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ABSTRACT: Traditional pest management strategies, such as indiscriminate pesticide use, have adverse environmental and human
health implications. As a sustainable alternative, this research focuses on employing nanosensors for the detection of semiochemicals,
including pheromones and defensive compounds, released by stink bugs. These nanosensors feature a nanohybrid layer of
polyaniline and silver (PANI.Ag) and a nanocomposite of polyaniline and graphene oxide (PANI/GO). The study explores the
detection of synthetic semiochemicals, including cis and trans bisabolene epoxides, (E)-2-hexanal, (E)-2-decenal, (E)-2-octenyl
acetate, and (E)-2-octenal semiochemicals emitted by Nezara viridula (Southern green stink bug) in the real environment. The
sensing layer characterization showed differences in hydrophilicity and surface roughness between the PANI.Ag and PANI/GO
layers. When exposed to synthetic compounds like cis and trans bisabolene epoxides, (E)-2-hexanal, and (E)-2-decenal, the
nanosensors demonstrated distinct responses, with PANI/GO exhibiting higher sensitivity. The resonance frequency shifts
correlated with the concentration of the compounds, underscoring the potential of these sensors in detecting low concentrations
with limits of detection (LOD) and quantification (LOQ) lower than 0.44 and 1.15 ng/mL, respectively. Real environment testing
with soybean plants indicated that the nanosensors effectively detected semiochemicals emitted by N. viridula adults, especially in the
presence of male−female couples, underscoring their potential for agricultural pest monitoring. The findings support the use of these
nanosensors for the early detection of pest activity, offering a proactive approach to integrated pest management.
KEYWORDS: nanosensors, pest management, stink bugs, semiochemicals

■ INTRODUCTION
The agribusiness sector plays an increasingly pivotal role in
global food production. Among various crops, soybeans have
emerged as a significant agricultural activity due to their
versatility and widespread cultivation, driven by the rising
demand for human consumption, animal feedstock, and biofuel
production.1,2

However, soybean cultivation is susceptible to attacks by
various insect pests, notably stink bugs. Phytophagous stink
bugs (order: Hemiptera) stand out as the most critical pests
affecting soybeans (Glycine max (L.) Merrill) in Brazil.3 Stink
bug infestations can lead to plant development losses of up to
30%, causing misshapen and dried pods.4

Plants and insects communicate with their environment
primarily through physical and chemical interactions. They
possess highly sensitive and specific molecular recognition
systems, without which they would not survive. These
chemicals that facilitate communication between organisms
are known as semiochemicals, and when they act within the
same species, they are referred to as pheromones.5

The use of semiochemicals as a direct method for pest
control or population monitoring presents a promising
alternative to the indiscriminate use of pesticides, which can
have adverse effects on the environment and human health.

Male Nezara viridula L. stink bugs emit as sex pheromones two
oxygenated sesquiterpenes: cis and trans epoxide-bisabolene.6

Bioassays conducted in the laboratory with N. viridula from
Brasilia, Brazil, have shown that females are specifically
attracted to synthetic bisabolene epoxide.7 Previous studies
have identified that nymphs of N. viridula primarily produce
unsaturated aldehydes such as (E)-2-hexenal, (E)-2-octenal,
(E)-2-decenal, and 4-oxo-(E)-2-hexenal, along with linear
hydrocarbons like undecane and tridecane.8

The development of new devices such as cantilever sensors
for the detection of volatiles released by stink bug species is
promising. Recent research demonstrates that nanosensors
have become efficient in detecting stink bug pheromones
(synthetic and in vivo), with high detection capacity and
sensitivity.9,10

The aim of this research is to utilize nanocantilever sensors
functionalized with a nanohybrid layer of polyaniline and silver
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(PANI.Ag) as well as polyaniline and graphene oxide (PANI/
GO) for the detection of volatile compounds, including
semiochemicals and defensive substances, produced and
released by live N. viridula bugs. Additionally, these nano-
sensors will be applied to detect synthetic semiochemicals such
as cis and trans bisabolene epoxides, (E)-2-hexanal, (E)-2-
decenal, (E)-octenyl acetate, and (E)-2-octenal, as well as
compounds emitted by stink bugs in their nymph and adult
stages (males, females, and pairs). The study also includes real-
environmental applications involving soybean plants.

■ MATERIALS AND METHODS
Functionalization of Cantilever Nanosensors. For this work,

two cantilever nanosensors were developed: one with PANI.Ag and
other with PANI/GO. A silicon cantilever (Budget Sensors) with a
resonance frequency of 13 ± 4 kHz and a spring constant (k) of 0.2
N/m was used. A sensitive layer of PANI.Ag was obtained according
to the methodology of Martinazzo et al.,11 and the film was deposited
on the cantilever surface by the dip coating technique. The layer of
PANI/GO was developed following Brezolin et al.,12 and the film was
deposited by the layer-by-layer technique.
Characterization of the Nanosensor Surface. The chemical

structures of PANI.Ag and PANI/GO nanocomposite films were
characterized by atomic force microcopy (AFM, Nanosurf, Switzer-
land) with measurements in three different regions of the surface. To
assess surface topography and roughness, an atomic force microscope
(AFM, EasyScan 2 Flex, Switzerland) was employed in the tapping
mode. The root-mean-square average (RMS) roughness was
calculated at various positions within the image. Furthermore, the
thickness of the immobilized layer on the cantilever was determined
within a 50 μm2 area.

Functional group analysis was performed using a PMI 550
spectrometer (KSV Instruments, Finland) through polarization
modulation infrared reflection−absorption spectroscopy (PM-
IRRAS). The spectrometer featured a spectral resolution of 8 cm−1,
and measurements were taken at an incident angle of 81°. A silicon-
coated gold surface (1 × 1 cm), functionalized in a similar manner,
served as the substrate.

Contact angle analysis was conducted both on uncoated cantilevers
and after deposition of the sensing layer. This analysis was carried out
using an apparatus from KSV Instruments, Finland, with ultrapure
water droplets being used for the measurements.

The morphology of the sensing layers was analyzed by using
scanning electron microscope (SEM). The SEM analysis was
conducted at an operating voltage of 5 kV with a Zeiss EVO 28
instrument (Germany). Prior to imaging, the films were coated with a
nanometric layer of platinum using a sputter coater (SCD 050�
Balzers).
Synthetic Semiochemicals. The cis and trans bisabolene

epoxides (1:1, v/v) were obtained from live insects as describe

below; (E)-2-octenyl acetate was purchased from Bedoukian; and
(E)-2-octenal, (E)-2-hexenal, and (E)-2-decenal were purchased from
Sigma-Aldrich. These compounds were prepared in a range of
concentrations (0.005, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, and 1.0 μg/mL) by diluting them in hexane (99%, Vetec, Brazil),
which served as the solvent. cis and trans Bisabolene epoxide were
obtained from aeration samples of live males of N. viridula (for details,
see Supporting Information).
Fourier Transform Infrared-Attenuated Total Reflectance

(FTIR-ATR) Analysis. To evaluate the functional groups present in
synthetic semiochemicals, attenuated total reflectance-Fourier trans-
form infrared (ATR-FTIR) spectroscopy was employed. The infrared
spectra were measured by using an Agilent spectrometer (Bruker
Optic GmbH, Ettlingen, Germany) outfitted with a temperature-
controlled single-bounce diamond ATR accessory. This setup also
featured a deuterated triglycine sulfate (DTGS) detector. Each
spectrum was recorded with 128 scans for both the sample and
background, spanning the spectral range from 4000 to 800 cm−1 with
a resolution of 2 cm−1.
Nanosensor Response. A polypropylene sample injection

chamber (gas sampling chamber) with a central upper opening (25
mm) and a height of 13 mm was used to accommodate the AFM
scanner head (Nanosurf, C3000 Controller, Switzerland). The
chamber contains two side openings for the entry and exit of volatile
compounds as well as for cleaning purposes. Two rings with rubber
seals were also used at the top to ensure complete protection during
equipment fitting. The chamber was completely sealed to prevent the
escape of gas molecules.

The nanosensor was inserted into the AFM cantilever holder,
where the laser beam was adjusted to focus on the cantilever and its
reflection was captured by the photodetector. The gas chamber was
then attached to the cantilever holder and the contents were fully
sealed. The resonance frequencies of the cantilever nanosensors were
obtained by using a frequency analyzer. The measurements were
configured in dynamic mode for the measurement procedure.

The experiments with synthetic volatile compounds at different
concentrations involved first recording the resonance spectra of the
cantilever nanosensors in synthetic air (control) for 90 s. Synthetic air
was injected into the chamber through the one side opening, while the
other side was left open. Next, 20 μL of each concentration of the sex
pheromone was drawn with a syringe and injected into the gas
sampling chamber by using a precise microsampler (Pipet-Lite XLS),
where it was deposited onto a piece of filter paper (Milipore 25 μm)
placed at the bottom of the chamber. After sampling, the system was
purged with synthetic air prior to the next concentration.
Compounds Released by Live Insects. A mass rearing of stink

bugs was conducted to obtain the insects to use as a pheromone
source. Eggs of N. viridula, supplied by the Semiochemicals
Laboratory at Embrapa Genetic Resources and Biotechnology in
Brasiĺia (DF), were used for this purpose. The eggs were placed in
Petri dishes, which were sealed with a perforated plastic film to allow

Figure 1. Stages of stink bug development and boxes with the insects.
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air circulation. The insects remained in the dishes in a climate-
controlled room at 25 °C until they reached the third instar. From the
second instar onward, the stink bugs were fed green bean pods.
Throughout their biological cycle, the stink bugs go through the
stages of egg, nymph (comprising five instars), and adult, as shown in
Figure 1.

After reaching the third instar, the insects were transferred to boxes
(hermetic polyethylene boxes with a volume of 10 L). They were
provided with a natural diet consisting of raw peanuts, soybeans,
sunflower seeds, and green bean pods. The food was changed three
times a week. To control humidity and provide water to the insects,
disposable 100 mL containers with distilled water were used,
maintaining the relative humidity of the air around 75%, monitored
by a thermohygrometer (N322RHT, Novus, Brazil). The lids of the
disposable containers had 1.0 cm diameter openings, through which a
cotton wick was inserted to facilitate the water supply to the insects
via capillary action. The boxes were sealed at the top with a mesh to
allow air exchange with the environment. The stink bugs were kept
under a photoperiod of 14 h of light (from 7 AM to 9 PM) and 10 h
of darkness (from 9 PM to 7 AM).

For the pheromone release tests, nymphs (between the 4° and 5°
instars), 10 males, 10 females, and 5 pairs were used. The insects were
transferred from their rearing boxes to new boxes of the same size but
without any food. Each box was sealed with a polyvinyl chloride film
for 1 h to allow the concentration of volatiles. Subsequently, 20 μL of
volatiles were collected using a gas syringe. The collected sample was
then introduced into the chamber for measuring the resonance
frequency of the cantilever nanosensors. Additionally, an identical box
was evaluated under the same conditions but without the presence of
insects. This box contained only insect food (beans, soybeans,
peanuts, and sunflower seeds) and cotton soaked in water to assess
any interference from volatiles released by these food sources.

Volatile collection from the nymphs was conducted daily, whereas
for the adult insects, it was carried out every 2 days. The responses of
both cantilever nanosensors (PANI.Ag and PANI/GO) were
recorded using a frequency analyzer, following the same procedure
as that for the synthetic compounds.
Real Environment Tests with Soybean Plants. To create a real

environment, soybeans were cultivated using Pioneer 95R40 IPRO
seeds, pretreated with LumiGEN (seed treatment). Sowing was done
manually in December 2023, in 18 containers, with 2 seeds per
container, using virgin forest soil with natural fertility from leaf litter.
Each container was filled with approximately one-third of its volume
in soil. From the time of sowing, the soil in each container was
irrigated to meet the water requirements recommended for the crop.
The first seedlings emerged 7 days after sowing.

Upon reaching the R4 phenological stage, one plant was left per
container. To introduce the insects into a real environment, the
containers holding the soybean plants were transported to the
laboratory, where structures of the annealed wire (1.80 m in length
and 0.60 m in height per container) were assembled and covered with
the 2.6 m2 nylon shade cloth. The laboratory environment was
maintained under controlled temperature and relative humidity
conditions (N322RHT, Novus, Brazil) at 25 °C ± 1 and 57% ± 2
relative humidity.

For the semiochemical release tests, the containers were covered
with polyethylene plastic bags (Figure 2). The detection of volatile
compounds released by adult insects and soybean plants was
conducted as follows: containers with only the soybean plant, a
container with a soybean plant and 10 male stink bugs with around 10
days old on the adult phase, a container with a soybean plant and 10
female stink bugs, and a container with a soybean plant and pairs (5
males and 5 females). The insects were introduced into the containers
and left to acclimate for 1 day before the experiments. One hour
before the analysis, the containers were sealed with polyethylene
plastic, and 20 μL of volatiles were collected with a gas microsyringe
by piercing the plastic. The collected sample was immediately inserted
into the gas chamber containing the nanosensors for resonance
frequency measurement. The experiments were conducted over 5
days, with 2 analyses per day. All experiments were replicated for both
plant analyses and nanosensor responses.
Characterization of Nanosensor Responses. The responses of

the nanosensors to synthetic compounds were characterized in terms
of linear sensitivity, limit of detection (LOD), and limit of
quantification (LOQ). Linear sensitivity was determined from the
slope of the calibration curve and the standard deviation of the
analytical signal. The LOD, with a confidence level of 99.6%, was
calculated as 3 times the standard deviation of the blank divided by
the sensitivity. The LOQ was determined as 10 times the standard
deviation of the blank divided by the sensitivity (n = 3).
Statistical Analysis. All analyses were performed in triplicate, and

the results were subjected to analysis of variance (ANOVA) followed
by T Student tests at a confidence level of 95% using Statistic 7.0
software.

■ RESULTS AND DISCUSSION
Sensor Layer Characterization. Figure 3 shows the PM-

IRRAS spectra of PANI.Ag and PANI/GO layers deposited on
the cantilever surface in the region between 990 and 1700
cm−1. It is evident that the architectures were successfully
functionalized, as indicated by the characteristic bands of

Figure 2. Soybean plants (a) with annealed wire frames and nylon shade cloth (b), sealed containers with the plastic film (c), and injection of
volatiles into the gas chamber (d).
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PANI and GO (Table 1). The absence of significant changes in
the dipole orientations following the functionalization with

silver (Ag) and GO is a noteworthy observation, signifying a
high degree of molecular organization. This is reflected in the
narrow peak widths observed in the PM-IRRAS spectra.
Notable bands include the C−O band at 1087 cm−1,
corresponding to graphene oxide, and the C−N band at
1302 cm−1, associated with secondary aromatic amines in
PANI. The C−N stretching vibrations at 1057 cm−1 indicate
that Ag interacted with the nitrogen atom of the PANI
matrix.13 The presence of the C−H band of CH2 at 1484 cm−1

is indicative of both PANI and GO. The bands at 1589 cm−1

(C=C) and in the range 1597−1620 cm−1 (C=N imine)
belong to PANI, attributed to the presence of quinoid and
benzenoid rings in the emeraldine salt. The band at 1722 cm−1

corresponds to C=O in GO.14

Contact angle measurements indicate the wettability of a
surface, where lower contact angles represent higher hydro-
philicity (better wetting) and higher angles indicate greater
hydrophobicity (poorer wetting). For PANI.Ag, a contact
angle of 86.84° ± 0.32° was observed, suggesting a certain
degree of hydrophilicity, reflecting its inherent surface
characteristics. This phenomenon highlights the impact of Ag
on improving surface properties and increasing the propensity
for interactions with aqueous solutions. On the other hand, the
PANI/GO film resulted in a higher contact angle (105.4° ±
0.4), suggesting a more hydrophobic surface. This observation
aligns with the prevalence of the dispersive component of the
surface energy, indicating a greater contribution from van der
Waals forces. The increase in the contact angle and
hydrophobicity of the PANI/GO film suggests interactions
between GO and the PANI film, potentially leading to changes

in the surface characteristics of the film. The increase in the
contact angle is correlated with the highly hydrophobic nature
of GO.
The results obtained in this study are consistent with the

literature, emphasizing the adjustable surface properties of
PANI-based materials when modified with Ag or GO. Taherian
et al.15 observed that graphene has a contact angle of 127° in
water, characterizing it as a hydrophobic material with a
smooth surface. The ability to control surface wettability
through these modifications promises various applications,
from sensors to coatings, where customized interactions with
liquids are crucial. Ogihara et al.16 also mentioned that low
surface energy and high roughness result in a hydrophobic
surface. Thus, the ability to adjust hydrophilicity or hydro-
phobicity through these modifications highlights the versatility
and potential of PANI-based materials in different areas of
application.
SEM and topographic images of the PANI.Ag and PANI/

GO sensor layers revealed distinct characteristics regarding
particle morphology and distribution (Figure 4). All samples
exhibited a uniform structure well-adhered to the substrate
surface. The surfaces showed variations in topography due to
the presence of dispersed nanoparticles. PANI.Ag exhibited a
uniform distribution of silver particles, while PANI/GO

Figure 3. PM-IRRAS spectra of PANI.Ag and PANI/GO layers
deposited on the cantilever surface.

Table 1. PM-IRRAS Wavenumbers of PANI.Ag and PANI/
GO Layers Deposited on the Cantilever Surface

wavenumber (cm−1) functional group

1087 C−O (graphene oxide)
1302 C−N (secondary aromatic amine) (PANI)
1484 C−H of CH2 (PANI and GO)
1589 C=C (PANI)
1597−1620 C=N (imine) (PANI)
1722 C=O (GO)

Figure 4. Morphological images (with a magnification of 5000×),
topographic images, and height profile of PANI.Ag (a) and PANI/GO
(b) sensor layers.
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displayed a rougher topography due to the intertwined
graphene sheets. The PANI.Ag surface showed lower rough-
ness, corresponding to an average thickness of 0.45 nm,
indicating a uniform distribution of silver particles over the
PANI matrix. On the other hand, PANI/GO exhibited the
highest roughness (p < 0.05), with an average thickness of 4.3
nm, highlighted by the presence of intertwined graphene oxide
sheets that significantly contribute to this value (Table 2). The

PANI.Ag surface is relatively smoother, which may limit the
available surface area for adsorption. This could result in lower
sensor sensitivity compared to PANI/GO, as there are fewer
adsorption sites available for chemical interactions.
Responses of Cantilever Nanosensors to Synthetic

Compounds. The resonance frequency responses of the
cantilever nanosensors with PANI.Ag and PANI/GO to
volatile synthetic compounds such as cis and trans bisabolene
epoxides, (E)-2-hexenal, (E)-2-decenal, (E)-2-octenyl acetate,
(E)-2-octenal, synthetic air (control), and solvent hexane are
presented in Figure 5.
Both the PANI.Ag and PANI/GO cantilever nanosensors

exhibited a decrease in the resonance frequency with increasing
concentrations of the synthetic compounds, indicating that the
sensors responded to these substances. The detection
mechanism of the cantilever nanosensor can be elucidated
based on the chemical properties of these compounds. The

Table 2. Characterization of the Thickness and Roughness
of the PANI.Ag and PANI/GO Layersa

layers thickness (nm) roughness (nm)

PANI.Ag 0.451a ± 0.126 9.350b ± 0.281
PANI/GO 0.430a ± 0.020 19.072a ± 7.114

aMean (three repetitions) ± Standard Deviation. Equal letters in the
column indicate no significant difference by the T Student test at 0.05
level.

Figure 5. Resonance frequency response of PANI.Ag (a) and PANI/GO (b) cantilever nanosensors to the volatile compounds.
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presence of the epoxide group (C−O−C) imparts a certain
degree of polarity to the molecules due to the electronegativity
of oxygen. Additionally, both trans- and cis-(Z)-α-bisabolene
epoxides have asymmetric carbons. Consequently, these
bicyclic sesquiterpenes exhibit moderate to high vapor
pressures due to their relatively low boiling points and weak
intermolecular forces. The nanosensor, when coated with the
composite (PANI with Ag or GO), can detect these isomers
based on their specific chemical signatures, as they induce
stress on the sensor upon contact due to molecular adsorption.
This response was proportional to the concentration detected.
The amount of cis and trans bisabolene epoxides released by

N. viridula can vary depending on the insect’s life cycle.
Generally, the release is higher during the reproductive period
when the insect is seeking mating partners. Additionally, the
quantity of pheromone released can also be influenced by
environmental factors, such as temperature, humidity, and food
availability.
In a study by Miklas et al.17 using solid-phase micro-

extraction (SPME) to investigate the sex pheromones emitted
by N. viridula in various regions, significant differences were
observed in the quantity of sex pheromones produced by males
of the same species. However, notable consistency in the ratio
of cis and trans-(Z)-bisabolene epoxides within each strain was
also observed. This stability suggests a fundamental aspect of
the species’ chemical communication, possibly influenced by
genetic or environmental factors.
Laboratory bioassays with N. viridula specimens from

Brasiĺia (DF) revealed that female insects showed attraction
to synthetic cis and trans-(Z)-bisabolene epoxides when both
isomers were present in the correct ratio.7 This observation
highlights the importance of the chemical composition and
balance in eliciting behavioral responses in female N. viridula,
providing insights into their complex mating behaviors and
chemical communication mechanisms.
The compound (E)-2-decenal is a major aldehyde

component of the metathoracic gland of adult N. viridula.18

Additionally, (E)-2-decenal and (Z)-2-decenal are observed in
first-instar nymphs. In second-instar nymphs, (E)-2-decenal,
(E)-2-hexenal, and (E)-2-octenal appear.19 The aggregation
pheromone, which is mainly used by the nymphal stage stink
bugs to attract others to suitable feeding or hibernation sites,
consists of (E)-2-octenyl acetate, 4-oxo-(E)-2-hexenal, and
(E)-2-hexenyl acetate. Both cantilever nanosensors responded
to these compounds, especially at higher concentrations. The
magnitude of the resonance frequency change is directly
related to the amount of mass adsorbed on the cantilever
surface. At higher concentrations of the compounds, more
molecules are adsorbed on the surface, resulting in a more
pronounced frequency change.
Table 3 presents the sensitivity, LOD, and LOQ results for

PANI.Ag and PANI/GO nanosensors for synthetic com-

pounds. The results indicate that both nanosensors can detect
the analyzed compounds with LODs and LOQs in the ng/mL
range, suitable for low-concentration detection applications.
The nanosensor with PANI/GO generally demonstrated
higher sensitivity to the compounds. When target molecules
interact with the sensitive layer on the cantilever surface, they
bind through various chemical forces, including hydrogen
bonding, van der Waals forces, and electrostatic interactions,
which induce structural changes. These changes, in turn, cause
measurable shifts in the resonance frequency. Thus, the
concentration of target molecules can be quantified with high
sensitivity.
The FTIR-ATR analysis enabled the identification of

characteristic absorption bands corresponding to various
functional groups present in the synthetic compounds (Figure
6). Understanding their structures helps explain how these

molecules interact with the sensing layers. The infrared spectra
depicted distinct absorption patterns, notably intense absorp-
tions at approximately 1640 cm−1 in the C=C stretching region
for compounds like (E)-2-hexenal, (E)-2-octenyl acetate, and
(E)-2-decenal. Additionally, absorptions around 1750 cm−1

were typical for carbonyl groups, observed in (E)-2-octenyl
acetate and (E)-2-octenal, indicative of their aldehyde nature.
All compounds exhibited characteristic C−H stretching

Table 3. Sensitivity, LOD, and LOQ of PANI.Ag and PANI/GO Cantilever Nanosensors for Synthetic Compounds cis and
trans Bisabolene Epoxides, (E)-2-Hexenal, (E)-2-Decenal, (E)-2-Octenyl Acetate, and (E)-2-Octenal

synthetic compounds

LOD (ng/mL−1) LOQ (ng/mL) sensitivity (Hz/ng·mL) R2

PANI.Ag PANI/GO PANI.Ag PANI/GO PANI.Ag PANI/GO PANI.Ag PANI/GO

cis and trans bisabolene epoxides 0.006 0.007 0.02 0.02 60.95 80.87 0.98 0.99
(E)-2- hexenal 0.04 0.44 0.10 1.15 10.85 7.02 0.98 0.97
(E)-2- decenal 0.08 0.14 0.31 0.52 6.56 8.45 0.98 0.97
(E)-2-octenyl acetate 0.35 0.26 1.12 0.93 4.97 14.27 0.97 0.97
(E)-2- octenal 0.28 0.20 0.95 0.78 6.19 8.15 0.99 0.98

Figure 6. FTIR spectra of synthetic compounds showing character-
istic functional groups.
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vibrations from −CH2 and −CH3 groups (2850−3000 cm−1),
along with a band at 970 cm−1 corresponding to the bending
vibration (C−H out of the plane). For cis and trans bisabolene
epoxides, an absorption band at 2920 cm−1 corresponding to
aliphatic CH vibrations was noted. Additionally, cis and trans
bisabolene epoxides, (E)-2-hexenal, (E)-2-octenyl acetate, and
(E)-2-decenal displayed a band at 1460 cm−1 attributed to the
bending (−CH2) of the alkyl chain and at 1360 cm−1 for the
bending (−CH3) of (E)-2-octenyl acetate. The stretching
vibration of−C−O at 1130 cm−1 was observed for (E)-2-
hexenal, (E)-2-octenyl acetate, (E)-2-decenal, and (E)-2-
octenal, with an additional absorption at 1097 cm−1 for (E)-
2-hexenal and (E)-2-decenal.
Based on specific functional groups detected by FTIR such

as aldehydes (found in (E)-2-hexenal, (E)-2-decenal, and (E)-
2-octenal) and esters (as in (E)-octenyl acetate) that directly
influence the sensor response, aldehyde groups, characterized
by prominent carbonyl stretches in the FTIR spectra, typically
exhibit strong interactions with PANI-based sensors coated
with PANI.Ag and PANI/GO. These interactions can lead to
significant shifts in resonance frequency, reflecting the amount
and affinity of the compound adsorbed. Similarly, aliphatic CH
vibrations observed in compounds such as epoxy-bisabolene
contribute to the overall interaction profile with the sensor
surface, albeit to a lesser extent compared to carbonyl-
containing compounds.
Responses to the Semiochemicals from In Vivo N.

viridula in Boxes. The response of the cantilever nanosensors
functionalized with PANI.Ag and PANI/GO to the volatile
compounds from the blend of semiochemicals and defensive
compounds released by N. viridula nymphs in the 4° and 5°
instars, as well as adults and the control (synthetic air), is
presented in Figure 7.
When exposed to synthetic air (control), the cantilever

nanosensors did not show any variation in the resonance
frequency (Hz). The 4° and 5° instar phases lasted on average
15 days. During the nymph stages, a slight change in resonance
frequency (2 Hz) was observed, while in the adult stage, an
increase was noted for both sensors. This indicates that adults
release semiochemicals in larger quantities, which may be
related to the higher body mass of the adults compared to
nymphs and with the higher level of activities involved in the
adult life such as mating behavior, foraging, or territorial
defense. The increased metabolic activity and production of
semiochemicals during the adult phase likely result in greater
exposure and, consequently, a more pronounced nanosensor
response. The observed variations during these phases are
attributed to fluctuations in the amount of volatile compounds
collected in the boxes.
Response of Sensors to Semiochemicals in a Real

Environment. The resonance frequency responses to
synthetic air (control) showed no variation over time,
indicating the stability of the nanosensors in this environment
without detectable external influences (Figure 8). When
volatiles emitted solely by soybean plants were evaluated, no
significant change in resonance frequency was observed,
suggesting that these volatiles did not measurably affect the
sensor response during the evaluation period. Plants when are
not under injury release very tiny quantity of volatiles.20,21

Stink bugs are sucking insects; therefore, they provoke very
tiny injuries in plants, and several studies have shown that
plants take time to respond to injury of sucking insects,21−23 it
is necessary at least 48 h or more to plants start to activate

their defense response and start to release volatiles. In our
study the insects were allowed to feed on plants for 24 h, and
the plants were not releasing the herbivore-induced plant
volatiles. Further studies could evaluate the nanosensors’
response at different time points to better address this issue.
However, upon introduction of the insects, variations in the

resonance frequency of the nanosensors were observed. These
variations were more pronounced in environments containing
couples and males of stink bugs. The most significant variation
was specifically noted in the environment with couples, which
was attributed to the release of sex pheromones by males to
attract females for mating. The absence of response in females,
as observed in the experiments, suggests that females were not
releasing defensive compounds from metathoracic glands,
which indicates that the insects were in an adequate
environment. The insects when are safe do not release
defensive compounds from metathoracic glands, and in
general, males release only the sex pheromone.24 This indicates
that probably the males were releasing the sex pheromones,
and what was detected in the PANI.Ag and PANI/GO
nanosensors was the sex pheromones produced by males.
The sexual pheromones released by males are detected by

the highly sensitive antennae of females, which are equipped
with specialized receptors capable of recognizing and

Figure 7. Response of the cantilever nanosensors with PANI.Ag (a)
and PANI/GO (b) exposed to the in vivo compounds from N.
viridula nymphs in the 4° and 5° instars and in the adult stage.
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responding to specific chemical signals. This allows females to
locate males and respond to mating signals.25

Thus, detecting these compounds in a real environment
containing soybean plants with nanosensors indicates the
presence and activity of the stink bugs, as these compounds are
specific to sexual communication and are primarily released by
males to attract females. The ability to detect these chemical
signals is important for monitoring the presence and behavior
of these insects in soybean fields and other agricultural settings.
The study of these compounds has validated the

fundamental biological mechanisms involved in intraspecific
communication among stink bugs and has significant practical
applications in integrated pest management and agricultural
crop conservation. By gaining a deeper understanding of how
stink bugs utilize pheromones for mating, farmers can devise
more effective monitoring and control strategies, thus,
reducing pesticide use and minimizing environmental impacts.
Additionally, nanosensors can be deployed in agricultural fields
to detect the presence of pheromones well before large-scale

pest infestations occur. This proactive approach helps farmers
schedule targeted pest control measures more effectively.
For future research, it is crucial to investigate the pheromone

release rates of insects, measured per hour and per acre, as
these data are currently lacking in the literature for N. viridula.
Subsequent studies should focus on analyzing this release and
detection using nanosensors, which could provide valuable
insights into the dynamics of pheromone emissions and
enhance the effectiveness of pest management strategies.

■ CONCLUSIONS
The study successfully demonstrated the potential of cantilever
nanosensors functionalized with PANI.Ag and PANI/GO for
detecting volatile organic compounds and semiochemicals
emitted by N. viridula. The characterization of the sensors
using PM-IRRAS and SEM confirmed effective functionaliza-
tion and provided insights into the molecular interactions on
the sensor surface. The sensors exhibited distinct responses to
various synthetic compounds, with PANI/GO showing higher

Figure 8. Response of PANI.Ag (a) and PANI/GO (b) cantilever nanosensors exposed to in vivo compounds of N. viridula in a real environment.

ACS Agricultural Science & Technology pubs.acs.org/acsagscitech Article

https://doi.org/10.1021/acsagscitech.4c00531
ACS Agric. Sci. Technol. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acsagscitech.4c00531?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.4c00531?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.4c00531?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.4c00531?fig=fig8&ref=pdf
pubs.acs.org/acsagscitech?ref=pdf
https://doi.org/10.1021/acsagscitech.4c00531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sensitivity, particularly to aldehydes and esters, which are
prominent in stink bug emissions.
In real-environment tests conducted with soybean plants,

the sensors effectively detected semioil chemicals released by
N. viridula under natural conditions. Both nanosensors
demonstrated sensitivity to the semiochemicals present in
the emissions from the insects on soybean plants, validating its
potential application in agricultural settings. These findings
suggest that PANI-based nanosensors could be a valuable tool
for early pest detection in agriculture, enabling timely and
targeted interventions.
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