives for pests and dis-
eases. The current research highlights the en-
hanced potency of the nanoencapsulated form
of imidacloprid in controlling German cock-
roaches. The reduction in LCso and LCgp val-
ues indicates improved efficacy.
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