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The detection of analytes is optically difficult in planta due to tissue thickness and the presence of photosynthetic
pigments in plant tissues. Nanosensors are well-suited for the detection of analytes as they are easily embedded in plant
tissues. They are thus well-suited for in vivo studies of cellular signalling and metabolism.
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| 1. Detection of Molecular Oxygen

Molecular oxygen is the terminal electron acceptor in the electron transport chain during aerobic respiration. Plants (as
well as algae and photosynthetic bacteria) are able to produce oxygen via photolysis, which is part of the light-dependent
reaction of photosynthesis. However, the availability of oxygen in the atmosphere is still an essential substrate for plant
metabolism as photosynthetic activity varies in tissue and there are times when plants are not photosynthetically active I,
Many stresses, for example flooding, can also result in hypoxia in plant tissues. In addition, differential patterns of the
abundance of oxygen occur in organs and meristems and the regulation of oxygen status is mechanistically related to
plant development 2.

Extensive work on oxygen sensing has utilised Clark-type polarographic electrode sensors to detect a current flow caused
by the chemical reduction of oxygen to water Bl. These microelectrodes have been used to determine the rates of
photosynthesis and respiration by potato leaf protoplasts !, measure the respiration rate of mitochondria extracted from
pea shoots & and the leaves of Arabidopsis thaliana (8, as well as to measure alternative oxidase activity in soybean
cotyledons and roots . However, these electrodes have practical limitations when compared to optical sensors; they are
invasive and can require extensive sample preparation, and they consume oxygen causing experimental errors when
used in a living cell. Some of these problems can be overcome by using nanosensors. At present, two categories of
nanosensor are being utilised to assess oxygen distribution inside tissues, namely electrochemical and optical systems.

Electrochemical nanosensors (carbon-filled quartz micropipettes with platinum-coated tips) have been used to detect a
considerable drop in oxygen concentration at the surface of Chara corallina internodes in response to micro-perforation of
the cell wall 81, The decline in oxygen concentration at the wounding site could be due to several causes, such as the
stimulation of the plasma membrane NADPH oxidase, and modulation of antioxidant systems.

Optical nanosensors for O, also have features that make them an attractive alternative to the Clark-type polarographic
electrode sensors, whilst enabling oxygen to be sensed on a nanoscale and to be imaged over large areas. Probes
encapsulated by biologically localised embedding (PEBBLES) are a prominent class of this type of nanosensor. The
sensing elements, i.e., fluorescent dyes of PEBBLES are encapsulated within an inert matrix which reduces dye leakage
(@, In addition, the protective shell retains stability and prevents interference with other proteins 19. However, PEBBLEs
commonly emitted a red phosphorescence signal that interfered with the autofluorescence of the plant chlorophyll when
applied in plant cells. To circumvent the interference of the plant autofluorescence, a microbead-based probe was
developed for application in plant- and algae-based systems that utilised the two-frequency phase modulation technique
(L1 Nanoparticle oxygen sensors typically have excellent brightness and photostability, and are relatively simple to
produce, with the added benefit that long-term storage is possible L. However, the size of the probes—ranging from 20 to
600 nm in diameter ©—may lead to cell damage, and hence limit their application in living plants 1],

| 2. Water and Humidity Nanosensors

Utilising an aluminium oxide nano-porous ceramic plate (mean pore size: 30 + 15 nm), an optical-based sensor for the
direct, continuous monitoring of soil water has been reported 2. The nano-porous ceramic disc was used in conjunction



with a silicon diaphragm and a miniature optical displacement detection unit, composed of an integrated light source and
photodetector. When the sensor is buried into unsaturated soil water, a negative pressure inside the reservoir is
established, inducing diaphragm bending. The resulting displacement caused by the diaphragm could then be used to
measure the dry soil saturation.

Subsequently, Leone et al. 8l presented a compact innovative optical, low-cost platform for soil water content
measurement based on a nano-porous ceramic disc, however, in this case, in connection with an engineered optical fibre
with near-infrared-based detection. The sensor consisted of a Y-shaped bifurcated cable housing two fibres in a single
body. These fibres were placed side-by-side with one connected to the light source and the other to the detector. The
common leg allowed for illumination of the fibres and served to collect the light from the disc. For a soil testing, the sensor
was placed in a protective PVC tube buried in a soil tank.

Lan et al. 24 have reported on the fabrication of a capacitive wearable graphene-based plant humidity sensor. The
capacitive-type humidity nanosensor was fabricated using laser direct writing technology on a polyimide film to give a
graphene interdigital electrode (LIG-IDE). An aqueous solution of graphene oxide (GO) was then drop-cast onto the
surface of LIG-IDE to act as the sensing element of the humidity sensor. The flexible GO humidity nanosensor could be
readily attached to the surface of plant leaves without reportedly adversely affecting the growth of the plant. The
nanosensor could be combined with wireless devices to give an integrated system.

| 3. Detection of Adenosine Triphosphate

Adenosine triphosphate (ATP) is an organic chemical that provides energy to drive many processes in living cells. ATP is
dephosphorylated either to adenosine diphosphate or to adenosine monophosphate when consumed in metabolic
processes. In plants, ATP is synthesised in chloroplasts and mitochondria. A decrease in cytoplasmic ATP levels following
the addition of oligomycin A (a mitochondrial ATP synthase inhibitor) was detected using a chimera of enhanced Renilla
luciferase and a fluorescent protein with high bioluminescence resonance energy transfer efficiency (Venus) 13—an
optical nanosensor based on FRET. In addition, ATP production in chloroplasts during photosynthesis has been visualised
in transgenic Arabidopsis plants by targeting this optical nanosensor to the chloroplast stroma by using a transit peptide
fusion 5],

| 4. Detection of Calcium lons

Calcium plays an important role in signal transduction pathways. Calcium ions are involved in multiple plant processes
such as stomatal closing, cellular division, and cell signalling. For example, in the process of stomatal closing, free Ca2*
ions enter the cytosol from both outside the cell and internal stores following abscisic acid signals to the guard cells. This
has the effect of reversing the concentration gradient and K* ions begin exiting the cell. The loss of solutes makes the cell
flaccid and closes the stomatal pores. FRET-based genetically encoded sensors allow high-resolution live cell imaging of
Ca?* dynamics 1€l Analysis of Ca?* dynamics in Lotus japonicus revealed distinct Nod factor-induced CaZ* spiking
patterns in the nucleus and the cytosol.

| 5. Detection of Reactive Oxygen Species

Nanosensors are also capable of detecting reactive oxygen species. Superoxide anion (O%"), singlet oxygen (*0O,),
hydroxyl radical (*OH), and hydrogen peroxide (H,O,) are the major ROS in plants. ROS can be produced during normal
cellular metabolism at cellular sites such as the chloroplast, mitochondria, peroxisomes, and apoplast L7819 ROS are
involved in numerous signalling pathways in plants, including those involved in plant development, cell death, and
responses to various types of stress 2921 ROS and redox potentials can be measured using genetically encoded
ratiometric single-fluorescent protein sensors, such as roGFPs [22[23] to monitor the glutathione redox state 241251 and
extrinsic sensors, such as HyPer—a single fluorescent ROS sensor that directly reports H,O,. In plants, roGFPs have
been extensively used to determine glutathione redox potential (2226127128 Hyper has been used to detect H,O, changes
in Arabidopsis guard cells and roots [22BYEBY | plants, oxidative bursts can play significant roles in plant disease
defences and signal transduction. The real-time monitoring of oxidative burst from single plant protoplasts has been
achieved using electrochemical sensors modified with platinum nanoparticles 221,

| 6. Detection of Nitric Oxide

Nitric oxide is a gaseous reactive nitrogen species that acts as a signalling molecule throughout the plant life cycle. Nitric
oxide is involved in a range of physiological activities in plants, ranging from seed germination to senescence and



programmed cell death B2l Furthermore, nitric oxide also acts as a signal in response to biotic and abiotic stresses 24!,
However, the precise role of nitric oxide in signalling pathways and ideal methods of measurement remain an active area
of research. One method of measurement employs semiconducting single-walled carbon nanotubes as signal transducers
for nanosensors. Semiconducting single-walled carbon nanotubes have been exploited for near-infrared fluorescence
monitoring of nitric oxide in A. thaliana 3. This technique employed corona phase molecular recognition, which uses the
specific adsorption of a compositionally designed polymer at a nanoparticle interface to enable recognition.

| 7. Detection of Plant Hormones

It is possible to detect a range of plant hormones, such as strigolactones 8], ethylene 438 and auxin BA4Y ysing a
variety of nanosensors. Plant hormones (also known as phytohormones) are signal molecules produced within plants and
are involved throughout a plant's growth and development from embryogenesis # to reproductive development 42 as
well as in biotic 4311441 and abiotic stress tolerance 2146l Nanosensors offer opportunities to study plant hormones and
signalling mechanisms in vivo.

Strigolactones are a group of chemical compounds produced by a plant's roots 2 and represent a class of plant
hormones that regulate developmental processes and play a role in the response of plants to various biotic and abiotic
stresses 28, They have been identified as being involved in three different processes: the promotion of the germination of
parasitic organisms that grow in the host plant's roots 424950 iy the recognition of the plant by symbiotic fungi 425,
and the inhibition of plant shoot branching #4253 One such parasitic organism that grows in the host plant's roots is
Striga 444950 The use of an optical nanosensor (a fluorescence turn-on probe called Yoshimulactone Green) allowed
for the spatiotemporal monitoring of strigolactone levels in germinating Striga seeds [B8. The recognition of
Yoshimulactone Green by strigolactone receptors and its subsequent hydrolysis generates detectable fluorescent
products. In addition to the spatiotemporal monitoring of strigolactone levels, Yoshimulactone Green was used to
determine specific strigolactone receptors [28l,

Ethylene regulates many aspects of the plant life cycle, including seed germination, root initiation, flower development,
fruit ripening, senescence, and responses to biotic and abiotic stresses 24, Ethylene is widely used in agriculture to force
the ripening of fruits B2, Chemiresistive sensors have been used to sense the gaseous plant hormone ethylene BEI57I58]
39 and have shown a reliable ethylene response toward different fruit types such as banana, avocado, apple, pear, and
orange.

Auxins are plant hormones that influence multiple aspects of plant development such as cell enlargement, bud formation,
and root initiation. A sensor employing platinum black and carbon nanotube surface modifications characterised auxin flux
in 3- to 5-day roots non-invasively B2, Moreover, a sensor utilising a porous graphene bionanocomposite of porous
graphene, gold nanoparticles, and anti-indole-3-acetic acid antibody for sensitive and label-free amperometric
immunoassay of indole-3-acetic acid (IAA; an auxin-class hormone) was reported to have a low detection limit and can
been applied to the detection of IAA in plant sample extracts 6%,

Gibberellins are plant hormones that promote organ growth and regulate a variety of developmental processes. Mutants
defective in GA biosynthesis are characterized by reduced elongation of roots, stems, and floral organs 1. A FRET-
based nanosensor has been developed for the high-resolution quantification of spatiotemporal gibberellin distribution €2,
To develop the FRET-based nanosensor for gibberellin, plant hormone receptors were used as sensory domains. The
GIBBERELLIN INSENSITIVE DWARF 1 (GID1) protein is a soluble receptor protein that interacts with gibberellins in an
internal binding pocket 31, Gibberellin binding promotes GID1 interaction with members of the DELLA family of growth
regulators in plants. The GID1-gibberellin complex leads to the degradation of the DELLA protein after binding to the N-
termini of the DELLA protein 4], The Arabidopsis gibberellin perception machinery was adapted into a conformationally
dynamic gibberellins binding domain within a FRET nanosensor by fusing GID1 variants to DELLA N-termini. This fusion
converts the gibberellin-dependent intermolecular interactions into gibberellin-dependent intramolecular structural
rearrangements. In this way, the nanosensor responds to nanomolar concentrations of bioactive gibberellins with an

increase in the emission ratio and has been used to report gibberellin distribution and gradients in vivo in multiple tissues
[62]

Salicylic acid (SA) is an important plant hormone that is best known for mediating host responses upon pathogen infection
(651 Derivatives of salicylic acid can be found in food products, medicines, cosmetics, and preservatives. A structure-
switching aptamer-based nanopore thin film sensor has been developed for the detection of salicylic acid in plant extracts
(681 Due to its small size and scarcity of reactive groups for immobilization, salicylic acid is reportedly a challenging target
for aptamer selection using conventional systemic evolution of ligands. However, the authors Chen et al. reported the



development of a nanopore thin film sensor platform capable of determining levels as low as 0.1 yM salicylic acid, which
showed good selectivity towards salicylic acid and its metabolites. It was shown possible to determine salicylic acid in
Arabidopsis and rice using only about 1 pL plant extracts, with an assay time of less than 30 min.

| 8. Determination of Fruit Ripening

The perishability of fruits is a long-standing supply chain issue, causing a sizeable proportion of harvested fruits to be
discarded before distribution to consumers &7, As discussed above, ethylene is a major plant hormone that dictates fruit
ripening B4, It is possible to regulate the ripening dynamics of climacteric fruits through the manipulation of ethylene
concentration—a technique widely used to extend shelf-life and ensure shelf-maturity. The mechanisms of fruit ripening
and spoilage have been well studied 55I68I69[70]  Ethylene concentrations at 1 parts-per-million (ppm; 107%) have been
shown to initiate the ripening of climacteric fruits X9, while ethylene-sensitive fruits such as bananas and kiwis were found
to be affected by sustained exposure to 10 parts-per-billion (ppb; 1079 ethylene 72 For this reason, ethylene
concentration has been used to identify an optimal harvest period [Z3], define ideal storage conditions 74751 and control
the speed of ripening. Chemiresistive sensors have demonstrated ethylene detection as low as 0.5 ppm 28 as well as
their utility in the determination of fruit ripeness BeII5Z5859]

Equally, the deliberate or accidental adulteration of plant oils can have notable effects on the supply chain. Spaniolas et al.
[781 have developed lab-on-a-chip based technology for the determination of the adulteration of plant oils. The
methodology was based on the combinatorial use of a polymerase chain reaction (PCR) assay with a capillary
electrophoresis lab-on-a-chip based assay. The variability in the length of chloroplast trnL intron among different plant
species was used for the authentication of oils. The application of the assay on DNA extracted from different plant-derived
oils was undertaken and determined to be capable of detecting the adulteration of olive oil with various other plant oils.

| 9. Plant Pathogen Detection

Crop losses to plant pathogens represent a significant cost to farmers. Nanosensors offer the opportunity to detect
pathogens so that containment is possible. Diagnosis is currently performed using microbiological or PCR-based
techniques [ZAZEIT9NEA . while these techniques are often sophisticated and accurate, they can also be time-consuming.

Nanosensors offer an alternative method of detection as they allow for the rapid detection of fungi, bacteria, and viruses in
plants [B1]82],

Sensors encompassing fluorescent silica nanoparticles combined with antibody molecules have been used to detect
Xanthomonas axonopodis pv. vesicatoria, which causes bacterial spot disease in Solanaceae plants 3. In addition, a
nanosensor based on fluorescently labelled-DNA oligonucleotide conjugated to 2-nm gold nanoparticles detected
phytoplasma associated with the Flavescence dorée disease of grapevine 4. Moreover, an electrochemical sensor
utilising gold nanoparticles was shown to be capable of detecting Pseudomonas syringae in A. thaliana by differential
pulse voltammetry 3. Nanosensors are also available for mycotoxin detection. The 4mycosensor is a competitive
antibody-based assay capable of detecting ZEA, T-2/HT-2, DON, and FB1/FB2 mycotoxin residues in corn, wheat, oat,
and barley B8l87 QD-based biosensors have been used to detect Cowpea mosaic virus 88, Cauliflower mosaic virus [,
Citrus tristeza virus BAEUIO2 - Grapevine virus A 231, Tomato ringspot virus B4, Bean pod mottle virus B4, and Arabis
mosaic virus 4],

The synthesis of gold nanoparticle glycoconjugates based on functionalised sugars was recently reported 23, The gold
nanoparticle glycoconjugates were subsequently employed in the development of a sensor for the detection of the spores
and hyphae of the blue-green mould Penicillium italicum in fruit 28, This was based on the recognition of lectin. Lateral
tests using standalone poly(amic) acid (PAA) membranes on glass and 96-well polystyrene plates utilising paper
electrodes were investigated. Both substrates were functionalised with derivatised sugar-based ligands and stained with
gold nanoparticles. The authors reported strong signals for 104 spores/mL of P. italicum isolated from infected lemons.
The 96-well plate approach was found to be the most sensitive approach with a detection limit of 4 x 102 spores/mL, with
a linear range from 2.9 x 10° to 6.02 x 10* spores/mL. A standard deviation of less than 5% for five replicate
measurements was reported. The fungi P. italicum was successfully identified over related fungi species Trichaptum
biforme, Glomerulla cingulata (Colletotrichum gloeosporioides), and Aspergillus nidulans. The authors concluded that this
specificity resulted from the sugar ligands employed in the synthesis of the gold nanoparticles and was unaffected by their
size and shapes 271,

The pathogen, Xylella fastidiosa subsp. pauca strain CoDIRO, is responsible for olive quick decline syndrome (OQDS).
This represents a great threat to agricultural-based economies such as that of South Italy. The bacteria can also infect



other plant species. As a result, quarantine programs have been put in place in parts of Italy. Symptoms of OQDS include
leaf scorching and wilting of the canopy, and can appear months after the initial infection with some hosts also being
asymptomatic. Consequently, sensors for the rapid and early screening of plants are highly desirable. Determination of X.
fastidiosa is normally undertaken by ELISA and PCR. Chiriaco et al. [28] have compared these two standard methods with
a lab-on-a-chip assay for the determination of X. fastidiosa detection in leaf samples. The developed lab-on-a-chip
includes a microfluidic module, and its performance is competitive with conventional diagnostic methods in terms of
reliability, but with further advantages of portability, low costs, and ease of use. Thus, the proposed technology has the
potential to be a useful assay method for large-scale monitoring programs.

The lab-on-a-chip system used for X. fastidiosa detection was based on a polydimethylsiloxane (PDMS) microfluidic
module with microchannels and 20 yL microchambers fabricated by replica moulding. A system of inlet and outlet holes
was incorporated to allow for the delivery of test samples directly on the surface of an interdigitated metallic
microelectrode array, fabricated via optical lithography on a glass substrate. The device layout has a central inlet aperture
and four peripheral outlets per side, allowing for the contemporaneous testing of different samples (Figure 1). The central
inlet was used to perform functionalisation steps and to insert the sample to be measured and delivered to the four
chambers, allowing for measurements to be made either in quadruplicate or for separate samples. The interdigitated
electrodes were further functionalised with X. fastidiosa specific antibodies. Quantification was obtained by impedance
spectroscopy, following the addition of a 1:1 solution of hexacyanoferrate (Il/IlI).
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Figure 1. Description of the lab-on-a-chip device for the detection of Xylella fastidiosa made up of a sensing and a
microfluidic module 28! with permissions.

The application of microfluidic chip for the high-throughput phenotyping of A. thaliana B2—a commonly used as a model
organism in plant biology and genetics—has been reported. Multiple Arabidopsis seeds were germinated and propagated
hydroponically in the chip, making it possible to continuously investigate phenotypic changes in plants at the whole
organismal level and at the cellular level. Reportedly, the Arabidopsis plants grown in the device maintained normal
morphological and physiological behaviour, and phenotypic variations between wildtype and mutant plants were
measurable. The timeline for the plant's different developmental stages in the chip was reported as being highly
comparable to growth recorded on a conventional agar plate. Using the microfluidic device, it was shown possible to
identify changes occurring during plant—pathogen interactions. The authors postulate their prototype plant chip technology
could be used for the basis of a high-throughput and precise plant phenotyping device.

Julich et al. 199 have developed a lab-on-a-chip approach for the rapid nucleic acid-based diagnosis Phytophthora—a
genus of plant-damaging oomycetes. PCR and hybridisation steps were performed consecutively within a single chip
consisting of two layers; an inflexible and a flexible one, with integrated microchannels and microchambers containing a
polymeric component, with integrated half channels placed on the inflexible component containing the DNA microarray.
The 32 measurement points on the chip allow the incorporation of five different capture sequences in quadruplicates plus
negative and positive controls and untreated electrode gaps to monitor the background signal. This allows for at least five
different DNA fragments to be tested in parallel on the chip in the current setup. Data from the microarray was collected
electrochemically, based on the deposition of elementary silver by enzymatical catalysation. After an initial 5-min period of
silver deposition, increased conductivity values were recorded at the positive control. After a period of 8-10 min of total
silver deposition, conductivities of 107 to 1072 Siemens were reported only for fully complementary capture sequences.



Incomplete complementary sequences and negative controls showed no increase in conductivity within 10 min at all
measurement points. The electrical readout was reported to be simpler and faster than PCR technology generally used for
such investigations. Deposited silver spots were reported to show long term stability compared to fluorescent signals that
are affected by bleaching. The specificity of the lab-on-a-chip system was investigated for the determination of five
species of Phytophthora. However, two of these species were reported to give signals below the threshold.

| 10. Fertiliser and Pesticide Management

The application of fertilisers plays an important role in increasing agricultural production. However, excessive use of
fertilisers can alter the chemical ecology of soil and reduce the amount of land available for crop production 194, Non-
destructive nanosensors capable of transducing plant signals into digital signals permit the establishment of direct
communication between plants and growers, facilitating controlled fertiliser release while minimising their use. In addition,
electrochemical nanosensors can determine the concentration of various ions in the soil and so can be used to inform on
appropriate levels of fertiliser applications. lon-selective electrodes have been used to monitor the sap of potatoes [1021(103]
and broccoli 224, Electrochemical nanosensors can detect heavy metal ions 293110681 a5 well as ions used for plant
growth, such as H*, K*, and Na* 921107 |t js possible to incorporate these ion-selective electrodes into greenhouse

industry systems to manage liquid fertilisation strategies 1971[108]109]

Pesticides are widely used in modern agriculture. The adverse effects of pesticides on the agricultural ecosystem have
been a matter of concern in recent decades, and have established the need for monitoring programmes to determine the
fate and accumulation of pesticides in the soil 19, Understanding the behaviour of pesticide translocation is significant for
effectively applying pesticides and reducing pesticide overexposure. SERS utilising gold nanoparticles has been used in
the real-time monitoring of pesticide translocation in tomato plant tissues, including in the leaves and flowers 1l |n
addition, flame aerosol technology has been used to rapidly self-assemble uniform SERS sensing films to detect
pesticides 112 This technology combines particle synthesis and facile film fabrication in a cost-effective and single
process step. To synthesise nanopatrticles, solution containing Ag and Si precursors was fed through a capillary, atomised
using pure oxygen into fine droplets, and ignited. The nanoparticles were generated through droplet evaporation and
combustion, particle nucleation, growth by coalescence and sintering, aggregation, and agglomeration (113l At the same
time, the films are generated by the depositions of nanoparticles on a temperature-controlled glass substrate by
thermophoresis to produce highly uniform and reproducible SERS sensing surfaces. Pesticide residues collected from the
surface of an apple and dissolved in an ethanol solution were applied to the SERS substrate for SERS measurements to
be taken. The presence of the pesticide parathion-ethyl was verified, demonstrating an application in food-safety
diagnostics for pesticide detection on fruit surfaces 1121,

Insect pheromones are used in pest management programs, typically for pest detection and monitoring, and deciding the
timing of pesticide spray programs. Recently, a cantilever-based gas nanosensor coated with a polyaniline and sodium
polystyrene sulfonate nanocomposite and a polyaniline-silver nanohybrid was reported for the monitoring of a pheromone
released by the neotropical brown stink bug, Euschistus heros (F.) 24, Rubber septa insect pheromone dispensers were
impregnated with 2,6,10-methyl trimethyltridecanoate, which is the main component of the sexual pheromone of E. heros.
Over a period of two months, the cantilever nanosensors showed a daily reduction in resonance frequency when exposed
to the pheromone, which was not observed in the control cantilever. The authors reported that relative humidity did not

influence the nanosensors resonance frequency, and the cantilever nanosensors were stable for twelve months.

| 11. Summary

The application of nanosensors has been shown to meet some of the greatest challenges presently facing us, allowing for
insights that can be developed to support plant growth and food security. The ability to monitor and determine plant
characteristics is essential for plant breeding programmes and incorporation of desirable traits in plants. The application of
nanosensors in the plant science offers opportunities to investigate distribution and transport of analytes, nutrients and
pathogens in vivo, as well as plant signalling, and plant responses to environmental conditions.
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