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ABSTRACT: In recent years, the number of publications
describing new and exciting developments in wearable plant
sensors (WPSs) has skyrocketed. These small, lightweight sensors
hold promise to assist precision agriculture and may thus help
reduce crop losses, increase resource use efficiency, and automate
crop production. However, WPSs are often not adequately tested in
environments relevant for crop growth, and the majority of
experimental WPS studies reveal a glaring lack of basic knowledge
of plant biology. This review aims to bridge the communication gap
between WPS developers and the wider plant research community
by (1) providing essential physiological and environmental
background information for engineers in relation to WPS sensing
capabilities, (2) offering a step-by-step guide to conduct sensor
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tests on plants correctly, and (3) highlighting potential challenges and suggesting WPS applications in the open field, greenhouses,
and vertical farming systems. We hope this review facilitates the development of WPSs and guides them to be truly “ready for the

world”.

KEYWORDS: experimental setup, plant wearable sensors, plant—environment interactions, physiology, stress detection,
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Wearable plant sensors (WPSs) are a relatively recent group of
sensors that, as the name implies, are directly attached to the
plant. Unlike many other sensing approaches, including
portable handheld devices, WPSs are typically small, flexible,
and unobtrusive, making them ideal candidates for crop
monitoring.”> Depending on the type of sensor, WPSs
measure signals on or just under the surface of a plant
organ. These signals are related to various aspects of plant
growth, physiology, microclimate, and the presence of
pesticides. Whereas many rapid phenotyping a;)proaches are
noncontact, imaging, or laser-based methods’~> and quantify
traits that are often related to plant morphology, WPSs can
actually inform on plant physiology in relation to the plant’s
dynamic growing environment.

WPSs have enormous potential: they may become very
cheap, small, lightweight, and self-powered (Figure 1), which
would enable their widespread use globally. Furthermore,
WPSs can measure a large range of signals that are generated
internally and externally, i.e., signals that are relevant to key
processes of plant physiology, as well as the environmental
factors that drive these processes (Figure 1). Given that
agriculture faces problems that are partially related to
inefficient use of land, water, and agrochemicals, as well as
population growth, land degradation, disease pressure, and
climate change, new and affordable monitoring techniques that
can enable greater precision agriculture are needed. The use of
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WPSs may help enable an “internet of plants™ that might

revolutionize precision agriculture across different production
systems, including vertical farms, greenhouses, and open fields.
However, the added value, reliability, and durability of WPSs in
these production systems remain to be demonstrated.

Within the last ten years, the relevance of WPSs in the
scientific literature has been growing strongly, both in numbers
of experimental studies reporting on novel WPSs (Table S1)
and in numbers of literature reviews (Table S2) on the topic
(Figure 2). These rapid developments of WPSs seem to be
driven largely by developments of flexible, wearable, and small
sensors in other fields of electrical engineering, especially in
application to humans. Consequently, many laboratories
working on WPSs are strongly focused on the engineering
aspects of the sensors themselves but seem to be much less
focused on (proper) testing of WPSs on plants in realistic
settings (despite the explicit claim made in many publications
that these sensors should aid precision agriculture in the field).
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Figure 1. Schematic of idealized WPS properties (in italics) and the various signals they can measure. Each icon was sourced from Freepik

(https://www.freepik.com/).
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Figure 2. Growing relevance of wearable plant sensors, as reflected in
the number of publications per year (2014—2024). The numbers of
literature reviews, experimental studies, and experimental studies
actually testing the sensors in the field are shown. All studies included
here are listed in Tables S1 and S2, and details on the literature search
and selection criteria can be found in supplementary methods 1.

For example, we found that only 1S5 out of 93 experimental
studies—16%—actually tested their sensors in the field
(Figure 2, Table S1); among these, field testing was conducted
for 48 h only (median value; range: 2.5 to 960 h; Table S1),
suggesting that longer-term testing of sensor functioning in the
relevant production environment(s) is very scarce. Indeed,
many authors seem to be entirely uncritical with regard to the

practicality of sensor deployment in crop production systems;
for example, in only 32% of studies was a proper sensor cross-
validation conducted when the WPS was measuring on a plant
(Table S1). This is problematic, as eventual use in the crop
production environment necessitates proper testing in that
environment. Also, the lack of proper testing introduces an
unnecessary divide between WPS developers and the supposed
end users, among whom are farmers, agronomists, plant
breeders, and plant scientists. The lack of proper testing
hinders the practical adoption of these technologies, reducing
applicability in actual agricultural environments and slowing
much-needed technological development. In this review, we
aim to bridge these gaps by (a) highlighting the novel
properties and opportunities that various WPSs offer in
relation to plant ecophysiology, (b) identifying the common
mistakes (or pitfalls) in current WPS testing on plants, and (c)
assessing the viability of WPSs in difterent production
environments. Furthermore, we provide developers with a
point-by-point protocol for proper WPS testing from a plant
science point of view (Table 2). We argue that in order for the
WPS research field to mature, stringent validation of WPSs in
the real world and (at least) a basic understanding of plant

ecophysiology are crucial.

Table 1. Optimal Growth Conditions for Several Major Food Crops Grown in the Field (Wheat, Maize), Greenhouse

(Tomato), and Vertical Farms (Lettuce)”

DLI
Crop T-Day (°C) T-Night (°C) (mol m™>d™) RH (%) photoperiod (h) irrigation needs nutrition needs references

Wheat 18—24 12—18 12—-20 40—60  Long-day (12—16) Moderate, avoid Balanced N—P—K, good N supply 127,128
drought during vegetative growth

Maize 24-30 18-22 20-30 40—60  Neutral (12—14) High, consistent High N requirement, adequate 129,130
moisture, avoid P & K for rooting and kernel
waterlogging filling

Tomato 22-28 16—18 20-30 60—70  Neutral (12—14) Frequent, moderate High K during fruiting, adequate 131-133

Ca to prevent blossom-end rot
Lettuce 18-22 12—-16 12—-17 50—70  Long-day tolerant, but  Frequent, shallow- Moderate N for leaf growth, avoid ~ 134—136

short days delay

bolting

excess (causes tipburn and
bolting)

rooted, steady supply

“Abbreviations: DLI, daily light integral; RH, relative humidity; T-Day, temperature during the day; T-Night, temperature during the night.
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2. IMPORTANT SIGNALS AND THE WPS TO
MEASURE THEM

A diverse array of WPSs has been developed to monitor a
broad spectrum of environmental factors and signals related to
plant physiology. In this section, we introduce the signals most
commonly measured by WPSs and their relevance for
understanding key plant—environment interactions.

2.1. Environmental Factors. 2.7.1. Light. Light is
indispensable for plants, as both a source of energy and of
information. As photoautotrophs, plants require photosyntheti-
cally active radiation (PAR; 400—700 nm) to power
photosynthesis and thus growth. The total amount of PAR
received per day (daily light integral, DLI; Table 1) is a strong
driver of plant growth. Additionally, the spectrum of light that
they receive drives photoreceptor action, which affects plant
morphology, development, and consequently growth: for
example, two plants receiving the same PAR intensity but
different spectral distributions can look very different, resulting
in vast differences in plant growth due to differences in light
interception.” Furthermore, the duration of illumination per
day (photoperiod) and the pattern of light intensity during the
photoperiod also influence plant growth. Despite the central
importance of light intensity, spectrum, duration, and pattern
for plants, these are very rarely controlled, measured, or
(correctly) reported in experimental WPS papers. For example,
we found that while some papers did not describe the light
environment at all (e.g., refs 8—10), others used the unit lux
(e.g, refs 11 and 12) to report the light intensity measured.
However, lux is focused on human eye sensitivity and is
unsuitable in relation to plants; the appropriate unit to quantify
light intensity as it relates to plants is photosynthetic photon
flux density (PPFD; umol photons m™ s™!). Lux can be
converted to PPFD, but the conversion factor depends on the
light source, and examples can be found in Thimijan and
Heins,"> Ahn et al,,'* and Javed et al.”®

2.1.2. Temperature. Temperature drives plant development
and affects the rate of virtually every process in plants. Optimal
temperature varies depending on plant species: for example,
cowpea (Vigna unguiculata L. Walp) grows well at around 30
°C, with photosynthetic activity remaining stable up to 45
°C.!¢ Cov?ea is highly sensitive to chilling stress at just below
20 °C,""'® whereas the model plant Arabidopsis thaliana is
more tolerant to chilling but less tolerant to heat. Thus, when
conducting physiological tests on WPSs, it is important to
consider the temperature, both when growing the plants and
when conducting measurements on them. However, many
studies overlooked its effects when testing WPSs, and they
often do not describe temperature conditions. Regarding
temperature sensing, air and leaf temperature (T differ
frequently, and for many applications, it is useful or even
crucial to measure both. When combined with other sensors,
temperature sensing offers valuable insights into how plants
grow and respond to their environment, including stress."”

2.1.3. Vapor Pressure Deficit (VPD). Vapor pressure deficit
(VPD) represents the difference between saturation vapor
pressure at Ty and actual vapor pressure and thus indicates
the driving force of transpiration (Broughton and Conaty,
2022). To calculate VPD, Ty, and relative humidity (RH)
sensors are required.”” Under high VPD, stomata close to
conserve water, thereby reducing CO, intake and limiting
photosynthesis and plant growth. Based on a 40 day field
experiment on bell pepper plants under control and water-

stressed conditions, Hossain and Tabassum'’ reported a
significant increase in VPD after at least 5 days, suggesting
that VPD measurements over a minimum of S days may have
the potential to detect plant stress conditions. For a reference
on optimal growth parameter ranges for key field, greenhouse,
and vertical farm crops, see Table 1.

2.1.4. Pesticides. Several approaches were developed to
detect a range of insecticides (methyl parathion and
dimethoate), fungicides (carbendazim), and herbicides (para-
quat, diquat). Cyclic voltammetry (CV) was used for methyl
parathion and nitrite detection.”"** Differential pulse voltam-
metry (DPV) and square wave voltammetry (SWV) were used
to detect carbendazim, diquat, and paraquat.””** Zhang et al.”®
employed DPV in their self-powered sensor to detect methyl
parathion. In contrast to these electrochemical approaches,
Qiu et al.”® explored field-effect transistor technology to detect
dimethoate.

Most studies presented only simple measurements of
pesticide residues on plant surfaces.”' ~>***?® Teixeira et al.”*
presented a refreshing exception to this, as they included
washed and soaking tests, indicating a consideration for
pesticide residues, which may provide a more realistic
assessment of pesticide presence over time or within the
sample matrix.

There are several considerations when developing and
implementing pesticide monitoring in WPSs. For example,
selectivity and cross-reactivity are crucial because sensors must
accurately detect target pesticides amid complex matrices.
Matrix effects, including plant surface components, humidity,
and other environmental factors, can also affect sensor readings
and thus must be carefully managed. Calibration and
standardization protocols are essential as are durability and
cost-effectiveness. To realize the full potential of pesticide-
monitoring WPS, tests should incorporate physiologically
relevant testing to validate the sensor performance in real-
world scenarios.

2.2. Plant Physiology. 2.2.1. Growth. Growth, resulting
from cell division and expansion, can be monitored macro-
scopically through the elongation of plant organs. Piezor-
esistive sensors, which measure changes in electrical resistance
due to mechanical stress,””° are often used for this purpose.
The data obtained from strain sensors can be used to monitor
fruit growth, which can help predict harvest time. However,
sensor effectiveness can be influenced by sensor stretchability
and placement, interference from environmental factors, and
the potential impact of the sensor itself on plant growth.

2.2.2. Water Status. Water plays key roles in photosyn-
thesis, nutrient movement, cell turgor pressure, and self-
cooling via transpiration.”"”*> Water status shows how these
processes work together—from absorption in the root zone,
through transport in the xylem (sa? flow), to the release of
water vapor through transpiration.””** Leaf surface humidity
(LSH) partially reflects transpiration, although air humidity
and temperature also influence it.”> Stomata regulate the
balance between the uptake of carbon dioxide (CO,) for
photosynthesis and the release of water vapor. LSH can be
affected by various abiotic stresses, such as temperature
fluctuations and osmotic stress induced by salinity and
drought;36 thus, careful consideration of these factors is
required for accurate interpretation. LSH can be measured
through capacitance changes between two electrodes, which
signals the presence of water droplets.””*® Leaf RH can also be
measured based on electrical resistance.”® Further, impedance
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spectroscopy can provide information about leaf wetness and
water content.”’”** Sap flow can be sensed through the heat
pulse*’ and the heat dissipation methods,”* which are based on
measurements of spatial anisotropy in thermal transport within
the plant. Furthermore, temporal variations in stem diameter
have been used to quantify sap flow.*>*°

Both LSH and sap flow measurements can provide valuable
information for identifying water stress and optimizing
irrigation schedules.*”*®* However, to put water status into
context, factors, including air temperature and humidity,
should be measured alongside water status. Additionally, the
impact of sensors that block stomata and heat pulses on long-
term physiological responses should be considered.

2.2.3. Nutrients. Nutrients are essential for plant growth.
Primary macronutrients include nitrogen (N), phosphorus (P),
and potassium (K), while secondary macronutrients consist of
calcium (Ca), magnesium (Mg), and sulfur (S). Micro-
nutrients, or trace elements, include iron (Fe), manganese
(Mn), zinc (Zn), copper (Cu), boron (B), chlorine (Cl), and
molybdenum (Mo) (Mohr and Schopfer, 1995).

Among these, N and K have received the most attention in
WPS development. Nitrogen is crucial for growth as a key
ingredient of many proteins and chlorophylls;* nitrogen-
deficient plants exhibit stunted growth, yellow leaves
(chlorosis), and reduced vigor.50 Potassium regulates water
and nutrient transport, enzyme activation, and protein
synthesis.””>> Lack of potassium leads to weak stems,
yellowing or necrosis along leaf edges, and increased
susceptibility to pathogens, as well as poor water retention
and nutrient uptake.53 Nitrogen is primarily taken up as nitrate
(NO;7) or ammonium (NH,*), and potassium is absorbed as
K" ions. Correspondingly, several wearable and implantable
sensors have been developed for these nutrients. For nitrogen,
microneedle-based nitrate sensors’® and solid-contact ion-
selective electrodes for NO;~ detection in plant sap>” have
been reported, alongside the IoTree system capable of tracking
NH; levels within the xylem.*® For potassium, recent efforts
include a wearable film sensor monitoring K" leached from
leaves,®” a dual microneedle sensor for simultaneous K* and
Na* detection,”® an OECT-based implantable sensor for in
vivo K* monitoring,59 and the IoTree device for K,O detection
in xylem sap.”® These capabilities highlight the promise of the
WPS in supporting irrigation and fertilization management.

Beyond N and K, other essential nutrients were also
explored. Calcium plays a fundamental role in cell wall stability
and intracellular signaling, and Kim et al>® demonstrated a
potentiometric ion-selective electrode for Ca** detection in
plant sap. Zinc, a critical cofactor for many enzymes and
regulatory proteins, has been targeted with a needle-type
microsensor capable of detecting Zn*" uptake and transport in
citrus leaves.”” While reports for other macro- and micro-
nutrients remain scarce, these initial demonstrations suggest
that WPSs can be extended to a broader range of nutrient
signals. A comprehensive summary of reported nutrient-related
WPSs is provided in Table S3.

2.2.4. Biochemical Signals. Biochemical signals, such as
sugars, phytohormones, and volatile organic compounds
(VOCs), are central to regulating plant growth, defense, and
stress adaptation. Wearable plant sensors (WPSs) have
recently been developed to enable their nondestructive, in
situ monitoring, providing opportunities to monitor biochem-
ical signals to understand plant physiological responses.

2.2.5. Sugars. Through photosynthesis, plants absorb CO,
and subsequently synthesize sucrose and starch, which undergo
further differentiation. Apart from fueling plant growth, sugars
play a critical role in the plant’s response to environmental
stressors. Sugars can alleviate stress by facilitating osmotic
regulation or serve as substrates for the scavenging of reactive
oxygen species (ROS). Several WPSs exist for glucose®’ ~** and
glucose plus sucrose monitoring,”" using enzymatic methods.
These approaches used microneedle-based sensors,”"** mag-
netic sensors,”” and implantable organic electrochemical
transistors (OECTs),** respectively. Applications of real-time
sugar content monitoring can provide insights into plant stress
responses and metabolic dynamics. For example, Perdomo et
al.®* demonstrated the use of such sensors to monitor stress
responses in leaves, while Diacci et al.®* investigated sugar
homeostasis in the vascular tissues of trees. Further develop-
ments of such sensors should consider enzyme stability, plant
wound responses, and potential interference from compounds
that plants naturally produce such as hydrogen peroxide.

2.2.6. Phytohormones. Phytohormones such as abscisic
acid (ABA), salicylic acid (SA), and indole-3-acetic acid (IAA),
which exist in a dissolved state in the plant’s fluids, regulate
many processes related to growth, development, and responses
to environmental stimuli. ABA specifically regulates responses
to drought and osmotic stress,” among others. SA regulates
responses to biotic (e.g, pathogen attack) and abiotic stress
(e.g, drought, salinity).®°~® IAA is primarily associated with
auxin signaling, affecting growth processes such as cell
elongation and lateral growth.69 For example, with salt or
heavy metal stress, IAA levels can increase and influence auxin
transport or growth patterns, helping the plant adapt.””””"
Various WPSs have been developed to sense ABA,”
SA 196273 and TAAT

Ethylene is the only gaseous phytohormone and is produced
under stress, including flooding, drought, wounding, pathogen
attacks, and mechanical stress,”> as well as fruit ripening.
Measuring ethylene concentration may help detect water
stress, as a 40 day field experiment on bell pepper plants
showed a significant increase in ethylene under water stress
within 1 day.'? Ethylene interacts with other phytohormones
to coordinate stress responses’®”” and exhibits quicker spikes
compared to other hormones. Since ethylene is gaseous, it can
be monitored relatively easily. Ethylene measurement is also
applied to fruit ripening control and postharvest storage
management.

In terms of sensing principles, ABA has been detected using
nanostructured microneedle electrodes that directly catalyze
ABA oxidation.”” For SA, different strategies have been
demonstrated: nanomaterial-based electro-oxidation on flexible
electrodes,”” molecularly imprinted polymers combined with
impedance and amperometry,9 and reverse iontophoresis with
laser-induced graphene electrodes for noninvasive extraction.”®
A multimodal platform integrating SA and ethylene sensing has
also been reported, where SA was detected electrochemically
via DPV, while ethylene was measured using copper-based
nanostructured electrodes with CV responses characterized
under graded ethylene gas concentrations.'” TAA has been
measured electrochemically via its oxidation peak on nano-
structured electrodes.”* These examples illustrate how
recognition strategies—ranging from catalytic surfaces to
molecularly imprinted polymers—translate the hormone
presence into measurable signals. Additional details and
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Figure 3. Common problems in studies testing wearable plant sensors on plants, ranked by occurrence of problem. These include the following: (a)
the description of environmental and other conditions relevant to plant physiology during plant cultivation and/or during experiments was
nonexistent or inadequate; (b) the sensor was not tested in the greenhouse or the field (only in the lab or in a climate chamber); (c) the number of
biological replicates was either 1 (n = 1) or not clearly mentioned; (d) while it was attached to the plant, data generated by the sensor was not
cross-validated using any other (standard) measurement; (e) either no specific treatment was applied or the applied treatments were not adequate
for testing the functioning of the sensor on the plant; and (f) in the materials and methods section, plant material was either not mentioned at all or
was described so superficially that it would be impossible to replicate the study. The total number of experimental studies included is 93, and the
studies were published between 2014 and 2025. For details, see Table S1 and supplementary methods.

comparisons of reported platforms are summarized in Table
S4.

Despite the promise shown by WPS studies in monitoring
phytohormones for the detection of abiotic or biotic
stresses,”'”’" the complex mechanisms governing plant
hormone responses and the intricate crosstalk between them
highlight the critical importance of establishing the physio-
logical relevance of measurements for developing effective
phytohormone detection sensors. This requires a comprehen-
sive understanding of the sensing mechanism and thorough
testing to ensure accurate and reliable data.

2.2.7. Volatile Organic Compounds (VOCs). Plants emit a
wide range of VOCs, including terpenoids, aromatic
compounds, fatty acid catabolites, and amino acid derivatives
produced via the shikimic acid pathway.””** VOCs are induced
and emitted under abiotic and biotic stresses (e.g., defense
against herbivores or pathogens).®’ While few WPS for VOCs
exist, among them are two sensors developed to detect
methanol.”*** Methanol can act as a signaling molecule,® and
its production increases under stress.** Both sensors employed
a chronoamperometric response mechanism using slightly
different materials, and their specificity for methanol detection
was tested. However, sensor data showed large discrepancies
from gold standard measurements (in this case, gas
chromatography—mass spectrometry) and experimental setups
that were largely irrelevant. Moru et al.*” attempted to measure
methanol levels at different developmental stages of maize,
while Tbrahim et al.>* examined two maize genotypes. Neither
study investigated methanol responses to abiotic or biotic
stresses; we suggest that further testing under relevant
experimental setups is required. Another WPS differentiated
13 different VOCs with >97% accuracy through chemiresistive
measurements.”” This sensor was able to diagnose tomato late
blight as early as 4 days postinoculation with Phytophthora
infestans and detect abiotic stress (mechanical damage) within
1 h. However, the mechanism by which this sensor

differentiates between mechanical and biotic stresses requires
further investigation. In addition, another VOC sensor
developed by Wang et al.®° can differentiate eight distinct
VOCs and distinguish three wheat pathogens (Fusarium
graminearum, Nigrospora rubi, and Fusarium pseudograminea-
rum) by incorporating PCA analysis.gé

While VOC monitoring can offer early indicators of
environmental stress, several key considerations must be
addressed. Given the low concentrations and complex mixtures
of various VOCs, sensors must be both highly sensitive and
specific. For real-time monitoring, rapid and reversible
responses to VOC concentration changes are essential as is
long-term stability. Regular calibration against known stand-
ards is likely required to ensure reliable readings. Finally and
crucially, establishing a clear link between VOC emission
changes and specific physiological processes or stress responses
is paramount to enable a mechanistic understanding.

2.2.8. Bioelectric Potential. Bioelectric potential, or
biopotential, is an electrical signal generated by ion movement
across cell membranes.®” Key ions are K, H*, CI", Ca®*, Na*,
and Mg2+, which move between, e.g., chloroplasts, guard cells,
the plasma membrane, vacuoles, the xylem, and roots.*”
Measuring bioelectric potential can help detect environmental
stresses such as drought, salinity, heat, and cold.® While Yin
and Dong”™ showed changes in bioelectric potential in maize
under water and light stresses, bioelectric signals alone cannot
identify the specific cause of stress. Integrating data from
multiple sensors along with machine learning and data
modeling may improve accuracy and interpretation.

2.3. Multimodal Sensors. Simultaneous monitoring of a
large number of related signals on the same plant can provide
unique insights into how plants cope with stressful events.”’
Multimodal WPS sense several different signals derived from
the plant or its immediate surroundings, making them better
tools than sensors, which only track one signal. Many
multimodal WPS have been developed, and these can broadly
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Table 2. Guide for Adequate WPS Testing and Reporting of Obtained Results: Environmental Factors to Consider When
Growing Plants and Conducting Measurements with WPS on Plants®
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Soil/ Fertilizer
Light
Temperature 1 I
Humidi
o CO, day/night
concentration

co,

Ecophysiological Considerations

Plants show biological variation, so measuring a signal on one plant only is insufficient. Also, plants respond to changes in their environment, which can greatly affect the signal.
Additionally, internal rhythms, such as the circadian clock, can affect the measured signa\l.137 Plant-to-plant and spatiotemporal variation need to be considered when
designing experiments.

Use and report common agricultural practices. Important environmental parameters and practices include watering, fertilizer application, light intensity, photoperiod, day and
night temperature, CO, concentration, and air humidity. When growing plants indoors, these factors should be managed, recorded, and reported in the manuscript describing
the WPS. When growing plants outdoors, many of these factors will be uncontrolled but should be recorded. See Poorter et al."*® for more detailed instructions.

Use an appropriate number of biological replicates, but at least three per treatment. The sample size depends on signal variability and the expected size of the treatment effect.
In figure captions, report the number of biological replicates.

When treating plants with a stressor, report on the dose (intensity x duration) whenever possible. For example, only mentioning the application of a UV-A treatment without
s
dose'*? is insufficient, as UV-A is not generally detrimental to plant growth,l‘“) but unrealistically high UV-A dosages likely are.

Avoid legacy effects: Plants acclimate to their environment,'*' and their response to a future treatment will be influenced by their past. Thus, applying one experimental factor
after another on the same plant is strongly advised against. Instead, apply different treatments to different plants that were grown in the same way.
Sensor Functioning
Confirm the reliability of sensor readings in vivo, using completely independent measurements with a different sensor (cross-validation). Examples of good practice include the
following:
o Barbosa et al.*’ cross-validated a water loss sensor by monitoring the rate of weight loss of detached leaves on a scale.
o Diacci et al.** collected tree sap and used an enzymatic assay to measure xylem sap glucose concentrations to validate a sensor that could measure xylem glucose
concentrations in vivo.

o Zhang et al.'** developed a sap flow sensor that was tested on peduncles of fruits, and the rate of change in fruit mass was used as cross-validation for the rate of sap
flow.

Make sure that the sensor is optimized and calibrated for the range of the system/species you want to measure in (e.g.,, Diacci et al®h).

Test whether sensor attachment to the plant has adverse effects on plant growth and physiology. If the sensor is invasive (e.g,, microneedles), check whether wound responses
by the plant affect sensor functioning,****

Test whether the sensor remains attached to the plant organ of choice under field conditions and in the long term.
Reporting
Show convincing images/videos of WPS on plants, instead of merely showing drawings or conceptual figures.

If sensors were tested in the open field or greenhouse, provide location coordinates. Provide relevant environmental conditions, possibly using data from a nearby weather
station.

A good understanding of plant eco-physiology, including the use of appropriate terminology, is useful for appropriate reporting and interpretation of obtained results. Consult
plant biology textbooks and papers relevant to the field of the sensor being tested, or ask an expert.

Because plants constantly respond to their environment, signals measured by a WPS on the plant can only be interpreted relative to the environmental conditions the plant was
exposed to during the measurement. For example, showing the rate of leaf transpiration over time without reporting the dominant drivers of leaf transpiration (e.g., irradiance,
air temperature, air humidity, air velocity) is next to meaningless.

Include relevant experimental metadata (e.g., genotype, growth conditions, and experimental conditions). See Table 2 in Poorter et al."** for an overview.
Use units relevant for plant biology. For example, when reporting on light intensity, use photosynthetic photon flux density (PPFD; unit: ymol m™> s™%).

“Each icon in the graphic was sourced from Freepik (https://www.freepik.com/).

3. APPROPRIATE TESTING OF WPSs ON PLANTS

be categorized into two groups: those focused on environ-

mental signals as well as a measure of grow‘ch“‘n‘gz_95 and
those incorporating environmental signals with plant physiol-
ogy, including electrochemical sensors of water and nutrient
levels;>® SA, ethylene, VPD, radial stem growth, temperature,
and RH;" VOCs, temperature, and RH;”° and relative water
content, surface temperature, and bioelectric potential.”

Developers of WPSs should show how well these can be
“worn” by plants and whether the signals they measure are
reliable and relevant. This is crucial for the application of WPS
in practice. However, in many experimental WPS studies,
actual testing of WPSs on plants was treated like an
afterthought: while lots of time and effort were invested in
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developing the sensors—including detailed descriptions of
sensor design, working principle, and fabrication, as well as
laboratory testing of basic physical and chemical properties—
plants and their interaction with the sensors were often barely
considered (though see ref 97). We surveyed the literature to
obtain a more objective picture of how well sensors were tested
on plants, assessing 93 experimental studies published between
2014 and 2025 (Table S1). In all studies, sensors were tested
on intact plant material (either complete plants or detached
plant organs). However, in many cases, this was done
haphazardly. Below, we list the most commonly encountered
problems.

First, we found that the environmental conditions that
influence plant growth and physiology were often not
adequately (or not at all) reported; this was the case in
~88% of all studies, many of which (~46% of studies) hardly
provided any information on the plant material used in their
materials and methods sections (Figure 3). This lack of proper
reporting of environmental conditions during plant cultivation
and/or during testing of WPS on plants suggests an alarming
lack of awareness that plants are complex organisms that
respond to their environment, in both the short and the longer
term (see Table 2). Plant-environment interactions affect most
signals measured on plants, which is crucial for interpreting
sensor information derived from plants.

Second, we found that in approximately 73% of all studies,
the sensor was tested on one plant only (i.e.,, n = 1), or it was
not clearly reported how many biological replicates were used
(Figure 3). Often, different treatments with only one biological
replicate each were applied, or several treatments were applied
in succession on the same individual;"*’° the latter practice
creates legacy effects that needlessly complicate data
interpretation. These experimental practices are very problem-
atic, as they ignore the effects of biological variation on the
measured quantity and often make it impossible to draw
conclusions as to the proper functioning of the sensor.

Third, in 68% of all cases, the data obtained by WPSs in vivo
was not cross-validated by an independent measurement
(Figure 3). Even though many sensors were cross-validated
and calibrated in vitro (in the lab and when not attached to the
plant), we argue that this is insufficient: it cannot be assumed
that the calibration between phenomenon and signal will hold
once the WPS is attached to the plant, as the signals generated
by the plant are often noisier than those in vitro.

In a further 74% of studies, WPSs were attached to plants
under lab or climate chamber conditions only, even though
such conditions are clearly a very far departure from
greenhouses or the open field. Testing in harsh and fluctuating
environments is a must if authors claim their sensors
contribute to precision agriculture (by which they presumably
mean open field). Alternatively, authors would have to clearly
state for which crop production environment the WPS is
meant for.

Finally, approximately two-thirds of all studies (62%)
contained either no treatment, meaning a sensor was attached
to a plant in the environment the plant happened to be in, or
the treatments applied were inadequate for testing whether the
WPS was functioning correctly. For example, Chen et al.®'
developed an electrochemical sensor that could detect glucose
concentrations; when testing the sensor on single tomato or
Aloe vera plants in the lab, there was no attempt to correlate
the measured signal (a nanocurrent) against glucose
concentrations, nor did the authors compare signals measured

in control vs stress treatments of any kind.®" In such cases, it is
completely unclear whether the produced signal is physiolog-
ically meaningful.

4. MULTIFACETED UNDERSTANDING: WPS
DEVELOPMENT AND APPLICATIONS

To achieve actionable insights for plant health monitoring
through WPSs, a multifaceted understanding of several factors
is required, including (1) relevant temporal scales for stress
detection and (2) mitigation of interferences of WPSs on plant
physiology.

4.1. Temporal Scale of Stress Detection. One
fundamental question in plant stress monitoring is how quickly
a signal related to stress can be measured. Unfortunately, very
few papers on WPSs exist that have adequately tested
numerous plant species and environmental conditions to
determine the precise temporal scales for identifying plant
abiotic and biotic stress.

Regarding abiotic stress, studies reveal varied response times
depending on the stressor. Yang et al.”> observed growth
changes in Brassica rapa leaves exposed to heat and drought
stress within 2 days, with sensors operating over a six-day
period. Lee et al”® found that LSH changes in tomato
(Solanum lycopersicum) indicated drought stress after at least 5
days, while salinity stress was detectable within 1 day. Salt
stress induced changes in IAA levels in soybean (Glycine max
(L.) Merr.) within 36 h,”* while two other studies observed
chan%es in SA levels under salt and drought stress within 4
days."””* In bell pepper (Capsicum annum L.), water stress
caused SA and ethylene to increase within 1 day (with VPD
levels showing slower changes), whereas in a separate
experiment in cabbage, changes in SA and ethylene took S
days." Utilizing LSH or VPD measurements over a minimum
of 5 days may be essential for reliable drought detection,
whereas salinity stress may be identified much faster. Notably,
the integration of phytohormone measurements, such as SA
and ethylene, indicates that these responses can occur rapidly
within 1-5 days. Sensor deployment and data analysis should
be tailored to the stress of interest.

For biotic stress, responses are also manifest within a few
days. After fungal infection, increased SA levels were detected
within 4 days in tobacco leaves (Nicotiana tabacum).””
Similarly, increased VOC levels were detected within 4 days
postinoculation upon tomato late blight infection caused by P.
infestans®> or the tomato spotted wilt virus.”® These studies
indicated that using a combination of leaf humidity and/or
VPD, phytohormones, and/or VOCs might provide a means
for stress detection, including both abiotic and biotic stress.
However, further research is needed to understand these
temporal scales and validate them across a broader range of
plant species, pathogens, and environmental contexts.

4.2. WPS Interference with Measurement. The physical
presence of a sensor has the potential to perturb air (affecting
stomatal function on the abaxial leaf surface), light availability,
and water-nutrient exchange at biointerfaces. For instance, if
gas diffusion is impeded by a sensor, the measured signal—
regardless of its nature—could be affected, potentially
introducing artifacts. However, interference in WPSs can be
more complex than we might initially consider, spanning from
physical design, material interactions, environmental fluctua-
tions, and the sensor’s inherent operational characteristics.
Physical design elements, such as cable attachments for the
power supply and/or data transmission, can affect plant
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movement, light, and airflow. The size and position of sensors
also lead to localized changes in the environment that impact
plant behavior. Second, environmental factors can modify the
sensors influence. For example, strong sunshine during the day
may increase heating caused by the sensor, leading to changes
in the plant’s responses. Third, material interactions, such as
chemical leaching and surface interactions between the sensor
and plant (which can physically affect gas exchange, water
retention, or microbial activity), also contribute. Regarding the
sensor’s inherent operational characteristics, strain sensors, for
example, can affect plant cells and differentiation through the
application of strain and pressure. Similarly, sap flow heat
thermal methods, such as the heat pulse” and the heat
dissipation method,"* may alter plant physiology due to the
repeated application of heat pulses. Thorough testing that leads
to an understanding and mitigation of these interactions is
required. Such testing could come in the form of comparisons
of plant growth and physiological parameters such as
photosynthetic activity, transpiration, and growth, with and
without sensors under the same environmental conditions.
Furthermore, authors should consider minimizing interfer-
ences, such as reducing bulky cables for battery and data
transmission and using wireless sensors (e.g,, ref 56).

5. WPS APPLICATIONS IN DIFFERENT PRODUCTION
ENVIRONMENTS

WPS offer advantages over traditional precision agriculture
tools such as drones, satellites, and soil-based probes: unlike
these indirect methods, WPS collect data from the plant’s
immediate environment, which allows for more accurate and
localized monitoring. However, sensors initially developed in
the lab need to be thoroughly tested in the environments for
which they are intended; aspects include durability, reliability,
and accuracy.”®

Developers of WPSs should be aware that there is a range of
crop production systems that differ in roughness and
controllability of the environment, as well as crop resource
use efficiency—these are exemplified here as open-field
agriculture, %reenhouses, and vertical farming systems (VFSs)
(Figure 4).”7'%° These differences between agricultural
systems pose a number of challenges and opportunities for
the WPS design and use cases, as discussed below.

5.1. Open-Field Agriculture. In the open field, WPS must
endure a harsh and highly variable environment, including

Controlla

Open field

Figure 4. Various crop production systems (open field, greenhouse,
and vertical farm) offer gradients of environmental roughness and
controllability that pose unique challenges and opportunities for
WPSs. All images © Elias Kaiser.

direct sunlight, UV radiation, rain, wind, dust, and temperature
fluctuations. Sensor durability under such conditions is a
critical constraint, as degradation due to UV radiation, water
entry, and mechanical stress from frost and wind can severely
impact sensor longevity and performance.'’’ Robust encapsu-
lation,** flexible mounting techniques, adhesive backing layers,
and stretchable sensor designs help maintain sensor attach-
ment to plants during mechanical disturbances.'**~"**

Apart from physical durability, large temperature variations
can cause baseline drift or measurement inaccuracies,
especially in impedimetric and fiber optic sensors.*’ Tj.,¢ can
differ substantially (by up to 18 °C) from ambient air
temperature due to sunlight and transpiration and additionally
can fluctuate very rapidly.'” WPS typically require thermal
compensation, robust protective packaging, or careful shielding
and calibration to ensure accurate and reliable performance
under extreme temperatures.'’° Furthermore, natural varia-
bility in soil moisture, nutrient availability, and local micro-
climates makes data interpretation challenging: sensors on
individual plants may detect stress signals, such as elevated T,
or altered electrical responses, that neighboring plants do not
exhibit. Precise sensor placement and local calibration are
essential to accurately interpret sensor data and capture
representative environmental conditions.'”""”

Supplying continuous power to the WPS in the field is
challenging, and potential solutions include low-power
electronics, battery-efficient communication protocols, and
renewable energy harvesting. Small photovoltaic (PV) cells can
recharge batteries durin§ the day to enable continuous and
long-term monitoring.'”® Also, piezoelectric and triboelectric
generators can convert mechanical energy from, e.g.,, wind or
raindrops into electricity.*®

Reliable wireless communication is another challenge;'
wireless solutions include Bluetooth Low Energy (short-
range), Zigbee (mesh networking), and LoRa (long-range,
low-bandwidth). LoRa is particularly effective outdoors,
transmitting sensor data over >1 km, while mesh networking
helps sensors route data around obstacles.''’ Although
outdoor environments show low signal interference, this can
still occur, making low-power, narrow-band protocols ideal for
WPSs that transmit minimal data."'" Field deployments often
use solar-powered gateways to collect and upload sensor data
to cloud platforms, using buffering or intermittent transmission
to ensure data consistency despite connectivity interrup-
tions.' "

An attractive use case of WPSs in the field is the detection of
abiotic stresses (nutrient deficiency, drought), infections, or
infestations, which, if done early enough, may help contain
them. Future integrated systems, in which WPSs are in wireless
communication with drones and field robots, may enable
autonomous systems that tackle a range of stresses early on.”
Early warnings, especially in the case of diseases, may prevent
crop losses and optimize the number of pesticide applications.
Also, WPSs could provide feedback on the efficacy of pesticide
applications by monitoring plant stress responses postapplica-
tion. While this would be highly beneficial, current WPS
publications related to pesticides do not track pesticide
degradation in field conditions. For example, the United States
Environmental Protection Agency provides guidelines and
regulations regarding worker protection safety restricted-entry
intervals (REIs), i.e., the periods of time to stay away from the
site where pesticides are applied; these range from 12 h to
several days.''> Using WPSs in the field to track pesticide
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residuals and thus optimize REIs is an attractive use case of
WPSs.

5.2. Greenhouses. Greenhouses cover at least 1.3 million
hectares worldwide; this number has grown tremendously in
recent years, especially due to rapid greenhouse area growth in
China.""* In greenhouses, natural sunlight is sometimes
supplemented by artificial lighting, and environmental
variability is reduced compared to that in the open field,
protecting crops from most extremes. While there is less
variation in temperature and humidity, and sensors are not
directly exposed to wind and rainfall, WPSs have to cope with
high humidity (sometimes leading to condensation), sunlight
(but not UV radiation, which is typically filtered out by
greenhouse cover materials), and high temperatures."'> WPSs
in greenhouses often use wireless communication technologies
similar to those used in the open field.””"'

Several examples of successful sensor testing in greenhouses
exist: integrated flexible strain sensors, e.g.,, mounted on fruits
or the stems of tomato plants, showed robust and reliable
performance in the greenhouse.''” Biocompatible impedimet-
ric sensors accurately measured dynamic changes in leaf water
content of soybean in greenhouses.”’ In addition, flexible plant
sensors attached directly to leaf surfaces provided accurate,
real-time monitoring of dynamic changes in RH and
temperature at the leaf level, allowing for monitoring of
VPD. Using this information, growers can optimize temper-
ature and humidity settings, water and nutrient efficiency, and
disease control.'"®

In the controlled but dynamic greenhouse environment,
WPSs could support precise monitoring, environmental
adjustments, and systematic crop management.”>''* Especially
in high-tech greenhouses, integration of WPSs into the
greenhouse management system could establish dynamic
feedback mechanisms between plants and their environment,
enabling fine control of climate set points. Furthermore, while
recent years have seen promising developments toward fully
autonomous greenhouses,””"'”'*" the availability of cheap,
precise, and compact sensors capable of transducing signals
from the plants—such as WPSs—is still a bottleneck.’

5.3. Vertical Farming Systems (VFSs). Vertical farms
offer unique conditions for WPSs. These facilities typically rely
on stacked layers of hydroponic or aeroponic systems, along
with LED li§hting that provides illumination for year-round
production.'”*'*""** Although the absence of external weather
conditions simplifies sensor durability, LED lighting used for
plant growth can introduce interference and signal noise into
optical sensor measurements. As a result, sensors can require
synchronization with lighting cycles, optical filtering, or in situ
calibration.”®

Although VESs enable very high productivity,'”® they are
extremely energy-intensive, and electricity costs make up 20—
40% of production costs.'**'*> Increasing energy use efficiency
as well as costs per unit of electricity used is thus paramount,
and both could be achieved by smart, integrated crop
monitoring and modeling systems that enable dynamic climate
control inside the VFS."”" VESs could integrate WPS data
directly into machine learning algorithms or digital twin
models that predict plant growth trajectories and resource
requirements in real time. This would allow growers to adjust
nutrient recipes and lighting schedules based on real-time plant
feedback, thereby optimizing crop cycles and reducing
operating costs.

In all production systems, sensors and their electronic
components may be exposed to water droplets (condensation)
and thus require waterproof or water-resistant encapsulation
materials that allow for effective measurements over long
periods of time.”” This requirement is driving research into
advanced packaging techniques that can protect sensors from
moisture without reducing their sensitivity.'*®

Due to their high sensitivity and lightweight construction, it
may be that not all WPSs are actually rugged enough for the
open field. In other words, there may be a trade-off between
ruggedness and sensor functionality. However, as we highlight
in this section, this does not necessarily have to be a problem;
such sensors could still be very valuable in crop monitoring in
controlled environment agriculture (greenhouses and VFSs).

6. CONCLUSIONS

Wearable plant sensors (WPSs) have tremendous potential to
revolutionize crop monitoring and could thus provide real
benefits at a time when agriculture faces monumental
challenges. The use of WPSs may help reduce crop losses,
increase resource use efficiency, and automate crop produc-
tion. However, for these benefits to materialize, WPSs need to
be tested on crops more thoroughly and in all production
environments for which they are intended. Such testing
requires experiments that contain adequate treatments for
the sensor at hand and are set up in a statistically reliable
fashion. When designing new WPSs, developers should make
conscious decisions regarding which production environment
the new sensor is intended for; this will guide them in deciding
what properties the sensor should have. Furthermore, for
proper interpretation of the signals generated by WPSs,
developers need to be aware of the plant—environment
interactions driving variation in the signal and of biological
variation in general. Another feature that should be explored in
future WPSs is sensors that can measure several signals and,
based on signal strength and kinetics, can differentiate between
various biotic or abiotic stresses; machine learning may
supercharge this approach. Although outside the scope of
WPSs as defined in this review, other sensing approaches such
as RGB imaging, hyperspectral imaging, Raman, and infrared
sensing share similar goals of noninvasive, real-time monitor-
ing. These technologies may serve as complementary tools
that, when combined with WPSs, could further enhance plant
phenotyping and crop monitoring in the future. Altogether, we
propose that WPSs can be a very valuable addition to crop
monitoring if their testing on plants is done properly.
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B VOCABULARY

Biological replicate an independently grown and
treated plant; a distinct bio-
logical unit that captures the
natural variability among in-
dividuals, rather than just
measurement or technical
error

systematic observation, meas-
urement, and assessment of
crop growth, development,
and condition over time in
order to support management
decisions and improve yield,
quality, and sustainability

a set of practices, resources,
and environmental conditions
that are used to grow and
manage crops for a specific
purpose (e.g., food, feed,
fiber, or fuel)

study or measurement of
physiological, biochemical, or
molecular processes within
living plants or plant organs,
under natural or controlled
conditions that preserve nor-
mal biological function

Crop monitoring

Crop production system

In vivo testing

Plant-environment interactions processes and responses
through which plants per-
ceive, respond to, and influ-
ence their physical, chemical,
and biological environment,
including factors such as
light, temperature, water, nu-
trients, soil, and other organ-
isms

management strategy that
uses geospatial, sensor, and
analytical technologies to ob-
serve, measure, and respond
to variability in crops and
their environment for higher
productivity and sustainability

Precision agriculture

B REFERENCES

(1) Dufil, G.; Bernacka-Wojcik, I.; Armada-Moreira, A.; Stavrinidou,
E. Plant Bioelectronics and Biohybrids: The Growing Contribution of
Organic Electronic and Carbon-Based Materials. Chem. Rev. 2022,
122 (4), 4847—4883.

(2) Giraldo, J. P; Wu, H; Newkirk, G. M; Kruss, S. Nano-
biotechnology Approaches for Engineering Smart Plant Sensors. Nat.
Nanotechnol. 2019, 14 (6), 541—553.

(3) Zhang, J.; Kaiser, E.; Marcelis, L. F. M.; Vialet-Chabrand, S.
Rapid Spatial Assessment of Leaf-absorbed Irradiance. New Phytol.
2024, 241 (4), 1866—1876.

(4) Sari¢, R.; Nguyen, V. D.; Burge, T.; Berkowitz, O.; Trtilek, M.;
Whelan, J.; Lewsey, M. G.; Custovic, E. Applications of Hyperspectral
Imaging in Plant Phenotyping. Trends Plant Sci. 2022, 27 (3), 301—
31S.

(5) Li, L.; Zhang, Q.; Huang, D. A Review of Imaging Techniques
for Plant Phenotyping. Sensors 2014, 14 (11), 20078—20111.

(6) Steencken, P. G.; Kaiser, E.; Verbiest, G. J.; ten Veldhuis, M. C.
Sensors in Agriculture: Towards an Internet of Plants. Nat. Rev.
Methods Primers 2023, 3 (1), 60.

(7) Hogewoning, S. W.; Douwstra, P.; Trouwborst, G.; Van Ieperen,
W.; Harbinson, J. An Artificial Solar Spectrum Substantially Alters
Plant Development Compared with Usual Climate Room Irradiance
Spectra. J. Exp. Bot. 2010, 61 (S), 1267—1276.

(8) Ai, G; Zhou, Y.; Zhang, H.; Wei, Q; Luo, B; Xie, Y.; Wang, C,;
Xue, X,; Li, A. Ultrasensitive Molecular Imprinted Electrochemical
Sensor for in Vivo Determination of Glycine Betaine in Plants. Food
Chem. 2024, 435, 137554.

(9) Bukhamsin, A.; Ait Lahcen, A.; Filho, J. D. O.; Shetty, S.; Blilou,
L; Kosel, J; Salama, K. N. Minimally-Invasive, Real-Time, Non-
Destructive, Species-Independent Phytohormone Biosensor for
Precision Farming. Biosens. Bioelectron. 2022, 214, 114515.

(10) Gao, J.; Li, H,; Li, M,; Wang, G.; Long, Y,; Li, P,; Li, C; Yang,
B. Polydopamine/Graphene/MnO2 Composite-Based Electrochem-
ical Sensor for in Situ Determination of Free Tryptophan in Plants.
Anal. Chim. Acta 2021, 1145, 103—113.

(11) Zhang, C.; Kong, J.; Wang, Z.; Tu, C,; Li, Y.; Wu, D.; Song, H.;
Zhao, W,; Feng, S.; Guan, Z.; Ding, B.; Chen, F. Origami-Inspired
Highly Stretchable and Breathable 3D Wearable Sensors for in-Situ
and Online Monitoring of Plant Growth and Microclimate. Biosens.
Bioelectron. 2024, 259, 116379.

(12) Zhao, Y.; Gao, S;; Zhu, J.; Li, J; Xu, H; Xu, K; Cheng, H,;
Huang, X. Multifunctional Stretchable Sensors for Continuous
Monitoring of Long-Term Leaf Physiology and Microclimate. ACS
Omega 2019, 4 (5), 9522—9530.

(13) Thimijan, R. W.; Heins, R. D. Photometric, Radiometric, and
Quantum Light Units of Measure: A Review of Procedures for
Interconversion. HortScience 1983, 18 (6), 818—822.

https://doi.org/10.1021/acssensors.5c02510
ACS Sens. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elias+Kaiser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9081-9604
https://orcid.org/0000-0002-9081-9604
mailto:elias.kaiser@wur.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Donghee+Hoh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyun+Kwon+Suh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4771-9365
https://pubs.acs.org/doi/10.1021/acssensors.5c02510?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00525?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-019-0470-6
https://doi.org/10.1038/s41565-019-0470-6
https://doi.org/10.1111/nph.19496
https://doi.org/10.1016/j.tplants.2021.12.003
https://doi.org/10.1016/j.tplants.2021.12.003
https://doi.org/10.3390/s141120078
https://doi.org/10.3390/s141120078
https://doi.org/10.1038/s43586-023-00250-x
https://doi.org/10.1093/jxb/erq005
https://doi.org/10.1093/jxb/erq005
https://doi.org/10.1093/jxb/erq005
https://doi.org/10.1016/j.foodchem.2023.137554
https://doi.org/10.1016/j.foodchem.2023.137554
https://doi.org/10.1016/j.bios.2022.114515
https://doi.org/10.1016/j.bios.2022.114515
https://doi.org/10.1016/j.bios.2022.114515
https://doi.org/10.1016/j.aca.2020.11.008
https://doi.org/10.1016/j.aca.2020.11.008
https://doi.org/10.1016/j.bios.2024.116379
https://doi.org/10.1016/j.bios.2024.116379
https://doi.org/10.1016/j.bios.2024.116379
https://doi.org/10.1021/acsomega.9b01035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b01035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.21273/HORTSCI.18.6.818
https://doi.org/10.21273/HORTSCI.18.6.818
https://doi.org/10.21273/HORTSCI.18.6.818
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.5c02510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

EVE

(14) Ahn, Y.; Bae, S.; Kang, S.-J. Power Controllable LED System
with Increased Energy Efficiency Using Multi-Sensors for Plant
Cultivation. Energies 2017, 10 (10), 1607.

(15) Javed, S.; Issaoui, L.; Cho, S.; Chun, H. Utilization of LED
Grow Lights for Optical Wireless Communication-Based RF-Free
Smart-Farming System. Sensors 2021, 21 (20), 6833.

(16) Osei-Bonsu, L; McClain, A. M.; Walker, B. J.; Sharkey, T. D.;
Kramer, D. M. The Roles of Photorespiration and Alternative
Electron Acceptors in the Responses of Photosynthesis to Elevated
Temperatures in Cowpea. Plant, Cell Environ. 2021, 44 (7), 2290—
2307.

(17) Hoh, D.; Osei-Bonsu, L; Kanazawa, A.; Fisher, N.; Cruz, J.;
Roberts, P. A;; Huynh, B.-L.; Kramer, D. M. From Quantitative Trait
Loci towards Mechanisms: Linkage Integration Hypothesis Testing
(LIgHT) Sheds Light on the Mechanisms of Genetically Modulated
Stress Tolerance. J. Exp. Bot. 2025, No. eraf323.

(18) Hoh, D.; Horn, P. J.; Kanazawa, A.; Froehilch, J.; Cruz, J.;
Tessmer, O. L; Hall, D,; Yin, L; Benning, C; Kramer, D. M.
Genetically-determined Variations in Photosynthesis Indicate Roles
for Specific Fatty Acid Species in Chilling Responses. Plant, Cell
Environ. 2022, 45 (6), 1682—1697.

(19) Hossain, N. L; Tabassum, S. A Hybrid Multifunctional
Physicochemical Sensor Suite for Continuous Monitoring of Crop
Health. Sci. Rep. 2023, 13 (1), 9848.

(20) Bhatla, S. C. A; Lal, M. Plant Physiology, Development and
Metabolism; Springer Singapore: Singapore, 2018.

(21) Tang, W.,; W, J.; Ying, Y.; Liu, Y. Writing Sensors on Solid
Agricultural Products for in Situ Detection. Anal. Chem. 2015, 87
(21), 10703—10707.

(22) Zhao, F.; He, J; Li, X; Bai, Y,; Ying, Y.; Ping, J. Smart Plant-
Wearable Biosensor for in-Situ Pesticide Analysis. Biosens. Bioelectron.
2020, 170, 112636.

(23) Paschoalin, R. T.; Gomes, N. O.; Almeida, G. F.; Bilatto, S.;
Farinas, C. S.; Machado, S. A. S.; Mattoso, L. H. C.; Oliveira, O. N.;
Raymundo-Pereira, P. A. Wearable Sensors Made with Solution-Blow
Spinning Poly(Lactic Acid) for Non-Enzymatic Pesticide Detection in
Agriculture and Food Safety. Biosens. Bioelectron. 2022, 199, 113875.

(24) Teixeira, S. C.; Gomes, N. O.; Calegaro, M. L.; Machado, S. A.
S.; de Oliveira, T. V.; de Fatima Ferreira Soares, N.; Raymundo-
Pereira, P. A. Sustainable Plant-Wearable Sensors for on-Site, Rapid
Decentralized Detection of Pesticides toward Precision Agriculture
and Food Safety. Biomater. Adv. 2023, 155, 213676.

(25) Zhang, Q.; Ma, S.; Meng, W.; Zheng, Y.; Yin, L.; Wang, H.; Shi,
H.; Zhang, K,; Su, S. Smartphone-Based Plant-Wearable Microfluidic
Sensor with Self Driven Electrolyte for in-Situ Detection of Methyl
Parathion. Sens. Actuators, B 2024, 418, 136254.

(26) Qiu, F,; Liu, J.; Zhang, H,; Li, H.; Liu, J.; Shi, X;; Li, C.; Shi, Y,;
Hu, Y; Guo, Y; Gao, X; Ai, S; Jiang, L. Flexible Monolayer
Molecular Crystal-field Effect Transistors for Ultrasensitive and
Selective Detection of Dimethoate. Adv. Electron. Mater. 2020, 6
(11), 2000579.

(27) Jiang, J.; Zhang, S.; Wang, B.; Ding, H.; Wu, Z. Hydroprinted
Liquid-Alloy-Based Morphing Electronics for Fast-Growing/Tender
Plants: From Physiology Monitoring to Habit Manipulation. Small
2020, 16 (39), 2003833.

(28) Lee, H. J.; Joyce, R;; Lee, J. Liquid Polymer/Metallic Salt-Based
Stretchable Strain Sensor to Evaluate Fruit Growth. ACS Appl. Mater.
Interfaces 2022, 14 (4), 5983—5994.

(29) Nassar, J. M.; Khan, S. M,; Villalva, D. R;; Nour, M. M,;
Almuslem, A. S.; Hussain, M. M. Compliant Plant Wearables for
Localized Microclimate and Plant Growth Monitoring. npj Flexible
Electron. 2018, 2 (1), 24.

(30) Tang, W.; Yan, T.; Ping, J.; Wu, J; Ying, Y. Rapid Fabrication
of Flexible and Stretchable Strain Sensor by Chitosan-based Water
Ink for Plants Growth Monitoring. Adv. Mater. Technol. 2017, 2 (7),
1700021.

(31) Flexas, J.; Barén, M.; Bota, J.; Ducruet, J.-M.; Gall¢, A.; Galmés,
J.; Jiménez, M.; Pou, A.; Ribas-Carb6, M.; Sajnani, C.; Tomas, M.;
Medrano, H. Photosynthesis Limitations during Water Stress

Acclimation and Recovery in the Drought-Adapted Vitis Hybrid
Richter-110 (V. Berlandierix V. Rupestris). J. Exp. Bot. 2009, 60 (8),
2361-2377.

(32) Urban, L.; Aarrouf, J.; Bidel, L. P. R. Assessing the Effects of
Water Deficit on Photosynthesis Using Parameters Derived from
Measurements of Leaf Gas Exchange and of Chlorophyll a
Fluorescence. Front. Plant Sci. 2017, 8, 2068.

(33) Boursiac, Y.; Protto, V.; Rishmawi, L.; Maurel, C. Experimental
and Conceptual Approaches to Root Water Transport. Plant Soil
2022, 478 (1-2), 349—370.

(34) Jensen, K. .; Berg-Sorensen, K.; Bruus, H.; Holbrook, N. ;
Liesche, J.; Schulz, A.; Zwieniecki, M. .; Bohr, T. Sap Flow and Sugar
Transport in Plants. Rev. Mod. Phys. 2016, 88 (3), 035007.

(35) Buckley, T. N. How Do Stomata Respond to Water Status?
New Phytol. 2019, 224 (1), 21-36.

(36) Hasanuzzaman, M.; Zhou, M.; Shabala, S. How Does Stomatal
Density and Residual Transpiration Contribute to Osmotic Stress
Tolerance? Plants 2023, 12 (3), 494.

(37) Im, H.; Lee, S.; Naqi, M.; Lee, C.; Kim, S. Flexible PI-Based
Plant Drought Stress Sensor for Real-Time Monitoring System in
Smart Farm. Electronics 2018, 7 (7), 114.

(38) Lan, L; Le, X; Dong, H,; Xie, J.; Ying, Y.; Ping, J. One-Step
and Large-Scale Fabrication of Flexible and Wearable Humidity
Sensor Based on Laser-Induced Graphene for Real-Time Tracking of
Plant Transpiration at Bio-Interface. Biosens. Bioelectron. 2020, 16,
112360.

(39) Oren, S.; Ceylan, H; Schnable, P. S.; Dong, L. High-Resolution
Patterning and Transferring of Graphene-Based Nanomaterials onto
Tape toward Roll-to-Roll Production of Tape-Based Wearable
Sensors. Adv. Mater. Technol. 2017, 2 (12), 1700223.

(40) Barbosa, J. A.; Freitas, V. M. S.; Vidotto, L. H. B.; Schleder, G.
R.; de Oliveira, R. A. G.; da Rocha, J. F.; Kubota, L. T.; Vieira, L. C.
S.; Tolentino, H. C. N.; Neckel, I. T.; Gobbi, A. L.; Santhiago, M.;
Lima, R. S. Biocompatible Wearable Electrodes on Leaves toward the
On-Site Monitoring of Water Loss from Plants. ACS Appl. Mater.
Interfaces 2022, 14, 22989.

(41) Li, D,; Li, G; Li, J.; Xu, S. Wearable Crop Sensor Based on
Nano-Graphene Oxide for Noninvasive Real-Time Monitoring of
Plant Water. Membranes 2022, 12 (4), 3S8.

(42) Mili¢, L.; Radovanovic, M.; Simic, M.; Qureshi, S.; Micic, B.;
Stojanovi¢, G. M. Development of E-Tattoo Sensors for Monitoring
of Plants Hydration Level. In 2024 IEEE 22nd Mediterranean
Electrotechnical Conference (MELECON); IEEE, 2024, pp 36—40.

(43) Chai, Y; Chen, C.; Luo, X.; Zhan, S.; Kim, J.; Luo, J.; Wang, X;
Hu, Z.; Ying, Y,; Liu, X. Cohabiting Plant-Wearable Sensor In Situ
Monitors Water Transport in Plant. Adv. Sci. 2021, 8 (10), 2003642.

(44) Baek, S.; Jeon, E.; Park, K. S; Yeo, K.-H.; Lee, J. Monitoring of
Water Transportation in Plant Stem with Microneedle Sap Flow
Sensor. J. Microelectromech. Syst. 2018, 27 (3), 440—447.

(45) De Swaef, T.; Steppe, K. Linking Stem Diameter Variations to
Sap Flow, Turgor and Water Potential in Tomato. Funct. Plant Biol.
2010, 37 (5), 429.

(46) De Swaef, T.; De Schepper, V.; Vandegehuchte, M. W.; Steppe,
K. Stem Diameter Variations as a Versatile Research Tool in
Ecophysiology. Tree Physiol. 2015, 35 (10), 1047—1061.

(47) Fernandez, J. E; Green, S. R;; Caspari, H. W,; Diaz-Espejo, A.;
Cuevas, M. V. The Use of Sap Flow Measurements for Scheduling
Irrigation in Olive, Apple and Asian Pear Trees and in Grapevines.
Plant Soil 2008, 305 (1-2), 91—104.

(48) Fernandez, J. E.; Romero, R.; Montano, J. C.; Diaz-Espejo, A.;
Muriel, J. L.; Cuevas, M. V.; Moreno, F.; Girén, L. F.; Palomo, M. J.
Design and Testing of an Automatic Irrigation Controller for Fruit
Tree Orchards, Based on Sap Flow Measurements. Aust. J. Agric. Res.
2008, 59 (7), 589.

(49) Leghari, S. J.; Wahocho, N. A.; Laghari, G. M. Role of Nitrogen
for Plant Growth and Development: A Review. Adv. Environ. Biol.
2016, 10 (9), 209—219.

(50) Yousuf, P. Y.; Shabir, P. A.; Hakeem, K. R. Advances in Plant
Nitrogen Metabolism; CRC Press: New York, 2022.

https://doi.org/10.1021/acssensors.5c02510
ACS Sens. XXXX, XXX, XXX—XXX


https://doi.org/10.3390/en10101607
https://doi.org/10.3390/en10101607
https://doi.org/10.3390/en10101607
https://doi.org/10.3390/s21206833
https://doi.org/10.3390/s21206833
https://doi.org/10.3390/s21206833
https://doi.org/10.1111/pce.14026
https://doi.org/10.1111/pce.14026
https://doi.org/10.1111/pce.14026
https://doi.org/10.1093/jxb/eraf323
https://doi.org/10.1093/jxb/eraf323
https://doi.org/10.1093/jxb/eraf323
https://doi.org/10.1093/jxb/eraf323
https://doi.org/10.1111/pce.14313
https://doi.org/10.1111/pce.14313
https://doi.org/10.1038/s41598-023-37041-z
https://doi.org/10.1038/s41598-023-37041-z
https://doi.org/10.1038/s41598-023-37041-z
https://doi.org/10.1021/acs.analchem.5b02558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5b02558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bios.2020.112636
https://doi.org/10.1016/j.bios.2020.112636
https://doi.org/10.1016/j.bios.2021.113875
https://doi.org/10.1016/j.bios.2021.113875
https://doi.org/10.1016/j.bios.2021.113875
https://doi.org/10.1016/j.bioadv.2023.213676
https://doi.org/10.1016/j.bioadv.2023.213676
https://doi.org/10.1016/j.bioadv.2023.213676
https://doi.org/10.1016/j.snb.2024.136254
https://doi.org/10.1016/j.snb.2024.136254
https://doi.org/10.1016/j.snb.2024.136254
https://doi.org/10.1002/aelm.202000579
https://doi.org/10.1002/aelm.202000579
https://doi.org/10.1002/aelm.202000579
https://doi.org/10.1002/smll.202003833
https://doi.org/10.1002/smll.202003833
https://doi.org/10.1002/smll.202003833
https://doi.org/10.1021/acsami.1c21376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c21376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41528-018-0039-8
https://doi.org/10.1038/s41528-018-0039-8
https://doi.org/10.1002/admt.201700021
https://doi.org/10.1002/admt.201700021
https://doi.org/10.1002/admt.201700021
https://doi.org/10.1093/jxb/erp069
https://doi.org/10.1093/jxb/erp069
https://doi.org/10.1093/jxb/erp069
https://doi.org/10.3389/fpls.2017.02068
https://doi.org/10.3389/fpls.2017.02068
https://doi.org/10.3389/fpls.2017.02068
https://doi.org/10.3389/fpls.2017.02068
https://doi.org/10.1007/s11104-022-05427-z
https://doi.org/10.1007/s11104-022-05427-z
https://doi.org/10.1103/RevModPhys.88.035007
https://doi.org/10.1103/RevModPhys.88.035007
https://doi.org/10.1111/nph.15899
https://doi.org/10.3390/plants12030494
https://doi.org/10.3390/plants12030494
https://doi.org/10.3390/plants12030494
https://doi.org/10.3390/electronics7070114
https://doi.org/10.3390/electronics7070114
https://doi.org/10.3390/electronics7070114
https://doi.org/10.1016/j.bios.2020.112360
https://doi.org/10.1016/j.bios.2020.112360
https://doi.org/10.1016/j.bios.2020.112360
https://doi.org/10.1016/j.bios.2020.112360
https://doi.org/10.1002/admt.201700223
https://doi.org/10.1002/admt.201700223
https://doi.org/10.1002/admt.201700223
https://doi.org/10.1002/admt.201700223
https://doi.org/10.1021/acsami.2c02943?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c02943?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/membranes12040358
https://doi.org/10.3390/membranes12040358
https://doi.org/10.3390/membranes12040358
https://doi.org/10.1002/advs.202003642
https://doi.org/10.1002/advs.202003642
https://doi.org/10.1109/JMEMS.2018.2823380
https://doi.org/10.1109/JMEMS.2018.2823380
https://doi.org/10.1109/JMEMS.2018.2823380
https://doi.org/10.1071/FP09233
https://doi.org/10.1071/FP09233
https://doi.org/10.1093/treephys/tpv080
https://doi.org/10.1093/treephys/tpv080
https://doi.org/10.1007/s11104-007-9348-8
https://doi.org/10.1007/s11104-007-9348-8
https://doi.org/10.1071/AR07312
https://doi.org/10.1071/AR07312
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.5c02510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

EVE

(51) Shabala, S.; Pottosin, 1. Regulation of Potassium Transport in
Plants under Hostile Conditions: Implications for Abiotic and Biotic
Stress Tolerance. Physiol. Plant. 2014, 151 (3), 257—279.

(52) Wang, M.; Zheng, Q.; Shen, Q.; Guo, S. The Critical Role of
Potassium in Plant Stress Response. Int. ]. Mol. Sci. 2013, 14 (4),
7370—7390.

(53) Hafsi, C.; Debez, A.; Abdelly, C. Potassium Deficiency in
Plants: Effects and Signaling Cascades. Acta Physiol. Plant. 2014, 36
(5), 1055—1070.

(54) Ibrahim, H.; Yin, S.; Moru, S.; Zhu, Y.; Castellano, M. J.; Dong,
L. In Planta Nitrate Sensor Using a Photosensitive Epoxy Bioresin.
ACS Appl. Mater. Interfaces 2022, 14 (22), 25949—25961.

(55) Kim, M.-Y.; Lee, ]J-W.; Park, D. J; Lee, J.-Y.; Myung, N. V,;
Kwon, S. H,; Lee, K. H. Highly Stable Potentiometric Sensor with
Reduced Graphene Oxide Aerogel as a Solid Contact for Detection of
Nitrate and Calcium Ions. J. Electroanal. Chem. 2021, 897, 115553.

(56) Dang, T.; Tran, T.; Nguyen, K; Pham, T.; Pham, N.; Vu, T,;
Nguyen, P. IoTree: A Battery-Free Wearable System with
Biocompatible Sensors for Continuous Tree Health Monitoring. In
ACM MobiCom 22: The 28th Annual International Conference on
Mobile Computing and Networking; ACM, 2022, pp 352—366.

(57) Nagamine, K; Kudo, N.; Sasaki, H.; Asano, A; Iwasa, S.
Continuous Extraction and Electrochemical Monitoring of Potassium
Ions in a Plant Leaf Using a Wearable Ion Sensor. Sens. Mater. 2023,
35 (10), 4751.

(58) Wang, Q.; Molinero-Ferndndez, A.-; Acosta-Motos, J.-R;
Crespo, G. A; Cuartero, M. Unveiling Potassium and Sodium Ion
Dynamics in Living Plants with an In-Planta Potentiometric
Microneedle Sensor. ACS Sens. 2024, 9 (10), 5214—5223.

(59) Han, S.; Pasquini, D.; Sorieul, M.; Boratto, M. H.; Gatecliff, L.;
Dickson, A.; Jang, S.; Davy, S.; Malliaras, G. G.; Chen, Y. Implantable
Ion-Selective Organic Electrochemical Transistors Enable Continu-
ous, Long-Term, and In Vivo Plant Monitoring. Advanced Science
2025, No. e04283.

(60) Church, J.; Armas, S. M.; Patel, P. K.; Chumbimuni-Torres, K.;
Lee, W. H. Development and Characterization of Needle-type Ion-
selective Microsensors for in Situ Determination of Foliar Uptake of
Zn ** in Citrus Plants. Electroanalysis 2018, 30 (4), 626—632.

(61) Chen, H,; Zhou, S.; Chen, J.; Zhou, J.; Fan, K; Pan, Y.; Ping, J.
An Integrated Plant Glucose Monitoring System Based on Micro-
needle-Enabled Electrochemical Sensor. Biosens. Bioelectron. 2024,
248, 115964.

(62) Perdomo, S. A.; De la Paz, E.; Del Cano, R.; Seker, S.; Saha, T.;
Wang, J.; Jaramillo-Botero, A. Non-Invasive in-Vivo Glucose-Based
Stress Monitoring in Plants. Biosens. Bioelectron. 2023, 231, 115300.

(63) Zheng, L.; Zhu, D.; Wang, W.; Liu, J.; Thng, S. T. G.; Chen, P.
A Silk-Microneedle Patch to Detect Glucose in the Interstitial Fluid of
Skin or Plant Tissue. Sens. Actuators, B 2022, 372, 132626.

(64) Diacci, C.; Abedi, T.; Lee, J. W.; Gabrielsson, E. O.; Berggren,
M,; Simon, D. T.; Niittyld, T.; Stavrinidou, E. Diurnal in Vivo Xylem
Sap Glucose and Sucrose Monitoring Using Implantable Organic
Electrochemical Transistor Sensors. iScience 2021, 24 (1), 101966.

(65) Tuteja, N. Abscisic Acid and Abiotic Stress Signaling. Plant
Signaling Behav. 2007, 2 (3), 135—138.

(66) Horvéth, E.; Szalai, G.; Janda, T. Induction of Abiotic Stress
Tolerance by Salicylic Acid Signaling. J. Plant Growth Regul. 2007, 26
(3), 290—300.

(67) Khan, M. L. R;; Fatma, M; Per, T. S.; Anjum, N. A;; Khan, N. A.
Salicylic Acid-Induced Abiotic Stress Tolerance and Underlying
Mechanisms in Plants. Front. Plant Sci. 2018, 6, 462.

(68) Vlot, A. C.; Dempsey, D. A.; Klessig, D. F. Salicylic Acid, a
Multifaceted Hormone to Combat Disease. Annu. Rev. Phytopathol.
2009, 47, 177—-206.

(69) Teale, W. D.; Paponov, I. A; Palme, K. Auxin in Action:
Signalling, Transport and the Control of Plant Growth and
Development. Nat. Rev. Mol. Cell Biol. 2006, 7 (11), 847—859.

(70) Ribba, T.; Garrido-Vargas, F.; O’Brien, J. A. Auxin-Mediated
Responses under Salt Stress: From Developmental Regulation to
Biotechnological Applications. J. Exp. Bot. 2020, 71 (13), 3843—3853.

(71) Wang, H.-Q,; Zhao, X.-Y.; Xuan, W.; Wang, P.; Zhao, F.-]. Rice
Roots Avoid Asymmetric Heavy Metal and Salinity Stress via an
RBOH-ROS-Auxin Signaling Cascade. Mol. Plant 2023, 16 (10),
1678—1694.

(72) Wang, Z.; Xue, L; Li, M;; Li, C; Li, P,; Li, H. Au@SnO2-
Vertical Graphene-Based Microneedle Sensor for in-Situ Determi-
nation of Abscisic Acid in Plants. Mater. Sci. Eng, C 2021, 127,
112237.

(73) Hossain, N. I; Noushin, T.; Tabassum, S. Leaf-FIT: A
Wearable Leaf Sensor for In-Situ and Real-Time Monitoring of Plant
Phytohormones. In 2021 IEEE Sensors; IEEE, 2021, pp 1—4.

(74) Li, H.; Wang, C.; Wang, X.; Hou, P.; Luo, B.; Song, P.; Pan, D.;
Li, A; Chen, L. Disposable Stainless Steel-Based Electrochemical
Microsensor for in Vivo Determination of Indole-3-Acetic Acid in
Soybean Seedlings. Biosens. Bioelectron. 2019, 126, 193—199.

(75) Morgan, P. W.; Drew, M. C. Ethylene and Plant Responses to
Stress. Physiol. Plant. 1997, 100, 620—630.

(76) Igbal, N; Khan, N. A.; Ferrante, A.; Trivellini, A.; Francini, A.;
Khan, M. L. R. Ethylene Role in Plant Growth, Development and
Senescence: Interaction with Other Phytohormones. Front. Plant Sci.
2017, 08, 475.

(77) Verma, V.; Ravindran, P.; Kumar, P. P. Plant Hormone-
Mediated Regulation of Stress Responses. BMC Plant Biol. 2016, 16,
86.

(78) Perdomo, S. A.; Valencia, D. P.; Velez, G. E.; Jaramillo-Botero,
A. Advancing Abiotic Stress Monitoring in Plants with a Wearable
Non-Destructive Real-Time Salicylic Acid Laser-Induced-Graphene
Sensor. Biosens. Bioelectron. 2024, 255, 116261.

(79) Dudareva, N.; Pichersky, E.; Gershenzon, J. Biochemistry of
Plant Volatiles. Plant Physiol. 2004, 135 (4), 1893—1902.

(80) Niinemets, U.-; Arneth, A.; Kuhn, U.; Monson, R. K_; Pefiuelas,
J.; Staudt, M. The Emission Factor of Volatile Isoprenoids: Stress,
Acclimation, and Developmental Responses. Biogeosciences 2010, 7
(7), 2203—2223.

(81) Niinemets, U.; Kinnaste, A.; Copolovici, L. Quantitative
Patterns between Plant Volatile Emissions Induced by Biotic Stresses
and the Degree of Damage. Front. Plant Sci. 2013, 4, 262.

(82) Moru, S.; Ibrahim, H,; Dong, L. Wearable Sensors for On-Leaf
Monitoring of Volatile Organic Compounds Emissions from Plants.
In 2020 IEEE 1Sth International Conference on Nano/Micro Engineered
and Molecular System (NEMS); 1IEEE, 2020, pp 565—570.

(83) Komarova, T. V.; Sheshukova, E. V.; Dorokhov, Y. L. Cell Wall
Methanol as a Signal in Plant Immunity. Front. Plant Sci. 2014, S, 101.

(84) Dorokhov, Y. L.; Sheshukova, E. V.; Komarova, T. V. Methanol
in Plant Life. Front. Plant Sci. 2018, 9, 1623.

(85) Li, Z.; Liu, Y.; Hossain, O.; Paul, R; Yao, S.; Wu, S.; Ristaino, J.
B,; Zhu, Y,; Wei, Q. Real-Time Monitoring of Plant Stresses via
Chemiresistive Profiling of Leaf Volatiles by a Wearable Sensor.
Matter 2021, 4 (7), 2553—2570.

(86) Wang, X.; Qi, H; Shao, Y.; Zhao, M.; Chen, H.; Chen, Y.; Ying,
Y.; Wang, Y. Extrusion Printing of Surface-Functionalized Metal-
Organic Framework Inks for a High-Performance Wearable Volatile
Organic Compound Sensor. Advanced Science 2024, 11 (25),
2400207.

(87) Davies, E. Electrical Signals in Plants: Facts and Hypotheses. In
Plant Electrophysiology; Volkov, A. G., Ed.; Springer Berlin Heidelberg:
Berlin, Heidelberg, 2006; pp 407—422.

(88) Hedrich, R. Ion Channels in Plants. Physiol. Rev. 2012, 92 (4),
1777—1811.

(89) Mudrilov, M,; Ladeynova, M.; Grinberg, M.; Balalaeva, I;
Vodeneev, V. Electrical Signaling of Plants under Abiotic Stressors:
Transmission of Stimulus-Specific Information. Int. J. Mol. Sci. 2021,
22 (19), 1071S.

(90) Yin, S.; Dong, L. Plant Tattoo Sensor Array for Leaf Relative
Water Content, Surface Temperature, and Bioelectric Potential
Monitoring. Adv. Mater. Technol. 2024, 9 (12), 2302073.

(91) Dutta, S.; van den Berg, T.; Koning, M.; de Vaate, 1. B.; Bieling,
T. J.; Kaiser, E.; Verbiest, G. J.; Fan, Q.; van Klink, A.; Steeneken, P.
G.; ten Veldhuis, M.-C. Comparison of Multiple Plant Sensors Aimed

https://doi.org/10.1021/acssensors.5c02510
ACS Sens. XXXX, XXX, XXX—XXX


https://doi.org/10.1111/ppl.12165
https://doi.org/10.1111/ppl.12165
https://doi.org/10.1111/ppl.12165
https://doi.org/10.3390/ijms14047370
https://doi.org/10.3390/ijms14047370
https://doi.org/10.1007/s11738-014-1491-2
https://doi.org/10.1007/s11738-014-1491-2
https://doi.org/10.1021/acsami.2c01988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jelechem.2021.115553
https://doi.org/10.1016/j.jelechem.2021.115553
https://doi.org/10.1016/j.jelechem.2021.115553
https://doi.org/10.18494/SAM4431
https://doi.org/10.18494/SAM4431
https://doi.org/10.1021/acssensors.4c01352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.4c01352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.4c01352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.202504283
https://doi.org/10.1002/advs.202504283
https://doi.org/10.1002/advs.202504283
https://doi.org/10.1002/elan.201700697
https://doi.org/10.1002/elan.201700697
https://doi.org/10.1002/elan.201700697
https://doi.org/10.1016/j.bios.2023.115964
https://doi.org/10.1016/j.bios.2023.115964
https://doi.org/10.1016/j.bios.2023.115300
https://doi.org/10.1016/j.bios.2023.115300
https://doi.org/10.1016/j.snb.2022.132626
https://doi.org/10.1016/j.snb.2022.132626
https://doi.org/10.1016/j.isci.2020.101966
https://doi.org/10.1016/j.isci.2020.101966
https://doi.org/10.1016/j.isci.2020.101966
https://doi.org/10.4161/psb.2.3.4156
https://doi.org/10.1007/s00344-007-9017-4
https://doi.org/10.1007/s00344-007-9017-4
https://doi.org/10.3389/fpls.2015.00462
https://doi.org/10.3389/fpls.2015.00462
https://doi.org/10.1146/annurev.phyto.050908.135202
https://doi.org/10.1146/annurev.phyto.050908.135202
https://doi.org/10.1038/nrm2020
https://doi.org/10.1038/nrm2020
https://doi.org/10.1038/nrm2020
https://doi.org/10.1093/jxb/eraa241
https://doi.org/10.1093/jxb/eraa241
https://doi.org/10.1093/jxb/eraa241
https://doi.org/10.1016/j.molp.2023.09.007
https://doi.org/10.1016/j.molp.2023.09.007
https://doi.org/10.1016/j.molp.2023.09.007
https://doi.org/10.1016/j.msec.2021.112237
https://doi.org/10.1016/j.msec.2021.112237
https://doi.org/10.1016/j.msec.2021.112237
https://doi.org/10.1016/j.bios.2018.10.041
https://doi.org/10.1016/j.bios.2018.10.041
https://doi.org/10.1016/j.bios.2018.10.041
https://doi.org/10.1111/j.1399-3054.1997.tb03068.x
https://doi.org/10.1111/j.1399-3054.1997.tb03068.x
https://doi.org/10.3389/fpls.2017.00475
https://doi.org/10.3389/fpls.2017.00475
https://doi.org/10.1186/s12870-016-0771-y
https://doi.org/10.1186/s12870-016-0771-y
https://doi.org/10.1016/j.bios.2024.116261
https://doi.org/10.1016/j.bios.2024.116261
https://doi.org/10.1016/j.bios.2024.116261
https://doi.org/10.1104/pp.104.049981
https://doi.org/10.1104/pp.104.049981
https://doi.org/10.5194/bg-7-2203-2010
https://doi.org/10.5194/bg-7-2203-2010
https://doi.org/10.3389/fpls.2013.00262
https://doi.org/10.3389/fpls.2013.00262
https://doi.org/10.3389/fpls.2013.00262
https://doi.org/10.3389/fpls.2014.00101
https://doi.org/10.3389/fpls.2014.00101
https://doi.org/10.3389/fpls.2018.01623
https://doi.org/10.3389/fpls.2018.01623
https://doi.org/10.1016/j.matt.2021.06.009
https://doi.org/10.1016/j.matt.2021.06.009
https://doi.org/10.1002/advs.202400207
https://doi.org/10.1002/advs.202400207
https://doi.org/10.1002/advs.202400207
https://doi.org/10.1152/physrev.00038.2011
https://doi.org/10.3390/ijms221910715
https://doi.org/10.3390/ijms221910715
https://doi.org/10.1002/admt.202302073
https://doi.org/10.1002/admt.202302073
https://doi.org/10.1002/admt.202302073
https://doi.org/10.1016/j.agwat.2025.109535
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.5c02510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

EVE

at Early Detection of Drought Stress in the Greenhouse. Agric. Water
Manage. 2025, 315, 109535.

(92) Di Tocco, J.; Lo Presti, D.; Massaroni, C.; Cinti, S.; Cimini, S.;
De Gara, L.; Schena, E. Plant-Wear: A Multi-Sensor Plant Wearable
Platform for Growth and Microclimate Monitoring. Sensors 2023, 23
(1), 549.

(93) Lo Presti, D.; Cimini, S.; Massaroni, C; D’Amato, R;
Caponero, M. A,; De Gara, L.; Schena, E. Plant Wearable Sensors
Based on FBG Technology for Growth and Microclimate Monitoring.
Sensors 2021, 21 (19), 6327.

(94) Lo Presti, D.; Di Tocco, J.; Cimini, S.; Cinti, S.; Massaroni, C.;
D’Amato, R.; Caponero, M. A.; De Gara, L.; Schena, E. Plant Growth
Monitoring: Design, Fabrication, and Feasibility Assessment of
Wearable Sensors Based on Fiber Bragg Gratings. Sensors 2023, 23
(1), 361.

(95) Yang, Y,; He, T.; Ravindran, P.; Wen, F.; Krishnamurthy, P.;
Wang, L,; Zhang, Z.; Kumar, P. P.; Chae, E.; Lee, C. All-Organic
Transparent Plant e-Skin for Noninvasive Phenotyping. Sci. Adv.
2024, 10 (7), No. eadk7488.

(96) Lee, G; Hossain, O.; Jamalzadegan, S.; Liu, Y.; Wang, H,;
Saville, A. C.; Shymanovich, T.; Paul, R.; Rotenberg, D.; Whitfield, A.
E.; Ristaino, J. B,; Zhu, Y.; Wei, Q. Abaxial Leaf Surface-Mounted
Multimodal Wearable Sensor for Continuous Plant Physiology
Monitoring. Sci. Adv. 2023, 9 (15), No. eade2232.

(97) Xiao, X,; Liu, X; Liu, Y;; Tu, C; Qu, M.; Kong, J.; Zhang, Y.;
Zhang, C. Investigation of Interferences of Wearable Sensors with
Plant Growth. Biosensors 2024, 14 (9), 439.

(98) Yan, X; Pang, Y.,; Niu, K; Hu, B,; Zhu, Z,; Tan, Z.; Lei, H.
Wearable Sensors for Plants: Status and Prospects. Biosensors 2025, 15
(1), 53.

(99) Heuvelink, E.; Hemming, S.; Marcelis, L. F. M. Some Recent
Developments in Controlled-Environment Agriculture: On Plant
Physiology, Sustainability, and Autonomous Control. J. Hortic. Sci.
Biotechnol. 2024, 100, 604—614.

(100) Jin, W.; Formiga Lopez, D.; Heuvelink, E.; Marcelis, L. F. M.
Light Use Efficiency of Lettuce Cultivation in Vertical Farms
Compared with Greenhouse and Field. Food Energy Secur. 2023, 12
(1), No. e391.

(101) Li, X.-H,; Li, M.-Z,; Li, J.-Y; Gao, Y.-Y,; Liu, C.-R; Hao, G.-F.
Wearable Sensor Supports In-Situ and Continuous Monitoring of
Plant Health in Precision Agriculture Era. Plant Biotechnol. ]. 2024, 22
(6), 1516—1535.

(102) Luo, Y.; Li, W,; Lin, Q.; Zhang, F.; He, K; Yang, D.; Loh, X.
J.; Chen, X. A Morphable Ionic Electrode Based on Thermogel for
Non-Invasive Hairy Plant Electrophysiology. Adv. Mater. 2021, 33
(14), 2007848.

(103) Phan, T. T. H; Ngo, T. M. V,; Phan, H.-P. Flexible
Mechanical Sensors for Plant Growth Monitoring: An Emerging Area
for Smart Agriculture. Sensors 2024, 24 (24), 7995.

(104) Qu, C.-C; Sun, X.-Y.; Sun, W.-X;; Cao, L.-X; Wang, X.-Q,;
He, Z.-Z. Flexible Wearables for Plants. Small 2021, 17 (50),
No. €2104482.

(10S) Fauset, S.; Freitas, H. C.; Galbraith, D. R.; Sullivan, M. J. P.;
Aidar, M. P. M,; Joly, C. A,; Phillips, O. L.; Vieira, S. A,; Gloor, M. U.
Differences in Leaf Thermoregulation and Water Use Strategies
between Three Co-occurring Atlantic Forest Tree Species. Plant, Cell
Environ. 2018, 41 (7), 1618—1631.

(106) Ullah, S.; Saleem, A.; Hassan, N.; Muhammad, G.; Shin, J.;
Minhas, Q.-A,; Khan, M. K. Reliable and Delay Aware Routing
Protocol for Underwater Wireless Sensor Networks. IEEE Access
2023, 11, 116932—116943.

(107) Muhammad Aslam, M.; Waseem, M.; Jakada, B. H.; Okal, E.
J.; Lei, Z.; Sagib, H. S. A;; Yuan, W.; Xu, W.; Zhang, Q. Mechanisms
of Abscisic Acid-Mediated Drought Stress Responses in Plants. Int. J.
Mol. Sci. 2022, 23 (3), 1084.

(108) Wang, L,; Xiao, M; Guo, X,; Yang, Y.; Zhang, Z.; Lee, C.
Sensing Technologies for Outdoor/Indoor Farming. Biosensors 2024,
14 (12), 629.

(109) Tao, W.; Zhao, L.; Wang, G.; Liang, R. Review of the Internet
of Things Communication Technologies in Smart Agriculture and
Challenges. Comput. Electr. Agric. 2021, 189, 106352.

(110) Dai, Q.; Chen, Z.; Wu, G.; Li, Z.; Lv, S; Huang, W. LoRa
Communication Quality Optimization on Agriculture Based on the
PHY Anti-Frame Loss Mechanism. Agriculture 2024, 14 (3), 460.

(111) Li, Y.; Xu, H.; Han, C.; Bai, Y,; Wang, Y.; Yu, H,; Song, W.;
Sun, Z. Plant-wearable Sensors for Intelligent Forestry Monitoring.
Adv. Sustainable Syst. 2023, 7 (2), 2200333.

(112) Yan, B.; Zhang, F.; Wang, M.; Zhang, Y.; Fu, S. Flexible
Wearable Sensors for Crop Monitoring: A Review. Front. Plant Sci.
2024, 15, 1406074

(113) Occupational and Residential Exposure Assessment for Pesticides;
Franklin, C. A., Worgan, J. P., Eds.; Wiley, 2005.

(114) Tong, X.; Zhang, X.; Fensholt, R;; Jensen, P. R. D; Li, S;
Larsen, M. N,; Reiner, F.; Tian, F.; Brandt, M. Global Area Boom for
Greenhouse Cultivation Revealed by Satellite Mapping. Nat. Food
2024, 5 (6), 513—523.

(115) Zhang, C.; Kong, J; Wu, D.; Guan, Z.; Ding, B.; Chen, F.
Wearable Sensor: An Emerging Data Collection Tool for Plant
Phenotyping. Plant Phenomics 2023, S, 0051.

(116) Zhang, F.; Li, D.; Li, G.; Xu, S. New Horizons in Smart Plant
Sensors: Key Technologies, Applications, and Prospects. Front. Plant
Sci. 20285, 15, 1490801.

(117) Sun, T.; Ly, C.; Shi, Z.; Zou, M,; Bi, P.; Xu, X; Xie, Q.; Jiang,
R; Liu, Y,; Cheng, R; Xu, W,; Wang, H,; Zhang, Y.; Xu, P. PR
PlantRing: A high-throughput wearable sensor system for decoding
plant growth, water relations, and innovating irrigation. Plant
Commun. 2028, 6 (5), 101322.

(118) Yin, S.; Ibrahim, H.; Schnable, P. S.; Castellano, M. J.; Dong,
L. A Field-deployable, Wearable Leaf Sensor for Continuous
Monitoring of Vapor-pressure Deficit. Adv. Mater. Technol. 2021, 6
(6), 2001246.

(119) Hemming, S.; de Zwart, F.; Elings, A,; Righini, I;
Petropoulou, A. Remote Control of Greenhouse Vegetable
Production with Artificial Intelligence—Greenhouse Climate, Irriga-
tion, and Crop Production. Sensors 2019, 19 (8), 1807.

(120) Hemming, S.; Zwart, F. d.; Elings, A,; Petropoulou, A;
Righini, I. Cherry Tomato Production in Intelligent Greenhouses—
Sensors and Al for Control of Climate, Irrigation, Crop Yield, and
Quality. Sensors 2020, 20 (22), 6430.

(121) Kaiser, E.; Kusuma, P.; Vialet-Chabrand, S.; Folta, K.; Liu, Y,;
Poorter, H,; Woning, N.; Shrestha, S.; Ciarreta, A,; van Brenk, J.;
Karpe, M,; Ji, Y.; David, S.; Zepeda, C.; Zhu, X.-G.; Huntenburg, K;
Verdonk, J. C.; Woltering, E.; Gauthier, P. P. G.; Courbier, S.; Taylor,
G.; Marcelis, L. F. M. Vertical Farming Goes Dynamic: Optimizing
Resource Use Efficiency, Product Quality, and Energy Costs. Front.
Sci. 2024, 2, 1411259.

(122) van Delden, S. H.; SharathKumar, M.; Butturini, M.;
Graamans, L. J. A.; Heuvelink, E.; Kacira, M.; Kaiser, E.; Klamer, R.
S.; Klerkx, L.; Kootstra, G.; Loeber, A.; Schouten, R. E.; Stanghellini,
C.; van Ieperen, W.; Verdonk, J. C.; Vialet-Chabrand, S.; Woltering, E.
J.; van de Zedde, R.; Zhang, Y.; Marcelis, L. F. M. Current Status and
Future Challenges in Implementing and Upscaling Vertical Farming
Systems. Nat. Food 2021, 2 (12), 944—956.

(123) Eichelsbacher, S.; Luksch, C. R.; Bienert, G. P.; Alcock, T. D.;
Steppe, K.; Marcelis, L. F. M.; Orsini, F.; Rosenqvist, E.; Lambers, H.;
Runkle, E,; Lawson, T.; Asseng, S. What Is the Limit of Vertical
Farming Productivity? Food Energy Secur. 2025, 14 (2), No. e70061.

(124) Avgoustaki, D. D.; Xydis, G. Energy Cost Reduction by
Shifting Electricity Demand in Indoor Vertical Farms with Artificial
Lighting. Biosyst. Eng. 2021, 211, 219—-229.

(125) Kozai, T.; Niu, G. Role of the Plant Factory with Artificial
Lighting (PFAL) in Urban Areas. In Plant Factory: An Indoor Vertical
Farming System for Efficient Quality Food Production, 2nd ed.; Elsevier
Inc,, 2019; pp 7—34.

(126) Tavan, M.; Wee, B.; Brodie, G.; Fuentes, S.; Pang, A.; Gupta,
D. Optimizing Sensor-Based Irrigation Management in a Soilless

https://doi.org/10.1021/acssensors.5c02510
ACS Sens. XXXX, XXX, XXX—XXX


https://doi.org/10.1016/j.agwat.2025.109535
https://doi.org/10.3390/s23010549
https://doi.org/10.3390/s23010549
https://doi.org/10.3390/s21196327
https://doi.org/10.3390/s21196327
https://doi.org/10.3390/s23010361
https://doi.org/10.3390/s23010361
https://doi.org/10.3390/s23010361
https://doi.org/10.1126/sciadv.adk7488
https://doi.org/10.1126/sciadv.adk7488
https://doi.org/10.1126/sciadv.ade2232
https://doi.org/10.1126/sciadv.ade2232
https://doi.org/10.1126/sciadv.ade2232
https://doi.org/10.3390/bios14090439
https://doi.org/10.3390/bios14090439
https://doi.org/10.3390/bios15010053
https://doi.org/10.1080/14620316.2024.2440592
https://doi.org/10.1080/14620316.2024.2440592
https://doi.org/10.1080/14620316.2024.2440592
https://doi.org/10.1002/fes3.391
https://doi.org/10.1002/fes3.391
https://doi.org/10.1111/pbi.14283
https://doi.org/10.1111/pbi.14283
https://doi.org/10.1002/adma.202007848
https://doi.org/10.1002/adma.202007848
https://doi.org/10.3390/s24247995
https://doi.org/10.3390/s24247995
https://doi.org/10.3390/s24247995
https://doi.org/10.1002/smll.202104482
https://doi.org/10.1111/pce.13208
https://doi.org/10.1111/pce.13208
https://doi.org/10.1109/ACCESS.2023.3325311
https://doi.org/10.1109/ACCESS.2023.3325311
https://doi.org/10.3390/ijms23031084
https://doi.org/10.3390/ijms23031084
https://doi.org/10.3390/bios14120629
https://doi.org/10.1016/j.compag.2021.106352
https://doi.org/10.1016/j.compag.2021.106352
https://doi.org/10.1016/j.compag.2021.106352
https://doi.org/10.3390/agriculture14030460
https://doi.org/10.3390/agriculture14030460
https://doi.org/10.3390/agriculture14030460
https://doi.org/10.1002/adsu.202200333
https://doi.org/10.3389/fpls.2024.1406074
https://doi.org/10.3389/fpls.2024.1406074
https://doi.org/10.1038/s43016-024-00985-0
https://doi.org/10.1038/s43016-024-00985-0
https://doi.org/10.34133/plantphenomics.0051
https://doi.org/10.34133/plantphenomics.0051
https://doi.org/10.3389/fpls.2024.1490801
https://doi.org/10.3389/fpls.2024.1490801
https://doi.org/10.1016/j.xplc.2025.101322
https://doi.org/10.1016/j.xplc.2025.101322
https://doi.org/10.1002/admt.202001246
https://doi.org/10.1002/admt.202001246
https://doi.org/10.3390/s19081807
https://doi.org/10.3390/s19081807
https://doi.org/10.3390/s19081807
https://doi.org/10.3390/s20226430
https://doi.org/10.3390/s20226430
https://doi.org/10.3390/s20226430
https://doi.org/10.3389/fsci.2024.1411259
https://doi.org/10.3389/fsci.2024.1411259
https://doi.org/10.1038/s43016-021-00402-w
https://doi.org/10.1038/s43016-021-00402-w
https://doi.org/10.1038/s43016-021-00402-w
https://doi.org/10.1002/fes3.70061
https://doi.org/10.1002/fes3.70061
https://doi.org/10.1016/j.biosystemseng.2021.09.006
https://doi.org/10.1016/j.biosystemseng.2021.09.006
https://doi.org/10.1016/j.biosystemseng.2021.09.006
https://doi.org/10.3389/fsufs.2020.622720
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.5c02510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors pubs.acs.org/acssensors

Vertical Farm for Growing Microgreens. Front. Sustain. Food Syst.
2021, 4, 622720.

(127) Wang, Y; Peng, Y,; Lin, J; Wang, L.; Jia, Z.; Zhang, R.
Optimal Nitrogen Management to Achieve High Wheat Grain Yield,
Grain Protein Content, and Water Productivity: A Meta-Analysis.
Agric. Water Manage. 2023, 290, 108587.

(128) Jacott, C. N.; Boden, S. A. Feeling the Heat: Developmental
and Molecular Responses of Wheat and Barley to High Ambient
Temperatures. J. Exp. Bot. 2020, 71 (19), 5740—5751.

(129) Ray, L. I. P,; Jyothi, K. S.; Singh, A. K.; Bharti, V.; Pandey, P.
K. Strategies for Water Productivity Enhancement in Maize—A
Comprehensive Review. Irrig. Drain. 2024, 73 (1), 359—374.

(130) Lizaso, J. L; Ruiz-Ramos, M.; Rodriguez, L.; Gabaldon-Leal,
C.; Oliveira, J. A,; Lorite, L J; Sinchez, D.; Garcia, E.; Rodriguez, A.
Impact of High Temperatures in Maize: Phenology and Yield
Components. Field Crops Res. 2018, 216, 129—140.

(131) Ro, S.; Chea, L.; Ngoun, S.; Stewart, Z. P.; Roeurn, S.; Theam,
P.; Lim, S.; Sor, R.; Kosal, M.; Roeun, M.; Dy, K. S.; Prasad, P. V. V.
Response of Tomato Genotypes under Different High Temperatures
in Field and Greenhouse Conditions. Plants 2021, 10 (3), 449.

(132) Tomatoes; Heuvelink, E., Tomatoes, Heuvelink, E., Eds.; CABI
Publishing: Wallingford, 200S.

(133) Heuvelink, E.; Acevedo-Siaca, L. G.; Van de Poel, B.; Van der
Jeucht, L.; Vialet-Chabrand, S.; Steppe, K.; Ji, Y.; K6rner, O.; Kusuma,
P.; Langer, S.; Li, T.; Van Ieperen, W.; Verdonk, J. C.; Zepeda, A. C,;
Zhang, Y,; Marcelis, L. F. M. Tomato in the Spotlight: Light
Regulation of Whole-Plant Physiology in Tomato. J. Exp. Bot. 2025,
No. eraf315.

(134) Kelly, N.; Choe, D.; Meng, Q.; Runkle, E. S. Promotion of
Lettuce Growth under an Increasing Daily Light Integral Depends on
the Combination of the Photosynthetic Photon Flux Density and
Photoperiod. Sci. Hortic. 2020, 272, 109565.

(135) Gavhane, K. P.; Hasan, M,; Singh, D. K,; Kumar, S. N.; Sahoo,
R. N.; Alam, W. Determination of Optimal Daily Light Integral (DLI)
for Indoor Cultivation of Iceberg Lettuce in an Indigenous Vertical
Hydroponic System. Sci. Rep. 2023, 13 (1), 10923.

(136) Saure, M. C. Causes of the Tipburn Disorder in Leaves of
Vegetables. Sci. Hortic. 1998, 76 (3—4), 131—147.

(137) Resco de Dios, V. Circadian Regulation and Diurnal Variation
in Gas Exchange. Plant Physiol. 2017, 175 (1), 3—4.

(138) Poorter, H.; Fiorani, F.; Stitt, M.; Schurr, U.; Finck, A.; Gibon,
Y,; Usadel, B.; Munns, R.; Atkin, O. K.; Tardieu, F.; Pons, T. L. The
Art of Growing Plants for Experimental Purposes: A Practical Guide
for the Plant Biologist. Funct. Plant Biol. 2012, 39 (11), 821.

(139) Kim, J. J.; Allison, L. K.; Andrew, T. L. Vapor-Printed Polymer
Electrodes for Long-Term, on-Demand Health Monitoring. Sci. Adv.
2019, 5 (3), No. eaaw0463.

(140) Sun, X; Kaiser, E,; Aphalo, P. J.; Marcelis, L. F. M; Li, T.
Plant Responses to UV-Al Radiation Are Genotype and Background
Irradiance Dependent. Environ. Exp. Bot. 2024, 219, 105621.

(141) Morales, A.; Kaiser, E. Photosynthetic Acclimation to
Fluctuating Irradiance in Plants. Front. Plant Sci. 2020, 11 (March),
1-12.

(142) Zhang, R; Chai, Y.; Liang, X; Liu, X,; Wang, X; Hu, Z. A
New Plant-Wearable Sap Flow Sensor Reveals the Dynamic Water
Distribution during Watermelon Fruit Development. Horticulturae
2024, 10 (6), 649.

N https://doi.org/10.1021/acssensors.5c02510
ACS Sens. XXXX, XXX, XXX—XXX


https://doi.org/10.3389/fsufs.2020.622720
https://doi.org/10.1016/j.agwat.2023.108587
https://doi.org/10.1016/j.agwat.2023.108587
https://doi.org/10.1093/jxb/eraa326
https://doi.org/10.1093/jxb/eraa326
https://doi.org/10.1093/jxb/eraa326
https://doi.org/10.1002/ird.2879
https://doi.org/10.1002/ird.2879
https://doi.org/10.1016/j.fcr.2017.11.013
https://doi.org/10.1016/j.fcr.2017.11.013
https://doi.org/10.3390/plants10030449
https://doi.org/10.3390/plants10030449
https://doi.org/10.1093/jxb/eraf315
https://doi.org/10.1093/jxb/eraf315
https://doi.org/10.1016/j.scienta.2020.109565
https://doi.org/10.1016/j.scienta.2020.109565
https://doi.org/10.1016/j.scienta.2020.109565
https://doi.org/10.1016/j.scienta.2020.109565
https://doi.org/10.1038/s41598-023-36997-2
https://doi.org/10.1038/s41598-023-36997-2
https://doi.org/10.1038/s41598-023-36997-2
https://doi.org/10.1016/S0304-4238(98)00153-8
https://doi.org/10.1016/S0304-4238(98)00153-8
https://doi.org/10.1104/pp.17.00984
https://doi.org/10.1104/pp.17.00984
https://doi.org/10.1071/FP12028
https://doi.org/10.1071/FP12028
https://doi.org/10.1071/FP12028
https://doi.org/10.1126/sciadv.aaw0463
https://doi.org/10.1126/sciadv.aaw0463
https://doi.org/10.1016/j.envexpbot.2023.105621
https://doi.org/10.1016/j.envexpbot.2023.105621
https://doi.org/10.3389/fpls.2020.00268
https://doi.org/10.3389/fpls.2020.00268
https://doi.org/10.3390/horticulturae10060649
https://doi.org/10.3390/horticulturae10060649
https://doi.org/10.3390/horticulturae10060649
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.5c02510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

