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The desert locust has been recognized as the most devastating
migratory pest in the world. Swarms of this pest have been
threatening vast regions of pastures and crops in Africa, Middle
East, and South Asia. The biological management of expanding
swarms has become a strategy of particular interest due to
environmental awareness and economic issues associated with
chemical pesticides. The present review aims to explore the
latest updates and information about pesticidal plants that are
distributed across Africa. Searches on Web of Science, Google
Scholar, PubMed, and Scopus databases from 2013-2024
revealed a total of 22 plant species probed for insecticidal
activities against desert locusts. The formulation, active ingre-
dients, and biological effects of essential oils and other extracts
from these plants are presented. Despite the promising anti-

1. Introduction

Locust plagues and surges have been prevalent since time
immemorial, but current outbreaks are mostly attributed to
anthropogenic climate change.”® Notable incidents have
occurred in various regions of Africa, such as East Africa in 2020
and South Africa in 2022.°*° These events, coupled with the
significant influence of warming in the Indian Ocean, highlight
that climate change’s repercussions extend beyond rising
global temperatures, leading to unprecedented and catastroph-
ic natural hazards. Locusts typically exhibit phase polyphenism
and undergo behavioral changes based on population density
throughout their life cycle. They transition between the solitary
and gregarious stages. During periods of low population
density, locusts tend to be solitary. However, under crowded
conditions, these short-horned grasshoppers form large colo-
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insecticidal effects of the plant extracts and compounds, issues
related to their solubility and instability under environmental
conditions have been observed. To address such major quality
defects, methods for the encapsulation of plant natural
products within nanostructures are detailed. Given the presence
of bioactive compounds with nucleophiles bearing functional
groups, the reported plant extracts have been exploited to
fabricate metal nanoparticles with inherent insecticidal activ-
ities. In this paper, a holistic overview of prepared phytochem-
ical-coated metal nanopesticides is also presented. In summary,
this study offers insights into the integration of nanoformulated
natural resources as a more sustainable option to control desert
locust invasions.

nies and engage in mass migration. Extensive research has
established that desert locusts, specifically Schistocerca gregaria
(Forskal, 1775), are the most migratory and destructive pests
worldwide.”® The desert locust is one of the nineteen known
species of locusts found globally.®? There are three stages in
their general life cycle: egg, nymph (first to sixth instar), and
adult (Figure 1).

The desert locust’s phase change involves 532 genes among
which 90 are differentially methylated in the solitary form as
opposed to the gregarious form.?***¥ In both forms, common
features include the ability to transmit their phase to the
progeny and revert to the alternative phase under appropriate
conditions.”” In the transition phase, there are significant
changes in the amounts of neurotransmitters, alterations in
neurons, especially in synaptic morphology secreted in the
nervous system, leading to crowding."’** In fact, an experimen-
tal injection of serotonin (neurotransmitter) or its analogs
induces transition from solitary to the gregarious forms.*!
Furthermore, several behavioral activities, such as migratory
flying, settling on the ground for basking, feeding, and resting
during the daytime, and roosting on plants at night are
generally observed in S. gregaria swarms (Uvarov, 1977).

These pests reproduce rapidly and are adapted to live in
arid and semi-arid habitats that are found in the Northern,
Eastern, and Southern parts of Africa. These regions experience
unusual precipitations annually. Warmer soil temperatures (15-
35°C) and heavy rainfall create favourable environmental
conditions for the breeding of desert locusts.”®'® Warm winters
with temperatures varying between 25-32°C coupled with
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Figure 1. Life cycle of the most destructive migratory pest in the world (S. gregaria).

humidity 85-92% also favour locust development. This leads to
the formation of swarms and a change in behavior that forces
the pests to migrate and voraciously feed on almost all
vegetation, including key food crops.®

Schistocerca gregaria plagues represent a serious threat to
agricultural production, rural livelihood, and food security in
Africa. The worst incursion reported in decades occurred in East
Africa (Djibouti, Eritrea, Ethiopia, Kenya, Somalia, Sudan,
Tanzania, and Uganda) in 2020 under the acute pressure of
COVID-19 pandemic." According to the Food and Agriculture
Organization, this pest upsurge led to >30% cereal harvest
loss, thereby driving nearly 25 million people into severe food
insecurity in Africa (FAO 2020). Localised swarms that ravage
crops and pastures have also affected several countries in
southern Africa. For example, swarms of locusts have lately
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been spotted in three provinces of South Africa, vis. Northern
Cape, Eastern Cape, and Western Cape, causing a stream of
agricultural damage. Locust plagues in the Southern region of
Africa are reported to emerge from Nama-Karoo,”**" a semi-
arid inland biome of Namibia and South Africa. In this
ecoregion, precipitation ranges from approximately 100 to
400 mm per annum, although rainfall is unpredictable and
prolonged drought is common. The major locust events from
1875 to date are presented in Figure 2. Notably, the most recent
and pronounced invasions were recorded in India and Africa.
The resurgence of desert locust swarms in Africa over the
last two years poses an unprecedented risk of food crisis in
already struggling economies. For this reason, news bulletins
and updates on the locust situation are published by the FAO
on a regular basis. This allows for early intervention against the
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Figure 2. Historical episodes of locust outbreaks in the past 150 years.

confined outbreaks before plagues arise. Chemical control is
often adopted to keep the pest population below the density
that triggers aggregation into swarms. However synthetic
pesticides have been reported to demonstrate adverse impact.
Chemical pest control agents are likely to contaminate fresh-
water systems and food chains, proving detrimental to human
health.”

Clearly, emergent countries have very little financial
resources and encouraging research and development into
inexpensive, safer, and efficient strategies to prevent S. gregaria
plagues can be an investment of guaranteed returns. Growing
interest in this regard has led to the development of biological
control strategy using plant extracts. Nonetheless, natural
products are prone to rapid degradation in the environment.
Nanotechnology has paved the way for the advancement of
plant extracts derivatives with improved stability and efficacy.
The present work aims to summarize up-to-date information
regarding the use of nanoformulations using pesticidal natural
products from plants, for preventive control of desert locust
swarms. By offering a comprehensive review of nanotechnol-
ogy-based natural pesticides, this paper is expected to pave the
way for future advances in the development of safer and
efficient strategies for pest management with the use of
biopesticides.

2. Methods to Prevent Outbreaks of Desert
Locusts

Numerous cultural mechanical practices have been employed
to curb the upsurges of desert locusts and their damage to
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crops. These entail the use of farm operations such as
harrowing, herding, tilling, burning pastures, and trampling to
destroy and collect the insects."™ In Africa, desert locusts are
frequently used in a variety of dishes due to their nutritional
value. A recent report by Kinyuru® on the nutritional details of
S. gregaria revealed that 100 g contains 46 g of protein, 32 g of
fat, 208 mg of calcium, and 450 Kcal energy. Although en-
tomophagy is a mitigation approach that can contribute to
restraining plagues evolution, the physical control measures
employed in the management of desert locusts are labour
intensive, time consuming, and habitually ineffective. Clouds of
smoke, high-frequency sound, and fire are also argued to keep
the desert locusts at bay. However, these mechanical techni-
ques are not sustainable owing to environmental air and noise
pollution.

Contact application of concentrated chemical formulations
onto locusts remains the most effective control method.*® This
standard practice is accomplished using hand-held sprayers if
swarms are of lesser extent. In the case of flare-ups, vehicle-
and/or aircraft-mounted sprayers are required to suppress S.
gregaria populations. Fenitrothion, deltamethrin, chlorpyrifos,
malathion, fipronil, and cyhalothrin are the common bioactive
chemicals championed for locust control (Figure 3). These nerve
agents are laudable but tend to be non-selective in action,
thereby posing a noteworthy threat to non-target
microorganisms."®” Moreover, the pest control agents are likely
to contaminate the freshwater systems and food chains. In
2021, the U.S. Environmental Protection Agency asserted it
decision to end the use of chlorpyrifos on all food products.”®
The adverse impacts of residues of synthetic pesticides to
human health are well-reviewed in the literature.***® Exposure
to synthetic pesticides has also been reported as detrimental to
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Figure 3. Chemical structures of commonly used synthetic pesticides.

edible crops. For example, research findings from the physio-
logical response of tomato (Solanum lycopersicum L.) seeds
exposed to imidacloprid, mancozeb, and diazinon revealed low
germination rate, disrupted photosynthesis, and morphological
deformation during plant growth.®? Decreasing chemical
residue concentration after a large-scale control of desert locust
with chemical pesticides is always a major concern. Cost, safety,
and resistance are among the factors that influence the use of a
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pesticide on a large scale. The development of resistance to a
pesticide is the normal response of an insect population to the
selection pressures applied by the continuous use of insecti-
cides. Nevertheless, it has not been confirmed whether a
naturally occurring population of the desert locust has ever
been exposed to pesticides over several generations.
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3. Biological Control Methods Based on Plant
Phytochemicals

Because of growing concerns over the application of synthetic
compounds, naturally occurring active agents have been
persuasively tested by the scientific community as alternative
locust control insecticides. These include the use of entomopa-
thogenic microorganisms and plant extracts®*”®'® The biopes-
ticides offer less hazardous ways to control an age-old problem
of desert locust infestations. The control of pests using extracts
from selected plant species is a method that was implemented
earlier before the green revolution and the synthesis of highly
effective pesticides and their large-scale use® Plant extracts
with reported insecticidal activity consist of a wide variety of
bioactive compounds. These include alkaloids, amino acids,
flavonoids, limonoids, polyphenols, terpenoids, saponins, and
glucosides. For example, alkaloids anatabine, anabasine, and
nicotine obtained from Nicotiana tabacum (Tobacco) infusion,
have a long tradition to serve as neurotoxins for pest control.
These biomolecules mimic the excitatory mediator acetylcho-
line in the central nervous system of the pests to incite
symptoms of poisoning.®” Another plant employed as a source
of compounds with growth-disrupting ability against pests is
Azadirachta indica (also known as neem). Bark, leaf, and seed
extracts of this tree have been argued to act as biological
pesticides to control S. gregaria. For example, treatment of
crowded fifth nymphal instars of S. gregaria using azadirachtin
(2-121 pg/g), a limonoid accounting for >30% mass of neem
seeds, led to delayed moult and death after 20 days."? Neem
tree is widespread across the Sahel, and it is advocated as a
useful plant in the treatment of malaria. The antifeeding activity
of A. indica against desert locusts has also been described in
the literature. Fourth instar larvae of S. gregaria were found to
suffer from weight loss after feeding on clover leaves treated
with azadirachtin (5, 10, 15, 20 and 25% in acetone). 100%
mortality rate was achieved after 72h exposure to 25%
azadirachtin-treated leaves."” Similar observations were noted
by Abdelbagi and coworkers (2019) for second, third, fourth
and fifth instars in contact with pearl millet plants treated with
varying concentrations (1, 5, 10 and 20% w/v water) of aqueous
extract of neem seeds. Opiyo,®” in a study on the pesticidal
efficacy of crude extracts of Ocimum suave and isolated
compounds, highlighted the significantly better repellent
activity of the former, thereby suggesting a likely synergistic
effect in phytochemicals action.

The organic extractions of Fagonia bruguieri were reported
by Ghoneim et al.“® for pronounced inhibitory action against S.
gregaria. A decreased acetylcholinesterase activity was recorded
in the haemolymph of adult population treated with butanol
and petroleum ether extracts (15 and 30%). Inactivation of
acetylcholinesterase enzyme leads to accumulation of acetyl-
choline, disruption of neurotransmission, and eventually paraly-
sis. Calotropis procera is a perennial shrub native to Asia and
several subregions in Africa (North and tropical Africa). Habitu-
ally, this plant is being used for fuelwood and the treatment of
constipation, muscular spasm, and fever.”” However, Kaidi
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etal” also highlighted the insecticidal effect of C. procera
extract against S. gregaria. Acetone leaf extract of C. procera
(0.5g/mL) was found to induce antifeedant effect on adult
desert locusts and a remarkably high mortality rate (100 %) after
7 days ingestion. Another species of Calotropis that has shown
antifeedant potency against desert locusts is C. gigantea."**¥
Extraction of the root bark of this plant in methanol afforded an
amino acid with a substantial feeding deterrent effect (>80 %)
on fifth instar nymphs. 16% larvae failing to complete ecdysis,
46 % adults’ mortality, and 48 % abnormally formed adults were
recorded by Mahdy et al. after 24 h feeding on leaves treated
with petroleum ether extract of Oryza sativa bran
(20x10® ppm).” Failure of ecdysis sequence and disintegration
of the gut epithelium cells were also observed in fifth instar
larvae and adults treated (contact or ingestion) in the presence
of ethanol extract of Schouwia purpurea.”

According to literature information, plant essential oils,
which were obtained by hydro-distillation have also been
screened for insecticidal activity against S. gregaria. The
essential oil of Cleome arabica leaf, a drought tolerant plant
widely distributed in North Africa, has been reported to display
median lethal time of 9 and 41 min against fifth stage larvae
and adults, respectively.®” Seed oil from this plant has also
been found to severely affect fifth instar male larvae (Mortality:
91% after 16 days ingestion) than female.”) Within the same
context, oil extracted from Peganum harmala was found to be
relatively more potent (lethal time 6 and 19 min against larvae
and adults). By using third instar nymphs as model, the essential
oil obtained from seeds of Cuminum cyminum (well-known as
cumin) achieved acute toxicity (Mortality 91%) at 55 ug/g after
24 h contact.”" Furthermore, the complete dissipation of this
toxic activity was experienced after 12 days, evocative of the
ineffectiveness of phytochemicals over time. Moreover, it is
important to note that the biological activity of essential oils is
usually not ascribed to any single phytochemical that stands
out against the desert locusts.®™ Presumably, minor/major
phytoconstituents interact in a complex and unforeseen
manner to achieve the biological activity and minimize a
potential pest resistance. A mixture of three essential oils from
different plant materials, namely Citrus aurantium dulcis (orange
peel), Gaultheria procumbens (wintergreen), and Carum carvi
(Caraway) were described as commendable insecticide to
control S. gregaria population.” The synergistic effect of these
extracts complemented by sodium bicarbonate (47 %) resulted
in 80-100% mortality after 24 h. Interestingly, no adverse effect
on the growth of wheat seedlings was observed when applying
this formulation.

In the past decade, numerous studies provided sufficient
evidence that a selection of plant extracts from leaves, seeds,
roots, and/or stem could serve as efficacious biological control
candidates against the desert locusts. In this respect, Table 1
depicts the geographic distribution, formulation, active ingre-
dients, and biological effects of 22 plant species distributed in
Africa and reported to demonstrate activity as potential
biopesticides between 2013 and 2023. Nevertheless, key draw-
backs associated with the practical applications of the biopesti-
cides derived from plant materials encompass a short shelf-life
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Table 1. Reported plant materials and their active ingredients as biopesticides against desert locust.

Species (Fami- Geographic distribu- Formulation Active ingredients Biological effects References
lies) tion

1 Azadirachta indi- Native to the Indian Seed aqueous extract Azadirachtin Interrupts the produc- B
ca L. (Meliaceae) subcontinent and in- (soaking for 24 h at room tion of ecdysone, a

troduced in most temperature). The filtrate hormone that stimu-

countries in West and was used as formulation. lates metamorphosis.

Central Africa. Root methanol extract Azadirachtin Antifeedant activity foo}
formulated in ethanol

2 Fagonia bru- Distributed in Asia, Petroleum ether and bu- Not reported Interferes with the el
guieri DC. (Zygo- South America, and tanol extracts of the aer- neurotransmitter sig-
phyllaceae) North Africa. ial parts (maceration) naling.

3 Calotropris pro- North Africa, Tropical Leaf acetone extract Alkaloids Disintegrates the cells 159,741
cera (Apocyna- Africa, South Asia, and (maceration), used as for- of the gut epithelium
ceae) Western Asia mulation. and causes a decline

Water and ethanol ex- in food ingestion.
tracts of the aerial parts

(Soxhlet method), formu-

lated in distilled water.

4 Schouwia pur- North Africa, West Afri- Ethanol extract of the Not reported Causes failure of ecdy- 4
purea subsp. ca, East Africa, and Asia aerial parts (soxhlet sis sequence and alter-
(Brassicaceae) method), formulated in ation of the intestinal

5 Zizyphus lotus L. Mediterranean region distilled water. epithelial cells.

(Rhamnaceae)

6 Ammi visnaga L. Native to Egypt and Ethanol extract of the Khellin, visnagin, and pyr- Impairs the hormonal )
(Apiaceae) distributed in Europe fruits (maceration), for- anocoumarin regulation and inhibits

and over the Mediter- mulated in ethanol, buta- metamorphosis.
ranean region nol, and petroleum ether.

7 Punica granatum Native to Persia and Peel ethanol extract Not reported Disturbs the hormonal 1l
L. (Lythraceae) cultivated the Mediter- (maceration), formulated control of metamor-

ranean region and ethanol, butanol, and pe- phosis.
South Africa troleum ether.

8 Nigella sativa L. Native to North Africa, Seed methanol extract, Not reported Interferes with the de- “n
(Ranunculaceae) Asia, and Europe formulated in methanol, velopmental transi-

butanol, and petroleum tions.
ether.

9 Oryza sativa L. Native to China and Bran petroleum ether ex- Not reported Affects the develop- 70
(Poaceae) domesticated in sev- tract ment of larvae by

eral regions of the causing inhibition of
world, including Africa moulting.

10 Citrullus colocyn- Native to the Mediter- Hexane and methylene Saponins Instigates the epider- 77
this L. (Cucurbi- ranean basin and Asia chloride extracts (soxhlet mal detachment and
taceae) method), formulated in a the appearance of cy-

mixture of butanol and toplasmic vacuoles.
xylene

1 Allium cepa L. Native to Asia and in- Leaf essential oil (hydro- p-Cymene (40%) and di- Causes a decrease in [2571.97)
(Amaryllidaceae) troduced worldwide distillation) sulfide dipropyl (21 %) digestibility and inter- Mansour

12 Matricaria cha- Native to Europe and Essential oil of the whole B-Franesene (31 %), ger- ]:e:'zso\?”tt:ett]:ctsglruca_ds etal, 2015
momilla L. (As- introduced in Asia, plant (hydrodistillation) macrene-D, bicyclogerma- u pads.
teraceae) America, Australia, crene, and d-cadunene

New Zealand, and
North America

13 Pelargonium ra- Native to South Africa Essential oil of the whole Cetronellol (23 %), geranial
dula (Gerania- plant (hydrodistillation) (14 %), linalool (8 %), iso-
ceae) menthone (5 %)

14 Ocimum basili- Native to Asia and Essential oil of the whole Linalool (51 %), eugenol
cum L. (Lamia- Tropical Africa plant (hydrodistillation) (16%), 1,8 cineole (6 %),
ceae) and cadinol

15 Cuminum cymi- Native to the Mediter- Seeds essential oil (hydro- Cuminic aldehyde (21 %),
num L. (Apia- ranean region and in- distillation) o-terpinene (19 %), p-men-
ceae) troduced in the Middle tha-1,3 diene-7-al (16 %),

East, China, and India B-pinene (15 %), B-cymene
(5%)

16 Origanum vul- Originating from the Essential oil of the whole B-Terpinene-4-ol (23 %)
gare L. (Lamia- Mediterranean region plant (hydrodistillation) B-Terpinene (15 %), Sabi-
ceae) nene-Phelandrene (7 %)
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Table 1. continued

Species (Fami- Geographic distribu- Formulation

lies) tion

Active ingredients Biological effects References

and distributed in Eu-
rope and Asia

17 Jatropha curcas Native to North, Cen-
L. (Euphorbia- tral and South Ameri-
ceae) ca, and introduced in

South Africa and Asia

let process)

18 Lepidium sati- Native to West Asia
vum L. (Brassica- and Egypt, and intro-
ceae) duced all over the

word

19 Datura stramo- Introduced in North

nium L. (Solana- and East Africa hexane as solvent (soxh- amine tension and inhibits
ceae) let method) the rectal reabsorption
of
Water.

North Africa, East Afri-
ca, Middle East

20 Cleome arabica

L. (Capparaceae) distillation)

21 Peganum harma-
la L. (Zygophyl-

let method)
laceae)

Native to the Mediter- Fresh leaves
ranean Basin and culti-

vated worldwide

22 Nerium oleander
L. (Apocynaceae)

Seed essential oil using
hexane as solvent (soxh-

Essential oil (purchased)

Seed essential oil using

Leaf essential oil (hydro-

Seed essential oil using
hexane as solvent (Soxh-

Not reported Reduces the fecundity l2n
of female species and

causes malformation.

Glucosinolates 6]

Alters the acetylcholi-
nesterase activity and
promotes the unsuc-
cessful moulting.

(8]

Scopolamine and hyoscy- Causes abdominal dis-

Cause balance disor- 19611

ders after a temporary
increase in acetylcholi-
nesterase enzymatic
activity.

Interferes with the
physiological proc-
esses that regulate
water loss.

Triterpenoids, flavonoids,
anthraquinone, saponins,
tannins, steroids, glyco-
sides, and alkaloids

Oleanderocioic acid, quer- 11837

cetin, kaempferol, olean-
drin, and oleandrigenin

Causes a dysfunction
of the nervous system
and a slowdown of
locomotion.

and decreasing efficacy over time due to greater sensitivity to
environmental factors, and the use of organic solvents for
improved solubility and ideal formulation. This has led to the
search of natotechnology-based strategies to enhance the
stability and improve the overall efficacy of plant-derived
biopesticides.

4. Nanoencapsulation of Plant-Derived
Pesticides

Several aspects including application technique, doses, environ-
mental conditions, and physicochemical properties of the
insecticides influence the effectiveness and efficiency of control
measures. Indeed, >90% of the applied control agents either
do not reach the target or are not stable enough to achieve
effective crop protection.®® The potential applications of nano-
technology in agriculture include seed priming, monitoring
devices, and agrochemical delivery systems®” The use of
nanotechnology in the biological control of insect pests remains
underexplored,®® despite the great prospect in revolutionizing
the agricultural sector. Relative to bulk materials, nanoengi-
neered materials are characterised by particles with ultra-fine
size, larger surface area/unit volume, and target tunable proper-
ties. These can be exploited to extend the durability of
pesticidal phytochemicals in the environment, limit their
volatility, and improve their increased systemic activity. The

ChemistryOpen 2024, 202400271 (7 of 16)

benefits of nano-enabled botanical pesticides over the conven-
tional products may also include better dispersion in water and
reduced application rates (Figure 4).

The development of natural pesticides that can withstand
the deteriorating conditions serve as a concept to achieve
formulations with enhanced activity and field performance.
Phytochemicals consist of sensitive compounds that are un-
stable under hostile environmental conditions, such as UV
radiation, light intensity, heat, pH, and ambient oxygen/air
oxidation. Poor bioavailability, solubility and absorption, and
high instability are frequently observed with biologically active
plant natural products, as opposed to their synthetic
counterparts.!'"

The encapsulation of phytochemicals in suitable nano-
structures is a strategy that allows for protection of the active
compounds from the adverse environmental aspects and
improves the insecticidal value of plant extracts. For example,
the encapsulation of essential oil of O. basilicum in chitosan-
tripolyphosphate (TPP) nanoparticles by the ionotropic gelation
method afforded spherical-like nanostructures (198-373 nm)
with enhanced biological activity, as compared with the oil
formulation in a free form.” The as-prepared nanoparticles
displayed high encapsulation efficiency (EE) of 75%. Electro-
static phenomena between the positively charged groups on
chitosan (—NH,;*) and counterions tripolyphosphate engender
nanoparticles under mechanical stirring as illustrated in Fig-
ure 5(a). This method has also been carried out using negatively
charged —COO™~ groups on alginate and counter ions Ca’* to
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Figure 4. Properties of nano-enabled pesticides and their benefits.
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Figure 5. Nanoencapsulation of plant extract by (a) ionotropic gelation and (b) ethanol injection.

entrap essential oil of A. indica.®™ Particles obtained through a
stirring mixture of alginate 2% and oil extract 10 mL in the
presence of CaCl, as a crosslinking reagent, enabled a slow
release of phytochemicals (7%) in neutral milieu (pH 6.5) after
1 h. This release behaviour can be important to achieve zero-
toxicity to non-targeted organisms. The presence of amino and
carboxyl groups in chitosan and alginate biopolymers makes
their derived nanoparticles pH responsive. Under acidic con-
ditions, basic functional groups can be responsible for swelling
and quick release of phytochemicals encapsulated into chitosan
nanoparticles. Conversely, protonation of the carboxyl groups
of alginate-based nanoparticles in acidic milieu can lead to less
pronounced electrostatic repulsion between these functional
groups, shrinkage of the nanocarrier, and ultimately no release
of entrapped phytochemicals.

Liposomal nanoformulation is another technique that can
also achieve high encapsulation of phytochemicals in

ChemistryOpen 2024, 202400271 (8 of 16)

nanocarriers“®* Lipid-based nanoparticles can be utilised to
facilitate the dispersion of essential oil in water and ease
attachment/absorption of the bioactive compounds through
the insect cuticle.®™ The successful encapsulation of essential oil
from O. vulgare into nanoliposomes has been described by
Kryeziu and coworkers (2022) using the ethanol injection
procedure (Figure 5b). A mixture of lipoid S100, cholesterol, and
O. vulgare oil in ethanol was injected in water to give particles
of average size (AS) 319 nm and EE of 85%. Interactions
between the functional groups on the carrier material and the
hydroxyl groups of phytochemicals increase the encapsulation
efficiency (Aguilar-Pérez et al., 2021).

Another process reported for the encapsulation of the oil
extracted from O. basilicum is the lyophilization technique, also
known as freeze-drying. Treatment of a mixture of the essential
oil, aroma (5%), and acacia gum-maltodextrin (45%) in water
(50%) using a homogenizer, and then lyophilization of the

© 2024 The Authors. ChemistryOpen published by Wiley-VCH GmbH
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Figure 6. Nanoencapsulation of plant extract by emulsion.

frozen emulsions, produced particles with increased insecticidal
activity. The findings indicated that >80% mortality of pest
Rhyzopertha dominica was recorded at 1 g/kg dose via contact
and ingestion toxicity. Similar observations were also reported
by Balasubramani and coworkers with the nanoemulsion
droplets (<200 nm) of O. basilicum leaf essential oil (Sundarar-
ajan et al,, 2018). These were generated using the emulsion of
5% (w/v) essential oil in 90% (w/v) water, in the presence of
5% (w/v) hydrophilic surfactant Polysorbate 80. Emulsions in
the nanometer-scale are heterogeneous dispersions generated
by stabilizing two immiscible liquids (oil and water) using small
amounts (< 10%) of a surfactant,®” as shown in Figure 6.

An organic solvent-free technology based on the mass
transfer properties of fluid under supercritical conditions has
been described to yield nanoemulsions with relatively reduced
size.®¥ Plant extracts have also been processed using this eco-
friendly method. As depicted in Figure 7, decreasing particle
size results in good spatial distribution of the control agents on
the surface of the leaves.

Mendonca et al.”® used the supercritical CO, extraction
process to develop stable nanoemulsions of A. indica seed oil
and biodegradable poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate), with smaller size of 228 nm in comparison with the initial
emulsion droplets (463 nm). However, these sphere-shaped
nanoparticles had lower maximum EE (13%). Aqueous nano-
emulsions loaded with plant extracts increase the solubility of
phytochemicals in water, thus avoiding the use of hazardous
organic solvents.””

Nanoscale carriers not only contributes to preserving the
long-term viability of plant-derived pesticides but can signifi-
cantly improve the fate of their active ingredients through a
timely release behavior. The controlled delivery of phytochem-
icals by nanoencapsulated systems is one strategy that can
integrate safety, efficacy, and sustainable use of resources to
preclude the desert locust infestation. Hitherto, several studies
have probed the outcomes of botanical pesticide nanoencapsu-
lation for reducing reliance on traditional synthetic pesticides
and these are presented in Table 2.
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(b)

Slow release under

Environmental factorj

Figure 7. Representation of (a) pesticide distribution on leaf surface based
on size, and (b) slow release of active ingredients from carriers.

5. Development of Phytochemical-Based Metal
Nanopesticides

The hyperaccumulation of metal ions in plants has been
documented to provide a unique chemical defense against
insect pests (Figure 8).****”? The production of secondary
metabolites that have toxic or repellent effects on insect pests
can be enhanced by metal ions in various plant species.***?
These are phytochemicals that have no essential role in the
growth and development of plants but play significant
characters on plant-environment interactions: adaptation to
abiotic factors and defense to biotic stress. A study conducted
by Behmer etal,”?[Q11[Q2] on the feeding behavior of S.
gregaria on Thlaspi caerulescens species, revealed predilection
for low Zn-concentrated plants. The results indicated that plants
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Table 2. Nanoencapsulation of active pesticidal plant extracts using polymeric nanostructured carriers.

Plant extract (Formulation)

Carrier material

Method of encapsulation

References

P. granatum (hydro-metha-
nol peel extract)

N. oleander (methanol leaf

extract)

P. granatum (hydro-ethanol
fruit peel extract)

A. indica (aqueous leaf ex-
tract)

P. harmala (ethanol seed
extract)

P. harmala (ethanol seed
extract)

P. harmala (ethanol leaf and
fruit extract)

A. indica (seed oil)

M. chamomilla (essential oil)

C. cyminum (essential oil)

M. chamomilla (essential oil)

O. basilicum (essential oil)

C. cyminum (essential oil)

O. basilicum (leaf oil)

O. basilicum (leaf oil)

O. basilicum (essential oil)

C. cyminum (seed oil)

L. sativum (essential oil)

N. sativa (edible oil)

O. vulgare (essential oil)

Chitosan

Chitosan

Alginate

Alginate

p-Sulfocalix[6]arene

Poly(lactic-co-glycolic acid) (PLGA)-poly-
ethylene glycol (PEG)

Chitosan-PLGA

Chitosan

Poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate)

Surfactin-tween 80
Surfactin-tween 80
Tween 80
Tween 80
Tween 80

Maltodextrins-acacia gum

Polysorbate 80

Chitosan-tween 80

Chitosan-myristic acid

Soybean lecithin-tween 80

Tween 80-sodium dodecyl sulfate-cetyltri-
methylammonium bromide

Lipoid S100
Phospholipon 85 G
Phospholipon 90H

lonotropic gelation using TPP as a crosslinking agent.
Particles AS: 198 nm
EE: 26-70%

lonotropic gelation with TPP.

lonotropic gelation using Ca2 + as a crosslinker and span
80 as surfactant.

AS: 205 nm

EE: 57-84%

lonotropic gelation using Ca2 + as a crosslinker.

Thin-film hydration process at 40 °C using methanol.
AS: 265 nm
EE: 74-89%

Multiple emulsion-solvent evaporation method
AS: 208 nm
EE: 81-87%

Emulsification-solvent evaporation using polyvinyl alcohol
as surfactant.

AS: 202 nm

EE: 25-88%

Emulsification-ionotropic gelation with TPP.
Ultra-sonication

AS: 210 nm

EE: 80-87 %

Emulsions stabilized in the presence of poly (vinyl alcohol)
under stirring at 40°C.

Supercritical fluid extraction using CO2.

AS: 153-307 nm

EE: 9-13%

Emulsification
AS: 341 nm

emulsification
AS: 387 nm

Emulsification
AS: 130 nm

Emulsification
AS: 129 nm

Emulsification
AS: 173 nm

Freeze-drying

Emulsification
AS: 200 nm

Emulsification-ionotropic gelation with TPP.
AS: 199-373 nm
EE: 5-50%

Self-assembly technique using 1-ethyl-3-(3-dimethylamino-
propyl)-carbodiimide as crosslinker.

Ultra-sonication in water bath.

AS: 30-250 nm

Ultrasonic-solvent emulsification technique.

Ultrasonic-solvent emulsification with ethanol as co-surfac-
tant.
AS: 100-224 nm

Ethanol injection technique using cholesterol as surfactant.
AS:81-319 nm
EE: 83-85%

991
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Figure 8. Metal contribution to pesticidal activity.

containing a relatively low mean Zn concentration of 415 ngg™'
were preferred by fourth instar nymphs, as opposed to
intermediate (1502 pgg™") and high (5774 ugg™") Zn concen-
trated analogues. A recent study by Hashem et al.®" demon-
strates that the 26 nm zinc chromium oxide can trigger
structural damages in the fat body cells of fifth instar nymphs.
Following injection of a Fe-rich solution, a significant increase in
antioxidant enzyme activities and oxidative tissue damage in
the gut of immature stages were also reported due to
disproportionate amounts of reactive oxygen species (ROS)
(Renault et al.,, 2016). Moreover, deposition of metals at the
surface of plants has been argued to cause detrimental effects
on feeding insects®™ A previous investigation on the foliar
application of copper-containing nanoparticles (Cu(OH), 16 nm,
CuO 38 nm, and Cu(OH), 50 nm) has established that metal-
based nanoparticles adhere to the plant surface for many days
even after washing.”® The size of these metal-based nano-
particles is also likely to influence their ability to clog in the
apoplast. The pores within cellulose/hemicellulose cell walls

Linalool

M+
M+ ez
M+ Af"

have been found to range between 5 to 20 nm."™ These
findings suggest superior and long-term efficacy of metal
nanoparticles in the management of S. gregaria as compared
with their ionic counterparts.

Metal nanoparticles can oxidize in biological media to
generate metal ions as oxidative stressors in insects. Apart from
this, the nanometer-scale has been found to assist their
penetration through larvae membranes and trigger the oxida-
tive stress-mediated signaling pathways that contribute to
tissue injury. Also, the pesticidal activity of metal nanoparticles
has been associated with the alteration/leakage of cellular
membrane and the inhibition of respiratory activity.” Notably,
surface capping with phytochemicals can magnify these actions
by providing paramount stability, enhancing reactivity, and
improving dispersion in aqueous media.®*'*® Further, the high
surface to volume ratio of metal nanoparticles enables high
adsorption of phytochemicals and eventually increases their
bioactivities.”® In view of the adhesion of metal nanoparticles
to crop foliage, attaching the active ingredients onto their
surface reduces pesticide run-off.

The surface coating of metal nanoparticles with bioorganic
compounds occurs during the reduction of metal ions in the
presence of hydroxyl-rich phytochemicals that serve as electron
donors.” It can also be postulated that plant extracts contain
compounds with nucleophilic (—C(—O(—, (-C(=0, (—C(—O(—C(—,
and (—C(=C(-) functional groups, which can facilitate the
conversion of metal ions to nanoscale zero-valent metal.
Subsequently, various interactions, such as metal coordination,
hydrogen bonding, electrostatic attraction, and n-m stacking
transpire to assemble the phytochemicals at the surface of the
growing metal nanoparticles,"'" The interaction between the
surface of metal nanoparticles and the chains of bioorganic
ligands leads to steric hindrance, thus preventing agglomer-
ation (Figure 9). Metal ions like Ag™, Fe?*, Fe**, Pt*", and Pd**
interacting with the bioactive ingredients present in extracts
from pesticidal plants have also been reported to produce
nanoparticles with different sizes and pesticidal characteristics,
as shown in Table 3.

t‘dl/l"hit.
Eugenol W U,
/OW d@

HO/\\‘/

>4

A
&

Nucleation
Growth
Surface capping

O  OCH,
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Figure 9. Schematic illustration of the phytochemical-mediated formation of metal/metal oxide nanoparticles.
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Table 3. Preparation of phytochemical-coated metal nanoparticles with pesticidal activity.

O. basilicum
(aqueous leaf
extract)

C. cyminum
(methanol
seed extract)

D. stramo-
nium
(ethanol ex-
tract)

D. stramo-
nium (leaf
oil)

N. oleander
(aqueous leaf
extract)

N. oleander
(aqueous leaf
extract)

Spherical and
octagonal Ag
NPs

AS: 14-36 nm

Fe;O, NPs
AS: 20 nm

Ag NPs

Ag NPs

Spherical and
cubic Ag NPs
AS: 20-35 nm

Spherical
shaped Ag
NPs

AS: 52 nm

24 h.

Stirred mixture of leaf extract
and an aqueous solution of
AgNO; at ambient temperature
for 1 h in the dark.

Stirred mixture of seed extract
and an aqueous solution of
FeCl,.4H,0 FeCl;.6H,0 at 50°C
for 1 h.

pH Adjustment > 10
Continuous stirring at 50 °C for
20 min.

Stirred mixture of extract and a
solution of AgNO; at 100 °C for
5 min.

Stirred mixture of oil extract and

an aqueous solution of AgNO,
at ambient temperature for few
min.

Stirred mixture of leaf extract
and an aqueous solution of
AgNO; under at ambient tem-
perature.

Incubation at room tempera-
ture.

Stirred mixture of leaf extract
and an aqueous solution of
AgNO; in the dark at ambient
temperature.

Spodoptera lit-
ura

Lepidoptera ge-
lechiidae

Culex pipiens

Trogoderma
granarium

Anopheles ste-
phensi

Tribolium cas-
taneum and
Callosobruchus
maculatus

Plant species Metal-con- Method of preparation Representative Significant insecticidal results References
(Formulation) taining nano- insect pests
particles
(NPs)
A. indica (leaf Spherical Ag Stirred mixture of an aqueous Bemisia tabaci -LCso: 411.054 and 465.331 ppm, against 3rd (9]
extract) NPs solution of AgNO; and plant instar nymphs and adult population of whitefy,
AS: 7-10 nm extract at 85 °C for 30 min. respectively, after 96 h exposure time.
A. indica Rutile TiO, Autoclave treatment of an aque- Spodoptera lit- -LCsp: 10.20 and 12.49 ppm on Helicoverpa Kamaraj
(neem gum NPs ous suspension of neem gum ura and Helico- armigera (Hub.) and Spodoptera litura (Fab.), etal, 2017
suspension) Size: 20- and TiCl,. verpa armigera respectively;
41 nm) -LCyy: 32.68 and 36.68 ppm on H. armigera
(Hub.) and S. litura (Fab.), respectively.
P. harmala Ag NPs Stirred mixture of an aqueous Trogoderma -LCy, range (after 48 h post-treatment): o
(methanol AS: Size: 22— solution of AgNO; and plant granarium -In instar larvae of Trogoderma granarium: 4.7-
seed extract) 66 nm extract at 80°C for 30-45 min. 11.4 ug/cm?
Incubation in the dark at 37°C. -In adults of Trogoderma granarium: 4.1-
10.2 pg/cm?,
P. harmala Spherical Ag Stirred mixture of an aqueous Culex pipiens Killing rate of C. pipiens by the silver nano- o8]
(aqueous ex- NPs extract and AgNO; solution at particle:
tract) 60-70°C for 1 h. -After 48 h of exposure: 3.3, 4.6, 4.6, 5.3% at
the concentrations of 2.5, 5, 7.5, and 10,
respectively, vs untreated control (0);
-After 24 h of exposure: 3.3, 3.0, 2.6, 4.6 % at
the concentrations of 2.5, 5, 7.5, and 10,
respectively, vs untreated control (0).
P. harmala Spherical Stirred mixture of seed extract Not reported ICs, values from cytotoxicity tests: 8.8 and 5]
(ethanol Pt—Pd NPs and an aqueous solution of 3.6 ng/ml, against lung cancer (A549) and
seed extract) AS: 34 nm PtCl, and Pd(OAc), at 60°C for breast adenocarcinoma (MCF-7) cells, respec-

tively; vs carboplatin (ICs,: 23 and 9.5 pg/ml,
respectively).

Mortality rate of the nanoparticle in second
instar larvae:

21.67-96.67 % at concentrations ranging from
100 to 1500 mg/l, vs coragen (18.33-91.67 %),
proclaim (13.33-78.33 %), talstar (13.33-
68.33 %), and tracer (11.6-66.67 %) at concen-
trations ranging of 60 to 120 mg/I.

LGy, values:

-Fe;0, NPs: 601.48, 268.82, and 595.16 ppm for
penetrating neonate larvae to tubers and
leaves, and eggs of Phthorimaea operculella,
respectively, vs cumin extract (LCsy: 961.07,
496.84, and 874.90 ppm, respectively).

-LCs, values of the nanoparticles against the
3rd instar larvae of Culex pipiens: 112.92,
105.12, 95.91, and 84.11 ppm after 24, 48, 72
and 96 h of exposure; vs crude ethanol extract
(LCsy: 612.07, 1966.29, 520.63 and 455.45 ppm,
respectively).

Percentage of mortality of the nanoparticle:
41.40% at 300 ppm, vs plant oil (36.12% of
mortality at 15% concentration).

LCs, values of the nanoparticle:

-Against larvae: 20.60, 24.90, 28.22 and
33.99 ppm for first to fourth instar larvae,
respectively; vs leaf aqueous extract (LCs:
232.90, 273.71, 318.94, and 369.96 ppm, re-
spectively);

-Against pupae: LCsy: 426.01 ppm, vs leaf
aqueous extract (426.01 ppm).

*Against Callosobruchus maculatus:

LCs, value: 2.992 ppm for the green synthe-
sized nanoparticle, vs aqueous leaf extract
(LCsq: 3.366 ppm), and pure nanoparticle (LCyy:
4.332 ppm);

[56]

[62]

54

[104]

931

(551
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Table 3. continued

Plant species Metal-con- Method of preparation Representative Significant insecticidal results References
(Formulation) taining nano- insect pests
particles
(NPs)
*Against Tribolium castaneum larvae (first in-
star):
LCs, value: 2.227 ppm, vs aqueous leaf extract
(LCso: 3.853 ppm), and pure nanoparticle (LCsy:
2.019 ppm).
N. oleander Spherical Stirred mixture of leaf extract Lucilia sericata LCs, of the prepared nanoparticle against the B
(methanol formed Ag and AgNO; solution under dark- third instar larvae of L. sericata: 21 ppm, vs N.
leaf extract) NPs ness at room temperature. oleander leaf methanol extract (LCs,: 389 ppm).
AS: 4-32 nm

6. Critical Assessment

The present study aims to summarize up-to-date information
on the use of nanoformulations from pesticidal plant natural
products against desert locust swarms. Indeed, detailed
information regarding mode of preparation of nanoparticles
from a series of plant species, materials and techniques of
preparation employed, and their insecticidal and/or pesticidal
activity are discussed.

According to the literature information, twenty-two (22)
plant species (Table 1) were reported to biologically affect the
desert locust by impairment of hormonal regulation of meta-
morphosis, reduction of the fecundity of female species,
increase in acetylcholinesterase enzymatic activity, a slowdown
of locomotion, antifeeding activity, and so on. The plant organs
that were mostly used for plant extraction included leaves,
seeds, fruits, whole plant, etc. The main secondary metabolites,
which were intricately involved in the biological activity
included triterpenoids (B-terpinene-4-ol, B-terpinene, and sabi-
nene-phelandrene from Origanum vulgare), tropane alkaloids
(scopolamine and hyoscyamine from Datura stramonium),
furanochromones (khellin, visnagin and from Ammi visnaga),
limonoid (azadirachtin) and flavonoids (quercetin and kaemp-
ferol from Nerium oleander) among others.

Despite the effectiveness of these plants against desert
locusts, the toxicity caused by their overuse is noteworthy. For
example, the ingestion of a significant amount of N. oleander
leaf extract may cause serious health complications to children
due to high concentrations of cardiac glycosides.”” Thus,
detailed toxicity studies of the most promising plants should be
investigated for their successful utilization in crop protection.

So far, encapsulation of plant extracts with promising
insecticidal activity has been accomplished successfully in
nanostructured carriers, to fulfil nano-formulations with con-
trolled release of pesticidal substances (Table 2). However, there
is a lack of studies across the literature regarding assessment of
the potential interaction of the systems carrier-phytochemicals
in insecticidal activity. Based on their biophysical properties,
liposomal and biopolymeric nanocarriers can ease the perme-
ation of encapsulated phytochemicals via the larval rectal
epithelium of desert locusts, such as S. gregaria. Positively
charged materials can interact with the epithelial cells’ surface,

ChemistryOpen 2024, 202400271 (13 of 16)

leading to cuticle damage and transmucosal delivery of active
ingredients.*’#” Different mechanisms might expound the
effect of nano-enabled pesticides and these are well discussed
in represented in the literature.®””

From the results displayed in Table 3, there is evidence that
green synthesized nanoparticles exhibit more potent insectici-
dal activity than pure metals and plant extracts used as starting
points for the fabrication. Rutile TiO, NPs, Ag NPs, Pt—Pd NPs
and Fe;0, NPs were the mostly fabricated insecticidal nano-
particles with sizes varying from 4 to 66 nm. Despite the
environmentally benign nature of the bioactive ingredients-
mediated preparation of metal nanopesticides, assessment of
the environmental risk associated with metal nanoparticles for
regulatory purposes continues to be a challenge. The conven-
tional methods applied to monitor the residual nanoparticles in
the environment are solely based on sequential extraction of
dissolved concentrations and speciation.®*'®! Considering the
relatively small size (<50 nm; Table 3) of the reported metal-
containing nanopesticides, more basic research should also be
conducted on their ability to translocate within the plant. The
release of pesticidal phytochemical-coated metal nanoparticles
in the environment even at lower concentration may result in
long-term higher toxicity on biota than the pristine active
ingredient formulations or nanoencapsulated phytochemical
pesticides.

7. Conclusions and Future Outlook

This study examines the current state of knowledge on the use
of pesticidal plants and their nanoformulations for the control
of swarming desert locusts. Over the past decade, modern
biological studies on the insecticidal activity of essential oils
and extracts from a collection of 17 plant families have been
published. Studies of the insecticidal mechanism of action of
these plant natural products revealed their implication in
epithelial cell damage within the midgut of desert locusts.
Other insecticidal mechanisms of action included interference
of plant extracts with the central nervous system, and an
increase in acetylcholinesterase enzymatic activity in the insect,
and so forth. To prevent degradation of plant extracts under

© 2024 The Authors. ChemistryOpen published by Wiley-VCH GmbH
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effective plant-based biopesticides as a sustainable alternative
against desert locusts.

environmental stress, and preserve their systemic efficacy,

encapsulation within nanostructures has been described.

Based on the findings of studies presented in this review,
the following key insights emerged:

- The higher encapsulation efficiency of biopolymeric nano-
carriers make them commendable delivery systems to
maintain the safety, stability and efficacy of plant extracts
used as biopesticides. The key fabrication techniques of
these biopolymeric nanocarriers should focus on the limited
use of hazardous solvents and the optimisation of solvent
evaporation methods and lyophilisation to maintain minimal
concentration of solvents in the final formulation.

- Capping silver nanoparticles with the bioactive compounds
contained in plant extracts is anticipated to reduce pesticide
run-off and underpin a system with synergistic effects against
desert locust. However, metal-based nanopesticides if used,
should only be considered at concentrations that are less
toxic to the plant and where no harmful effects can occur to
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sizes, even smaller than biopolymeric nanoparticulate. How-

ever, the low encapsulation efficiency combined with the

cost of this sophisticated technique makes it unattractive for
emerging countries who attribute a sizeable percentage of
their economy to agricultural activities.

- Nanotechnology offers the potential to develop more
environmentally friendly pesticides. By improving targeting
and reducing off-target effects, nanoparticles can minimize
the amount of pesticide needed, thus reducing pollution and
the risk to non-target organisms. Additionally, nanopesticides
can be designed using biodegradable polymers to degrade
more rapidly and safely in the environment.

- Nanotechnology enables the development of smart pesti-
cides with increased precision and specificity that can
specifically target pests while sparing beneficial organisms.
By functionalizing nanoparticles with targeting ligands, such
as antibodies or peptides, nanopesticides can selectively
bind to pests or their specific receptors, reducing the impact
on non-target organisms.

- Challenges may including scaling up the production of
nanopesticides to meet agricultural demands. The cost of
manufacturing nanoparticles and incorporating them into
pesticide formulations would need to be competitive with
existing conventional pesticides.

- Furthermore, the potential toxicity of the use of nano-
particles in developing based plant pesticides and their
effects on human health and the environment is a significant
concern. Therefore, rigorous research is needed to under-
stand the potential risks associated with the use of such
nanopesticides and to develop appropriate safety regula-
tions.

In conclusion it can be said that the in-depth understanding
provided on the development processes, performance and
interaction of nanotechnology-based plant pesticides with
crops, will open new insights in the production of more
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