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Methyl salicylate (MeSal) is an organic compound present in plants during stress events and is therefore a key
marker for early plant disease detection. It has usually been detected by conventional methods that require bulky
and costly equipment, such as gas chromatography or mass spectrometry. Currently, however, chemical sensors
provide an alternative for MeSal monitoring, showing good performance for its determination in the vapour or
liquid phase. The most promising concepts used in MeSal determination include sensors based on electro-
chemical and conductometric principles, although other technologies based on mass-sensitive, microwave, or
spectrophotometric principles also show promise. The receptor elements or sensitive materials are shown to be
part of the key elements in these sensing technologies. A literature survey identified a significant contribution of
bioreceptors, including enzymes, odourant-binding proteins or peptides, as well as receptors based on polymers
or inorganic materials in MeSal determination. This work reviews these concepts and materials and discusses
their future prospects and limitations for application in plant health monitoring.

1. Introduction

With the growth of the world population, the demand for agricul-
tural production has increased. Simultaneously, global climate changes
have favoured plant pathogens, enabling their spread into new regions
(Baker et al. 2000). Newly occurring pathogens can overcome plant
defences and cause new epidemics (Anderson et al. 2004), putting the
global production of food at risk (FAO, 2017). In addition to modern
strategies that use nanomaterials against plants pathogens (Bytesnikova
et al. 2022), the detection of volatile organic compounds (VOCs) natu-
rally emitted by plants is another intelligent strategy for agriculture in
the 21st century to control plant health and avoid spreading diseases
(Ivaskovic et al. 2021; Jansen et al. 2011; Li et al. 2019a,b,c,d). The
emission of VOCs from different parts of the plant can be induced in
response to biotic (Dicke and Baldwin, 2010) or abiotic stresses (Loreto
and Schnitzler, 2010). Plants are able to memorize stressful situations
that they experience (Crisp et al. 2016; Hilker et al. 2016) and thus can
respond to ongoing stressful situations. This stress memory of plants is
achieved by so-called priming stimuli, in which VOCs play an important
role due to their volatility, which enables them to easily and quickly

reach remote parts of their host plant or other plants (Shulaev et al.
1997; Baldwin et al. 2006; Mauch-Mani et al. 2017). Ethylene, terpe-
noids, methyl jasmonate, and methyl salicylate are examples of VOCs
that act as signal communicators (Baldwin et al. 2006; Singewar et al.
2021). Thus, the detection of these single compounds or their mixtures
(with each other or with other substances) could provide a step forward
in the development of smart systems for plant protection.

Specifically, methyl salicylate (MeSal) is one of the products of sal-
icylic acid (SA) metabolization and serves as a signal molecule in the
hormone regulation of plant life activities. Upon infection, MeSal is
released rapidly and in large amounts from plants (Huang et al. 2003).
For instance, studies on healthy and infected tobacco plants provided
evidence of MeSal as a first airborne signal that may activate disease
resistance in the healthy tissues of the infected plant and neighbouring
plants (Shulaev et al. 1997). This proved that MeSal is a mediator of
interplant communication and a very attractive target analyte in agri-
culture for the early detection of possible infections and prevention of
huge crop losses. It is also worth noting that MeSal significance goes
beyond agriculture and extends to other sectors, including the food in-
dustry (Sharma et al. 2016) (where it is used as a flavour additive),
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pharmaceutics (Krzek et al. 2003) (for pain relief) and security (Matar
et al. 2016) (as a chemical warfare agent simulant), among others.

Generally, MeSal from plants is determined in the gas or liquid phase
extracted either from the plant environment or from the plant itself.
MeSal can also accumulate under dense canopies, roofs, or any other
type of plant cover, where it can be measured. Currently, the determi-
nation of MeSal, at experimental or laboratory levels, is carried out by
conventional analytical techniques. For instance, chromatographic
separation by either gas chromatography (GC) (Abraham et al. 1976; Cai
et al. 2015; Deng et al., 2004a, 2005; Huang et al. 2015; James et al.
2019; Li et al., 2019b; Mazurek and Szostak, 2016; Stevens and Warren,
1964) or high-performance liquid chromatography (HPLC) (Adzib and
[lham, 2020; Parker et al. 2004) can be coupled with detection tech-
niques such as thermal conductivity (Abraham et al. 1976; Stevens and
Warren, 1964; Li et al. 2021; Anyakudo et al. 2019; Lau et al. 2018;
Magagna et al. 2017), ultraviolet-visible spectroscopy (UV-Vis) (Adzib
and ITham, 2020; Parker et al. 2004; Shabir and Bradshaw, 2011), mass
spectrometry (Cai et al. 2015; Deng et al., 2004a; Huang et al. 2015),
Raman spectroscopy (Park et al. 2020a,b), or flame ionization detection
(FID) (Li et al., 2019b) for MeSal determination. The incorporation of
preconcentration steps with these techniques is also a frequent practice
to further lower the limits of detection (LODs). Namely, headspace
solid-phase microextraction (HS-SPME) (Deng et al., 2004a),
ultrasound-microwave synergistic extraction (Li et al., 2019b), and
thermal desorption (Cai et al. 2015) were applied for the extraction of
MeSal in a preconcentration step. These conventional methods offer
sensitive and accurate determination of MeSal; however, their need for
sophisticated instrumentation, skilled technicians, and consumables
(usually large volumes of organic solvents for the extraction or deter-
mination step) may increase their cost and confer environmentally
harmful characteristics. Other issues associated with conventional
methods also include their poor suitability for direct on-field measure-
ments, and although the new portable GC samplers and detectors may
solve this issue in part, their deployment for real-time monitoring still
represents drawbacks compared to other miniaturized sensors used in
electronic noses (e-nose) (Tholl et al. 2021).

Hence, there is a need for a new generation of VOC sensors with
miniaturized, lightweight, low-cost, and high-performing properties
that allow not only the in-situ monitoring of plant volatiles but also the
detection of specific markers of plant defence as MeSal. By applying such
sensors, the sampling and sample preparation steps can also be avoided,
thus decreasing the analysis time and cost. Current micro/nano-
fabricated chemical sensors based on advanced semiconductors (e.g.,
metal oxide nanowires (Vallejos et al. 2015)), polymers (e.g., poly-
pyrrole (Setka et al. 2020)), carbon-based materials (e.g., graphene
oxide (Sedlackova et al. 2020)), organic dyes (e.g., cysteine (Li et al.,
2019b)), or bioreceptors (e.g., enzymes) (Ashrafi et al. 2019)) coupled
with other elements processed by silicon technology (Vallejos et al.
2016; Chmela et al. 2018) or printed electronics (Conti et al. 2020; Ge
et al. 2022) meet these technological, cost, and production needs. Pre-
viously it was identified that these sensing technologies could facilitate
the practical implementation of sensory networks for plant protection
(Lietal., 2019b; Yang, 2020; Fang and Ramasamy, 2015; Garlando et al.
2020; Burgués and Marco, 2020) using new concepts for data processing
at the edge and connecting remotely online with other systems in line
with the coming Agriculture 5.0 (Yang, 2020; Saiz-Rubio and
Rovira-Mas, 2020).

Recent literature reviews also identify the technological needs for
agriculture and plant protection by focusing on specific aspects. For
instance, the new multisensory systems and mathematical models
developed so far for monitoring odour clouds from plants and animals
(Ivaskovic et al. 2021), the sampling and analysis of odour clouds con-
taining VOCs from agriculture (Tholl et al. 2021), the nanomaterials for
biosensing of plant pathogens (Cardoso et al. 2021), or the most
appropriate technologies for deploying unmanned aerial vehicles able to
map gaseous source localization and identification (Burgués and Marco,
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2020). In addition, a recent review of signalling processes in plants
points out the critical role of MeSal in the health of forest ecosystems
(Singewar et al. 2021). In this context, the present review contributes
further to identifying miniaturized sensing technologies with potential
in plant protection, thus, bringing a new and comprehensive view (not
discussed previously) of the methods and strategies employed for MeSal
as a key volatile signalling marker of plant defence. Table 1 summarizes
and compares the scope of this and previous reviews, manifesting the
timeliness of this discussion.

Hence, the present review focuses on (bio)chemical sensors, their
main characteristics and performance indicators towards MeSal, as well
as the current limitations and future prospects of miniaturized sensors
for plant health monitoring.

2. MeSal as a participant in plant defence

When pathogens infect a plant, they replicate and spread rapidly
throughout the plant body, which may result in the death of the plant
and infection of surrounding plants. Studies on the emission of VOCs
from plants showed that the amounts of MeSal increase rapidly after
infection, usually on the order of tens of ppb or hundreds of ng-L’l, as
determined for infected tobacco (Shulaev et al. 1997) and tomato (Chen
et al. 1987; Deng et al. 2004a,b) plants. In some species in forest eco-
systems, MeSal concentrations reach a level sufficient for its character-
istic aroma to be easily perceivable to the human nose (Singewar et al.
2021). If a resistant plant is infected, a large arsenal of physiological and
biochemical responses is induced. These responses protect the plant
against pathogens and potential damage. Plant resistance development
occurs within several days to a week and is manifested by the limitation
of pathogens around the infection site, where tissue necrosis can appear.
During this period, resistance against the same or even an unrelated
pathogen increases, and this process is known as systemic acquired
resistance (SAR).

The occurrence of SAR (Fig. 1) requires signal transmittance from the
infected tissue to the systemic tissue that usually includes the leaves
above the infected tissue. SA is considered a signalling molecule that
passes through tissue because its function is to induce the plant defence
response. SA is found in the phloem of infected plants, where it moves
systematically (Durrant and Dong, 2004). Although SA is a fundamental
element of SAR, it is not a systemic signal transmitted by air (Koo et al.
2007; Park et al. 2007; Chen et al. 2003). The systemic transmitting
compound is MeSal, which can be converted back to SA through
esterase, salicylic acid-binding protein 2 (SABP2). Thus, MeSal is useful
as a volatile signalling molecule that facilitates effective long-distance
transport of the defence signal.

Fig. 1 illustrates the negative regulation of plant systemic defence

Table 1
Critical literature reviews on sensing technologies and target markers of rele-
vance to future systems addressed to plant protection.

Scope of the review Ref

Ivaskovic et al.
(2021)
Tholl et al. (2021)

Multisensory systems and mathematical models for analysing
odour clouds of infochemicals from plants and animals.

Technologies for sampling and analysing total volatile organic
compounds emissions from plants in the belowground
environment.

Nanomaterials properties and their capabilities to incorporate
biomolecules that enable the use of biosensors on plant
pathogen detection.

Chemical sensors used in small drones and their applications
to map, localize and identify gases in the environment,
industry, or agriculture.

The role of MeSal emitted by plants and its contribution to the

Cardoso et al.
(2021)

Burgués & Marco
(2020)

Singewar et al.

resilience of entire plant communities via volatile plant-to- (2021)
plant communication.
New trends of MeSal detection with miniaturized sensors that ~ This work

can be adapted to plant protection and agroindustry.
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Fig. 1. Development of negative regulation of plant systemic defence and ho-
meostasis of salicylic acid (SA) and methyl salicylate (MeSal) in infected plants.

through MeSal glucosylation. This figure shows that upon infection, the
MeSal level increases rapidly in the primary infected tissue. During this
process, communication between local and systemic tissue is crucial for
SAR activation. The homeostasis of SA and MeSal plays a crucial role.
MeSal glycosylation is thus enhanced, resulting in a smaller amount of
MeSal being transported to the uninfected systemic tissues. The gluco-
sylation of MeSal in systemic tissue (because MeSal currently has no role
in the systemic tissue) to form MeSal-glc ensures that less MeSal is
converted to SA. The glucosylation of MeSal therefore adjusts the ho-
meostasis of SA and MeSal and prevents the accumulation of MeSal and
further competition with SA (Shulaev et al. 1997; Rowen et al. 2017;
Mishina and Zeier, 2007).

3. (Bio)chemical sensors for MeSal

To date, the literature has reported a limited number of (bio)chem-
ical sensors based on electrochemical, conductometric, mass-sensitive,
microwave, and spectrophotometric principles to sense MeSal in the
vapour or liquid phase. Some of these sensors have demonstrated the
ability to detect the concentration levels relevant to plant protection,
although without a specific target application or aiming to other
application fields, for instance, security/defence (Adams et al. 2019;
Pavey et al. 2012; Rosser et al. 2015) and the food industry (Kakoty and
Bhuyan, 2018; Bhattacharyya et al. 2012). However, despite the po-
tential of (bio)chemical sensors and nanomaterials in agriculture and
particularly in plant protection via VOC markers, such as MeSal,
research in this area is still marginal (Cardoso et al. 2022). Hence, there
is interest in furthering (bio)chemical sensing technologies for MeSal
monitoring. The following subsections provide an account of the liter-
ature materials and concepts used to improve the response and sensi-
tivity of different (bio)chemical sensors to MeSal.

o NaOH
Au surface

OH
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3.1. Electrochemical sensors

Electrochemical sensors have been frequently applied in ambient gas
monitoring due to their features, including low energy consumption,
high resolution, and sufficient sensitivity. In addition, electrochemical
sensors are promising candidates for point of care (PoC) to the greatest
extent possible (Zhang et al. 2020), can be integrated with comple-
mentary elements (e.g., microfluidics and digital technologies), can
incorporate self-powered concepts, and can be produced at a low cost
using emerging micro-/nanofabrication technologies (e.g., flexible
substrates, nanomaterials, bioreceptors) (Campuzano et al. 2021).
Electrochemical devices have even been used as wearable gas sensors
due to their robustness (Yi and Xianyu, 2022). However, research on
electrochemical gas sensors still aims to overcome several challenges,
such as high-temperature stability and finding an adequate platform and
materials for mass production. For instance, nanotubes (Cao and Rogers,
2009), conductive polymers (Hamilton et al. 2005; Tomic et al. 2021),
and metal organic frameworks (MOFs) (Tomic et al. 2021; Kumar et al.
2019) have been used on electrodes. Furthermore, the application of
ionic liquids (ILs) in gas sensing instead of conventional electrolytes
allows circumventing the gas separating membrane (Silvester, 2011).
Additionally, ILs possess a broad potential window and high thermal
stability.

The key function in electrochemical sensors is electron transfer be-
tween the electrode and the targeted species, which occurs in the
interfacial layer. The sensitivity and subsequently the LOD are influ-
enced by several parameters, including the kinetics of charge transfer,
the diffusion coefficient of the target species, and the degree of accu-
mulation of the target species on the electrode surface, which can be
modulated by using physical and chemical modification (Bakker and
Qin, 2006).

Sensitive electrochemical detection of MeSal was achieved previ-
ously by using a carbon screen-printed electrode (SPE) modified with
gold nanoparticles (NPs) (20 nm) (Umasankar and Ramasamy, 2013).
The evaluation of this system in an alkaline solution (0.1 M, NaOH)
showed two oxidation peaks at the gold electrode, which appeared at
-+0.3 Vand +0.5 V. The observed oxidation peaks corresponded to the
adsorption of gold hydroxide and the formation of gold oxide at the gold
surface based on egs. (1)-(3)

Au+OH™ - AuOH, +e~ (@D)]
_ o1

20H - H,0+2e +5 0, 2)

30, +4 Au -2 Au,0; 3

Upon the addition of MeSal into the measuring solution, it was
hydrolysed to methanol and salicylate dianion, as described in eq. (4).
Indeed, methanol was adsorbed on the gold electrode to form AuCH,OH,
which was subsequently oxidized to formaldehyde, as described in eq.
(5). On the other hand, the salicylate dianion could also be adsorbed on
the gold surface and undergo oxidation to quinone, as shown in eq. (6).

- +
O Au
AuCH,0H + 2H,0 + ¢
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AuCH,O0H - CH,O+H" + e~ 5)

OH

Hence, the electrochemical oxidation of MeSal was catalysed by
AuOH,gs and AuyO3, which were converted back to Au through the
catalytic cycle. The reported sensitivity for the developed Au NP-
modified carbon SPE was determined to be 127.23 pA mM ! using cy-
clic voltammetry and 61.04 pA mM ™! using differential pulse voltam-
metry (DPV). The selectivity of the developed sensor was investigated in
the presence of green leaf volatiles, including cis-3-hexenol, hexyl ace-
tate, and cis-hexenyl acetate, and no significant interference with MeSal
detection was found. These sensors were successfully applied for MeSal
determination in soybean pod extract.

The electrochemical detection of MeSal was also realized by using
electrodeposited nano-spinel cobalt oxide (Co304) films (Kanagasaba-
pathy et al. 2015). The prepared film was employed for the anodic
oxidation of MeSal while chronopotentiometry and chro-
nopotentiometry transients were recorded. As reported, the anodic
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0 Na

O Na (o}

oxidation of the prepared (Co304) film along with the use of 0.25 M KOH
increased the hydrolysis rate of MeSal. It was suggested that the
oxidation mechanism involves four electrons; the conversion of salicy-
late dianion to 1,2-benzoquinone (B) was preferred over that to 1,4-ben-
zoquinone derivative (A), Fig. 2. Based on chronopotentiometric
transient analysis, the MeSal concentration was correlated to the
consumed charge, which subsequently corresponded to the time dura-
tion of the applied anodic current. The LOD was reported to be 2.0 x
10~* M for MeSal determination. However, the developed method was
not applied in real sample analysis.

MeSal detection in pharmaceutical formulations was also achieved
by anodic oxidative chronopotentiometric transients in galvanostatic
mode at a graphite pencil anode (Kanagasabapathy et al. 2014). In that
study, the anodic potential shifted cathodically with MeSal concentra-
tion. Because of its slow electron transfer characteristic, salicylate

Hydrolysis

0
o/ 20H o
— + CH,OH + H,0
-H,0
OH o

Salicylate di-ion oxidation

(A) (B)
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H,0
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Fig. 2. Anodic electron transfer scheme for MeSal oxidation. Adapted with permission from reference (Kanagasabapathy et al. 2015). Copyright 2015: Elsevier.
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dianion oxidation was affected by the activation polarization. Benzo-
quinone was formed as the oxidation product. The anodic shift in the
oxidation potential was increased in the presence of diclofenac.
Nonlinear best-fit models were applied to correlate the anodic potential
with the anodic current and MeSal concentration. The results indicated
an LOD of 7 mM and a negligible absolute error of 0.005. The applica-
tion of a graphite pencil electrode as the anode avoided any electrode
preparation step and consequently simplified this procedure.

3.1.1. Electrochemical enzyme-based biosensors for the detection of MeSal

Biosensor function is based on a specific recognition event occurring
between an analyte and a key element called a bioreceptor. This
recognition event causes a change in the physiological properties of the
substrate or the generation of a product that generates an electro-
chemical signal such as potential, current, or impedance. Sometimes, to
obtain an electrochemical signal from a target analyte, it is required to
utilize two or even more enzymes, with the analyte of interest under-
going subsequent enzymatic reactions (cascade reactions) to finally be
converted to an electrochemically detectable product (Nguyen et al.
2019). This concept was used for MeSal detection by employing enzyme
cascade reactions, in which the hydrolysed form of MeSal, i.e., salicylate
was converted to catechol by salicylate hydroxylase (SH) in the presence
of nicotinamide adenine dinucleotide (NADH) and oxygen (Fang et al.,
2016a). To achieve higher selectivity, the generated catechol was
oxidized enzymatically to 1,2-benzoquinone by tyrosinase (TYR).
Finally, the electrochemical reduction of the produced 1,2-benzoqui-
none to catechol was used as the analytical signal (Fig. 3a).

The glassy carbon electrode (GCE), used as the transducer, was
modified with multiwalled carbon nanotubes (MWCNTs) by drop

, Pathogen/pest
Attack

M Electrochemical cell

% g
o

(EC 1.1.3.13) 5,&:‘
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Fig. 3. a) Mechanism of action of the bienzyme
electrochemical biosensor containing SH and TYR for
the detection of MeSal. b) Mechanism of action of the
bienzyme electrochemical biosensor containing
alcohol oxidase and horseradish peroxidase (HRP) for
the detection of MeSal. ¢) Mechanism of action of the
trienzyme-based electrochemical biosensor contain-
ing esterase, SH, and TYR for the detection of MeSal.
Adapted with permission from references (Fang et al.,
2016a) (Copyright, 2016: Elsevier) (Fang et al.,
2016b), (Copyright, 2016: Elsevier), and (Fang et al.
2018) (Copyright, 2018: IOP Publishing Ltd).

HCHO
" H,0

0,

Shguadh” Horseradish
= Peroxidase

oz‘%?f" (EC1.11.1.7)
e

casting. The addition of a solution of 1-pyrenebutanoic acid succini-
midyl ester (PBSE) to the MWCNT-modified GCE provided appropriate
sites for covalent bonding with the enzymes, leading to stable enzyme
immobilization. A volume of the solution containing the SH and TYR
enzymes was added to the surface of the prepared MWCNTs and incu-
bated to allow the formation of covalent bonds between the PBSE and
enzyme. The sensitivity of the developed biosensor was reported to be
30.6 mA cm 2 mM’l, while the LOD and limit of quantification (LOQ)
were calculated to be 0.0137 pM and 0.0390 pM, respectively. The ac-
curacy of the method was verified by the analysis of the synthetic
samples representing the healthy and aphid-infected soybean plants,
where the current response was observed only in the presence of the
latter sample.

Similarly, another work reported a bienzymatic biosensor composed
of alcohol oxidase immobilized on MWCNT/GCE by covalent bonding
using PBSE (Fang et al., 2016b). In this approach (Fig. 3b), MeSal un-
derwent hydrolysis in KOH to form salicylate and methanol. The latter
was oxidized to formaldehyde, generating H,O, as a byproduct. The
enzymatic reduction of the generated H,O5 to HyO was realized by
horseradish peroxidase (HRP), and the cofactor was oxidized. The
oxidized cofactor could be reduced by electron exchange with the
electrode, generating the analytical signal in amperometric measure-
ments. The sensitivity, LOD, and LOQ were reported to be 282.82 pA
em~2mM 1, 0.98 uM, and 2.97 pM, respectively. The developed sensor
was successfully applied for the determination of MeSal in macerated
wintergreen oil. MeSal, as the main component of wintergreen oil, is
produced when stress is induced to the plant’s leaves by placing them in
warm water.

A more practical biosensor for the sensitive determination of MeSal

Table 2

Summary of reports on electrochemical sensors for MeSal detection.
Principle Receptor Tested concentration Sensitivity LOD T Ref.
CV-DPV Au NPs-SPCE 62-1700 uM 127.23 pA cm ™2 mM 39.44 yM RT Umasankar & Ramasamy (2013)
Ccp Nano-spinel Co304 film 3-11 pM N/A 200 pM RT Kanagasabapathy et al. (2015)
Ccp Graphite pencil electrode 7-42 mM N/A 7 mM RT Kanagasabapathy et al. (2014)
Amp. SH, Tr/CNT 0-27.8 uM 30.6 pA cm ™2 uM ! 0.14 pM RT Fang et al. (2016a)
Amp. AOX, HRP/CNT 0-100 pM 282.82 pA cm 2 mM ! 0.98 uM RT Fang et al. (2016b)
Amp. Esterase, SH, Tr/CNT 0-27.8 uM 1.55 pA cm 2 mM ! 0.7 uM RT Fang et al. (2018)

LOD: limit of detection. T: temperature. CV-DPV: cyclic voltammetry - differential pulse voltammetry. CP: chronopotentiometry. Amp.: amperometry. NPs: nano-
particles. SPCE: screen-printed carbon electrode. SH: salicylate hydroxylase. Tr: tyrosinase. CNT: carbon nanotube. AOx: alcohol oxidase. HRP: horseradish peroxidase.

RT: room temperature (24-29 °C).
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Table 3

Biosensors and Bioelectronics 223 (2023) 115008

Summary of reports on conductometric, mass-sensitive, and microwave sensors for MeSal detection.

Principle Receptor Tested concentrations

Response to maximum tested concentration LOD T Ref.

Conductometric sensors

Resistive SnO,-Pt 20 ppm AR/Ry = 70% N/A 350 °C Bhattacharyya et al. (2012)
Resistive SnO,-Ag N/A AV/Vy = 65% N/A 150 °C Kakoty & Bhuyan (2018)
Capacitive ADIOL 0.3-1 ppm C/Co = 0.6% N/A RT Patel et al. (2008)

LCR Au NPs-A3 peptide 6-12 ppm F; =75kHz N/A N/A Nagraj et al. (2013)

FET Gr-LBN with MSP 1 fM-10 nM Al/Iy = 14% N/A RT Murugathas et al. (2020)
Mass-sensitive sensors

QCM MDEX 10-900 ppm Fgey = 110 Hz N/A RT Sharma et al. (2016)
Microwave sensors

MW-Ant Gr- MIP (polyphenol) 10-200 ppt 511/(S11)0 = 140% N/A RT Adams et al. (2019)

LOD: limit of detection. T: temperature. LCR: inductor-capacitor-resistor. FET: field effect transistor. QCM: quartz crystal microbalance. MW-Ant: microwave antenna.
ADIOL: bis[(E)-1,1,1-trifluoro-2(trifluoromethyl)pent-4-en-2ol]siloxane. Gr: graphene. LBN: lipid bilayer nanodiscs. MSP: membrane scaffold protein. MDEX:
maltodextrin. MIP: molecularly imprinted polymer. R: resistance. C = capacitance. F;: resonant frequency of the imaginary part of the resonance impedance spectrum.
Fyev: frequency deviation. I: current. S;;: reflection coefficient spectrum. RT: room temperature (24-29 °C).

was developed using the concepts described above. In this new devel-
opment, the hydrolysis of MeSal was carried out by esterase (Fang et al.
2018), so the hydrolysis of MeSal in KOH solution and further pH
adjustment were not needed. Similarly, the MWCNT/GCE was prepared
and immobilized with a mixture containing esterase, SH, and TYR. The
four cascade reactions included the hydrolysis of MeSal to SA by
esterase, conversion of produced SA to catechol by SH and enzymatic
oxidation of catechol to 1,2-benzoquinone by TYR. The generated 1,
2-benzoquinone could be reduced back to catechol by electron trans-
fer with the electrode, and the amperometric current response was
applied as the analytical signal (Fig. 3c). It was shown that the hydro-
lysis reaction of MeSal catalysed by the esterase is the rate-limiting step
in the cascade reactions. The sensitivity, LOD, and LOQ were calculated
to be 1.55 pA em 2 mM ™}, 0.7 pM, and 2.1 pM, respectively. Table 2
summarizes the main characteristics of the electrochemical sensors used
for MeSal determination. Even though a higher sensitivity and a lower
LOD were reported for this trienzyme-based biosensor than for the
bienzyme biosensor, the former was not applied in the analysis of real
samples.

3.2. Conductometric sensors

Conductometric-based chemical sensors are usually represented by
bipolar devices that measure the electrical resistance, capacitance, and/
or impedance changes of the active sensing material (receptor) in DC or
AC mode. However, these types of sensors may also come in different
configurations, for instance, with a third electrode, to allow the device to
operate as a field-effect transistor (FET). In this configuration, the third
electrode, also known as the gate electrode, tunes the electrical field
within the active sensing material, allowing the modulation of its con-
ductivity (Janata, 2009; Grundler and Janata, 2008).

Conductometric sensors based on resistive, capacitive, and FET

principles have been used successfully to detect MeSal both in the liquid
and vapour phases, as summarized in Table 3. Traditional resistive
sensors, for instance, have shown a response to MeSal using SnOs
modified with various materials, including Ag, Pt, Au, CuO, CaO, PdO,
and FepO3 (Bhattacharyya et al. 2012), as receptor elements. The
operation of these sensors at high temperature (350 °C) suggested an
improved response, particularly for the structures modified with Ag and
Pt, which displayed responses of 68 and 70% to 20 ppm of MeSal in the
vapour phase. A recent study on SnO; modified with Ag also corrobo-
rated the sensitivity of this material to MeSal, although the report did
not specify the range of concentration and the LOD for this compound
(Kakoty and Bhuyan, 2018).

Capacitive sensors based on polymers have also shown a response to
MeSal (Fig. 4a). These sensors based on multiple polymers, including
polyisobutylene (PIB), poly(ethylene-co-vinyl acetate) (PEVA), bis[(E)-
1,1,1-trifluoro-2-(trifluoromethyl)pent-4-en-2-ol]siloxane (ADIOL),
and polyepichlorohydrin (PECH), with different dielectric constants,
capacitances, and relative chemical polarities were used successfully to
detect MeSal in capacitive mode (Patel et al. 2008). Studies of these four
polymers revealed temperature-dependent responses with significant
changes upon 5 °C steps. The results showed that the most successful
system in terms of selectivity involved ADIOL, a polymer with a
dielectric constant of 5.3 and polar and hydrogen-bond acidic proper-
ties. This system displayed a response to MeSal in the range of 0.3 to 1
ppm at 25 °C, although the response rate was lower at this temperature
and the humidity interference was stronger than those of the other
polymers tested (e.g., PIB, PEVA, and PECH).

The use of a multivariable inductor-capacitor-resistor (LCR) reso-
nator based on a flexible substrate and peptide-caped gold NPs was also
evaluated for MeSal (Fig. 4b) (Nagraj et al. 2013). These systems were
tested using inductively coupled measurements of the resonant imped-
ance while exposing the sensors to MeSal so that the resonance

0
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SiO, substrate Graphene layer

Drain electrode

Fig. 4. a) Scheme of a polymer-filled capacitive sensor, b) photograph of a multivariable inductor-capacitor-resistor (LCR) resonator based on Kapton, ¢) scheme of
an FET sensor based on insect odourant receptors and liposomes immobilized on a graphene layer. Adapted with permission from references (Patel et al. 2008)
(Copyright, 2008: Elsevier) (Nagraj et al. 2013), (Copyright, 2013: Royal Society of Chemistry), and (Murugathas et al. 2020) (Copyright, 2020: American Chemical

Society), respectively.
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impedance spectra provided several parameters, such as the frequency
position and magnitude of the real part of the impedance and the res-
onant/antiresonant frequencies and their magnitudes from the imagi-
nary part of the impedance. These sensors detected MeSal in a
concentration range from 6 to 12 ppm, showing a significant response in
the resonant frequency (~75 kHz) of the imaginary part of the imped-
ance and the magnitude (~0.5 Q) of the real part of the impedance to 12
ppm MeSal. The multivariable analysis of the measurements and the
specific A3 peptide (AYSSGAPPMPPF) employed as the active sensing
element allowed a single sensor to discriminate the response of MeSal,
acetonitrile, and dichloromethane, despite the similar dielectric con-
stants of MeSal (¢, = 9.0) and DMC (e = 9.1).

The FET configuration, in which insect odourant receptors (ORs) and
liposomes are immobilized on a graphene layer, has also been evaluated
to detect low MeSal concentrations (from 1 fM to 10 nM) (Murugathas
et al. 2020). The evaluation included different active sensing elements,
including two ORs from Drosophila melanogaster integrated into nano-
discs (10-20 nm diameter) composed of a lipid bilayer enclosed in a
membrane scaffold protein as well as the same ORs with OR coreceptor
subunits (ORco) cointegrated in the lipid bilayer. These systems (Fig. 4c)
employed a liquid-gate configuration in which an electrolyte and
Ag/AgCl standard electrodes were used as the gate electrode. The results
displayed better sensitivity for the sensors based on OR integrated into
the nanodiscs compared to the other active sensing elements studied,
showing a change in the drain-source current of 0.14 to 10 nM MeSal.

3.3. Mass-sensitive sensors

Mass-sensitive sensors are based on the piezoelectric effect. These
types of sensors utilize piezoelectric quartz crystals as transducers
coated with an active sensing layer capable of absorbing gaseous/
vapour analytes. The mass changes produced by the absorbed species
are generally measured as frequency shifts by electrical oscillator cir-
cuits (Janata, 2009; Grundler and Janata, 2008). In the past,
mass-sensitive sensors, usually based on thickness-shear mode resona-
tors, surface acoustic waves, and cantilevers, proved to be sensitive to
various gases and vapours (Oprea & Weimar 2020), including MeSal
(Sharma et al. 2016). In particular, MeSal detection was achieved by
using quartz crystal microbalances (QCM, a type of thickness-shear
mode resonator) coated with maltodextrin (MDEX, a polysaccharide
used as additive in food), Table 3. These sensors showed a comparatively
higher response to MeSal among other aromas, such as linalool, gera-
niol, linalool oxide, and trans-2-hexanal, in a range of concentrations
between 10 and 900 ppm. The results show an adequate correlation
(0.982) of the sensor response and the gas chromatography-mass
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spectrometry estimations made for the analytes in various black tea
samples, demonstrating the appropriateness of the sensor to determine
MeSal. These systems operated at room temperature and showed high
reproducibility, particularly for MeSal concentrations above 500 ppm.

3.4. Microwave sensors

Microwave sensors are based on propagative structures (to transmit
the microwaves) integrated with a sensitive material that changes its
permittivity as a function of the target analyte and the frequency range
of the incident electromagnetic waves (De Fonseca et al. 2015). Hence,
the target analyte is detected by measuring the variations in the trans-
mitted and reflected microwaves at discrete frequency intervals. The use
of microwave sensors in the gas-sensing field is not as extensive as that of
other types of sensors, e.g., conductometric or mass-sensitive sensors.
Nevertheless, this technology has already shown sensitivity to various
gases and vapours using a variety of sensitive materials (e.g., oxides,
zeolites, polymers and carbon-based materials) and propagative struc-
tures (e.g., microstrip lines, coplanar waveguides, planar active reso-
nators, and antennas) (Li et al., 2019d). Their use for MeSal detection
was reported in the past based on an antenna propagative structure with
molecular imprinted polymer (MIP)-functionalized graphene as a sen-
sitive material (Adams et al. 2019), Table 3. Generally, MIPs are syn-
thetic polymers containing tailored recognition sites, which are formed
by introducing molecular templates during the polymerization or
polycondensation of the polymer’s bulk that are later removed to
generate cavities shaped for the target molecules (Chen et al. 2016;
Arabi et al. 2021). Thus, the MIP-graphene-based antenna system re-
ported previously (Adams et al. 2019) used molecular imprinting tech-
nology to trap MeSal in the MIP cavities (Fig. 5) and led to a transfer of
electrons to the graphene film through the MIP. Such a structure proved
to induce changes in the electrical resistance and reflection coefficient of
graphene, which were subsequently transduced in impedance changes
of the antenna. The antenna sensing system exhibited sensitivity to
MeSal at the ppt level and room temperature, with high selectivity to
MeSal over other vapours, such as acetone and water. This ultrahigh
sensitivity was attributed to the two-dimensional graphene film, which
exhibits notable relative changes in carrier concentration even when few
electrons participate in the MeSal-MIP interactions. The selectivity, in
contrast, was attributed to the MIP based on polyphenol, which provides
cavities tuned in shape and size to the target molecule (or similar mol-
ecules) with the adequate functional monomer orientation at these
cavities that allow binding only the target molecules. Molecular
imprinting technology has also been used in the past to improve the
selectivity to other vapours, such as formaldehyde (Tang et al. 2017;
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Fig. 5. Illustration of the processing steps to form a molecular imprinted polymer film with MeSal as the molecular template.
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Fig. 7. The fabrication process of linker molecule-assisted assembly complex
for SERS detection, a) immobilization of the linker and b) bonding of the linker
and MeSal. Adapted with permission from reference (Li et al. 2018). Copyright
2018: Elsevier.

Zhang et al. 2014), methanol (Zhu et al. 2015), and nitrobenzene (Ali-
zadeh and Hamedsoltani, 2014). This technology has proven to have
good stability and selectivity, although the dynamics of the response
were reported to be slow due to the binding/elution process between the
target molecules and the MIP, a process that can last a significant time
(Zhang et al. 2017).

3.5. Spectrophotometric sensors

3.5.1. Surface-enhanced Raman scattering sensors

Surface-enhanced Raman scattering (SERS) has recently emerged as
an important analytical technique for different analytes, including
clinical biomarkers (Song et al. 2020) and environmental pollutants (Li
et al. 2014). This technique is advantageous because it can significantly
improve the inherent small Raman scattering cross-section or intensity
of molecules because of the tunable signal transduction via the

Biosensors and Bioelectronics 223 (2023) 115008

physicochemical properties of plasmonic nanostructures, which are
potential materials for SERS substrates. The Raman scattering in SERS is
amplified by two mechanisms (Fig. 6). The first is the localization of
optical fields in metallic nanostructures, which leads to
electromagnetic-field enhancement. Indeed, light accumulates in the
gaps, crevices, or sharp features of plasmonic materials, including noble
and coinage metals (e.g., silver, gold, and copper) with nanoscale fea-
tures. The second is the chemical or electronic enhancement caused by
the expansion of the Raman cross-section provided when the molecule
or lattice is in contact with metal nanostructures (Pilot et al. 2018). The
amplified signal, miniaturization capability, rapid response and simple
sample preparation make SERS a relatively cost-efficient alternative
platform for conventional MeSal analysis (Park et al., 2020a; Li et al.
2018; Park et al. 2019; Park et al., 2020b).

Previously, the detection of MeSal based on SERS was carried out by
introducing the reagent 4,4’-(hexafluoroisopropylidene)bis(benzoic
acid) as a capturing assistant to form a MeSal/assistant/Ag NP system
(Fig. 7a) (Li et al. 2018). In fact, the CF3 group, which is a strong electron
withdrawer in the assistant molecule, forms strong hydrogen bonds. In
the proposed mechanisms, the carbonyl group of MeSal and the hy-
droxyl group of the assistant molecules can couple, or the hydroxyl of
MeSal and the fluorine of the assistant molecules can couple (Fig. 7b).
The minimum detection concentration for this system was reported to be
10~* M, although it was not tested in the analysis of real samples.

Another work proposed bringing Ag nanospheres (NSs) to the
aqueous phase from the nonaqueous phase by using the cationic sur-
factant tetraoctylammonium bromide (TOAB). The complex formed
between the Ag NSs and Tenax-TA adsorbent polymer was capable of
collecting volatile MeSal. The formed complex was used as a SERS
substrate to determine MeSal after 4 h of collecting this volatile. The
authors stated that among the three cationic surfactants investigated
(TOAB, cetyltrimethyl ammonium bromide (CTAB), and benzalkonium
chloride (BKC)), the phase transfer of the Ag NSs occurred only when
using TOAB. The proposed mechanism includes electrostatic in-
teractions induced by TOAB surfactants. The key success of this
approach was to use an aggregate covered by surfactants with an
enlarged surface area (Park et al. 2019). The real sample analysis was
not reported.

Recently, a Raman-based VOC detection system based on signal
differentiation by multivariate analysis was also developed (Park et al.,
2020a). In this work, a small volume of four representative VOCs
(linalool, cis-3-hexenyl acetate, cis-3-hexen-1-ol, MeSal) were pre-
concentrated by using Hayesep Q adsorbent in a sealed chamber (Fig. 8).
Raman spectroscopy (RS) was performed to quantify the VOC eluates
from each adsorbent after an adequate collection time. As reported after
20 min of collection, unique spectral features were observed in indi-
vidual and mixed volatiles, indicating good discrimination between
VOCs generated by multivariate techniques. Application of Ag nano-
crystals (NCs) as the SERS substrate enhanced the sensitivity of the
developed method, particularly in the case of MeSal. The developed
method was successfully applied for the determination of VOCs in tea
samples, indicating its accuracy.

Three different VOCs (linalool, cis-3-hexen-1-ol, and MeSal) were
detected by SERS in tea samples and cotton plants by using Tenax-TA
deposited on a layer of Ag NSs as the SERS substrate and performing
Raman data processing by multivariate analysis. The developed method
was used successfully for the analysis of VOCs either in dried or live
cotton plants (Park et al., 2020b). Table 4 summarizes the main char-
acteristics of the SERS sensors used for MeSal determination.

3.5.2. Colorimetric sensors

Colorimetric sensors are part of the group of optical sensors in which
the analytical signal is the colour change of the active sensing element
when it is influenced by an external stimulus (e.g., gas/vapour chemical
analyte). In this type of sensor, the light absorbed/emitted by the active
sensing element is directly proportional to the concentration of the
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Fig. 8. Scheme of the experimental setup and the parallel VOC collection system. GLVs (green leaf volatiles). Adapted with permission from reference (Park et al.

2020a,b). Copyright 2020: Royal Society of Chemistry.

Table 4

Summary of reports on spectrophotometric sensors for MeSal detection.
Principle Receptor Concentration Response to the maximum concentration tested LOD T Ref.
SERS assistant/Ag NPs** N/A N/A 100 pM RT Zhang et al. (2017)
SERS TOAB/Ag NPs N/A N/A N/A RT Song et al. (2020)
SERS Ag NCs 0.2-4 png mL™! N/A 0.2 pg mL~! RT Park et al. (2020a)
SERS Ag NSs N/A N/A N/A RT Li et al. (2014)
Colorimetric Fe(NOs)s 10-939 ppm Rf/Rfo = 12000 N/A RT Pavey et al. (2012)
Colorimetric Fe(NOs)s 1-10 ppm*** N/A N/A RT Rosser et al. (2015)

LOD: limit of detection. T: temperature. SERS: surface-enhanced Raman spectroscopy. NPs: nanoparticles. NCs: nanocrystals. NSs: nanospheres. Rf: reflectance, M:
measured, RT: room temperature (24 — 29 °C), **: assistant molecule: 4,4 -(hexafluoroisopropylidene)bis(benzoic acid). ***: exposure flight tests, N/A: data not

available. RT: room temperature (24-29 °C).

Air inlet duct for MIST sensor

Reactive patches

Substrate slots

Air Inlet

Air outlet vent

Chemical vapour sensor assembly

Fig. 9. a) Micro-UAV with the colorimetric sensor and additional chemical detection patches on the leading edge of the wings. b) Close view of the sensor assembly
embedded in the fuselage of the UAV. Visual inspection of the colour change from ¢) no exposure and d) major exposure to MeSal. Adapted with permission from

reference (Rosser et al. 2015). Copyright 2015: MDPL

target analyte (Liu et al. 2020). Usually, these sensors utilize organic
compounds as active sensing elements, including dyes, metal organic
complexes and polymers, which generally undergo four mechanisms: (i)
ring opening and closing reactions, (ii) changes in the functional groups,
(iii) ligand exchanges, and (iv) phase transition, in which a colour

have been used to detect various gases and vapours following these
principles (Cho et al. 2020). However, due to previous observations on
the colour change of complexes with ferric ions exposed to MeSal
(Weber, 1977), colorimetric sensors for MeSal have been developed
using a relatively simple compound, ferric nitrate, as part of the active

change is perceived (Cho et al. 2020). Previously, colorimetric sensors sensing element (Table 4). This compound dissolved in
Table 5
Qualitative comparison of the main characteristics and sensing technologies for MeSal.
Properties Sensors
Electrochemical Conductometric Mass-sensitive SERS Colorimetric
Conc. range Highly sensitive and broad Very good sensitivity, but the Good sensitivity and for a Very good sensitivity for a Good sensitivity for a broad
of conc. range. Measurements  conc. range is narrow. broad conc. range. broad conc. range. conc. range. Measurements
responses in gas phase are reported. Measurements in gas phase are Measurements in gas phase Measurements in gas phase in gas phase are reported.
reported. are reported. are reported.
Selectivity Highly selective by using Some extent of selectivity Some extent of selectivity Some extent of selectivity The reports do not evaluate
enzymes as bioreceptors. reached by using selective reached by using selective reached by selectively their selectivity.
receptors, such as olfactory receptors based on MIP analytes capture.
receptors, MIP technology. technology.
Size Further miniaturization is Small and compatibility with Small and compatibility with Further miniaturization is Small and compatibility with

required.

microfabrication processes.

microfabrication processes.

required

microfabrication processes.

Conc.: Concentration.
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dimethylacetamide (DMAc) and coated over a paper-based substrate
displayed responses to MeSal in the liquid and vapour phases (Pavey
et al. 2012). Further studies of these elements (i.e., ferric nitrate-coated
papers) integrated into a real-time optical sensor network platform
attached to a protective suit proved effective in detecting MeSal by
optical reflectance at room temperature. The calibration curves of these
sensors show considerable changes in reflectance, for instance, 12,000
for 939 ppm and a measured limit of detection of 10 ppm. The appli-
cation of these sensors in autonomous micro-unmanned aerial vehicles
(UAV) was also proposed later (Rosser et al. 2015), Fig. 9. Exposure
flight tests with the micro-UAV proved the detection of MeSal in a
vapour cloud concentration of 3.7 ppm at a distance of 100 m. These
tests did not evaluate the selectivity, so there is no account of possible
interfering gaseous species.

4. Challenges and future perspectives
4.1. (Bio)chemical sensors and MeSal

MeSal has been identified as an essential VOC in agriculture and
other sectors related to the food industry and security. The current state
of the art shows various (bio)sensing strategies for detecting MeSal in
concentrations that are relevant to these applications. The most prom-
ising sensing technologies generally include sensor-based electro-
chemical, conductometric, mass-sensitive, or microwave principles due
to their functional results and prospects for miniaturization and cost-
effective production. Table 5 compares the different sensing technolo-
gies for MeSal discussed in this review. This table was compiled based on
the reports and data summarized in Tables 1-3 to rate three significant
factors of sensory devices, such as the concentration range of responses,
selectivity, and size.

The group of electrochemical sensors have exhibited high sensitivity,
precision, and accuracy for the detection of MeSal. Further solutions,
however, need to be explored to avoid the prehydrolysis step to convert
MeSal into salicylate ions to suit practical applications, as addressed
previously in a trienzyme-based biosensor (Fang et al. 2018). Other
challenges for electrochemical sensors involve the search for solutions
that allow further reduction of their dimensions so that their size and
power consumption can enable their use in in situ analysis.

From the group of conductometric sensors, capacitive and FET sys-
tems based on polymers such as ADIOL (with polar and hydrogen-bond
acidic properties) or insect odourant receptors (such as those from
Drosophila melanogaster), respectively, can play a positive role in MeSal
sensing. Similarly, mass-sensitive sensors with sensitive elements such
as polysaccharide (MDEX) or microwave sensors based on molecular
imprinted polymers show promising performance. The use of these
technologies and materials in practical applications is subjected to
overcoming their long-term stability issues and sensitivity to external
factors such as humidity and temperature. Additionally, the modulation
of their selectivity by surface functionalization and the search for new
solutions based on combinatorial sensing systems are characteristics
that need to be addressed further. The intrinsic potential of miniaturi-
zation and on-chip integration of this group of sensors, however, opens
the possibility of using multivariable signal concepts (sensor arrays with
different receptors and principles) for further improvements of selec-
tivity by training and predictive algorithms that recognize chemical
patterns and discriminate specific species such as MeSal.

Other possible prospects for MeSal sensing include sensing technol-
ogies based on spectrophotometric principles. This group of sensors,
represented in particular by SERS, has shown effectiveness in detecting
MeSal, although without a clear account of the sensitivity levels and
usually incorporating preconcentration steps. However, it seems that the
application of SERS-based sensors for MeSal detection is still in its in-
fancy, and more research is needed to evaluate its appropriateness for
practical applications.

10

Biosensors and Bioelectronics 223 (2023) 115008

On-field actuation

2 @

Smart products and systems

7 R
# Lol Software technologies 5"3
m Hardware modules = N

Fig. 10. Value chain for the practical application of technology in agriculture.
The cornerstone of this chain involves hardware (e.g., sensors and electronics)
and software technologies (artificial intelligence), which are then integrated
into smart portable products that can be attached to unmanned agriculture
platforms to deliver data supported decisions for more efficient management of
the crops.

4.2. (Bio)chemical sensors and agriculture 5.0

Modern agriculture incorporates precision farming concepts, i.e., the
use of satellites and autonomous and unmanned vehicles equipped with
cameras and sensors that provide useful information for tuning the
amount of fertilizers and pesticides in the field and improving crop
yields (Saiz-Rubio and Rovira-Mas, 2020). For future decades, however,
a more global concept based on information collection, analysis of
massive data, and the use of robotics and artificial intelligence (AI) will
be pursued to enable better management of information and transform
this sector into a more knowledge-driven sector. This holistic concept is
the core of the so-called Agriculture 5.0, which includes not only the
‘traditional’ precision agriculture principles but also the further use of
unmanned operations and autonomous decision support systems with
robots, edge computing, and Al (Saiz-Rubio and Rovira-Mds, 2020).

Among several key players in the new agriculture era, sensing
technologies are still the cornerstone of the value chain (Fig. 10).
Modern agriculture already includes sensors to monitor crops and pro-
vide data related to the environment and soil. Crop diseases and pest
infestation that are visible to the human eye are also controlled to a
certain extent by using affordable image (spectral) sensors, although
with low resolution. New image sensors based on multispectral or
hyperspectral data are an alternative to provide higher resolution,
although at higher costs (Yang, 2020; Burgués and Marco, 2020; Saiz--
Rubio and Rovira-Mas, 2020; Mahlein, 2016; Madufor et al. 2017).

In recent years, (bio)chemical sensors have emerged as an attractive
alternative to pest crop prevention owing to the specific VOC produced
by infested plants (Jansen et al. 2009, 2011; Ivaskovic et al. 2021).
Although these markers can be recognized accurately by classical
equipment (e.g., gas chromatography spectrometer) or molecular assays
(e.g., nucleic acid-based technologies such as PCR) (Li et al., 2019a; De
Lacy Costello et al. 2001), the deployment of such equipment and
techniques in the field for agriculture is technically and economically
disadvantageous. In this context, (bio)chemical sensors represent a valid
alternative to address the challenges of Agriculture 5.0. (Bio)chemical
sensors have shown highly sensitive features that have contributed to
advances in many domains, especially in industry and environmental
control. Moreover, they can be miniaturized using today’s micro-/-
nanotechnologies to further reduce their energy consumption and
improve their autonomy in remote applications for noninvasive plant
disease diagnostics (Li et al., 2019a; Potyrailo, 2016; Hu et al. 2019).
Efforts in the near future for these sensors must concentrate on
addressing the specific challenges of the agriculture sector; therefore,
possible improvements to pursue include the following:
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- Development of new or optimized (bio)chemical receptors to plant
health-related VOCs. For instance, heavier compounds with less
volatility, such as methyl salicylate, methyl jasmonate, terpene al-
cohols, and green leave volatiles (e.g., cis-3-hexenal and trans-2-
hexenal) as they are more likely to function as signals over long
distances and are frequent markers showing changes after the trig-
gering of a disease independent of the plant species.
(Bio)chemical sensors capable of detecting plant health-related VOCs
using noninvasive monitoring concepts, for instance, by measuring
markers in the vapour phase at relevant concentration levels.
Miniaturization and integration of sensors with diverse transducing
principles (electrochemical, conductometric, optic, etc.) to facilitate
integrated multivariable responses (a concept directed to replace
conventional single-output sensors and the classical sensor arrays).
Integration of embedded electronic components, such as nonvolatile
memory technologies, enables local processing and storage of data
near the sensor (where data are generated) to reduce data traffic and
power consumption.
- Further reduction of power consumption below tens of pW to
improve sensor autonomy for continuous real-time measurements.

The amount of work that miniaturized and multivariable remote
advanced sensors with embedded Al can handle is not comparable to
that of traditional monitoring methods. These envisioned VOC moni-
toring systems for agriculture will reduce to maximum farm work and
costs, ensuring sustainable agriculture in the near future.

5. Conclusions

This review summarizes the principles employed for MeSal sensing,
providing insight into the receptors or sensitive materials used in com-
bination with these principles and their performance. These technolo-
gies showed significant advances for detecting MeSal either in the
vapour or in the liquid phase. However, the new developments for
noninvasive health monitoring addressed to agriculture and plant pro-
tection demand further focus on technologies that enable sensing of
MeSal or other key plant volatiles in the vapour phase at ppb level. These
new technologies for sensing vapours, including MeSal, must include
micro-/nanofabrication concepts for providing miniaturization and
portability to these developments, as well as for facilitating multivari-
able sensing and artificial intelligence concepts. These features would
drive the practical application, not yet established, of (bio)chemical
sensors in plant protection.
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