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Locusts, among the world's most destructive migratory pests, threaten food security by devastating crops and
pastures. Conventional chemical insecticides pose environmental and health risks, highlighting the need for
sustainable alternatives. We demonstrate the efficacy of nickel ferrite (NiFe,O4) nanoparticles (36 + 10 nm), as
a safe, cost-effective insecticide for locust management. These NiFe,O4 nanoparticles disrupt locust develop-
ment by impairing blastokinesis and growth, thus resulting in malformed nymphs with compacted abdomens
and disorganised body structures — primarily arising from significantly lower heart rates (30 bpm for control vs.
20 bpm for embryos exposed to NiFe,O4) and changes to end-diastolic and end-systolic dimensions. Adult
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locusts retained ingested nanoparticles in their coelomic cavities, which could potentially be used as traceable
markers for swarm tracking. Additionally, the nanoparticles were recoverable from soil with over 90%
efficiency, minimising potential ecological impact. Our research therefore offers an innovative nanotechno-

rsc.li/nanoscale logy-based solution for sustainable and effective locust management.
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Introduction

Locust species inhabit all continents except Antarctica.'
Among these, the desert locust (Schistocerca gregaria) and the
migratory locust (Locusta migratoria) present significant chal-
lenges owing to their wide geographical distribution and extra-
ordinary migratory capabilities.>™ Both these species exhibit
the unique ability to multiply rapidly and transition from soli-
tary to gregarious behaviour in response to population density
increases, forming massive swarms.>® These swarms, which
are among the world’s most destructive groups of migratory
pests, cause crop damage so extensive that they threaten the
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food security of millions of people in underdeveloped and devel-
oping nations. Historical records of Locusta migratoria date back
to as early as 707 BC in ancient Chinese documents, highlight-
ing the enduring challenge of locust management.”® More
recently, the Food and Agriculture Organisation of the United
Nations (FAO-UN) has warned that, without immediate interven-
tions, locust outbreaks could escalate into catastrophic plagues
within the next decade.”* Consequently, addressing the threat
posed by these voracious creatures in agricultural fields has
become a global challenge that demands urgent attention.”

The crisis has been further exacerbated by the unpredict-
able weather patterns driven by climate change, which are
expected to further intensify locust activity.">™® Traditional
chemical control pathways reliant on pyrethroid-based and
organophosphate-based insecticides have several shortcom-
ings including high organic solvent content, poor dispersibil-
ity in soil and poor specificity against the target pests.'>"”
Furthermore, the low target efficiency of pesticides results in a
staggering 90% of the formulation running off into the
environment.”* Consequently, these factors contribute to
severe environmental pollution, posing significant risks to
human health, aquatic life, domestic animals, birds, insect
populations, and soil microbes, while also burdening farmers
with higher operational costs.'® Shifting climate conditions
and the rapid emergence of insecticide resistance therefore
demand nanotechnology-based approaches to solve these
grand challenges via precision agricultural technologies.'® As
such, several nanomaterial types, including polymers, lipids,
ceramics, and metals, have been leveraged for pesticide formu-
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lations. These are collectively categorised as nanopesticides,
and used against insects, mites, and microorganisms."
Nanopesticides provide several beneficial characteristics that
set them apart from conventional chemical pesticides. They
offer a larger surface area, and superior dispersion in various
solvents including water, simple attachment, controlled
release, rapid mass transfer, and diminished residuals in the
environment.'*?°* Analysis by Wang et al. has shown that
nanopesticides have a 31.5% higher efficacy towards the target
organism (as compared to bulk counterparts) with a 22.1%
lower leaching potential, while being able to mitigate biotic
and abiotic stresses (heat, drought, salinity etc.).>*

In previous studies, we have demonstrated the efficacy of
cobalt and nickel ferrites as microbial pesticides against plant
pathogenic fungi.>® Fungi, being eukaryotic microorganisms,
differ fundamentally from Acrididae (locusts), which are
highly complex multicellular organisms. Based on these differ-
ences, it can be assumed a priori that the effectiveness of fer-
rites against fungi would not mean they are effective against
locusts. However, recent findings challenge this assumption.
For instance, studies on zinc chromium oxide nanoparticles
have shown their efficacy against Schistocerca gregaria.*® The
ZnCrO nanoparticles were shown to cause structural damage
to fat body cells in immature locust stages, disrupt cellular
functions, and, at higher concentrations, lead to nymphal
death by altering development.®® It should be noted that mag-
netic nanoparticles, owing to their size, composition, aggrega-
tion and surface charge, show varying levels of cellular uptake
and bioactivity towards cells and tissues.”””*® For instance,
while magnetic iron oxide nanoparticles have been shown to
have limited toxicity (at low loadings),*** nickel ferrite nano-
particles are known to generate reactive oxygen species (ROS)**
upon interaction with biological tissues leading to oxidative
stress, and cause disruption of processes like cell division,
protein synthesis, and morphogenesis. Nickel ferrite nano-
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particles have also been linked to severe myocarditis, neuron
necrosis, and other pathological conditions.** Similarly, cobalt
ferrite nanoparticles have been associated with developmental
malformations, including cardiac edema, delayed hatching
and apoptosis with oxidative stress being a key contributor.*?
Despite these studies, the potential insecticidal activity of fer-
rites, including their mechanisms of action against Acrididae
species, remains largely unexplored. Further investigation into
this area could reveal novel dual-function compounds for pest
and fungal control.>*

In this work, we have sought to develop a mechanistic
understanding of the use of magnetic nickel ferrite (NiFe,0,)
nanoparticles, in addressing the locust crisis. Our comprehen-
sive investigation covers several aspects including the design
and physicochemical characterisation of nanoparticles, simu-
lating the natural habitat of locusts under laboratory con-
ditions for growing them, exhibiting mechanisms which show
how the nanoparticles reach the eggs buried in soil, and cru-
cially, examining the nanoparticle-locust interaction at both
embryonic and adult stages. Our findings reveal that NiFe,O,
nanoparticles effectively curtail the transition of eggs into
healthy nymphs by causing delays in embryonic development
and blastokinesis processes. Additionally, it was observed that
the heart rate of the embryos decreased, which resulted in
abnormal physical characteristics in the nymphs. Lastly, we
demonstrate a method to recover unutilised nanoparticles
from the soil, ensuring both cost efficiency and minimal
environmental impact.

Results and discussion
Nanoparticle characterisation

Nickel ferrite (NiFe,0,) magneto-plasmonic nanoparticles,
referred to as MNPs hereafter, were synthesised using the co-
precipitation method.”>*> A brief description of the process
can be found in the ESI.f The MNPs were primarily assessed
for their size, shape and crystalline structure. Transmission
electron microscopy (TEM) revealed an average size of 36 =
10 nm, as shown with the corresponding morphology in
Fig. 1a (top-left). The crystalline nature of the nanoparticles
was further studied using X-ray diffraction (XRD), selected area
electron diffraction (SAED) and Raman spectroscopy. Analysis
of the XRD pattern revealed diffraction peaks corresponding to
the 111, 220, 311, 400, 440, and 511 planes of nickel ferrite
(JCPDS Card no. 10-0325), as shown in Fig. S1a.i>>*® The
Raman spectrum (Fig. S1bf) exhibited active modes at
211 em™, 331 em™, 479 em™" and 696 cm™!, consistent with
the predicted positions.*” Further analysis using scanning elec-
tron microscopy and energy dispersive X-ray (EDX) analysis
(Fig. Sicft), revealed polyhedral ferrite nanoparticles and pro-
minent peaks corresponding to O, Fe and Ni, confirming the
nickel ferrite structure. The SAED pattern shown in Fig. 1
(inset, top-left) and interplanar spacings from high-resolution
TEM, shown in Fig. S1d,} corroborate the findings from the
XRD analysis.*®
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Fig. 1 Physical characterisation of MNPs and their effect on locust egg development. (a) TEM image and SAED pattern (inset) of Ni ferrite nano-
particles (top left). Image of an egg pod surrounded by sand and its changes (bottom left). Additionally, the arrows indicate the procedure for appli-
cation of MNPs to the locust eggs where MNPs are added to the jar containing eggs buried in sand. These are kept in an incubator, which is main-
tained at 30 °C with a controlled relative humidity (RH) of 90%. An X-ray microtomogram (uCT) of individual eggs exposed to MNPs is also shown
indicating that MNPs successfully reach the eggs. (b) Digital images of eggs during the growth period and (c) the change in length, diameter and
volume of the eggs of migratory locusts over time. Hatching rate (bottom-left) and uCT (bottom-right) of eggs in the presence of various MNP con-
centrations. Statistical analysis was performed using multiple comparisons in a one-way ANOVA test. The same letter “a” indicates no significant
difference while different letters indicate significant differences (P < 0.05). Bars represent the mean + SEM (standard error of the mean). Each group

has three biological replicates, with 100—-130 eggs in one replicate.

Effect of MNPs on locust egg development

We first examine the impact of MNPs on egg development as
part of a strategy to mitigate the effects of locust infestations,
particularly during the egg development phase. Egg pods from
the desert-type and migratory-type locusts were received in a
jar (image in Fig. S27). A representative image of the egg pod
outside the jar is shown in Fig. 1a (bottom-left). In the sche-
matic of Fig. 1a, we illustrate the process of exposing the
locust eggs to MNPs (dispensed using a pipette and then incu-
bated). Micro-computed tomography (pCT) imaging confirmed
the interaction between the MNPs and the eggs. Embryonic
development was carefully monitored for 18 days, as depicted
in Fig. 1b.>>*° Over this period, we observed a 22% increase in
the length and a 55% enhancement in the diameter of the
ready-to-hatch eggs compared to freshly laid eggs (Fig. 1c).
Notably, after day 8, and through days 15-16, no significant
changes were observed in the diameter, length, or volume of
the eggs, as shown in Fig. 1c.

During the growth period, the egg volume increased three-
fold, consistent with earlier investigations on egg development
in locusts.*"*> To determine the effect of MNPs on the eggs,
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three different concentrations of MNPs, 10 mg L™, 100 mg L™*
and 1000 mg L' referred to as low, medium and high concen-
trations/loadings henceforth, were tested alongside a control
group. The details are given in the Materials and methods
section.

Nymphs began to emerge after 14 days, with all nymphs
emerging within 18 days.*? After 20 days, assuming no further
eggs would hatch, the number of nymphs was counted. For
low MNP loading, 82-90% of nymphs emerged as compared to
60-88% for medium loadings and 80-88% for high MNP load-
ings, as shown in Fig. 1c (bottom-left). Statistical analysis
revealed no significant difference in hatchability between the
three MNP loading treatments, suggesting that MNP concen-
tration does not significantly affect the rate of egg develop-
ment into nymphs. This observation is attributed to the fact
that the eggs are randomly dispersed in the soil, meaning that
the number of particles reaching the eggs after surface spray-
ing of the topsoil is independent of the location of the eggs.
This finding aligns with our pCT studies on nanoparticle
movement in soil (discussed in the following sections), high-
lighting the challenge of controlling the number of nano-
particles that reaches the eggs at varying nanoparticle concen-

This journal is © The Royal Society of Chemistry 2025
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trations in the water solution. In contrast, the control group
had a lower hatchability rate (60-73%), see Fig. 1c, and this
disparity was found to be statistically significant as compared
to the hatchability observed in the MNP-exposed experiments.
To ensure that no additional nymphs were likely to emerge, a
separate series of experiments - both in the presence and
absence of MNPs - considered the development of eggs for a
total of 35 days. After 20 days, no further nymphs emerged,
providing confidence in the accuracy of the data.

Analytical techniques were utilised to investigate the trans-
location of MNPs within the locusts. As shown in Fig. 1a (top-
right), MNPs can be seen inside the egg (as patches) in the
case of low MNP loading. Additional images indicative of
MNPs as patches on the surface of the eggs are presented in
Fig. S3.1 The overlapping EDX maps of Fe, Ni and O, confirm
the presence of MNPs on the surface of the locust egg, provid-
ing further evidence of their interaction and the potential
impact on the development of the eggs. It should be noted
that smaller MNPs were more effectively internalized, poten-
tially through surface pores or microchannels.** These physi-
cal interactions likely create a localized barrier, restricting
nutrient exchange or gas diffusion - critical for embryonic
development. As shown in the following sections, the pCT
imaging reveals the accumulation of MNPs within embryonic
tissues, suggesting their ability to cross the eggshell barrier.*
This targeted deposition amplifies localized effects, such as

View Article Online
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oxidative stress and mechanical disruption, in key develop-
mental sites. In this context, the presence of MNPs within
embryonic tissues triggers the generation of reactive oxygen
species (ROS), either directly through their chemical reactivity
or indirectly via disruption of mitochondrial activity. Elevated
ROS levels induce oxidative stress, which damages cellular
components such as proteins, lipids, and DNA.>”***” This
contributes to developmental delays, structural deformities,
and reduced hatchability observed in treated eggs (as dis-
cussed in the next section).

MNP-induced blastokinesis delay and abnormal cardiac
activity

Fig. 2a shows that locusts exposed to MNPs during embryonic
development and the blastokinesis process exhibited a slight
developmental delay compared to the control group. This
delay led to the emergence of abnormal nymphs, characterised
by deformities such as severe abdominal compaction and dis-
organised head, thorax, and abdomen/leg across various MNP
loadings (detailed in Fig. 2b).

Our analysis attributes these abnormalities to the altered
cardiac activity of the embryo, as revealed by the two-dimen-
sional optical coherence tomography (2D OCT) images of the
dorsal vascular system (heart) during diastole and systole of
the locust embryo (see illustrative OCT images in Fig. 2c).*>*°
Specifically, the heart rate of locust embryos subjected to MNP
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Fig. 2 The effects of different concentrations of MNPs on the development of migratory locust embryos and larvae. (a) The process of locust
embryonic development over time (6—12 days). (b) The morphology of first instar larvae after hatching. (c) The end-diastolic dimension (EDD) and
end-systolic dimension (ESD) images of the dorsal vascular system of locust embryos. (d) Heart rate over 10 seconds of locust embryos on days 8, 10
and 12, and EDD and ESD statistics of the embryonic dorsal vascular system. Statistical analysis was performed using multiple comparisons in three-
way ANOVA tests. Bars represent the mean + SEM (standard error of the mean), while n.s. denotes non-significant variations. *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001. There are 15 locusts in each group.
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treatment was significantly reduced by the 12™ day of develop-
ment, as compared to the control group embryos. Moreover,
both the end-diastolic dimension (EDD) and end-systolic
dimension (ESD) were also found to be significantly affected.
Embryos treated with 100 mg L~' MNPs exhibited larger ESD
values, while those treated with 10 mg L™ and 1000 mg L™
MNPs showed slightly increased EDD values compared to the
controls at the end of 12 day. It should be noted that the
larger EDD values indicate diastolic filling, while increased
ESD suggests weakened systolic contraction.*® Both these
abnormalities point towards compromised cardiac efficiency
and are in line with the reported cardiovascular effects of
nanoparticles.*® For instance, nickel-based nanoparticles were
shown to cause oxidative stress and inflaimmatory responses
eventually leading to progression of atherosclerosis in animal
models. We believe these significant changes in the ESD and
EDD values suggest MNPs alter the cardiac processes through
a combination of oxidative stress, nanoparticle-tissue inter-
actions, and mechanical disruption (as observed in the pCT
and SEM-EDX analyses shown in the following sections). For a
summary of the heart rate, ESD and EDD variations, please see
Fig. 2d.

These findings underscore the potential impact of MNPs
on embryonic development and highlight the need for further
investigations into their effects on cardiac function and overall
morphogenesis.

Locust behavioural changes in response to nanoparticle
interaction

For this experiment, jars containing egg pods were sealed and
kept in a moist incubator for 10 days. After this period, the
lids of the jars were removed, and jars were transferred to
cages, each housing one jar, as shown in Fig. S4.f Inside each
cage, Petri dishes containing water and lettuce were provided
alongside each jar. Initially, the emerging nymphs were green
in colour; however, due to the confinement within the cage,
they turned brown in colour and started exhibiting gregarious
behaviour.’

Following nymph emergence, 1000 mg of MNPs were
sprayed onto 50 g of lettuce. Initially, the nymphs avoided the
MNP-treated leaves, suggesting a repellent effect. However, as
time progressed, hunger drove the nymphs to overcome their
aversion and they started consuming the MNP-loaded lettuce
within a few hours. The shift in the behaviour, from avoidance
to consumption, was predominantly driven by the nymph’s
survival instincts, as they chose to eat the treated leaves rather
than risk starvation. Within a day of consuming the MNP-
treated lettuce, the nymphs began exhibiting signs of sluggish-
ness and ultimately perished by the second day. This behav-
iour of locusts suggests that MNPs may not completely wipe
out the locust populations; however, they can help in control-
ling and managing their numbers.

A graphical representation of the nymphs emerging and
their response to MNPs is illustrated in Fig. 3(a). In jars with
lower MNP loading levels, the lettuce was treated with 500 mg
of MNPs (jar 2) or 100 mg of MNPs, resulting in varying stages
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of sluggishness and mortality in nymphs over different time
frames. For instance, in the case of lettuce loaded with 500 mg
of MNPs (jar 2), the nymphs remained sluggish for a few days
and died between four to six days. In comparison, for the
100 mg of MNP loading on lettuce, the nymphs only became
sluggish after a week, with approximately 50% dying in the
subsequent week. A point to note here is that for the 100 mg
MNPs batch after the initial MNP-loaded lettuce was con-
sumed, fresh lettuce leaves were added. The trend of increas-
ing nymph mortality enhanced by MNP loading indicates that
the total amount of MNPs consumed is the determining
factor. In comparison, for the control experiment, shredded
lettuce without any nanoparticles had no discernible impact
on the activity of the nymphs. With an adequate water supply
and cage maintenance, nymphs in the control group were
monitored for four weeks and all of them survived.

A deceased nymph from the cage corresponding to the
1000 mg of MNP loading was utilised for translocational
studies. The pCT scan (Fig. 3b) revealed regions of varying den-
sities, with the nymph body presenting the area of least
density, primarily due to its carbon-based composition with
concentrations of heavier elements, particularly in the coelo-
mic cavity. The contrast in the pCT depends on the density
and atomic number of the elements present (higher atomic
numbers of Fe and Ni as compared to Si) and highlights the
differences between sand grains and the MNPs based on their
atomic compositions (labelled in Fig. 3b). A video showing the
3D representation of the image has been added to the ESL.{

Further confirmation of the presence of MNPs in the coelo-
mic cavity was obtained by SEM-EDX (Fig. 3c). A cross-section
of the locust stomach was utilised for the SEM-EDX, yielding
peaks corresponding to the most prominent elements - Fe, Ni,
O, Si, and C, with the corresponding elemental maps shown in
Fig. 3d(i-v), respectively. The EDX map corresponds well with
the SEM image, revealing variations in concentration intensity
across different elements. The lowest brightness corresponds
to carbon, representing the locust stomach, while medium
brightness areas represent Si and O from the sand particles. A
couple of sand particles/grains, which punctured the coelomic
cavity during its cross-sectioning, can also be visualised.
Brighter areas in the middle correspond to the presence of
nickel ferrite MNPs, where the maps of Ni, Fe and O peaks
overlap, confirming the presence of MNPs in the coelomic
cavity of the locust.

In nymphs, the MNPs further interfere with the cardiac
physiology. The observed reduction in heart rate and abnorm-
alities in EDD and ESD may be linked to oxidative stress-
induced mitochondrial dysfunction in cardiac cells with the
uptake and translocation leading to reduced cell proliferation
and metabolic activity.*®*” Additionally, direct physical inter-
actions between the MNPs and cardiac tissues may impair ion
channel function, disrupting the electrical signalling required
for rhythmic contractions.*® Beyond ROS generation, the nano-
scale size, light-dependent absorbance and chemical reactivity
of MNPs may disrupt cellular signalling pathways and inhibit
protein folding or DNA repair mechanisms, as observed in

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Impact of MNPs on locust behaviour. (a) Scheme showing the mechanism of action of MNPs on the locust nymphs. The locusts, upon hatch-
ing from their eggs, refrain from consuming lettuce treated with MNPs initially, but eventually resort to it due to hunger, suggesting a shift in behav-
iour towards eating MNP-sprayed lettuce as a part of their food to survive. However, once they consume the MNP-treated lettuce, the locusts
perish. Conversely, when they feed on untreated lettuce, the locusts manage to survive (control). (b) Microtomography (uCT) of nymphs after con-
sumption of MNPs; the inset shows a photograph of a dead nymph. (c) SEM image of the stomach cross-section of the locust. (d) The elemental
EDX maps corresponding to the sub-figure in (c) confirm the presence of (i) iron, (ii) nickel, (iii) oxygen, (iv) silicon, and (v) carbon, respectively.

other studies of metallic nanoparticles. Furthermore, localized
mechanical stress induced by nanoparticle aggregation could
impair cell division and tissue formation, exacerbating devel-
opmental delays.>*>"

This journal is © The Royal Society of Chemistry 2025

During the early growth stage, some locust nymphs did not
ingest MNPs as they might have consumed parts of the lettuce
devoid of MNPs. This reduced the likelihood of their exposure
to MNPs at this stage. However, the probability of these locusts
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eventually consuming the MNP-loaded lettuce was not elimi-
nated. Consequently, as the nymphs matured into adults, they
inevitably consumed MNPs. Our observations revealed that
adult locusts that consumed MNPs survived for over two
weeks. The continual presence of MNPs in their coelomic
cavity suggests the potential to use these particles as markers
for tracking locust movement after hatching. However, exclu-
sive experimental studies (beyond the scope of this work) are
necessary to validate the effectiveness of these MNPs as accu-
rate tracking markers for such adult locusts.

Synergetic effects of MNPs and interplay of MNPs with sand

The synergistic effect of MNPs on the locusts was determined
by loading MNPs onto newly laid eggs and subsequently expos-
ing the emerged nymphs to the MNP-loaded Ilettuce.’®
Initially, 2 mL of high MNP loading (1000 mg L™") was applied
to jars containing egg pods in sand. These jars were sealed to
replicate prior experimental conditions and stored for 10 days,
after which the seals were removed, and jars placed in a cage
with water. Upon the emergence of nymphs after 14 days, they
were fed with 50 g of lettuce loaded with 1000 mg of MNPs.
The nymphs died within two days after consumption of MNP-
loaded lettuce. The corresponding pCT of a nymph is shown in
Fig. S5.F

After the nymphs had died, the jar was investigated to
determine the effect of MNPs on eggs before they became
nymphs. Interestingly, the egg pods located in the central
portion hatched but the resulting nymphs succumbed after
consuming the MNP-loaded lettuce. Conversely, egg pods
located along the jar’s edges failed to hatch. The pCT analysis
indicated that the MNPs penetrated 7-10 cm into the sand
near the jar edges but did not reach the central portions. This
uneven distribution highlights the need for a deeper under-
standing of MNP interactions with sand to improve exposure
uniformity. Fig. 4a shows a typical SEM image of sand par-
ticles, predominantly ranging from 100-200 pm, while Fig. 4b
and c(i-iii) show the magnified image and the corresponding
EDX spectrum/mapping, respectively.

To further investigate the distribution of MNPs in sand,
pCT analysis was conducted. Due to the size constraints of the
pCT instrument being unable to accommodate a 10 cm long
jar (and the consequential reduction in resolution of tomo-
grams), a smaller plastic test tube-type jar (12 mm diameter
and 30 mm length) was utilised. The 2D rendered images from
the pCT analysis are shown in Fig. 4d-f. For the specific experi-
ment, 300 pL of 100 mg L™" MNPs was added to the top of the
jar. In the images, sand particle components were removed by
digital image processing to acquire a better visualization of
MNPs alone. As shown in Fig. 4g, the concentration of MNPs
was observed to decrease with depth, which was attributed to
the filtering effect of the sand grains. Additionally, the distri-
bution of MNPs in the smaller jar demonstrated higher con-
centrations on the top (Fig. 4e, despite all efforts for a uniform
distribution) and side, as compared to the centre, possibly due
to differences in interaction between the solvent (suspending
the MNPs) and the polystyrene container walls versus the sand
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particles. For better visualisation, a cross-sectional image is
also shown in Fig. 4f. This MNP distribution pattern explains
why nymphs emerged from the centre but not the sides of the
jar in the synergistic experiments, highlighting the importance
of understanding the interaction of MNPs with the surround-
ing environment for targeted interventions.

In agricultural practice, where large areas are treated as
opposed to small-scale jar experiments, uniform lateral distri-
bution of MNPs is crucial. In our experiments, pCT images
(Fig. 4g) were utilised for the determination of the MNP
density along the depth. As the container had a semi-spherical
bottom, the depth of uniform diameter, corresponding to
28 mm, was utilised to determine the density, which was sub-
sequently converted to changes in the concentration of MNPs
based on a quadratic fit (further details are given in the ESIT
section).

The derived fitting parameters were then utilised to deter-
mine the concentration of the MNPs at various depths. Depths
of up to 100 mm were used for determining the concentration
change for various starting concentrations. As shown in the
figure, at lower concentrations, the MNPs were unable to reach
deeper depths, while at higher concentrations (1000 mg L),
MNPs were observed up to 10 cm in depth. This indicates that
the depth of MNPs inside the soil can be controlled and
adjusted by varying the concentration of the MNPs. Future
experimental studies could explore the transfer of MNPs
through sand, examining factors such as MNP aggregation in
water, or their transfer characteristics through sand particles.>?
Understanding these dynamics could provide valuable insights
for optimising the application of MNPs in agriculture and
enhancing their efficacy in targeted pest control strategies.

Plasmonic contributions of NiFe,0, nanoparticles to the dis-
ruption of locust embryo development

The plasmonic characteristics of NiFe,O, arising from loca-
lized surface plasmon resonances (LSPRs) are relevant to
understanding their effects on locust embryos. LSPRs occur
when conduction electrons in the nanoparticles collectively
oscillate upon exposure to electromagnetic radiation, particu-
larly in the visible and near-infrared (UV-vis) regions. Multiple
previous studies provide direct evidence of LSPRs in NiFe,0,
nanoparticles as they absorb light in the UV-vis region.>*™’
The plasmonic property is primarily due to the presence of the
nickel element.*®*® The Raman spectrum shown in Fig. S1bt
of this study reveals the characteristic vibrational modes of
spinel ferrites. While primarily used for structural confir-
mation, the Raman signal intensity may be enhanced by LSPR
effects, supporting nanoparticle interactions with biological
systems. The plasmonic features of nanoparticles contribute to
the observed developmental abnormalities in locust embryos
through multiple mechanisms. LSPR excitation generates hot
electrons and enhances local electric fields, promoting ROS
formation,®® which induces oxidative stress, disrupting cell sig-
nalling, protein stability, and membrane integrity, ultimately
leading to developmental delays and cardiac dysfunction.
Additionally, the plasmonic properties enable localized photo-
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Fig. 4 Study of synergistic effects. (a) Low and (b) high magnification SEM images of grains of sand (local environment of locust eggs) within which
locust eggs thrive. (c) The EDX spectrum and the O and Si elemental maps from a grain of sand (shown in (b)). (d) pCT showing the distribution of
MNPs in the sand (digitally removed) viewed from the side, (e) from the top and (f) along the cross-section of the jar. (g) The pCT intensity was uti-
lised for the determination of the concentration of MNPs at various depths. (h) Concentrations of MNPs at various depths for solutions with different
concentrations of MNPs.

thermal heating upon light exposure,®* which, although not cellular destabilisation in locust embryos. Furthermore, the

directly quantified in this study, is well documented in the lit- plasmonic behaviour enhances interactions with electromag-
erature and likely contributes to blastokinesis disruption and netic fields, influencing nanoparticle mobility in soil and
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penetration into locust eggs, facilitating translocation and tar-
geted deposition in embryonic regions, as confirmed by pCT
and SEM-EDX analyses.

Recovery of unused MNPs from soil

To evaluate the reusability and extraction of MNPs, experi-
ments were conducted to recover MNPs from sand using mag-
netic collection. This method has proven to be rapid, con-
venient, and efficient for the recovery of magnetic nano-
particles.”” For this investigation, different initial concen-
trations of MNPs (in powdered form), ranging from 10 to
2500 mg MNPs per kg of sand, were mixed thoroughly with
sand. Thereafter, a 5 mm neodymium magnet (from RS
Scientific, UK) was used for the recovery of MNPs. Once
retrieved, the MNPs were reintroduced into fresh sand to
evaluate the recovery process and this cycle was repeated. The
change in recovery concentration over time is shown in Fig. 5
and Table S1.f Remarkably, even after 5 recovery cycles,
approximately 90% of MNPs (for an initial concentration of
2500 mg MNPs per kg of sand) and approximately 70% of
MNPs from other lower concentrations of MNPs in sand were
recovered. This underscores the promising potential for the re-
usability of these MNPs from sand/soil. The low recovery rate

7852 | Nanoscale, 2025, 17, 7844-7855

for the 10 mg kg~ " sample may be attributed to factors such as
measurement errors in weighing, potentially undiscovered
areas in the sand that have MNPs, and the strong binding of
MNPs to the recovery magnet, particularly impacting lower
concentrations more significantly than the higher concen-
trations. Practically, magnetic plough blades or magnets
attached to plough blades can be used for efficient and
effective recovery. The MNPs, once recovered, can be reused for
several cycles reducing the economic and environmental
strain, highlighting a sustainable approach for nanoparticle
utilisation in agriculture.

Conclusions

This study highlights the promising potential of nickel ferrite
magnetic nanoparticles (MNPs) as an effective tool for combat-
ing locust infestations. By initially loading the locust eggs with
MNPs, a significant reduction in the locust population can be
achieved, with a high likelihood of most nymphs being eradi-
cated owing to delayed embryonic growth and disruption of
the blastokinesis process. In cases where some egg pods evade
exposure to the MNPs, newly hatched locusts are deterred
from feeding on MNP-treated plants and ultimately perish if

This journal is © The Royal Society of Chemistry 2025
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they attempt to consume them. Given the capacity of locust
swarms to travel vast distances and consume massive quan-
tities of crops daily, their impact on food security is profound.
Our findings demonstrate how innovative nanotechnologies
can be leveraged to address these challenges. Looking ahead,
integrating MNPs with entomopathogenic fungi offers the
potential to further enhance the effectiveness of locust man-
agement strategies. This combined approach could signifi-
cantly contribute to global efforts to achieve sustainable devel-
opment goals by 2030.

Materials and methods
Materials

Nickel chloride hexahydrate, iron(ui) chloride hexahydrate and
sodium hydroxide were obtained from Sigma Aldrich and used
without any further purification. Deionised water (18 MQ-cm)
was obtained from ELGA Purelab deionised water equipment.
Locust eggs were obtained from Darwin Biological, UK.

Nanoparticle synthesis

NiFe,O, was prepared using a co-precipitation method
wherein stoichiometric proportions of high purity nickel chlor-
ide hexahydrate and iron(m) chloride hexahydrate were dis-
solved in boiling 0.40 M NaOH under vigorous stirring.>® After
cooling to room temperature, the resulting precipitate was
washed with distilled water until a neutral pH (7) was achieved,
and then centrifuged to collect the residue. The residue was
dried overnight in an oven at 50 °C and subsequently calci-
nated at 800 °C for 3 h in a muffle furnace, with heating and
cooling rates of 200 °C h™".

Material characterisation

Nanomaterials were characterised using a variety of tech-
niques. Scanning electron microscopy-energy dispersive X-ray
analysis (SEM-EDX) was performed on a Hitachi SU5000 field
emission microscope coupled with an Oxford Instruments
80 mm’ X-Max EDX detector in low vacuum mode using a
back-scattered electron detector at 10 kV. Transmission elec-
tron microscopy measurements were performed at 200 kv
using a Jeol JEM-2100F system. Raman spectroscopy measure-
ments were performed on a Renishaw inVia Qontor® spectro-
meter using a 785 nm laser at 1% laser power with exposure
time of 10 s. Powder X-ray diffraction measurements were per-
formed in the locked-couple mode over a 10-80° range using a
Panalytical Empyrean Series 3 system.>’

Growing locusts in Petri dishes

The eggs were received in jars filled with sand from Darwin
Biological (UK). The locust eggs were collected using the fol-
lowing protocol. Silver sand was prepared by washing sand
repeatedly under tap water followed by drying in a saucepan
with occasional stirring. Once dried and cooled, 15 wt% water
was added to the sand and mixed thoroughly. The moist sand
was then transferred to a cylindrical jar (10 cm length and
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5 cm diameter). It was ensured that sand had no air-gaps and
was not compacted. The jars were kept in locust cages allowing
locusts to lay eggs in the sand. For every batch, two jars con-
taining 2 or 3 egg pods (mostly two, except for one jar from
batch 3) were received (Fig. 1). The pods were buried approxi-
mately 7-10 cm deep and contained around 50-70 eggs. The
eggs were ellipsoidal, measuring 5-7 mm in length and
1-2 mm in diameter. A germinal disk was visible on the
bottom of each egg.

Growth of locust eggs and effect of nanoparticles

To assess the impact of MNPs on eggs, three concentrations of
10 mg L', 100 mg L™, and 1000 mg L', referred to as low,
medium, and high loadings, were tested alongside a control
group. Experiments were conducted using 12-well plates, typi-
cally used for cell cultures. Four eggs were placed in each well,
totalling 48 eggs (12 x 4) per experimental condition. Eggs
were buried in sand, and 300 pL of tap water (control) or tap
water containing MNPs was added to each well to maintain
adequate humidity for growth. The well plates were then
placed in an incubator at 30 °C with 90% humidity.

For the growth study, 3 eggs were placed in each of the 21
wells, with each well corresponding to a specific day of growth
(using two 12-well plates). Each day, the eggs from one of the
wells were removed for at different growth stages.

Exposure of nanoparticles to nymphs and adult locusts

For determining the effect of nanoparticles on the locusts, jars
containing egg pods were sealed and kept in a moist incubator
for 10 days. After this period, the lids of the jars were removed,
and jars were transferred to cages, each housing one jar, as
shown in Fig. S4.1 Inside each cage, Petri dishes containing
water and lettuce were provided alongside each jar. Following
nymph emergence, 1000 mg of MNPs was sprayed onto 50 g of
lettuce and its effect was observed by regular monitoring of
the cage.

To assess the effect on adult locusts, five adult locusts were
placed in a cage with 1000 mg MNP-loaded lettuce (50 g).

In another experiment, MNPs were loaded onto the eggs,
and the emerging nymphs were exposed to the MNP-loaded
lettuce as well. The loading was similar to the individual tests.

Nanoparticle recovery experiments

To determine the reusability of the MNPs, various amounts of
MNPs were mixed with sand followed by recovery cycles.
Specifically, samples of 10, 100 and 2500 mg MNPs per kg of
sand were prepared. The MNP-in-sand mixtures were subjected
to several cycles of the recovery process to determine the re-
usability of the MNPs at different loadings. The experiments
were run in triplicate to obtain statistically significant data.

Micro-CT analysis of locusts

X-ray micrographs (micro-computed tomography, pCT) were
obtained on a Bruker X-ray Microtomograph SkyScan 1275
with a source voltage of 40 kV and source current of 220 pA.
The pCT resolution depends on the distance of the object from
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the X-ray source. For these samples, due to the finite size of
eggs and hatchlings, the pixel size (resolution) was around
10 pm.
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related data are available on request to the corresponding
author.
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