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Nanobiotechnology approaches for engineering
smart plant sensors

Juan Pablo Giraldo ®'23*, Honghong Wu®', Gregory Michael Newkirk ®' and Sebastian Kruss*

Nanobiotechnology has the potential to enable smart plant sensors that communicate with and actuate electronic devices for
improving plant productivity, optimize and automate water and agrochemical allocation, and enable high-throughput plant
chemical phenotyping. Reducing crop loss due to environmental and pathogen-related stresses, improving resource use effi-
ciency and selecting optimal plant traits are major challenges in plant agriculture industries worldwide. New technologies are
required to accurately monitor, in real time and with high spatial and temporal resolution, plant physiological and develop-
mental responses to their microenvironment. Nanomaterials are allowing the translation of plant chemical signals into digi-
tal information that can be monitored by standoff electronic devices. Herein, we discuss the design and interfacing of smart
nanobiotechnology-based sensors that report plant signalling molecules associated with health status to agricultural and phe-
notyping devices via optical, wireless or electrical signals. We describe how nanomaterial-mediated delivery of genetically
encoded sensors can act as tools for research and development of smart plant sensors. We assess performance parameters
of smart nanobiotechnology-based sensors in plants (for example, resolution, sensitivity, accuracy and durability) including
invivo optical nanosensors and wearable nanoelectronic sensors. To conclude, we present an integrated and prospective vision
on how nanotechnology could enable smart plant sensors that communicate with and actuate electronic devices for monitoring

and optimizing individual plant productivity and resource use.

growing human population, crop productivity is projected

to require a 60-100% increase from 2005-2007 levels'?.
However, environmental and biological stresses impair growth
and yield, leading to major crop losses worldwide**. Plant environ-
mental stresses including drought’, heat®, flooding’, salinity*® and
frost®® are key drivers of economic losses in agriculture. Microbial
pathogens and virus-related diseases also lead to devastating crop
losses’™!. The challenge of improving agricultural productivity is
magnified by the expected increase in the frequency and intensity
of plant stress-related events in a changing climate'>". Thus, pre-
cise management of limited resources and costly agrochemicals (for
example, water, nutrients and pesticides) offers the opportunity to
increase crop yields while minimizing resource losses through the
use of remote sensing techniques for crop monitoring'*'*. Improved
tools for high-throughput phenotyping of desired crop traits will be
needed to accelerate efforts towards developing plant stress toler-
ant varieties'®. Increasing total agricultural productivity will require
innovative and convergent technological approaches for managing
plant stressors and resource use efficiency.

Recent advances in nanotechnology offer untapped potential to
reduce the impact of major stresses on food and energy crop pro-
ductivity, while optimizing the use of limited resources such as water
or nutrients. In this Review, we discuss how nanobiotechnology-
based sensors in plants can enable communication and actuation of
electronic agricultural and phenotyping devices for optimizing crop
growth and yield in response to stresses or resource deficits. We
envision smart nanobiotechnology-based sensors that report plant
health status through optical and wireless signals and fine-tune
agricultural device responses (Fig. 1). Nanosensors are poised to
enable the translation of plant chemical signals into digital informa-
tion for real-time monitoring of plant health by electronic devices.
These nanobiotechnology approaches for precisely detecting the
onset of stress or resource deficits within individual plants will con-
tribute to improving phenotyping technologies for plant breeding

_|_o meet the demand in 2050 for food and energy from a

by facilitating high-throughput screening of chemical phenotypes
of stress-tolerant varieties. Smart plant sensors engineered through
nanobiotechnology will be able to report crop health status to exist-
ing agricultural equipment to promote a transition to automated
methods for precise and efficient use of resources.
Nanotechnology, the manipulation and use of matter with
dimensions smaller than 100 nm, has distinct advantages to engi-
neer smart plant sensors. For example, engineered nanomaterials
embedded in plants can be designed for monitoring signalling mol-
ecules by near-infrared (nIR) cameras in real time. Nanomaterials
can also act as DNA scaffolds that overcome plant cellular barri-
ers and deliver genetically encoded biosensors for crop research.
Wearable sensors can record volatile compounds on plant surfaces
and report to wireless devices. In this Review, ‘sensor’ is used as a
general term for any probe, indicator, reporter, molecular sensor
or sensing device if not termed differently in the cited reference.
Optical nanosensors are nanomaterials that allow high spatial and
temporal resolution for monitoring plant signalling molecules via
fluorescence signals in spectral regions, such as the nIR, where liv-
ing tissues are relatively transparent’’~. These nanosensors can be
tailored to provide high stability, specificity for analytes of interest,
rapid dynamics, accuracy and reproducibility in the desired ana-
lytical range for plants*'. Recently, nanotechnology has enabled the
delivery of DNA plasmids into plant cells using high aspect ratio
nanomaterials as scaffolds that penetrate plant cell barriers in vivo
without external mechanical or chemical aid***, thus opening the
door to deliver genetically encoded sensors for designing and engi-
neering smart plant sensors. Genetically encoded sensors generally
consist of a sensory module coupled to fluorescent proteins that can
be detected with high spatial and temporal resolution by fluores-
cence imaging devices*”. They are highly selective for the specific
analyte and exhibit a high signal-to-noise ratio with low perturba-
tion of biological systems in which they are integrated. Wearable
sensors integrate flexible substrate materials and nanoelectronics
that are advancing the fields of sensors for human health monitoring
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Fig. 1| Nanobiotechnology approaches enable research and development of smart plant sensors that communicate plant chemical signals to
agricultural and phenotyping equipment. Major abiotic and biotic stresses and resource deficiencies are associated with signalling molecules that
communicate and regulate plant responses including ROS (for example, H,0,), Ca?*, NO and ABA among others. Nanomaterial-mediated delivery of
genetically encoded sensors enables research on signalling mechanisms of plant health that inform the design and engineering of smart plant sensors.
Optical nanosensors and wearable nanotechnology-based sensors interfaced with plants allow the translation of plant chemical signals into optical
and radio waves, and electric signals, which can be monitored by electronic devices. Machines with the capacity to decode spatiotemporal patterns of
plant chemical signals will allow smart nanobiotechnology-based sensors to actuate agricultural devices for optimizing the plant environment. These
nanobiotechnology approaches have applications ranging from research and development of technologies in the laboratory, chemical phenotyping in
specialized facilities to monitoring and automation in crops for urban farming and precision agriculture.

and robotic manipulation® but with applications that remain rel-
atively unexplored in plants. Engineered nanomaterials are not
genome specific, making them more easily deployed across diverse
plant species than species-specific molecular methods'>**?"~.
Nanobiotechnology approaches do not necessarily require geneti-
cally modifying whole plants to introduce new traits, which is a pro-
cedure that faces considerable governmental regulations and public
debate®*?. Although nanomaterials are increasingly becoming sub-
ject of these regulations, studies in the past decade have reported
that a wide range of nanomaterials are not inherently toxic and that
detrimental effects on living organisms are dependent on specific
nanomaterial composition, structure, surface chemistry and con-
centration®**. Furthermore, we expect that exposure to nanomate-
rials will only be required for selected plants within an agricultural
field. On these selected plants, a variety of plant structures for non-
human consumption could be chosen for nanomaterial exposure.
In some instances, smart nanobiotechnology-based sensor devel-
opment and application would involve plant exposure to nano-
materials only in the laboratory or controlled phenotyping setups.
Smart plant-sensing devices have the potential to provide unprec-
edented capabilities of allowing real-time monitoring of individ-
ual plant physiological status in response to stresses in safe and
controlled conditions.

This Review focuses on knowledge gaps, challenges and oppor-
tunities to engineer nanobiotechnology-based sensors that report
plant health status and control actuation of electronic devices
for improving crop productivity and phenotyping. This field
is of interest to researchers working on nanoscale science and

engineering tools for agriculture, engineers aiming to address
knowledge gaps in plant nanobiotechnology and biologists look-
ing for novel tools to monitor plant biomolecules. Previous reviews
discuss topics not covered in depth by this article including broad
agronomic applications of nanotechnology in plants®; design, prin-
ciples and applications of nanosensors for plant biomolecules* and
genetically encoded biosensors in plants***. Wang et al.*’ review
targeted and controlled release of agrochemicals, labelling and
imaging of nanoparticles in vivo and risks associated with exposure
of nanomaterials to the food chain. Kwak et al.*! explore in more
depth the mechanisms of how nanobiotechnology-based sensors for
plants work and compare the pros and cons of different nanosensor
technologies. Herein, we discuss nanobiotechnology-based
approaches for monitoring plant signalling molecules associ-
ated with early detection of stress or resource deficiencies using
nanomaterial-delivered genetic-encoded nanosensors, optical
nanosensors and wearable sensors. We also provide a perspective
on how smart plant sensors can actuate agricultural devices by
communicating with smartphones, hyperspectral imaging cameras,
wireless radio frequency devices, meteorological stations and phe-
notyping equipment.

Monitoring plant health in real time

Crop stress and resource deficiencies are currently monitored by
assessing plant physical traits through imaging, spectroscopy and
fluorescence from the visible to the infrared'****!. Although, these
remote-sensing techniques provide important information about
plant health status including leaf area, chlorophyll content and
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Table 1| Plant molecular targets related to health status that have been reported to be monitored by nanotechnology-based sensors

Plant signalling Concentration range Time scale Sensor?, indicator®, probe¢, Sensitivity Temporal
molecule (static) reporter® or not defined® resolution
H,0, 10-100 pM (refs. 127128) <1 min (ref. %) SWCNT: (refs. 29130) Single molecule to 100 0.5 s (ref. %)
pM (refs. 20120)
HyPer22 (ref. ) 5 uM (ref. 7%) 2 min (ref. %)
roGFP-Orp1? (ref. &) 0.1 pM (ref. &) 15 s (ref. &)
Glucose 0.1-1,000 pM (ref. ) 10 s (ref. &) FLIPglu-2pA132 (refs. ©37°) 2.5-100 pM (ref. ) 4 s (ref. %)
FLIPglu-600pA13? (refs. %) 0.1-7.5 mM (ref. ) 4 s (ref. )
SWCNT (ref. =7 5-20 mM (ref. 1) 15 s (ref. ®1)
BA-QDe (ref. %) 500-1,000 pM (ref. #) 5 min (ref. %)
Sucrose 1-10 mM (refs. 5215%) 20 s (ref. 7*) FLIPsuc-90uA12 (ref. ) 0.1-5 mM (ref. ) 4 s (ref. 7®)
Ca?* 200-1x 107 nM (refs. 1-10 s (refs. °%138) YC3.6 (ref. 77)2 (ref. 5°)° 10-100 nM (ref. %) 1.5 s (ref. 77)
T GCaMP3 (ref, ) (ref. “0)° 200 nM (ref. ) 2's (ref. )
R-GECO1 (ref. 2)2 (ref. )P <200 nM (ref. ) 1.5 s (ref. 29)
SWCNT (ref. &) 10 nM (ref. ) 1s (ref. %)
NO 0.1-10 pM (ref. ) >0.1s (ref. %) SWCNT (ref. 2%) Single molecule to 100 0.5 s (ref. %)
pM (refs. 291%)
Ethylene 0.001-1 ppm per hour 0.3 min (ref. %°) SWCNT (ref. °%) 0.5-50 ppm (ref. °°) 10 s (ref. %)

(refs, 144145)
0.001-0.01 pM (ref. %)

0.01-0.1 ppm per hour
(ref. )

10-40 min (ref. %)
Not known

Jas9-VENUS? (ref. “8)
Ag NPs¢ (ref. 47)

Jasmonic acid 1M (ref. 148)

0.1-100 mM (ref. %)

2 min (ref, “8)

Methyl salicylate Not reported

Abscisic acid 10-100 nM (refs. °017) 10-15 min (refs. ABAleon2.1¢ (ref. ?) 100-600 nM (ref. '2) 6 s (ref. 1%?)
) ABACUST: (ref. %) 1M (ref. %) 0.5's (ref. %)
pH (H* gradient) pH 5.2-8.4 (ref. %) 1 min (refs. °>15¢) GFP H148D? (ref. '°°) pH 4.3-7.6 (ref. %) 1s (ref. °¢)

Reported plant signalling molecule static concentration range and timescale or expected lifetime. Sensor performance parameters such as sensitivity and temporal resolution of existing approaches,
including examples of genetically encoded sensors*, optical nanosensors and wearable nanoelectronic sensors. *The term 2sensor, ®indicator, “probe or reporter was used in the cited references or this

information was °not defined.

fluorescence**, stomatal conductance®, transpiration use effi-
ciency*, water potential’’ and leaf temperature®, they are either not
suitable for early detection of some types of stresses or resource def-
icits, lack the potential to identify specific plant stresses or are not
optimal nor cost efficient for monitoring individual plants'®*#->!,
Chlorophyll content decline and leaf area loss are stress-induced
accumulative traits that are the result of impaired plant growth.
Chlorophyll fluorescence is not always suitable for early stress detec-
tion and is not a specific indicator of stress types'®. Plant water sta-
tus parameters are related to multiple stresses including drought”’,
salinity’® and pathogens®. Raman and infrared spectroscopy have
typically low signal-to-noise ratios and require complex equipment.
They provide rich chemical information about cell composition but
are more difficult to interpret due to impurities and heterogeneities
on or inside the plant that affect the spectral signature. However,
Raman spectroscopy in leaves has recently been performed using
a custom-built, portable system capable of being operated in the
field*’, opening the door to applications in plant phenotyping facili-
ties. Airborne detection tools are not optimal for monitoring indi-
vidual plants® or crop plants grown in high-density. They are also
influenced by overexposure due to sunlight or shadows, low signal-
to-noise levels and interfering weather conditions'®. Novel sensing
tools that facilitate continuous monitoring of individual plants with
high reliability and improved signal-to-noise ratios will complement
existing remote sensing tools (Fig. 1). Electronic devices, including
smartphones, hyperspectral imaging cameras and autonomous or
manned vehicles, can establish direct communication with nano-
biotechnology-based sensors in plants. Nanobiotechnology-based
approaches provide a pathway to transduce the invisible plant
stress-related chemical signals into optical, wireless or electrical

signals that can be recorded by current phenotyping equipment
such as greenhouse, growth room or field scanalysers.

Plant stress or resource deficit detection, based on chemical
traits such as plant signalling molecules, has the potential to report
the onset of plant health changes in real time and help to diagnose
specific environmental or biological stressors. Key signalling mol-
ecules in plants that have been reported to be monitored by engi-
neered nanomaterials and genetically encoded nanoscale sensors
include reactive oxygen species (ROS), calcium (Ca®"), glucose,
sucrose, nitric oxide (NO) and plant hormones such as abscisic
acid (ABA), jasmonic acid, methyl salicylate and ethylene (Table 1).
Both ROS and Ca?* are at the forefront of plant stress signalling™.
Ca?* is involved in most stress signalling pathways and is evolution-
arily conserved among different plant species®. ROS have a dual
role in plants, acting as a toxic molecule at high levels and play-
ing a signalling role in a broad range of plant stress responses at
low levels”**. Ca** and ROS signature signals have been associated
with specific plant stress responses™*. Sugars such as glucose and
sucrose are also important plant molecules that regulate a broad
range of physiological and developmental changes®'-*. ABA, NO,
methyl salicylate and ethylene have been reported to be more spe-
cific indicators of plant stress types. ABA is an early signal of water
stress®**°. NO, methyl salicylate and ethylene are mainly involved in
plant pathogen defence response®-*. The plant hormone jasmonate
coordinates both biotic and abiotic stress responses including salin-
ity and freezing tolerance, drought and wounding response®. Other
important signalling molecules that can be future targets for sensor
development are salicylic acid and isoprenes. Salicylic acid is a sig-
nalling molecule involved in plant pathogen defence”. Plant volatile
organic compounds (VOC), such as isoprenes, are associated with
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high light, temperature and water stress”’. Developing and apply-
ing nanotechnology-based sensing tools for real-time monitoring
of these key chemical signalling molecules in plants will improve
our understanding of plant stress communication and enable plant
health monitoring in the field.

Nanomaterial delivery of genetically encoded sensors
Genetically encoded sensors are capable of reporting in vivo con-
centrations of molecules, presence and activity of proteins, and ion
dynamics. Most current biosensors enable subcellular monitoring
and analysis of plant signalling molecules, which can provide criti-
cal knowledge for designing and engineering smart plant sensors.
Recently, real-time imaging of calcium levels in whole plants under
herbivore attack was demonstrated using genetically encoded sen-
sors in laboratory conditions’ (Fig. 2), providing a technology
platform that could be adapted for fluorescence imaging in pheno-
typing facilities*! or with modified portable field equipment”. Stable
or transient expression of genetically encoded sensors in plants
requires the generation of transgenic material in amenable plant
species. The design of a genetically encoded reporter is, to a cer-
tain extent, rational and has been demonstrated in applications to
plant leaves and roots for the detection of signalling molecules®”*”.
Genetically encoded sensing approaches in plants rely on varying
mechanisms from protein-protein interactions to covalent bond
modifications that influence their fluorescence intensity or wave-
length in the visible range of the electromagnetic radiation spec-
trum (Fig. 2a,b). Currently, fluorescence resonance energy transfer
(FRET)-based sensors report sugars in leaves and roots (Fig. 2¢),
including glucose and sucrose, with a high temporal resolution (10s)
and within physiological concentration ranges in transgenic plant
model systems such as Arabidopsis thaliana”"° and rice crop plants
in response to both abiotic and biotic stresses® (Table 1). Genetically
encoded sensors have allowed imaging of calcium dynamics at very
high temporal resolution (1.5 s)”>”77*% and the detection of glu-
cose at micromolar levels in roots”. Recently, biosensors have been
reported to detect H,0, in vivo with subcellular resolution in chlo-
roplasts and nuclei” (Fig. 2d,e) and within physiological pH range
during elicitor induced oxidative bursts with 15 s temporal resolu-
tion®'. Overall, genetically encoded sensors offer sensitivities within
the plant physiological range and temporal resolutions that allow
the detection of various plant signalling molecules. Concentration
changes of signalling molecules or metabolites in plant cells are
dynamic but genetically encoded sensors have a temporal resolution
on the order of seconds (Table 1) and could therefore report chemi-
cal signals on this time scale in real time. However, they require
genetically amenable plant species to transformation methods such
as gene gun particle bombardment and Agrobacterium tumefaciens
plasmid delivery. Applications in crops have been limited by avail-
able DNA transformation methods and slow rate of optimization
per species. Nanomaterial-enabled methods are being developed
as an alternative approach to enable genetic material delivery into
mature wild-type plants without the need to develop species-spe-
cific genetic techniques®?*.

Delivering DNA cassettes or plasmids containing genetically
encoded nanoscale sensors for expression within wild-type plant
species might allow application to a broad range of crop plants that
are not currently amenable to genetic modification. Single-walled
carbon nanotubes (SWCNT) coated with DNA have the ability
to penetrate plant lipid bilayers through passive and spontaneous
translocation processes'>®. Thus, SWCNTs have great potential
to act as a delivery chassis for exogenous DNA into plant cells. By
binding the plant expression cassette to SWCN'Ts and application to
the leaf lamina through a needleless syringe, transfection of DNA
into plants is possible without Agrobacterium or gene gun particle
bombardment*>*’. Using a plasmid or amplified dsDNA, each con-
taining a nuclear expression gene cassette, bound to the SWCNT,

544

plants expressed transiently a fluorescent reporter protein without
the integration of DNA into the genome®. How nanomaterial and
plasmid properties determine transient versus stable gene expres-
sion in plants remains to be explored. These studies will inform the
design of modular DNA-SWCNT transformation tools for generat-
ing fertile transgenic plants. Nuclear-based integration-dependent
genetic sensors allow for new research into specific wild-type plant
species. However, a uniform delivery chassis to plastids such as
chloroplasts may enable a cross-species protein expression platform
for mature plants due to their prokaryotic ancestry and evolution-
ary history in plants®.

Nanotechnology is providing tools for engineering the rela-
tively conserved plastid genomes of chloroplasts and mitochondria.
Recently, SWCNTs delivered plasmid DNA to chloroplasts of dif-
ferent plant species without external biolistic aid and enabled yel-
low fluorescent protein (YFP) transient gene expression assessed by
confocal fluorescence microscopy imaging®. Although, most bio-
sensors are likely to be located in the cell cytosol, the plastid genome
represents an opportunity to create translatable sensors for broader
plant taxa than the nuclear genome (Fig. 2g). To date, genetically
encoded sensors for chloroplasts are restrained to the few species
that are able to be genetically modified***. Current chloroplast
transformation techniques are limited to a small number of plant
species (<12). The absence of a targeted DNA delivery mechanisms
to chloroplasts, screening capabilities needed to prevent chimeric
genome copies and labour-intensive calli culturing techniques hin-
ders efforts to expand the range of transformed plant species®. ROS
and salicylic acid are key signalling molecules produced by chloro-
plasts that accumulate in plants exposed to abiotic and biotic stress*
and could act as indicators of plant health. In the future, genetically
encoded nanosensors could be sent to plastids for detection of these
chemical signals reporting plant health status without the need to
develop species-specific methods.

Engineered nanomaterials as invivo optical sensors

The unique optical and electronic properties of nanomaterials
offer key advantages for imaging plant signalling molecules in vivo.
Nanomaterials have ultra-low photobleaching, fluorescence in low-
or transparent-background windows of living tissue and allow the
detection of analytes with high spatiotemporal resolution down to
single-molecule level and millisecond timescales®**. SWCNTSs have
been used as building blocks for fluorescent nanosensors in mam-
malian systems®” and more recently in plants'**** (Fig. 3). SWCNT
fluorescence can be modulated in the nIR transparency window
for plants through the interaction of the SWCNT’s organic phase
coating (corona) with surrounding analytes (Fig. 3a). SWCNT-
based sensors are highly versatile and have been engineered for
sensing various molecule classes including ROS, NO, calcium,
glucose, dopamine, nitroaromatics, proteins and other small mol-
ecules'>*”%-!, Multiple delivery methods for these optical nanosen-
sors can be utilized in the laboratory, phenotyping facilities or the
field including needleless syringe infusion through the leaf lamina,
topical delivery and vacuum infiltration. Embedding SWCNT sen-
sors in leaves allows real-time monitoring of short-lived signal-
ling molecules such as NO and ROS in plants'**. Leaf H,O, levels
can be reported by SWCNT fluorescence intensity changes within
selected regions of leaves (micrometres) with high temporal resolu-
tion (seconds) (Fig. 3b,c). Quantum dots (QDs) are also widely used
nanoparticles for optical sensing applications. Glucose, a key target
analyte for assessing plant stress and productivity, has been detected
with high selectivity by QD optical probes down to the level of a
few hundred micromolar”. QDs are fluorescent nanomaterials with
bright and tunable emission range from the visible to the nIR™.
These nanoparticles also allow facile modification of structural and
surface chemical properties’. Functionalizing QDs with boronic
acids, known to bind to sugars such as glucose, has enabled standoff
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in chloroplasts (sHyper) and nucleus (nHyper). f, Herbivore attack induces rapid Ca?* wave across whole Arabidopsis plants reported by GCaMP3, a Ca?*
GFP sensor. g, Nanomaterials coated in DNA including mesoporous silica nanoparticles (DNA-MSN)'>>, magnetic nanoparticles'?® and carbon nanotubes
(DNA-CNT)?>?* can be utilized as delivery systems of gene cassettes and plasmids to nuclear, chloroplast and mitochondrion genomes. Reproduced from
ref. 7%, SNL (d,e); ref. 72, AAAS (f).

100-200 genes

optical detection of glucose and its online monitoring in plant tissue
with timescales on the order of minutes®.

Current optical standoff detection readouts from nanosensors
embedded in plants suffer from low signal-to-noise ratios in compar-
ison to optimized conditions in sophisticated microscopes and lack
of targeted localization in specific plant tissues, cells or organelles.
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To circumvent these issues, a signal increase through mechanisms,
including field enhancement by gold nanoparticles, has been pro-
posed”. Plant viruses were coated with a thin gold layer to enable
field enhancement without compromising the targeting capability of
the virus. Although this concept has not been proven yet for stand-
off imaging and spectroscopy, it is a possible approach to improve
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Fig. 3 | Nanomaterial-based sensors allow invivo optical monitoring of plant signalling molecules in real time. a, Analyte interaction with SWCNT
sensors with the nanomaterial carbon lattice, organic corona or both leads to changes in nIR fluorescence intensity or wavelength shifts. b, Plant leaves
have been interfaced with optical nanosensors including SWCNT, quantum dots and nanoscale gold virus for optical sensing of plant signalling molecules.
¢, H,0, monitoring by imaging SWCNT nIR fluorescence intensity changes in Arabidopsis leaf sections in vivo with high spatial (>0.5 pm) and temporal
resolution (>0.5 s). d,e, Kinetic Monte Carlo simulations predict fluorescence responses of optical nanosensors to biological signalling events from
individual cells or subcellular compartments by considering nanosensor kinetics, imaging speed and resolution limits. This allows assessment of the
nanosensor’s spatial and temporal sensitivity to improve sensor design. f, Simulated fluorescence intensity response of nanosensors for the release

of an analyte from two locations on a cell or subcellular compartment. The rate constants of these nanosensors allow distinction of two release sites.

g, Combined spatiotemporal resolution phase diagrams for optimizing biomolecule sensing in specific biological scenarios with sensors having different
forward and backward rate constants. Adapted from ref. 2%, Wiley (¢); ref. ¥/, American Chemical Society (d-g).

the optical signal from a smart nanobiotechnology-based sensor
over the inherent background in the field. In situ synthesis of arti-
ficial sensors is another intriguing concept that could circumvent
the delivery of nanosensors to target tissues or subcellular compart-
ments. Metal-organic frameworks (MOFs) are three-dimensional
structures with a high surface area built from ions and organic
ligands. Fluorescent MOFs generated by plants in situ allowed them
to report acetone levels in air through fluorescence changes in the
presence of these volatile compounds™. Alternatively, coating nano-
sensors with targeting moieties such as peptides’ could allow spe-
cific localization in plant subcellular compartments.
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Important plant signalling molecules, such as Ca’* and ROS, are
characterized by fast spatiotemporal concentration changes result-
ing in waves within single cells, organs or whole plants. Although
optical nanosensors have been widely developed and applied in ani-
mal cells both in vivo and in vitro®, imaging signalling molecules in
neural networks of mammalian systems and in plants share similar
challenges, including localized transient maxima of concentration
at subcellular structures such as synapses in neurons or chloroplasts
in plants”. A static concentration of an analyte, for example, ROS,
is not likely to represent the most relevant information but the con-
centration changes in time and space. Consequently, sensor kinetics
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play an important role to determine if stress events can be resolved
or not by plant signalling molecule detection. Diffusion and sto-
chastic kinetic simulations are powerful tools to study biological
scenarios and predict the fluorescence response of single or mul-
tiple sensors to spatiotemporal patterns of signalling molecules”
(Fig. 3d,e). It has been shown that such an approach allows pre-
dicting the expected nanosensor fluorescence response (Fig. 3d,e).
Based on such images, it is possible to quantify if one could resolve
chemical signals, for example, to distinguish two release points of a
signalling molecule from a cell or organelle (Fig. 3f). When simula-
tions are performed for different sensor parameters such as rate con-
stants and affinities, measures for spatial and temporal resolution
can be derived (Fig. 3g). These simulations provide a rationale for
the synthesis and optimization of sensors to circumvent trial-and-
error approaches. Additionally, they are promising tools to correlate
signalling patterns in plants with stress or resource deficiency levels.
In the future, sensor responses to plant chemical signals could be
tested in silico to identify patterns that are distinguishable by a given
sensor. In silico approaches can pinpoint to candidate sensors and
optimal properties such as selectivity, sensitivity and dynamic range
that could in principle inform their design for operation under field
conditions. Furthermore, simulations and modelling are crucial to
translate measured plant chemical signalling patterns into the digi-
tal information that is necessary for the decisions and actions of
agricultural devices.

Wearable nanotechnology-based sensors

The field of wearable sensors has been widely developed for human
skin and clothing applications® and is creating nanotechnology-
based platforms that provide minimally invasive sensors for plants™
with costs that are significantly being reduced over time allowing
increase in commercialization®. Sensor networks based on flexible
wearable nanoelectronic circuits implanted on plant surfaces are
enabling wireless communication of low concentrations of volatile
molecules in real time”. The high sensitivity of integrated arrays
of SWCNT channels and graphitic electrodes transferred to leaf
surfaces of live plants can detect trace levels of airborne chemical
weapons (Fig. 4). The elastic properties of wearable nanotechnol-
ogy-based sensors act as a “flexible skin” that can be bent on organ-
isms with a radius of curvature as small as ~100 pm. Wearable
SWCNT-graphite sensors can be operated by radio frequency (RF)
for wireless monitoring with electronic devices without power
consumption in response to gas molecule concentrations down
to 5 ppm (ref. *°). Chemoresistive sensors based on SWCNTs and
equipped with copper complexes work reversibly, allowing long-
term monitoring of sub-ppm concentrations of ethylene, a plant
hormone that acts as a key indicator of the onset of fruit ripen-
ing”. Carbon-nanotube-based sensing devices for plant VOCs, for
example, ethylene, are now commercially available for agriculture
applications but have not been interfaced directly with crops for
monitoring plant signalling molecules (Fig. 4a,b). Although, highly
stretchable wearable sensors based on graphene and carbon nano-
tubes have been reported to wirelessly monitor a wide range of gas
and aqueous phase molecules, including glucose from mammalian
epidermal cells'*'"", few publications to date consider their applica-
tions in plants.

Future nanotechnology-based wearable sensor approaches will
require high sensitivity and increased signal-to-noise ratios under
variable ambient conditions. To monitor plant VOCs associated
with plant health status, the wearable sensors should be able to
report ranges in very low concentrations in the ppb range (Table 1)
or include concentration mechanisms to allow detection. The
resistance of SWCNT-graphite electronic devices is modulated by
molecule adsorption and transfer of electrons on the SWCNT
surface'™ These devices have a tunable sensitivity to gas mol-
ecules from parts per million '* to as low as the parts per billion
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range’!**!%>, Relative humidity (RH) near the plant surface results
in increased sensor noise and recovery time™. Thus, wearable sen-
sor performance would depend on the type of plant substrate they
are interfaced with. Selectivity against analyte mixtures under vari-
able ambient conditions, for example, humidity, temperature and
wind, could be accomplished by multiplexing carbon-nanomate-
rial-based wearable sensors. Carbon-nanotube-based conductive
inks and graphene printed on the leaf surface allow monitoring RH
near the leaf epidermis and plant water status continuously through
wired multimeters®**. Changes in plant water transport have been
reported by graphene-based wearable sensors on leaves that detect
reversible changes in RH from 20-90% (ref. °). High-resolution pat-
terning and transferring of tape-based graphene RH sensors on the
leaf epidermis creates air gaps that allow gas exchange between the
leaf and environment. The graphene sensor resistance dynamics, in
response to RH, is measured and reported by a resistance, induc-
tance and capacitance (RLC) meter”. Alternatively, microfluidic
printed SWCNT ink on the leaf epidermis can assess plant water
status and the onset of drought stress through real-time measure-
ments of single stomatal aperture dynamics®. This wearable sensor
is made from two printed contact pads and a stripe across a single
stoma that are responsive to slight variations in stomatal opening
and closing latency during drought. Other stress conditions that
induce changes in stomatal conductance including flooding and
salinity could be detected through wearable sensing nanotechnolo-
gies. Wired wearable sensors based on carbon nanomaterials can
be designed to be operated by RF wireless signals. Thus, allowing
integration of sensors for volatile compound signalling molecules in
plants with potential interfering environmental signals such as RH.

Wearable sensors report basic but key parameters of crop health
and have already reached a technical standard close to applications.
Wearable flexible electronics based on three-dimensional sub-
micrometre-thick, centimetre-scale macroporous networks''?”
have not been interfaced with plants yet, representing an untapped
sensing nanotechnology that could continuously monitor multiple
plant electrochemical signals simultaneously with high temporal
resolution. For example, syringe-injectable mesh nanoelectronic
devices'™ could be embedded into plants using 100 pm diameter
needles with minimal mechanical perturbation. Mesh nanoelec-
tronics millisecond temporal resolution could record rapid waves of
plant signalling molecules, for example, Ca** and ROS in the extra-
cellular space, in response to stress, as it has been demonstrated for
monitoring neural activity in mice brain in vivo'®.

Sensor communication and actuation with machines

Nanobiotechnology is on the verge of generating the tools for
establishing real-time two-way communication channels between
nanobiotechnology-based sensors merged with plants and elec-
tronic devices. SWCNT sensors embedded in leaves have converted
plants into self-powered chemical detectors that report the presence
of groundwater analytes via nIR optical signals”’ (Fig. 5). Plants
equipped with SWCNTSs functionalized with bombolitin peptides
report the presence of explosive nitroaromatics, such as picric acid,
to research grade cameras and even smartphones” (Fig. 5a). By
connecting a camera to a miniaturized computer, for example, a
Raspberry Pi, nanosensors embedded within plants communicate
the presence of the analyte through optical signals that could trig-
ger e-mails and text messages or communicate directly to a smart-
phone using Bluetooth”. Furthermore, monitoring of genetically
encoded sensors delivered by nanomaterials to leaves with custom-
ized imaging devices for plant chlorophyll fluorescence'* may allow
reporting of stress-induced signals (for example, Ca®*) in plants™
(Fig. 2f). Fluorescence imaging of green fluorescent protein (GFP)-
based Ca** sensors (GCaMP3) in whole plants was performed at
2 s temporal resolution using a 1X objective and a digital camera
indicating that standoff imaging of these types of sensors would be
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Fig. 4 | Nanotechnology-based flexible and wearable sensors for plant chemical sensing. a, Schematic represents SWCNT-based chemoresistive
sensors for volatile molecule detection, in this example ethylene, a key plant signalling molecule. b, Binding of SWCNT and copper complexes to ethylene
molecules emitted from plant structures, for example fruits, results in resistance changes proportional to the concentration of this volatile compound.

¢, Plants engineered with wireless and wired wearable nanotechnology-based sensors for chemical sensing have been interfaced with crop leaves.

d,e, Radio frequency wireless monitoring a volatile nerve agent simulant DMMP (dimethyl methylphosphonate) with ppm concentration resolution.

Reproduced from ref. °°, Wiley (a,b); ref. *°, American Chemical Society (d,e).

possible. Nanobiotechnology-based sensors are, therefore, a prom-
ising tool to create smart crops that communicate their health
status to agricultural devices. However, validation of smart nano-
biotechnology devices on plants has not been done outside of
the laboratory.

Smart nanobiotechnology-based sensors that communicate
through optical signals, wireless or wired channels have the capabil-
ity to integrate with existing agricultural electronic devices, includ-
ing smartphones, hyperspectral imaging cameras, high-throughput
phenotyping instrumentation, radio frequency devices and meteo-
rological stations®**'®-!"! (Fig. 5b). Smartphones are already used
to monitor crops with accurate GPS information and active com-
munication through Bluetooth and the Internet of Things''*'".
In combination with digital software platforms, they monitor and
measure the impact of agronomic decisions on crop performance.
Assisting with crop management are unmanned aerial vehicles
(UAV) capable of monitoring vegetation indexes through multi-
spectral bands from the visible to the nIR"’ and detecting water
stress with a 40 cm resolution®. On the ground, high-throughput
chemical phenotyping of plants with smart nanobiotechnology-
based sensors could be possible through terrestrial platform-based
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multi-sensor systems with vegetation index sensors, thermal
infrared radiometers, spectrometers and visible cameras'''. Radio
frequency responses of wireless sensors interfaced with plant sur-
faces™ (Fig. 4c—e) are ready to be interfaced with commercially
available RF identification devices. Wireless or wired sensor data
can be collected and transmitted to field-deployable environmen-
tal and phenotyping stations. With internet connectivity, these sta-
tions are capable of cloud-based storage and data analysis, which
are methods already facilitating data-driven decisions on farms.
Remote sensing technologies with the help of computer models
can complement smart nanobiotechnology-based sensors for plant
stress management''“. Large dataset technologies that transmit, pro-
cess and actuate devices will synergize the integration of smart plant
sensors with agricultural devices'"”.

Smart nanobiotechnology-based sensors able to monitor crop
health will face several challenges to ensure applicability, accuracy
and durability under crop field conditions. Applications can range
from urban farming and plant phenotyping facilities, to large indus-
trial agriculture applications where they will need to report crop
health status across hundreds of hectares. The required spatial reso-
lution provided by smart plant sensors in the field, from individual
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could, in turn, control the actuation of agricultural devices to improve microenvironmental conditions including irrigation, shading, heating, the release of
fertilizers, pesticides and fungicides, or nanoparticle-based therapeutics against stress, for example, CeO,, CuO and ZnO. Real-time monitoring of plant
chemical signalling by phenotyping systems could improve the selection of desired plant traits for high yield and tolerance to stress. Reproduced from

ref. 27, SNL (a).

plants to groups of plants in the field, has not been determined yet
and will likely depend on microenvironment variations, type of
plant stress and agricultural or phenotyping sensing instruments.
To accurately assess plant health status, multiple chemical signalling
and environmental parameters are likely needed to be detected and
analysed. Consequently, multiplexing is crucial to further improve
the sensing approaches for signalling molecules described above or
a combination of genetically encoded sensors, optical nanosensors
and wearable sensing devices. A minimum lifetime of a growing sea-
son spanning several months is expected for smart nanobiotechnol-
ogy-based sensors to adequately perform in an agricultural system.
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For most nanobiotechnology-based plant sensors, durability has not
been tested in the laboratory or in the field. However, genetically
encoded sensors integrated into the plant nuclear or plastid genome
are expected to last for a plant lifetime and SWCNT sensors have
been demonstrated to operate in mammalian systems for at least six
months''. To ensure sensor accuracy in agricultural environments,
plants can be embedded with both smart nanobiotechnology-based
sensors for analytes of interests and non-responsive sensors to
these analytes that act as internal controls. Ratiometric approaches
have been applied to genetically encoded sensors and optical
nanosensors for the detection of H,0,, calcium, glucose and other
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biochemicals in plants and the environment®**’*"””°. To minimize
negative impacts due to downtime, the redundancy of smart plant
sensors in each node will be necessary. Replaceability and reparabil-
ity of smart nanobiotechnology-based sensors will require practical,
efficient and scalable interfacing methods of plants with nanomate-
rials. However, the mechanisms of transport and delivery of nano-
materials to plants are not well understood.

Smart nanobiotechnology-based sensor output will not only
allow plant health status communication with electronic devices but
also actuation of agricultural equipment. Machine sensory, learning
and actuation systems provide a communication platform between
smart plant sensors and agricultural devices for optimizing envi-
ronmental conditions through irrigation, fertilization and applica-
tion of pesticides, among other crop management tools. Delivery of
nanobiotechnology-based therapeutics such as ZnO (ref. ''”), CuO
(ref. 1'%), CeO, (refs. "*'*%) and nanocrystals'?' can also contribute
to alleviate heat and salinity stress, pathogen infections and frost
damage, respectively. Autonomous vehicles integrating sensory,
decision-making and actuation of agricultural equipment have
been tested in crop fields for plant invasive species detection'?>. The
machine-vision systems for these agricultural vehicles allow the
recording of optical signals within the emission range of the nan-
otechnology-based sensors described above from the visible emis-
sion, for example, genetically encoded nanosensors and QDs, to the
nlR range, for example, SWCNT'*. Optimum sensing and actua-
tion performance of autonomous vehicles will depend on the high
variability of illumination in the environment, irregular terrain con-
ditions or plant growth status. Unlike optical sensing approaches
for machine sensing, automated wireless control systems do not
suffer from the interference of these environmentally related
factors and have been applied to regulate water and nutrient
supply in hydroponics'*. Research on automatic actuation of agri-
cultural equipment for fine-tuning crop health status remains rela-
tively unexplored.

Conclusions and perspectives

Meeting the projected increase in global demand for food in this
century will require interdisciplinary and convergent approaches
from plant sciences and engineering to bolster sustainable agricul-
tural production. Nanotechnology offers high spatial and temporal
resolution sensors for both aqueous and volatile plant signalling
molecules and delivery platforms for genetically encoded sensors
to study and engineer smart plant sensors that communicate and
actuate with machines. By translating chemical signals associated
with stress or resource deficiencies into wireless, electrical and opti-
cal signals, smart nanobiotechnology-based sensors are poised to
improve plant growth and yield while fine-tuning resource use by
interacting with agricultural devices. They could facilitate faster
identification of desired crop traits by allowing high-throughput
screening of chemical phenotypes. Although a number of nanoscale
sensors already exist for plant signalling molecules associated with
abiotic and biotic stresses, few are designed for sensing plant nutri-
ent deficiencies. Nanobiotechnology provides key advantages to
solve the challenges and limitations associated with the engineer-
ing of smart plant sensors. Genetically encoded sensors are excel-
lent tools for subcellular research, that can pinpoint to key plant
signalling mechanisms of stress communication for designing
smart nanobiotechnology-based sensors. These biosensors have an
adequate spatiotemporal resolution for enabling real-time moni-
toring of plant signalling molecules but are limited to amenable
species. Nanomaterials could bridge this gap by acting as genetic
element delivery platforms to expand the range of species that can
be transformed. Engineered nanomaterials are a pathway to create
smart plant sensors without relying on genetically amenable species.
Optical nanosensors can be designed for monitoring aqueous-based
signalling molecules with very high spatiotemporal resolutions in
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the order of single molecules and milliseconds. RF nanotechnology-
based wearable devices are allowing the detection of plant volatile
compounds. Unlike optical-based sensing approaches, wireless
wearable sensors are not subject to background interference from
environmental or terrain conditions. However, their sensitivity
needs to be designed to sense very low levels of volatile compounds
in the order of parts per billion. To date, smart plant sensors that
communicate with electronic devices have been demonstrated in
the laboratory under controlled conditions. Nanoscale plant sen-
sors have yet to be tested under real agricultural conditions in which
their performance would be affected by weather, plant growth and
development. If successful in field trials, nanotechnology-based
sensors could provide individualized and real-time information
about the onset of stresses, and plant water, nutrient, and pesticide
specific needs. There is also a need for integrative studies linking
smart nanobiotechnology-based sensing, plant stress, resource
deficit simulations and signal analysis with actuation of agricultural
devices. The ethical implications of how smart nanobiotechnology
devices could transform interactions between plants and machines
should also be explored. Through recently developed nanomaterial-
enabled gene delivery methods in leaves in planta’*, genetically
encoded sensors reporting plant health by inducing changes in
plant pigments could be a pathway to allow farmers in undeveloped
areas without access to electronics to judge plant health status by
visual cues. Most of these technologies developed for smart plant
sensors are not limited to agriculture and will likely be translatable
to defence and environmental monitoring purposes.
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