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Reduction in insect attachment ability by biogenic
and non-biogenic ZnO nanoparticles

Manuela Rebora, @2 Daniele Del Buono, @ *°
Silvana Piersanti 2 and Gianandrea Salerno ®°

Nanomaterials can represent an environmentally safe method to control different insect pests. The present
study investigated the effect of biogenic and non-biogenic zinc oxide nanoparticles (ZnO-NPs) on the
attachment ability of the Southern green stink bug, Nezara viridula, a major agricultural pest. The
experiments were conducted on glass surfaces treated with different concentrations of ZnO-NPs, and the
attachment ability of adult males of N. viridula was measured through traction force experiments. The
results showed that both biogenic and non-biogenic ZnO-NPs reduced the attachment ability of N.
viridula, with a significant decrease in traction force observed at concentrations of 12.5 mg L™ and above.
SEM analyses revealed that biogenic and non-biogenic ZnO-NPs aggregated on the attachment devices of
N. viridula, including the pulvilli, the hairy pad and claws, disrupting the attachment mechanism. This study
suggests that ZnO-NPs, particularly biogenic ZnO-NPs obtained from plant extract, have potential as a
natural and eco-friendly pest control agent to reduce insect attachment and damage to crops.

Phytophagous insects cause considerable damage to plants, heavily reducing crop production. Insect pests are controlled mainly by insecticides, which

present health and environmental issues. The ability to firmly adhere to plant surfaces along the whole life cycle is of pivotal importance for insect survival

and reproductive success. In this context, the development of antiadhesive coatings can represent an alternative method to reduce insect pest impact in

agriculture. Here we demonstrate that both biogenic and non-biogenic ZnO-nanoparticles can reduce the attachment ability of the green stinkbug Nezara

viridula, a major pest worldwide. ZnO-NPs aggregate on the insect attachment devices (pulvilli, hairy pad and claws), disrupting the insect attachment

mechanism. This study may help to develop sustainable, nontoxic methods that can be alternatives to insecticides.

Introduction

Nearly half of the approximately 1 million described insect
species are phytophagous insects," and many represent insect
pests that cause considerable damage to plants, with crop
losses of about 18 and 16%.> The need to control pest insects
in agriculture to prevent crop diseases or damage led to the
development of synthetic organic insecticides, mainly
represented by organophosphates, carbamates, synthetic
pyrethroids, and neonicotinoids.> Despite their beneficial
impact on crop production, these chemicals can have acute
and chronic effects on humans if they reach the trophic chain
when reaching and accumulating in non-target organisms,
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and they can also pose more than one risk to environmental
health.*” Consequently, the indiscriminate use of pesticides
can result in environmental pollution, the emergence of
agricultural pests and pathogens, and the loss of biodiversity.

Alternative and eco-friendly strategies have been
developed over the last few decades, and many studies and
research are still on course to offer sustainable and less
environmentally impacting solutions to face the above
problems that plague cropping systems. Among the
approaches to protect plants from insects and environmental
biotic and abiotic stresses, inert powders (particle film
technology) are regarded for the coating of plants with
chemically inert mineral particles. In particular, they create a
porous surface film that does not interfere with plant gas
exchanges and can be easily removed after harvest (see the
review in ref. 6). In addition, the possibility of reducing insect
attachment capacity is exploited as a suitable way to decrease
their potential damage to crops, thus reducing crop losses.
For these reasons, innovative, nanostructured and also bio-
inspired materials have been developed. They are still the
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subject of intense research as technological solutions needed
in a changing global society to control and minimize the
ability of insects to attach to plants.”

In this frame, recent studies have demonstrated that
nanoparticles of kaolin, zeolite, and calcium carbonate can
affect the attachment ability of the Southern green stinkbug
Nezara viridula (Hemiptera: pentatomidae), one of the most
relevant pentatomid insect pests in the world,® to natural
and artificial surfaces.”'® It is to be emphasized that the
ability to firmly adhere to the surface along the whole life
cycle is of pivotal importance for insect survival and
reproductive success. For this reason, insects have developed
very efficient attachment devices located on their tarsi
represented by claws and smooth or hairy pads,
supplemented with fluids, which make them able to cope
with different slopes and with substrates of varying
roughness and wettability (e.g. ref. 11-20).

Within this frame, nanoscience and nanotechnologies are
also trying to respond to the problems affecting agriculture
by developing and producing nanomaterials (NMs) to
improve the crop yield and productivity and to cope with
losses caused by biotic and abiotic stresses, nutrient
deficiency and environmental pollution.® Among the
different applications, nanostructured materials can control
different pests (reviewed in ref. 22 and 23). In particular,
NMs can be used directly as active pesticide agents or
nanocarriers to deliver active compounds to target pests.>***
The effectiveness of nanoparticles (NPs) for the purposes
mentioned above lies in their small size (in the range of 1 to
100 nm for at least one dimension), surface area and unique
electronic properties that allow them to interact with
biological entities more efficiently than the same material in
bulk form.>®

NP synthesis can traditionally be carried out through
physical and chemical methods, which are expensive and
time-consuming and can impact the environment. However,
NPs can also be synthesized wusing green synthesis
approaches in water as solvent or biological extract from
plants (biogenic synthesis).””*® Regarding bio-fabricated
metal oxide nanoparticles, the process is generally carried
out by leaving a suitable biological extract to react with a
metal saline precursor.>’ Generally, the effectiveness of the
biogenic synthesis depends on the composition of the
biological entity used.?"*° In fact, some biomolecules in the
extracts can act as capping agents, thus stabilizing and
allowing the nanoparticulation processes to occur.>'”° In
addition, the extract can also operate the bio-reduction of the
metal precursor from an oxidized to a zero-valent state and
allow NPs to nucleate.”

Among the bio-fabricated NPs, the biogenic zinc oxide
nanoparticles (ZnO-NPs) are being extensively studied as they
can be easily obtained using suitable plant extracts.>’ In
addition, ZnO-NPs are considered safer and less toxic than
those obtained from other oxides.*> Regarding agriculture,
some recent studies have shown that ZnO-NPs, if applied in
appropriate dosages, can prompt beneficial effects in crops
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by stimulating growth and yield, improving nutrient
acquisition and antioxidant defenses. In particular, two
recent studies highlighted that biogenic ZnO-NPs prompted
beneficial effects in maize seedlings and olive tree
explants.>>?°

Given the growing interest and promising prospects in
using NMs for agricultural applications, the present study
aimed to test the effect of ZnO-NPs on insect attachment
ability on artificial surfaces. To date, while NPs of various
types have been studied to contain crop-damaging insects by
exploiting their direct toxic action, no study has instead
proposed an approach to undermine the ability of insects to
adhere to surfaces using ZnO-NPs. Therefore, for this
purpose, biogenic ZnO-NPs and non-biogenic ZnO-NPs (green
water synthesized) were obtained according to a previously
published methodology*! and applied to artificial surfaces.
Then, the problematic Southern green stinkbug N. viridula
was investigated as the model insect, evaluating its ability to
attach to artificial surfaces (glass) treated with different
concentrations of the NPs mentioned above. To estimate the
possible contamination effect of ZnO-NPs, we also studied
the tarsal attachment devices of insects after walking on the
treated surfaces.

Materials and methods
Insects

N. viridula adults and nymphs were collected in a field
around Perugia (Umbria region, Italy) in June 2021 and
reared in a controlled condition chamber (14 h photophase,
temperature of 25 + 1 °C; RH of 70 + 10%) inside net cages
(300 mm x 300 mm x 300 mm) (Vermandel, Hulst, The
Netherlands). Nymphs and adults were fed with sunflower
seeds (Helianthus annuus L.), pods of French bean (Phaseolus
vulgaris L.) and cabbage leaves (Brassica oleracea L.). Only
males were used for the experiments (while females were
kept for the rearing), since no sexual dimorphism was
previously observed in the attachment ability of males and
females of N. viridula.>>>* As variations in attachment ability
were highlighted in N. viridula adults according to the insect
age,*® only males about ten days old were used.

Biogenic and non-biogenic ZnO-NPs

The synthesis of biogenic nanoparticles was conducted
following a procedure previously published by Del Buono
et al., 2021,>" using a hydroalcoholic extract obtained from
an aquatic plant species, Lemna minor L., as a capping agent.
In addition, the non-biogenic ZnO-NPs were obtained
following the procedure described in the above-mentioned
paper. The ZnO-NPs showed in the case of the biogenic
synthesis a spherical shape and dimensions in the range of
10-20 nm, and in that of the green synthesis in water, a
nano-lamellar structure and dimensions in the range of 20-
100 nm (see all the characterization data reported in ref. 21).
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Substrate preparation and characterization

Hydrophilic glass with a contact angle of 47.06 + 3.37°
(mean + SD) was characterized in a previous study'’
measuring the contact angle of water (Aqua Millipore,
droplet size = 1 pL, sessile drop method) using a high-
speed optical contact angle measuring instrument OCAH
200 (DataPhysics Instruments GmbH, Filderstadt, Germany).
The glass (8 x 10 cm) treated with different biogenic and
non-biogenic ZnO-NP suspensions in distilled water at
different concentrations (6.25, 12.5, 25, 50, 100, 200 mg
L™") was prepared as follows:

10 ml of a suspension of biogenic and non-biogenic ZnO-
NPs in distilled water at different concentrations (mg L")
was distributed on glass (8 x 10 cm) delimited with an edge
of dental wax (silicone elastomer President light body
Coltene® Whaledent AG, Altstitten, Switzerland). Afterward,
the surfaces were placed to dry in an oven at 30 °C until
complete drying. The glass representing the control surface
(untreated glass) was treated with 10 ml of distilled water.

The glass was observed under light microscopy and the
distribution of NPs on treated glass was evaluated using the
open-source image processing program Image]’° to verify the
effective area covered by ZnO-NPs. The evaluated parameter
was the coverage area (%).

Scanning electron microscopy and energy-dispersive X-ray
microanalysis (EDX)

Small squares of treated glass were mounted on aluminum
stubs using double-sided carbon tape and metalized with a
thin layer of chromium (8 nm). Adult tarsi were dissected
from adults anaesthetized with carbon dioxide. Samples were
dried in an oven at 35 °C for 48 h. Afterwards, the samples
were mounted on aluminum stubs using double-sided carbon
tape and metalized with chromium. The samples were
observed by field emission scanning electron microscopy
with an FE SEM LEO 1525 (Zeiss) using back scattered
electrons at 15 kV. The presence of biogenic and non-
biogenic ZnO-NPs on tarsi was detected using back scattered
electrons, which demonstrated compositional differences
through contrast (brighter areas indicate the presence of
biogenic or non-biogenic ZnO-NPs owing to their higher
atomic number composition compared with the insect
cuticle).

The quali-quantitative element composition in the tarsi of
N. viridula was determined using the same microscope
equipped with an energy-dispersive X-ray detector (EDX)
(Bruker Quantax). The following parameters were applied:
measurement time 5 min, accelerating voltage 15.00 kV,
working distance 9 mm.

Traction force experiments

The experiments were performed using a traction force
experimental set-up represented by a Biopac force tester
(Biopac Systems Ltd, Goleta, CA, U.S.A.). Before each test,
adults of N. viridula were weighed on a micro-balance
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(Phoenix  Instruments). Experimental insects  were
anesthetized with carbon dioxide for 60 s and made
incapable of flying by carefully gluing their forewings
together using a small droplet of melted wax. One end of a
fishing thread gel spun polyethylene (Berkley Spirit Lake,
IA, U.S.A), 0.02 mm in diameter and about 10 cm long,
was fixed with a droplet of molten wax to the insect thorax.
Before starting the experiments, the insects were left to
recover for 30 min. The insect was attached to the force
sensor by means of the thread and was allowed to move
on the test substrate in a direction perpendicular to the
force sensor (and parallel to the substrate) for 240 s. The
Biopac force tester consisted of a force sensor FORT-10 (10
¢ capacity; World Precision Instruments Inc., Sarasota, FL,
U.S.A.) connected to a data acquisition unit MP 160 (Biopac
Systems Ltd, Goleta, CA, U.S.A.). Data were recorded using
AcqKnowledge 5.0 software (Biopac Systems Ltd, Goleta,
CA, U.S.A.). The force generated by the insect walking
horizontally on the test substrates was measured. Force-
time curves were used to evaluate the maximal pulling
(traction) force produced by walking insects on the
different test surfaces for each individual run. All the
experiments were performed during the daytime at 25 + 1
°C temperature and 60 + 10% relative humidity.

N. viridula adult males were tested on different treated
glass surfaces, according to the following sequence:
untreated glass (glass before), treated glass (with biogenic or
non-biogenic ZnO-NPs), untreated glass tested just after the
test on treated glass (glass after 0 h) and untreated glass
tested 24 h after the test on treated glass (glass after 24 h).
The insects were tested on untreated glass after walking on
treated glass at different time intervals to estimate the
possible contamination effect of ZnO-NPs along with time.
Seventy adult males of N. viridula were tested for each kind
of ZnO-NPs. Force-time curves were used to evaluate the
maximal traction force produced.

Statistical analysis

In the traction force experiments, the maximal traction forces
obtained for each insect on treated glass at different biogenic
and non-biogenic ZnO-NP concentrations, untreated glass
after 0 h, and untreated glass after 24 h were normalized by
the corresponding maximal traction force obtained on
untreated glass (glass before). The normalized traction force
obtained on the different surfaces was analysed for each
concentration with 1-way repeated measures ANOVA. To
verify if the reduction of traction force during the
measurement was time-dependent, the traction forces
recorded every 60 s on surfaces treated with biogenic and
non-biogenic ZnO-NPs with a concentration of 50 mg L™
were compared with 1-way repeated measures ANOVA. The
same test was used for comparison. For all the performed
ANOVA, F-tests were used to assess the significance of the
effects and their interactions. Multiple comparisons versus
traction forces obtained on untreated glass were performed

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 SEM images of biogenic ZnO-NPs (a) and non-biogenic ZnO-
NPs (b).

for significant factors using Dunnett's method.>” The
Shapiro-Wilk test was wused to verify the normality
distribution of the data. The traction forces recorded in the
first 60 s on untreated and treated surfaces with a
concentration of 50 mg L™ were compared using a t-test for
dependent samples. The relationship between the percentage
of glass surface covered by NPs and the different tested NP
concentrations was tested using linear regression analysis.*’
The 50% inhibitory concentration (ICs, values for the ZnO-
NP concentration exhibiting antiadhesive properties were
calculated using publicly available software on the AAT
Bioquest website (https://www.aatbio.com/tools/ic50-
calculator).

Results

The biogenic ZnO-NPs on glass (concentration of 200 mg
L™"), visualized with SEM (Fig. 1a), show nanometric
dimensions and a spherical shape, with aggregates of
diameters ranging from 40 to 200 nm. In addition, the non-
biogenic ZnO-NPs on glass (Fig. 1b) show nanometric
dimensions ranging from 20 to 200 nm and a lamellar
morphology with an irregular shape. Both NPs showed a clear
tendency to aggregate following the application and drying
on the surfaces investigated (Fig. 1).
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The experiments to test the attachment ability of N.
viridula adult males to different glass surfaces, untreated or
treated with biogenic ZnO-NPs, were carried out according to
the following sequence: untreated glass, treated glass,
untreated glass after 0 h, and untreated glass after 24 h. The
insect traction force on treated glass was significantly lower
than that recorded on untreated glass, starting from a
concentration of biogenic ZnO-NPs of 12.5 mg L. At a lower
concentration (6.25 mg L), the insect attachment ability on
treated glass was not significantly different from that
recorded on glass (Fig. 2). In traction force experiments
performed using N. viridula adults pulling on untreated glass
at different time intervals after having walked on treated
glass, i.e., after 0 h and after 24 h, there was no difference in
the insect traction force recorded on untreated glass both
after 0 and after 24 h and the initial insect traction force
exerted by insects pulling on untreated glass (Fig. 2) (6.5 mg
L™ F=1.79; d.f. = 3,39 p=0.173. 12.5 mg L™": F = 17.50; d.
f.=3,27; p < 0.001. 25 mg L™": F = 64.33; d.f. = 3, 53; p <
0.001. 50 mg L™ F = 45.80; d.f. = 3, 55; p < 0.001. 100 mg
L™ F=39.69; d.f. = 3, 58; p < 0.001. 200 mg L™": F = 49.01; d.
f. =3, 48; p < 0.001).

The experiments to test the attachment ability of N.
viridula adult males to different glass surfaces, untreated or
treated with non-biogenic ZnO-NPs, were conducted
according to the following sequence: untreated glass,
treated glass, untreated glass after 0 h, and untreated glass
after 24 h. The insect traction force on nanoparticle treated
glass was significantly lower than that recorded on
untreated glass, starting from a concentration of biogenic
ZnO-NPs of 12.5 mg L% In contrast, at a lower
concentration (6.25 mg L") the insect attachment ability
on treated glass was not significantly different from that
recorded on untreated glass (Fig. 3). In traction force
experiments performed using N. viridula adults pulling on
glass at different time intervals after having walked on
treated surfaces, ie., after 0 h and after 24 h, in insects
tested immediately after walking on treated glass (untreated
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Fig. 2 Normalized traction force obtained in traction force experiments with Nezara viridula pulling on untreated glass, treated glass at different
biogenic ZnO-NP concentrations (mg L™), untreated glass after 0 h, and untreated glass after 24 h. Boxplots show the interquartile range and the
median (square), whiskers indicate the 1.5 x interquartile range, and X shows the arithmetic mean. Boxplots with an asterisk are significantly
different from the untreated glass at p < 0.05, 1-way repeated measures ANOVA, Dunnett's method post hoc test.
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Fig. 3 Normalized traction force obtained in traction force experiments with Nezara viridula pulling on untreated glass, treated glass at different
non-biogenic ZnO-NP concentrations (mg L™, untreated glass after 0 h, and untreated glass after 24 h. Boxplots show the interquartile range and
the median (square), whiskers indicate the 1.5 x interquartile range, and X shows the arithmetic mean. Boxplots with an asterisk are significantly
different from the untreated glass at p < 0.05, 1-way repeated measures ANOVA, Dunnett's method post hoc test.

glass after 0 h), the traction force on glass was significantly
lower than that recorded on untreated glass only at
concentrations similar to or higher than 100 mg L. At
lower concentrations, there was no significant difference in
the traction force on glass before and after walking on a
treated surface (Fig. 3). In insects tested 24 h after walking
on treated glass (untreated glass after 24 h), there was no
significant difference in the traction force on untreated
glass before and after walking on treated glass at any
concentration investigated (Fig. 3) (6.5 mg L™: F = 1.18; d.f.
=3,29; p=0.343. 12.5 mg L' F = 19.45; d.f. = 3, 25; p <
0.001. 25 mg L™": F = 43.55; d.f. = 3, X54; p < 0.001. 50 mg
L™ F = 45.48; d.f. = 3, 53; p < 0.001. 100 mg L™: F =
34.93; d.f. = 3, 54; p < 0.001. 200 mg L": F = 45.77; d.f. =
3, 51; p < 0.001).

The reduction in the traction force of N. viridula
walking on glass treated with biogenic and non-biogenic
Zn-NPs at different concentrations expressed as
percentages in comparison with the traction force
exerted by insects walking on untreated glass reached

100 -

Traction force reduction (%)

= 2 =ZnO biogenic

—e— ZnO non-biogenic

0 50 100 150 200 250
NPs concentration (mg L")
Fig. 4 Reduction in the traction force of Nezara viridula walking on
glass treated with different concentrations of biogenic and non-
biogenic ZnO-NPs expressed as percentage in comparison with the
traction force exerted on untreated glass.
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70% at a concentration of 12.5 mg L' and remained
high (around 90%) starting from a concentration of 50
mg L™ (Fig. 4). The 50% inhibitory concentration (ICs,)
values for the concentration exhibiting antiadhesive
properties related to insect attachment ability were very
similar for biogenic and non-biogenic ZnO-NPs, and, in
particular, it was 8.53 for biogenic ZnO-NPs and 9.03
for non-biogenic ZnO-NPs.

The reduction of the traction force on treated surfaces
(with a concentration of 50 mg L™') was not significantly
different during the duration of the traction force
measurements both for biogenic (F = 2.45; d.f. = 3, 53; p =
0.0.79) and non-biogenic (F = 2.36; d.f. = 3, 45; p = 0.0.92)
ZnO-NPs (Fig. 5). Moreover, in the first 60 s the traction
forces recorded on biogenic (¢ = 8.79; d.f. = 13; p < 0.001)
and non-biogenic (¢t = 10.62; d.f. = 12; p < 0.001) ZnO-NP
treated surfaces were significantly lower than those recorded
on untreated surfaces.

The real distribution on the surface of NPs follows the
increasing concentrations for both biogenic (F = 12.15; d.f.
=1, 5; p < 0.001), (Y = 0.1094 x X + 0.5736; P = 0.0001) and
non-biogenic (F = 29.7; d.f. = 1, 5; p = 0.003), (Y = 0.1096 X
X + 1.965; P = 0.0028) ZnO-NPs with a linear relationship
(Fig. 6).

The tarsal attachment organs of the adult of N. viridula
are represented by smooth pulvilli, a pair of pretarsal claws
and a basitarsal hairy pad. The latter bears on its ventral side
a hairy pad with numerous adhesive setae (see ref. 38). The
SEM observations of the tarsi of insects after they walked on
glass treated with biogenic and non-biogenic ZnO-NPs reveal
that at a concentration of 6.25 mg L™* the attachment devices
are not contaminated (Fig. 7a and f), while at a concentration
of 100 mg L both biogenic (Fig. 7b and d) and non-biogenic
(Fig. 7g and i) ZnO-NPs aggregate on the distal portion of the
claws, on the ventral surface of pulvilli and among the
adhesive setae of the hairy pad. Furthermore, the EDX
analysis confirms a high amount of Zn in these NPs
(Fig. 7c, e, h and j).

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Traction force obtained every 60 s during the traction force
experiments with Nezara viridula pulling on treated glass with ZnO-
NPs at a concentration of 50 mg L™ Boxplots show the interquartile
range and the median (square), whiskers indicate the 1.5 x interquartile
range, and X shows the arithmetic mean. Boxplots with the same letter
are not significantly different at p < 0.05, 1-way repeated measures
ANOVA.

Discussion

Concerning the need to overcome problems associated with
conventional agriculture (pests, fertilizers, environmental
pollution, phytopathogens, etc.), nanostructured materials
are showing potential to become a new-age material. Some
NPs can prompt substantial benefits in crops already at low
concentrations, improving germination, photosynthesis,
biomass  production, chloroplast development and
functionality and antioxidant defensive mechanisms.**™** In
this frame, zinc-based nanomaterials are attracting some
interest, as this element is an essential micronutrient for
plants.>® Recent studies have shown that ZnO-NPs can be
used for treating crops, thus improving seed germination,
plant vigor index, physiological and biochemical traits, and
42,4647 1n addition, the biogenic ZnO-NPs
obtained from duckweed (the same used in the present

biomass production.

study) revealed a beneficial effect in maize and olive tree

explants.*"*® As for maize, the biogenic ZnO-NPs positively
30,
[ | ZnO biogenic
25/ @ ——— ZnO non-biogenic

N - N
o (9] o
! ! !

Area covered by nanoparticles (%)
()]

0 50 100 150 200 250
NPs concentration (mg L")

Fig. 6 Linear relationship between the percentage of glass surface
covered by NPs and the different tested NP concentrations.
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influenced the chlorophyll and carotenoid content and the
cellular redox state, and stimulated biomass production.
Concerning olive explants, ZnO-NPs stimulated the
production of shoots, fresh and dry weight, and pigment and
soluble protein contents, positively affecting total phenols
and ROS scavenging activity.

The results presented in this study demonstrate that the
attachment ability of the adult of N. viridula to glass surfaces
can be significantly reduced by applying both biogenic and
non-biogenic ZnO-NPs. The SEM images of the treated
surfaces show that after the application, the biogenic ZnO-
NPs maintained a spherical shape, according to ref. 21, but
after drying, the nanostructured material tends to aggregate.
The same happens for the non-biogenic ZnO-NPs, which
showed a lamellar nanostructure but aggregation after the
application and drying on the glass surface.

Furthermore, our SEM observations reveal that the
reduction in attachment ability is due to the contamination
of insect attachment devices with the ZnO-NPs. Indeed, the
pulvilli and the hairy pad with adhesive setae of N. viridula
are not contaminated at a concentration of 6.25 mg L™ (not
impairing the bug attachment ability), but at higher
concentrations, both biogenic and non-biogenic ZnO-NPs
aggregate on the distal portion of the claws, the ventral
surface of pulvilli and among the adhesive setae of the hairy
pad, interfering with adhesion of insects showing on their
legs both smooth or hairy attachment devices. A similar
effect in reducing insect attachment ability is induced by
plant waxes, according to the contamination hypothesis.*®*’
However, we cannot exclude some roles of ZnO-NPs in
reducing insect adhesion owing to the absorption of the pad
fluid due to the structured ZnO particles, as it happens for
plant wax coverage.”®

The concentration of both biogenic and non-biogenic
ZnO-NPs required to significantly reduce the attachment
ability of N. viridula to glass surfaces is around 12.5 mg L,
and the reduction in attachment ability is very strong (about
70% reduction of the insect attachment ability), reaching
90% reduction of the initial force from a concentration of 50
mg L~". Hypothesizing that N. viridula walks on an inclined
plane, considering the maximum value of traction force
recorded on treated surfaces at a concentration of 12.5 mg
L™, the insect is not able to attach to treated surfaces with
an inclination >75° (« = arctan(F/m-g)). This means that ZnO-
NP treatment can prevent the insect presence on different
inclined natural surfaces such as leaves or fruits. Moreover,
the reduction of the traction force on surfaces treated with
ZnO-NPs was not different during 240 s of the traction test,
thus suggesting that 1) attachment pad contamination is
effective since the beginning of pad contact with the treated
surface and does not increase during traction on treated
glass surfaces and 2) insects cannot self-clean their
attachment devices when walking on treated surfaces. The
ICso values for the concentration exhibiting antiadhesive
properties related to insect attachment ability were very
similar for biogenic and non-biogenic ZnO-NPs, indicating
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Fig. 7 Ventral side of the tarsal attachment devices of Nezara viridula males represented by smooth pulvilli (P), a pair of pretarsal claws (C), and a
basitarsal hairy pad (HP) just after they walked on glass treated with biogenic (a-e) and non-biogenic (f-j) ZnO-NPs at concentrations of 6.25 mg
L™ (a and f) and 100 mg L™* (b-e and g-j), visualized with SEM (backscattered electrons) (a, b, d and f-i) and EDX analysis (c, €, h and j) highlighting
in red the presence of Zn on the ventral surface of claws, pulvilli (c and h) and hairy pad (e and j).

that the biogenic synthesis of the NPs did not significantly
affect their anti-adhesive properties.

The results also show no difference in the insect
traction force recorded on untreated glass after 0 and after
24 h, and the initial insect traction force exerted by insects
pulling on untreated glass. This indicates that the ZnO-NPs
do not have a residual effect on the insect attachment
ability. This is probably due to the self-cleaning properties
of the insect adhesive fluid, which plays an important role
not only in increasing capillary forces allowing insect
attachment  ability®  but also in  “washing-out”
contaminating particles.”® Indeed measurements of the
attachment ability of stick insects (smooth pads) and dock
beetles (hairy pads) on glass after contamination with
microspheres showed that insect pads recovered high levels
of adhesion after only eight simulated steps.”* The only

3068 | Environ. Sci.. Nano, 2023, 10, 3062-3071

exception is represented by non-biogenic ZnO-NPs, which,
starting from a concentration of 100 mg L', tend to
significantly reduce the attachment ability of insects pulling
on untreated glass after walking on treated glass. In any
case, this reduction is no longer visible after 24 h. Such a
slightly more persistent antiadhesive effect of the non-
biogenic ZnO-NPs, compared to the biogenic NPs, is
probably due to the different shapes of the NPs. Indeed,
the lamellar shape of the non-biogenic NPs could be more
difficult to remove from the insect attachment devices than
the spherical ones typical of biogenic Zn-NPs.

In conclusion, this study suggests that biogenic and
non-biogenic ZnO-NPs can be promising materials for
developing anti-adhesive surfaces for insect control.
Further studies are necessary to evaluate the antiadhesive
properties of ZnO-NPs on natural surfaces such as plant

This journal is © The Royal Society of Chemistry 2023
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leaves, where typical surface plant features such as waxes
or trichomes can interfere with insect attachment
ability>>>* and with the effectiveness of antiadhesive
coatings as shown for kaolin particle films.” We cannot
also exclude the involvement of ZnO-NPs in insect
oviposition and feeding deterrence or in reducing the
insect survival rate and mating success, as highlighted for
other nanoparticle films such as kaolin.*** Moreover,
this study demonstrates that biogenic = ZnO-NPs,
synthesized using an extract from an invasive aquatic
species, the duckweed, have potential as a non-toxic and
environmentally friendly insect repellent. However, further
studies are needed to evaluate their effectiveness against
other insect species and to investigate their potential
impacts on non-target organisms.
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