Matter

¢? CellPress

Real-time monitoring of plant stresses via
chemiresistive profiling of leaf volatiles by a

wearable sensor

Real-time
data collection

Plant wearable
sensor

We demonstrate a wearable sensor platform for real-time profiling of plant volatile
organic compound markers based on a chemiresistive sensor array made of
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>97% classification accuracy, and detection of late blight infection and mechanical
damage noninvasively. This lightweight gas sensor platform could be a powerful
alternative to other diagnostics tools available for long-term monitoring of plant
health in the field.

y Demonstrate
Proof-of-concept of performance with
intended application/response

Zheng Li, Yuxuan Liu, Oindrila
Hossain, ..., Jean B. Ristaino,
Yong Zhu, Qingshan Wei

yzhu7@ncsu.edu (Y.Z.)
qwei3@ncsu.edu (Q.W.)

Highlights

We report a leaf-attachable VOC
sensor for real-time profiling of
plant volatiles

The sensor patch detects plant
VOCs at low-ppm concentrations

13 individual plant VOCs were
differentiated with >97% accuracy
by the sensor

It has been used to detect tomato
late blight and mechanical
damage noninvasively

Li et al., Matter 4, 2553-2570
July 7, 2021 © 2021 Elsevier Inc.
https://doi.org/10.1016/j.matt.2021.06.009



mailto:yzhu7@ncsu.edu
mailto:qwei3@ncsu.edu
https://doi.org/10.1016/j.matt.2021.06.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matt.2021.06.009&domain=pdf

Matter

Real-time monitoring of plant stresses

via chemiresistive profiling of leaf
volatiles by a wearable sensor

¢? CellPress

Zheng Li,"#’ Yuxuan Liu,>’ Oindrila Hossain,' Rajesh Paul,’ Shanshan Yao,** Shuang Wu,>

Jean B. Ristaino,>® Yong Zhu,*>* and Qingshan Wei'-¢.8*

SUMMARY

Determination of plant stresses such as infections by plant patho-
gens is currently dependent on time-consuming and complicated
analytical technologies. Here, we report a leaf-attachable chemire-
sistive sensor array for real-time fingerprinting of volatile organic
compounds (VOCs) that permits noninvasive and early diagnosis
of plant diseases, such as late blight caused by Phytophthora infes-
tans. The imperceptible sensor patch integrates an array of gra-
phene-based sensing materials and flexible silver nanowire elec-
trodes on a kirigami-inspired stretchable substrate, which can
minimize strain interference. The sensor patch has been mounted
on live tomato plants to profile key plant volatiles at low-ppm con-
centrations with fast response (<20 s). The multiplexed sensor array
allows for accurate detection and classification of 13 individual plant
volatiles with >97% classification accuracy. The wearable sensor
patch was used to diagnose tomato late blight as early as 4 days
post inoculation and abiotic stresses such as mechanical damage
within 1 h.

INTRODUCTION

Phytophthora infestans is the causal agent of late blight and one of the most destruc-
tive diseases of economically important crops such as tomato and potato.' Due to
the rapid rate of spread, late blight poses a significant threat to global food chain
security. It is estimated that global crop losses caused by late blight and the cost
to control it exceed US $6.7 million annually.” Therefore, early diagnosis and inter-
vention to control late blight is essential for effective prevention and management of
this infectious plant pathogen.®

Conventional approaches for plant pathogen detection include a wide range of
biomolecular assays, including PCR,*™® ELISA,”-® and lateral flow immunostrips.”.

Loop-mediated isothermal amplification,’®""

on the other hand, is more rapid
and applicable for field assays but generally requires destructive sample prepara-
tion.””? Overall, these methods either suffer from cumbersome assay protocols or
are limited by the detection sensitivity and specificity when performed in the
field.””'* In recent years, rapid profiling of characteristic volatile organic com-
pounds (VOCs) has attracted tremendous attention as a promising noninvasive tech-
nique for early diagnosis of plant diseases. Studies have revealed that VOCs emitted
by plant tissues are closely associated with the metabolic or pathologic processes in
the live plant system and reflect the physiological state of the individual plant.">"® It

has been reported that an elevated level of Cé-aldehydes (e.g., (E)-2-hexenal,

Progress and potential
Developing a noninvasive sensing
technique that enables
continuous plant volatile organic
compound (VOC) analysis in their
natural habitat is essential to
capture the VOC flux from plants
for accurate monitoring of plant
diseases and stresses. Several
wearable sensor platforms have
recently been developed that can
be attached to living plants for
continuous monitoring. However,
detecting and discrimination of
plant chemical cues such as VOCs
have rarely been reported by
using a wearable sensor platform.
Here, a real-time VOC-profiling
sensor device on a stretchable
substrate has been developed for
instant monitoring of plant host
responses for early disease
diagnosis and rapid stress
identification of living plants.
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(E)-2-hexanal, and (2)-3-hexenal), terpenes (e.g., terpinene, sabinene, and ocimene),
alcohols (e.g., linalool), and terpineol were observed from the headspace gas of
7=19 which makes the VOC profiles of
healthy and unhealthy plants differentiable from each other and become appealing

injured or infected tomato leaves or stems,

diagnostic markers. In particular, the emission level of (E)-2-hexenal rises extremely
high (4- to 6-fold versus the healthy control) for tomato leaves when infected with P.
infestans.'” However, the chemical composition of the VOC mixture released by
plant tissues (e.g., leaves, stems, roots) is complex and varies over time, which poses
great challenges in accurate recognition and quantification of different VOC species
in the gas mixture. In addition, it is widely accepted that there is no single VOC that is
attributed to a specific disease or stress condition. For diagnostic applications, col-
lective analysis of a panel of plant VOCs is needed to generate a molecular “finger-
print” profile for reliable detection of plant diseases and stresses.”’?? In this regard,
a few laboratory techniques such as gas chromatography-mass spectrometry (GC-
MS)?*-2° have emerged as an effective way to analyze gaseous biomarkers with
high sensitivity and specificity. However, GC-based methods require time-
consuming sample analysis and complicated instrument operation, which restrict
their uses to centralized laboratories.?®

An alternative method of analyzing complicated gas mixture is to use array-based
sensors, such as electronic (e-noses),?’ %’ optoelectronic, and chemical noses.>033
All of these techniques comprise an array of cross-reactive sensors that mimics the
function of olfactory receptors in mammalian noses. The sensor array generates a
distinctive pattern of electronic, optical, or chemical signals upon exposure to
VOCs for the accurate classification of both single and mixed VOCs.*? We have
recently reported a smartphone-based colorimetric sensing array using a series
of plasmonic nanoparticles or chemoresponsive dyes for the detection and
discrimination of specific VOC biomarkers generated from P. infestans-infected to-
mato leaves, and diagnosis of late blight in tomato with >95% accuracy using both
laboratory-inoculated or field-collected leaf samples.’® The array-based test strip
can distinguish VOCs over a broad range of organic compounds, including
aliphatic or aromatic aldehydes or ketones, alcohols, esters, and carboxylic acids.
However, the disposable sensor array strip equipped with a handheld smartphone
scanner has disadvantages in field applications, such as lack of the capability to
perform long-term and real-time monitoring of plant symptoms. To this end,
developing a continuous and noninvasive sensing technique that can perform
comprehensive analysis of plant VOC emissions in their natural habitat will be
essential to capture the true VOC flux for more accurate monitoring of both biotic
and abiotic plant stresses.

Significant progress has been made in flexible and stretchable electronics in the past
decade.®**° Several wearable sensor platforms have been developed that can be
attached to living plants for continuous monitoring of plant health, such as the
h,*"=** microclimate (e.g., humidity, temperature, and light),*>~*® drought
4957 and pesticide application.” However, existing plant-

growt
stress or transpiration,
wearable sensor platforms have so far only been demonstrated for the detection
of mechanical (e.g., growth, stretching, strain) or environmental (e.g., temperature,
light) parameters. On the other hand, detection and discrimination of chemical or
biological signals has not been fully explored by using a plant-wearable sensor.
Lee et al. reported a carbon nanotube-based wearable field-effect transistor device
for gas sensing on the surface of plant leaves.>® However, only simulant gas mole-
cules such as dimethyl methylphosphonate but no actual plant VOCs has been
analyzed using the wearable sensor. As such, a wearable sensor platform that can
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Figure 1. Sensing mechanism of graphene-based sensors

(A) Schematic diagram of the wearable sensor with graphene-based sensing materials and soft
AgNW electrodes.

(B) Proposed mechanism showing hydrogen- or halogen-bonding interactions between plant
VOCs and employed chemical ligands.

measure VOC emissions from plants in real time is urgently needed to ensure the
early detection of plant diseases or stresses.

In this work, we demonstrate a wearable sensor platform for real-time profiling of
plant VOC markers based on a chemiresistive sensor array made of reduced gra-
phene oxide (rGO) functionalized with various ligands (Figure 1). This multiplexed
sensor array includes two different types of rGO sensors that can form reversible in-
teractions with various plant VOCs via either hydrogen or halogen bonding. The rGO
nanosheets are modified either with functionalized gold nanoparticles (AuNPs) or
directly with chemical ligands containing different recognition groups (Figure S1B)
to selectively capture oxygen- or nitrogen-containing organic compounds (e.g., al-
dehydes, ketones, alcohols) from a wide variety of plant VOCs (Figure S1A).?>>°
The optimized sensor array composed of 4-8 rGO sensors exhibits excellent discrim-
ination results among different individual plant VOCs, such as green leaf volatiles
(GLVs) and phytohormones under ambient conditions. The sensor patch was insen-
sitive to common mechanical perturbations such as wind blowing and hand touching
as a result of the stretchable kirigami-based substrate. The environmental perturba-
tions from temperature and humidity were also investigated. Using this sensor plat-
form, early detection of P. infestans infection (within 4 days of inoculation) and
abiotic stresses such as mechanical injury on different parts of tomato plants were
achieved by in situ monitoring of plant VOC emission in real-time fashion.

RESULTS

Selection of sensing materials and performance of thiourea@rGO sensors

A large number of conductive and durable nanomaterials have been employed as
flexible sensing materials.>® Carbon-based materials possess low density, excep-
tional optical transparency, and superior chemical or electrochemical stability, and
therefore are frequently selected as the sensing elements.'®*’~>? Among various
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carbon-based materials, graphene has a larger surface-area-to-volume ratio and
improved conductivity than other carbon nanomaterials such as carbon dots and car-
bon nanotubes. We tested four potential carbon substrates in response to 10 ppm
(E)-2-hexenal, a C6 GLV known as a VOC biomarker for late blight.18 All carbon nano-
materials were functionalized with 1,3-dis[3,5-bis(trifluoromethyl)phenyl]thiourea (or
thiourea for short), a chemical selector reported to form strong hydrogen bonds with
electronegative elements such as carbonyl oxygen (Figure 1B).>* Sensor elements
were placed in a three-dimensional (3D)-printed gas chamber (4 x 3 x 1.2 cm) for
sensing performance characterization using a three-way gas-mixing setup (Fig-
ure S2). We demonstrated that rGO showed the optimal and most reproducible
sensor responses compared with graphene oxide (GO) and single-walled or multi-
walled carbon nanotubes (SWCNTs or MWCNTSs, respectively; Figure S3). Trends
in the sensor response are consistent with the chemical and physical properties of
different carbon materials: compared with GO and MWCNTs, rGO and SWCNTs
have higher conductivity, larger surface areas, and less discrepancy in surface chem-
istry (higher product purity). As a comparison, pristine rGO without any surface func-
tionalization showed nearly no response to the gas analyte (Figure S4). This result
confirms that the specificity of the rGO sensors truly comes from the functional
chemical ligands and therefore reduces the possible interference from the rGO it-
self. The mass ratio between thiourea ligand and rGO (Mhiourea:MrGo) also affects
the sensing performance. We found that 16.7 wt % of thiourea in the thiourea@rGO
hybrids produced the largest signal response (Figure S5), which was used for all sub-
sequent studies.

We then examined the sensing performance of the thiourea@rGO sensor toward
four model plant VOCs, namely (E)-2-hexenal, 1-hexenal, methyl jasmonate, and
2-phenylethanol, which have been reported as potential VOC diagnostic markers
of P. infestans-infected tomato plants.'® The four model VOCs differ in multiple
physical and chemical properties such as polarity, hydrophilicity, and nucleophilicity
of particular atoms or functional groups, which reflects the complicated nature of
emitted plant VOC mixtures under different stresses. The thiourea@rGO sensor dis-
played a quick response within the first 20 s of exposure (i.e., >90% of equilibrated
response), and the positive electrical responses were totally reversible after purging
with Ny (Figure 2A). The electric resistance of thiourea@rGO sensor presented a
nearly linear dependence on VOC concentrations (Figure S6A), with a limit of detec-
tion (LOD) ranging from ~0.13 ppm to 1.4 ppm (Figure S6B). Compared with our
previously reported colorimetric sensor array,?* the LODs of the wearable VOC sen-
sors were improved by 2- to 10-fold for all tested VOCs except for (E)-2-hexenal
(Figure S6B).

Preparation and performance of AuUNP@rGO sensors

To enhance the chemical diversity of the sensor array, we also integrated
AuNP@rGO sensors based on halogen or hydrogen interactions with plant VOCs
(Figure 1B). Six probe molecules (Figure S1B), including four halothiophenols (ITP
[iodothiophenol], BPT [bromothiophenol], CTP [chlorothiophenol], and FTP [fluoro-
thiophenol]), a nitrothiophenol (NTP; hydrogen interaction), and a methoxythiophe-
nol (MTP; control) were first attached to the surface of AuNPs (Figure 1B), and then
mixed thoroughly with rGO substrates using the ball-milling technique. It has been
reported that halogen-bonding interactions can be formed between electropositive
aryl halide-based selectors and electron donors such as pyridine or pyrrole, which
induces negative changes in resistance as opposed to positive changes obtained
by the thiourea@rGO sensor.”® Since most plant VOCs are abundant in nitrogen-
or oxygen-containing functional groups, those hydrogen or halogen-bonding
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Figure 2. Reversibility of the chemiresistive rGO sensors

(A) Resistive responses of the thiourea@rGO sensors to four VOCs at 10-50 ppm range. Sensors
were exposed to each concentration for 1 min followed by N, purging over three cycles.

(B) Resistive responses of uncapped or different capped AuNP@rGO sensors to (E)-2-hexenal at
10-50 ppm concentration range. Sensors were exposed to each concentration for 1 min followed by
N, purging over three cycles.

mechanisms could possibly be applied for the recognition of multiple structurally
similar plant VOCs. The mixing ratio of AuNP@ligand with the rGO substrate again
has been optimized, which was determined to be 9.1 wt % of capped AuNPs for the
AuNP@rGO sensors (Figures S7A and S7B). Transmission electron microscopy
images of AuNP@rGO sensors with 1.8 wt % and 9.1 wt % of AuNPs are shown in Fig-
ures S7C and S7D, respectively, confirming the formation of AuNP@rGO nanohy-
brids. Taking advantage of the ultra-large surface area of AuNP-decorated rGO
nanosheets, sensitive but reversible electrical responses were achieved by the
AuNP@rGO sensors upon exposure to (E)-2-hexenal at the concentration range of
10-50 ppm (Figure 2B). The chemical diversity of different surface ligands anchored
on the AuUNP@rGO sensors offers the ideal cross-reactivity for the identification and
discrimination of different plant volatiles. Similar to the aforementioned thiour-
ea@rGO sensor, the signals of all AuNP@rGO sensors changed linearly as a function
of VOC concentration (Figure S7A), and the four most responsive sensor elements
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Figure 3. The sensor array patch and its mechanical stretchability

(A) Photographs of initial and stretched states of the wearable patch with contracted and extended
kirigami structure.

(B) Resistance and relative resistance changes (AR/Ry) of the sensor array patch with different
degrees of applied strain. The error bars represent the standard deviation.

(C) Top and angled views showing FEA simulations of the principal stress distribution on the patch.
Twenty percent strain was applied to simulate the deformation of the kirigami structure and
"islands” for sensors. Note that due to symmetry, only the left half of the patch was simulated.

(i.e., iodo-, bromo-, chloro-, and nitro-substituted thiophenols) showed the LODs in
the range of 0.17-3.9 ppm (Figure S8B). The sensing performance was quite compa-
rable when using air or N; as the purging gas, indicating applicability of the sensor
under normal ambient conditions (Figure S9).

Fabrication of an integrated wearable VOC sensor array patch

Next, we integrated rGO-based VOC sensors with soft silver nanowire (AgNW)
electrodes, and developed a wearable sensor array patch that can be readily
mounted on the plant leaf for real-time monitoring of plant VOCs (Figures 1
and 3). Due to their working principle, chemiresistive sensors are generally sensi-
tive to mechanical strain. For on-plant applications, it is essential to minimize
the sensor noise due to the mechanical strain induced by leaf vibration or growth.
Given that the amplitude of the VOC signals (AR/Ro) are within the range of 2%-8%
(Figure 2), our design goal is to maintain nonspecific sensor signals due to
mechanical perturbations below 0.2% in order to achieve a high signal-to-noise
ratio. Toward this end, a stretchable sensor substrate, a kirigami-based structure,
was adopted, which can effectively shield the sensors from the mechanical strain.
Among a variety of structural candidates for stretchable substrates, kirigami design
is widely employed in wearable devices. When stretched, out-of-plane deforma-
tion (e.g., lateral buckling) occurs on the kirigami plane, which effectively releases

the applied in-plane strain.®™*

Figure 3A shows the wearable sensor array patch that contains eight rGO sensors
on four rigid regions (“islands”) connected with the stretchable kirigami structures
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("bridges”), in the so-called island-bridge configuration (for details of sensor patch
fabrication, see experimental procedures). In this configuration, the active sensing
elements (functionalized rGO) were located on several separated and solid
“islands,” which protected the sensing materials from being deformed by the local
mechanical strain. In contrast, the “bridge” structure is fully stretchable and bend-
able in multiple directions, particularly along or vertical to the main leaf vein. The
sensor patch was made of a polyimide (PI) film. The kirigami structure was fabri-
cated by CO, laser scribing. The kirigami cuts were designed to accommodate
the uniaxial strain in the main leaf vein direction, where the strain may be intro-
duced by bending or growth of leaves. During stretching in the longitudinal direc-
tion (main leaf vein direction), the kirigami structure would absorb most of the
strain while the islands would take nearly zero strain. On the other hand, to release
strain in the transverse direction during the longitudinal stretching (so-called
Poisson’s effect), several kirigami gaps were introduced between the sensor
“islands” to reduce the bending effect. When stretching the sensor patch in the
main leaf vein direction, the gaps will shrink and prevent the active sensor areas
from compressing or decoupling from the leaf surface. Figure 3B shows the
average resistance and the resistance change (AR/Rp) of the eight fabricated sen-
sors as functions of the applied strain, which indicates the stability of the resistance
signal (i.e., £0.2% fluctuation) in the range of 0%-50% strain. Finite element anal-
ysis (FEA) was also carried out to elucidate the strain effect. Due to the symmetry,
only the left half of the patch was simulated. As shown in Figure 3C, with the lon-
gitudinal strain of 20%, the maximum local strain in the island region is 0.104%,
while in the kirigami structure it is 0.624%. This also showed that the out-of-plane
deformation (angled view) plays a key role in the reduction of local strains in the
kirigami structure (Figure 3C).

Apart from the mechanical perturbation, other environmental perturbations such as
the variations in temperature or humidity were also investigated (Figure S10). The
relationship of baseline rGO sensor signals (Ro) as a function of temperature and hu-
midity is shown in Figures STOA and S10B. With the increase of temperature, the
resistance of ITP-AuNP@rGO decreases linearly (Figure ST0A). The temperature co-
efficient of resistance (TCR) is estimated to be —6.16 x 1073/°C. TCRis calculated by
TCR = ﬁ %ﬁsm, where R(To) is the resistance at To (room temperature) and R(T)
is the resistance at T. On the other hand, the resistance of the same sensor increases
monotonously with the increase of relative humidity (Figure S10B). To further eval-
uate the VOC-sensing performance under different temperature (10°C, 25°C, and
40°C) and humidity (30%, 50%, and 80%) conditions, we tested the ITP-AuNP@rGO
sensor under exposure to 50 ppm hexenal. The cyclic responses of the VOC sensor
(alternate hexenal and N,) were recorded (Figures ST0C-S10F). As shown in Fig-
ure S10C, the baseline resistance values (Rp) of the sensor decreases as the temper-
ature increases, consistent with the results in Figure ST0A. The resistance change
(AR/Ro) increases slightly with increased temperature (Figure S10D), probably due
to the improved electron transfer at a higher temperature. In the humidity experi-
ment, the baseline resistance values (Rg) of the sensor increase as a function of
external humidity (Figure ST0E), which is consistent with the result in Figure S10B.
The resistance change (AR/Rp) of the sensor decreases slightly with the increase in
humidity (Figure ST10F). This may be due to the increased competitive binding be-
tween water and VOC molecules in a higher-humidity environment. These studies
suggested that although temperature and humidity do slightly interfere with VOC
detection, use of resistance change (AR/Ry) instead of absolute resistance (Ro) and
a precalibrated temperature and humidity function would greatly minimize such
interference.
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Figure 4. Photographs of sensor attachment on the tomato leaf

(A) Top view of the wearable sensor patch on the leaf.

(B) Side view of the sensor on the leaf.

(C) Zoom-in view of the interface between the sensor patch and the leaf.

The electrodes of the wearable sensor were made of AgQNW percolation network
because of its high electrical conductivity and mechanical flexibility/stretch-
ability.®>=*% Flexible interconnect ribbon cables were used to connect the sensor
array and the external electronics (Figure S11). A convenient feature is that the rib-
bon cables were also made of AgNWs, following the same fabrication method as
the AgNW electrodes in the sensor array. The cables were attached to the AgNW
electrodes using anisotropic conductive film tape (Figure ST1A). Figure S11B shows
a sensor patch with eight sensors and two interconnects, and Figure S11C shows the
sensor patch mounted on a living tomato plant. The imperceptible sensor patch was
attached to the upper surface of a leaf with the sensing materials facing the leaf (with
a spacing of ~0.6 mm), which corresponds to a gas chamber volume of ~<2 cm? be-
tween the wearable sensor and the leaf. As shown in Figure 4, a double-sided tape
(3M VHB) was used to mount the wearable sensor on the surface of the tomato
leaves. The tape is ~0.6 mm thick, which keeps a gap between the sensor substrate
and the leaf. Even when the leaf bends (as shown in Figure 4B), the gap is still large
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enough to isolate the active sensor materials from the leaf surface. Moreover, the
tiny hairs on the surface of the tomato leaves, which are trichomes of the tomato
leaves (Figure 4C), can also help keep a small distance and prevent direct contact
between the sensor and the leaf.

Figure S12 shows the strain insensitivity of the sensors (up to 20% strain) in both air
and Nj. The resistances of two types of sensors (ITP-AuNP@rGO and BTP-
AuNP@rGO) slightly fluctuated in air while remaining almost unchanged in pure
N, (Figure S12). The air was supplied by a compressed dry air system, and the N,
was supplied by an N gas tank. The sensor signals showed slightly more fluctuation
in the air, probably due to the trace amount of VOC contaminants in the air. Fig-
ure S13 illustrates the stability of the ITP-AuNP@rGO sensor over 1,600 loading-un-
loading cycles in air and N,. No noticeable resistance change was detected
throughout the test (Figure S13). These results clearly demonstrated the robustness
and stability of the wearable sensor array under mechanical loadings. Apart from the
mechanical stability, the lifetime of the sensor was also characterized by measuring
the cyclic response curves of the functionalized sensor on the first day of preparation
and after 90 days of shelf time (Figure S14). No obvious differences in sensor base-
line or sensor response pattern were observed before and after 90 days of storage in
air, which indicates the excellent stability of the sensor array (Figure S14).

Discrimination of individual plant VOCs

We then tested the wearable sensor array for the discrimination of a wide range of
common plant volatiles, including two characteristic late blight markers ((E)-2-hexe-
nal and 2-phenylethanol), four GLVs ((2)-3-hexenal, 1-hexenal, (E)-2-hexenol, and
(E)-2-hexenyl acetate), two phytohormones (methyl jasmonate and methyl salicy-
late), and five aromatics (benzaldehyde, 4-ethylguaiacol, 4-ethylphenol, indole,
and benzothiazole). All 13 VOCs were generated by the gas-mixing system at a con-
centration of 10 ppm (Figure S2). Figures 5A and 5B are the original sensor response
and heatmap representation of the sensor response, respectively. The results
demonstrated that an eight-channel VOC sensor array could produce a unique
response pattern upon exposure to each analyte within 1 min of exposure. A multi-
variate statistical approach, principal component analysis (PCA), was performed to
extract the dimensionality of the data library. Using the first three principal compo-
nents accounting for >95% of the total variance, we were able to distinguish all 13
plant VOCs at 10 ppm concentration from the control (N;) in 42 out of 43 trials in total
(Figure 5C). The overall classification accuracy is 97.6% (42/43). The discrimination
capability of the sensor patch is dependent on the number of active VOC sensor el-
ements included in the array. If with four sensor elements, the same group of plant
VOCs cannot all be classified by the sensor array (Figure S15).

Real-time profiling of VOCs on living tomato plants

The sensor patch was finally attached to live tomato plants to test its sensing perfor-
mance. The anti-disturbance properties of the sensor patch were evaluated by intro-
ducing different external perturbations to the subject plant, such as wind blowing
and mechanical touching or shaking (Figure 6). As shown in Figure 6A, the resistance
of the sensor fluctuated <0.5% in amplitude when a fan blew the subject plant with a
wind speed of ~1.5m s™" from 1 m away. The resistance change was likely due to the
shaking of the electric circuit (e.g., the ribbon cable). The resistance returned to
the initial value after the fan was turned off. The influence of mechanical vibration
of the subject leaf and stem on the sensor signals was also investigated. Figure 6B
shows that gentle touching of the leaf would not change the resistance of the sensor
patch (gray zone), while shaking the stem introduced a very small oscillation to the
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Figure 5. Multiplexed detection and analysis of plant VOCs

(A) Responses of eight chemiresistive sensors upon exposure to 13 plant VOCs at 10 ppm plus the
N3 control. The eight sensors are ITP-AuNP@rGO (#1), BTP-AuNP@rGO (#2), CTP-AuNP@rGO (#3),
FTP-AuNP@rGO (#4), NTP-AuNP@rGO (#5), MTP-AuNP@rGO (#6), AuNP@rGO (#7), and
thiourea@rGO (#8). The abbreviations for different ligands are as follows: ITP, 4-iodothiophenol;
BTP, 4-bromothiophenol; CTP, 4-chlorothiophenol; FTP, 4-fluorothiophenol; NTP, 4-
nitrothiophenol; MTP, 4-methoxythiophenol.The error bars represent the standard deviation.

(B) Heatmap of the eight-channel sensor response toward 13 plant VOCs and N, control.

(C) The corresponding PCA plot.

resistance signal (green zone). These results suggested that the wearable sensor sys-
tem is reliable and robust under a variety of external disturbing loads.

The wearable sensor patch was then tested to monitor abiotic stresses of tomato
plants induced by mechanical cutting at different locations (Figure 7). Figure 7Aillus-
trates the cutting locations: either at the stem (red dashed box in Figures 7A and 7B)
or at the leaf underneath the sensor (yellow dashed box in Figures 7A and 7C). Fig-
ures 7B and 7C are the magnified pictures showing the cuts from the backside of the
leaf with a sensor patch on the top side. For the stem cut, Figure 7D shows that the
resistances increased slowly within the first 12 h after cutting and then reached a
plateau. In the case of the leaf cut that was directly underneath the sensor patch,
there was an instant increase in resistance in response to the cut (within the first 1
h), and the sensor signals gradually became steady after a few hours. This may be
due to the immediate emission of a large amount of VOCs induced by the mechan-
ical damage to the leaf. In contrast, the stem cut seemed to induce a much slower
VOC-emission rate, and also the location of the stem cut is far away from the sensor
patch, both of which might contribute to the minor response of sensor signals.

Finally, a wearable sensor array was applied to monitor the biotic stresses of tomato
plants induced by the infection of P. infestans in real time (Figure 8). The sensor array
consisting of multiple AUNP@rGO sensors was attached to healthy tomato plants
that were grown in a growth chamber to provide a controlled temperature and
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Figure 6. Anti-perturbation properties of the wearable sensor on living tomato plants
Sensor resistance response curves due to (A) wind disturbance at ~1.5m s speed and (B) touch
disturbance on the leaf or stem.

humidity environment for the experiments (Figure 8A). After 15 h of recording, when
the VOC response was in its steady state, inoculation of P. infestans was performed
by spraying the whole plant with P. infestans sporangia suspensions (~5,000
sporangia mL™"). As shown in Figure 8B, the sensor response was stable for the first
15 h. After the inoculation of P. infestans, small fluctuations of the sensor signals
were observed in the first ~35 h. A more significant signal increase was observed
starting at ~90 h (within 4 days) after inoculation, which is attributed to the release
of characteristic VOC molecules due to the propagation of P. infestans infection. It is
worth mentioning that two watering events at 10 h and 50 h after inoculation did not
introduce significant signal interference to the sensors. At ~115 h after inoculation,
some circular gray spots and water-soaked lesions were visible on the leaves. At this
time, the sensor signals gradually reached a plateau, indicating that the VOC-emis-
sion profile of the tomato leaf was completely changed by the infection of P. infes-
tans, and a new equilibrium was reached (Figure 8B). These results confirm the ability
of the developed sensor array to capture plant disease infection at the early stage
(e.g., within 4 days post inoculation) by continuous multiplexed VOC profiling.

DISCUSSION

In recent decades, array-based sensors such as electronic noses have shown a
wide range of applications especially in environmental, agricultural, and food
analysis.®”””" Pattern recognition is widely used in the analysis of the multidimen-
sional data matrices for identification and discrimination of single targets or analyte
mixtures. Compared with other gas-detection methods such as conventional GC-
MS, array-based gas sensors are inexpensive, portable, easy to deploy, and there-
fore well suited for field applications.

However, only few sensor technologies (including e-noses) intended for agricultural
applications are capable of performing real-time monitoring of physiological states

44,72

of plants, with the majority not satisfying the demand for continuous and long-

term testing in the field. The recently developed plant-wearable sensors, on the
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Figure 7. Real-time monitoring of abiotic plant stresses due to mechanical damage

(A) Photograph of the location of the wearable sensor (yellow dashed box) and two mechanical-damage sites.
(B and C) Zoomed-in photographs of the mechanical cut on the stem (B) and leaf (C), respectively.

(D) Real-time response curves of a 5-channel sensor array after mechanical cut on the stem.

(E) Response curves of the 5-channel sensor array after mechanical cut on the leaf.

other hand, are limited by their sensing capability only to environmental or mechan-
ical parameters, such as humidity, temperature, light, and growth rate.*?4748 |n
contrast, the demonstrated wearable plant sensor is this work is able to track
more biologically relevant markers such as plant VOCs for the first time to better
decode plant stresses. This new wearable VOC sensor patch employs chemically
specific and nanoscale sensing elements consisting of cross-reactive rGO-based
gas sensors, which greatly enhanced the detection sensitivity, multiplexity, and
chemical specificity. We systematically characterized the response of the individual
rGO sensors (Figure 2), the performance of the sensor array as a whole (Figure 5),
their mechanical stability (Figures S12 and S13), and anti-inference properties
when mounted on living plants (Figure 6). While temperature and humidity may
potentially influence the VOC signals, the interference can be minimized by using
the ratiometric signal (AR/Ry) instead of absolute resistance response (Ry) and imple-
menting a precalibrated function for temperature and humidity (Figure S10). We
further demonstrated that the wearable sensor array is accurate, specific, and repro-
ducible in predicting relative VOC emissions generated from several types of biotic
or abiotic stresses, including P. infestans infection and mechanical cutting (Figures 7
and 8), which proves its utility as a new alternative to other available sensor tech-
niques for in-field and on-plant identification of unhealthy plants.

The main innovation of this work lies in two aspects. First, we bring VOC-sensing
capability to a plant-wearable sensor, for the first time, by using a wide range of
chemiresistive-based sensing materials modified with different functional chemical
ligands to achieve desired chemical sensitivity and specificity. The chemical ligands
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Figure 8. Real-time monitoring of biotic plant stresses due to pathogen infection
(A) Photographs of wearable sensor array patch attached to the tomato leaf.
(B) Real-time response curves of the sensor array in response to the inoculation of P. infestans.

on the surface of rGO sensor substrates consist of a thiourea compound and
different para-substituted, thiophenol-capped AuNPs (bearing -I, -Br, -Cl, and -F
groups) as selective chemical receptors that can detect leafy ketones and aldehydes,
respectively. The two groups of ligands also represent two different reversible inter-
actions with leaf VOCs, namely hydrogen interaction and halogen interaction. We>*
and other groups'’"? have previously found that the emission level of aldehydes
(e.g., 1-hexanal, (E)-2-hexanal, and (2)-3-hexanal) was frequently elevated for
stressed tomato plants (either pathogen infection or mechanical damage). As
such, the wearable VOC sensor array is rationally designed to have desired chemical
ligands to detect those stress VOC makers. Two additional chemical ligands (NTP
and MTP) were also included in the sensor array as internal controls to
halothiophenols.

Second, we have designed a unique stretchable substrate comprising a kirigami
structure and soft AgNW electrodes to mitigate strain interface to the VOC sensors.
Several strategies such as kirigami cuts, “island-bridge” design, and flexible inter-
connect ribbon cables were adapted to ensure its signal insensitivity and stability
against external perturbations that could occur during field deployment, e.g.,
wind blowing, mechanical touching, or the strain induced by the leaf growth itself.

Although graphene-based sensors have been extensively studied in human health
monitoring,”*’* their potential applications in agriculture have rarely been
explored. The active sensing ligands (e.g., thiourea or functionalized AuNPs) used
in this research are immobilized on the highly conductive rGO surface layer and
packaged in a stretchable polymeric matrix, whose electrical signals can be easily re-
corded and quantified by a low-cost digital multimeter, or a multichannel front-end
electronic circuit with wireless communication that is currently under development.

The detection specificity of chemiresistive gas sensors was achieved by diversifying
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functional groups anchored on the surface of rGO or AuNPs. The concept of nano-
particle-enhanced gas sensing that can provide ultra-sensitivity and chemical spec-
ificity has been well established in our latest studies.®* In this work, the AuNPs enable
the introduction of ultra-large surface area and versatile surface functionalities to
probe extensively their hydrogen- or halogen-bonding interactions with a broad
range of gaseous targets that are particularly rich in oxygen- or nitrogen-containing
functional groups.

Conclusion

In conclusion, we have developed a field-deployable wearable sensor platform that
can be attached to plant leaves for noninvasive, continuous monitoring of VOCs
arising from common plant stresses, including pathogen infection and abiotic
stresses. The multiplexed chemical sensor array is built upon functionalized chemir-
esistive nanomaterials to target various plant volatile markers with the detection
limit down to low-ppm or sub-ppm levels. With only eight sensing elements, the
sensor array has already demonstrated its remarkable performance in simultaneous
detection and classification of 13 individual plant volatiles. By integrating the rGO
sensors with soft AQNW electrodes using the stretchable island-bridge configura-
tion and kirigami structures, real-time monitoring and forecast of tomato late blight
were achieved as early as 4 days post inoculation. Moreover, the integrated sensor
platform can indicate abiotic stresses such as physical damage in a much faster
fashion (within 1 h) by detecting continuously the VOC emissions from the damaged
plant tissue. The rGO sensors do respond to humidity and temperature slightly,
which requires a careful calibration step to minimize the environmental interference.
Nevertheless, given the unprecedented chemical sensitivity, specificity, portability
(~0.7 g per sensor patch), and cost-effectiveness (estimated cost $1.1 per patch),
this integrated chemiresistive gas sensor platform could be a powerful alternative
to other diagnostic tools available for long-term monitoring of plant health in the
field.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Qingshan Wei (qwei3@ncsu.edu).

Materials availability
All unique/stable reagents generated in this study are available from the lead con-
tact with a completed Materials Transfer Agreement.

Data and code availability
The datasets supporting the current study have not been deposited in a public re-
pository but are available from the corresponding author on request.

Materials and reagents

All reagents and materials were analytical-reagent grade and used without further
purification. GO, rGO, SWCNTs, MWCNTs, and tested plant VOCs generated
from solvents including (E)-2-hexenal, 2-phenylethanol, (2)-3-hexenal, 1-hexenal,
(E)-2-hexenol, (E)-2-hexenyl acetate, methyl jasmonate, methyl salicylate, benzalde-
hyde, 4-ethylguaiacol, 4-ethylphenol, and benzothiazole were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Polyimide resin was purchased from Fujifilm
(Valhalla, NY, USA). Ag nanowires were synthesized by a modified polyol method,”®
and the produced Ag nanowires were suspended in ethanol for further use.
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Preparation of the rGO-Based sensors

Two types of rGO-based sensors were prepared, namely thiourea@rGO sensors and
AuNP@rGO sensors. In brief, AUNP was synthesized by a traditional sodium citrate
reduction method.”® Two hundred microliters of 1 pM ligand solutions were added
to AuNPs, making a total solution volume of 2 mL. The reaction between AuNPs and
chemical ligands was continued for 8 h at room temperature with mild stirring before
centrifugation and collection of the final product. Before measuring the UV-visible
spectrum, ligand-capped AuNP was dispersed in Milli-Q water. For preparation of
AuNP@rGO sensors, rGO was mixed with functionalized AuNPs at different mass ra-
tios. For thiourea@rGO-based sensors, thiourea was directly added to rGO at
different mass ratios.

Fabrication of the wearable sensor patch

The fabrication of a chemiresistive sensor patch started with patterning Ag nanowire
electrodes on glass slides. A hard mask was adhered onto the glass slide and
patterned by a laser cutter (VLS6.60; Universal Laser Systems). Next, the Ag nano-
wire solution was drop-cast onto the mask and dried under vacuum. Polyimide resin
was subsequently spin-coated on the Ag nanowire electrodes and cured under
ambient conditions. Laser cutting was used again for patterning the kirigami struc-
ture of the patch. The fabricated thin-film platform was then inverted and the
electrodes exposed upward. Finally, ~20 mg of the as-prepared AuNP@rGO or thi-
ourea@rGO sensing materials were drop-cast between the paired electrodes and
dried thoroughly under vacuum prior to gas measurement. The size of the entire
sensor patch is 12 mm x 30 mm. Each of the four sensor islands is 5.7 mm X
5.2 mm in size. The gap that separates each two sensor islands is 1.6 mm wide in
the transverse direction. The size of each Ag nanowire electrode is 0.8 mm X
4 mm, and the spacing between each pair of electrodes for loading sensor elements
is 0.5 mm.

Gas-sensing studies

The chemiresistive sensor array was placed in a 3D-printed gas chamber (5 X 4 x
2.5 cm) for laboratory gas-sensing experiments (Figures S2A-S2C); resistance
change of the tested electrode loaded with certain sensing material was monitored
by a digital multimeter (Agilent 34465; Keysight) and recorded by the software
BenchVue 2018. VOC vapor was generated by bubbling N, through the VOC liquid.
Using both air and N, as purging gas resulted in similar and repeatable sensor re-
sponses (Figure S16). Gas mixtures were prepared according to previous methods
as shown in Figure S2D. In brief, mass flow controllers (MKS) were used to obtain
gas streams with the desired concentration (10-50 ppm), total flow rate
(500 scem), and humidity (50% relative humidity) by mixing the proper portion of
saturated vapor of the liquid analyte with dry (0% relative humidity) and wet
(100% relative humidity) nitrogen gas. The sensor arrays were exposed to VOC vapor
at fixed concentration for 1 min, followed by pure N, purging for another 1 min for
baseline recovery; alternate exposure to the analyte and the control was repeated
for three cycles.

Data processing and principal component analysis

The resistance response was normalized as AR/Ry. AR and Ry are the resistance
change under the exposure to VOCs and the baseline resistance under N stream,
respectively. PCA was calculated from the data matrix, in which the columns were
the amplitudes from each sensing element and the rows represented different
VOC targets. Measurements of each VOC were repeated in triplicate.
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Living plant monitoring and inoculation of plant leaves

Real-time recording of resistive changes of multiple electrodes on the sensor array
patch fixed on plant leaves was monitored by a multichannel digital multimeter
(DAQ970A,; Keysight). Infected tomato plants were collected from Dr. Jean Ristai-
no’s lab in the Department of Entomology and Plant Pathology, North Carolina State
University. These plants were inoculated using a US-23 genotype of P. infestans
(isolate NC 14-1). Tomato seedlings were purchased from a local supermarket and
cultivated at room temperature (25°C + 2°C) under ~13 h of light per day. One milli-
liter of deionized water was sprayed on the abaxial side of the vertically placed
leaves to collect P. infestans sporangia. The runoff liquid from the leaves contains
sporangia of P. infestans, which was collected in a beaker. A hemocytometer
(Hausser Scientific) was used to measure the number of sporangia per milliliter of
collected solution. Living plants were inoculated by spraying 2 mL of P. infestans
sporangia suspensions (~5,000 sporangia mL™") onto the leaves.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2021.06.009.
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