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Sustainable agricultural practices are vital to meet the needs of a rapidly growing global demand for food.
Monitoring plant health is crucial for enhancing crop yields. Salicylic acid (SA) is a plant hormone that plays
a key role in the defense mechanisms plants employ against various stress factors. Changes in SA levels
serve as an indicator that a plant is experiencing stress. Here, we present a low-cost electrochemical
sensor fabricated using porous laser-induced graphene material for the measurement of plant stress. It
employs square wave voltammetry to monitor SA levels using a wireless potentiostat. The sensor shows a
high sensitivity of 144.28 uA mM™ to SA, with a linear detection range of 6.6 uM to 200 pM and a limit of
detection of 1.44 uM. The surface of the working electrode was modified with Nafion to enable continuous
in situ stress monitoring. The sensor's practicality has been demonstrated through real-time stress
monitoring in aloe vera and philodendron hederaceum plant species.
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levels typically lead to cell death due to the overproduction of
reactive oxygen species (ROS).° Therefore, developing an
efficient detection methodology for SA levels is crucial to

1 Introduction

The need for sustainable agricultural practices is crucial to
increase crop yields and fulfill the requirements of a rapidly
expanding global population. Projections forecast a 100-110%
increase in global food demand from 2005 to 2050."?
However, farmers are confronted with numerous challenges,

including crop vulnerability, extreme temperatures, soil - N

degradation, and drought, which are anticipated to escalate ) - o

due to global warming. Safeguarding the health of plants "

contributes to climate change adaptation, effective IJ_L,

management of drought and water resources, and the

enhancement of crop yields (Fig. 1). gazmit laiieied
Salicylic acid (2-hydroxybenzoic acid®) is a phenolic ——

phytohormone that is involved in plants' defense mechanism
against biotic stresses, including various pathogens and
abiotic stresses, such as UV-B (ultraviolet B), salt and
osmotic, drought, heat, cold, and metal stresses. It also plays
a role in stress-influenced developmental transitions,
including processes such as flowering, tuberization, and
senescence.”™® Salicylic acid (SA) levels exceed 1 pg g™* fresh
weight in plants such as rice, green foxtail, crabgrass, barley,
and soybean.” An extremely low or high level of SA increases
plant vulnerability to stresses. These excessively high or low
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electrochemical analyzer of foliage stress). LEAFS can measure SA in
blended leaf mixture or can be inserted directly in the plant leaf or
stem for continuous monitoring. Abiotic stresses negatively impact the
plant and alter the physiological concentration of SA, which can be
detected using the LEAFS platform.
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safeguard plant health. Given that SA levels differ from one
plant to another, frequent testing to detect changes in SA
levels is the best way to detect plant stress.

Traditionally, the detection and quantification of salicylic
acid have been accomplished through methods such as
liquid  chromatography,®'® gas  chromatography,''?
colorimetry,”**® and electrokinetic ~chromatography.’
Although they have good reliability, these techniques often
require large equipment, complicated sample preparation,
and can be time-consuming. The challenges related to these
methods, including sensitivity to interference, limitations in
sensitivity, and the need for specialized knowledge, also have
driven for alternative methods, like electrochemistry.'*>°

Electrochemical analysis offers high sensitivity and
selectivity,”>* ensuring accurate detection from complex
plant matrices. Additionally, the rapidity of electrochemical
reactions enables fast detection,®® and their cost-
effectiveness, coupled with portability, also makes them
particularly attractive. For SA detection in plants,>*° the
value of electrochemical methods is further highlighted. They
can effectively detect SA, among numerous other compounds
in the plant samples, combined with environmental-friendly
testing protocols, marking a significant advancement.”®*%?
Low cost and scalable production is a critical factor for
realistic applications of electrochemical SA sensors in smart
agriculture. Prior electrochemical SA sensors either required
complicated and expensive patterning and multi-step
fabrication processes, or designed sensors that still require
expensive external electrodes for measurement, making them
unfit for large scale measurements in the field.***°

Laser engraving is a scalable and sustainable method to
produce graphene. Since its discovery in 2004, graphene has
earned considerable attention across diverse scientific fields
due to its exceptional physical and chemical properties.*®
Graphene exhibits a wide array of applications in various
domains, including electronics,®”  catalysis,*® energy
storage,” and electrochemical sensors.**** In 2014, Lin
et al. introduced a novel approach by employing a CO, laser
to synthesize Laser-Induced Graphene (LIG).** The LIG
method leverages direct laser writing to induce the
transformation of sp® carbons into sp? carbons through a
photothermal reaction. In comparison to conventional
graphene fabrication methods, such as chemical vapor
deposition (CVD), LIG fabrication offers distinct advantages,
including rapid production, cost-effectiveness, and
eliminating the need for high-temperature equipment.
Moreover, LIG stands out as a promising candidate for new-
generation sustainable materials due to its cost-effective
production and minimal environmental impact. These align
with the key principles of material sustainability, which
prioritize resource-efficient processes and the consideration
of factors such as energy demand, environmental effects,
and economic viability.* Notably, LIG's energy
requirements, compared with the energy-intensive CVD for
graphene production, contribute to a more sustainable
approach for manufacturing this material.*®

low

© 2024 The Author(s). Published by the Royal Society of Chemistry
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This study introduces the first in-field SA graphene sensor
capable of monitoring SA levels in plants. The sensor costs
less than US$0.5 and requires less than 100 pL of sample for
rapid measurement (less than 2 minutes) of SA. We have also
developed a flexible thin film sensor that can be implanted
in the leaf or stem for continuous monitoring of SA. The LIG-
based sensor developed, with all non-toxic materials, in this
work exhibited exceptional sensitivity and selectivity to SA
within a complex mixture of plant leaf homogenate. The in
situ measurements conducted on live plants demonstrate the
capability of the sensor for real-time monitoring of plant
stress with minimal user intervention. This work paves the
way for creating accessible tools for frequent and continuous
plant health monitoring, and achieving a more sustainable
precision agriculture.

2 Experimental
2.1 Materials and reagents

Salicylic acid (2-hydroxybenzoic acid, 99.0%), sodium
hydroxide (NaOH, 97.0%), potassium chloride (KCl, 99.0%),
sodium chloride (NaCl, 99.0%), and solution were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Boric acid (99.5%),
acetic acid (99.7%), and phosphoric acid (85.0%) were
purchased from VWR (Radnor, PA, USA). Silver/silver chloride
Ink (AGCL-1134) was purchased from Kayaku Advanced
Materials (Westborough, MA, USA). Electrical-grade Kapton®
Polyimide Film (12" x 12" x 0.005") was acquired from
McMaster-Carr, USA. Deionized water (resistivity of 18.20 MQ
em™) was used to prepare the solutions. Philodendron
hederaceum (Philodendron brasil) and Aloe barbadensis miller
(Aloe vera) plants were purchased from Home Depot
(Glendale, CA), and wused for validation of sensor
performance.

2.2 Electrode fabrication

The Kapton polyimide film was washed with acetone,
isopropyl alcohol, and DI (deionized) water, and placed in an
oven for 5 minutes at 90 °C to dry. Then, it was loaded into
the laser engraver machine (VLS2.30, Universal Laser Systems
Inc.). The laser system is equipped with a 30 W laser source
operating at a 9.3 um wavelength. The electrode pattern,
designed by Adobe Illustrator (Adobe, Inc.), was engraved on
the PI film in raster mode. After this, the electrodes were
again cleaned with DI water and dried in the oven at 90 °C
for an additional 5 minutes. A Kapton tape was used to
define the surface area of the working electrode. The
reference electrode was formed by applying the Ag/AgCl ink
over the laser engraved pattern. Finally, the electrodes were
cut, and two different sides were attached to each other using
a double-sided tape. For reusable electrodes intended for in-
plant measurements, a 5 puL volume of a 0.25% v/v Nafion
solution diluted in DI water was applied via drop-casting
onto the working electrode. Because of the hydrophobic
nature of the PI film surface, the solution applied does not
spread beyond the working electrode region. The electrode
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A. Laser engraving

B. Applying the reference
electrode ink and kapton tape
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C. Cutting and attaching
both sides

Fig. 2 A. Laser engraving the electrode pattern on the PI film. B. Applying a Kapton tape to define the surface area and the Ag/AgCl ink for the
reference electrode. C. Cutting and attaching both sides of the electrode together.

was placed into a vacuum chamber and dried at room
temperature for one hour (Fig. 2).

2.3 Electrochemical tests

Cyclic voltammetry (CV) and square-wave voltammetry (SWV)
tests were carried out using CHI 760E (CH Instruments, TX,
USA). Sensit BT (PalmSens BV, Utrecht, Netherlands) was
used for wireless in-plant measurements. For electrochemical
characterization and calculation of effective surface area, CVs
were measured in 100 pL of an electrolytic solution of 2 mM
[Fe(CN)]* ™ and 100 mM KCI at a scan rate between 20 and
100 mV s™'. SWV was used to detect SA in buffer and
solutions of blended plant leaves. SWVs were carried out at a
frequency of 4 Hz, 4 mV step potential, and 25 mV
amplitude. SWV is a highly sensitive electrochemical
technique since it minimizes the effect of capacitive current
by sampling the current after a pulse in a forward and reverse
path. Britton-Robinson pH buffers with ionic strength of 0.1
M were prepared according to Mongay, et al.*® Briefly, we
mixed the theoretically calculated amounts of sodium
hydroxide, acetic, phosphoric, and boric acids and then
adjusted the ionic strength by adding potassium chloride.
Each pH value was calculated theoretically, and then
measured using Orion Star™A211 Benchtop pH Meter
(Thermo Scientific Inc.). The salicylic acid solution was
prepared fresh in DI water with a concentration of 2.0 mM
for the purpose of spiking the buffer solution. Every test is
conducted using a minimum of three different electrodes,
and the reported results are the average value along with the
corresponding standard deviation.

2.4 Background correction algorithm

Background current in voltammetry is an unwanted and
unreproducible signal component that depends on electrode
type, sample composition, impurities, and experimental

402 | Sens. Diagn., 2024, 3, 400-411

conditions.”” Baseline correction and background removal

are important to achieve better accuracy, selectivity,
reproducibility, and signal-to-noise ratio in the performance
of voltammetric sensors.*®* Here, we removed the
background current by fitting a polynomial baseline
between 0.8 and 1.1 V using pybaselines, which is an open-
source python library for the baseline correction of
experimental data.”® The fitted baseline was subtracted from
the experimental data and the peak current of the obtained
signal was recorded as a response to the SA concentration.
Additionally, the raw data for SWV responses in the
optimization process are reported in the Fig. S1 in the ESL}
This is done to illustrate the SWV response before
background subtraction. SciPy, another open-source python
library, has been used for processing the data.”®

2.5 Electrode characterization

Scanning electron microscopy (SEM) imaging was conducted
using FEI Nova NanoSEM 450 (FEI, OR, USA). Energy
dispersive X-ray spectroscopy (EDX) characterization was
obtained using Oxford UltimMax 170 Silicon Drift Detector
(Oxford instrument, UK). Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS) characterization were
performed using the Horiba XploRA Raman Microscope
System (Horiba, Japan) and Kratos Axis Ultra DLD (Kratos
Analytical, UK), respectively. Sheet resistivity —and
hydrophobicity measurements were conducted using a Four-
Point Probe and Contact Angle Goniometer (Ossila Ltd,
Sheffield, England).

3 Results and discussion
3.1 Overview of LEAFS

LEAFS (low-cost electrochemical analyzer of foliage stress) is
a portable sensor that can measure the concentration of SA
in plants on-site. This measurement provides information on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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plant resilience and environmental stresses on the plant, and
enable rapid onsite data collection and frequent monitoring
of plant state. Such information can be valuable for
sustainable agriculture and quantification of best practices to
care for crops.

LEAFS contains three electrodes that are laser engraved on
a polyimide (PI) sheet. Applying a voltage to the working
electrode causes oxidation of SA, and an electrical current
that is proportional to the SA concentration. Square wave
voltammetry (SWV) is utilized for quantification due to its
high sensitivity and low limit of detection. The electrode is
connected to a commercial wireless potentiostat for
electrochemical readout, where the results are sent to an App
for visualization and storage. LEAFS can be utilized in the
field in two different ways: (1) A fresh leaf is harvested from
the plant and blended with the provided buffer (Britton-
Robinson buffer of pH 2.4) to create a homogenate (1:5 w/w
ratio of leaf to buffer). This solution is directly added over
the working area of LEAFS, and SA is measured. (2) For
continuous monitoring in thicker leaves and stems, the
sensor can be inserted into the leaf or stem of the plant
through a small manual incision. We demonstrate
continuous measurements of SA in an Aloe vera plant.

3.2 Fabrication of LEAFS

The fabrication of laser-induced graphene (LIG) electrodes
requires optimization of engraving parameters and
conditions to achieve carbon with high conductivity and
electrocatalytic activity. These parameters include the focus
distance (the distance between the laser focal point and the
PI film), image density, power (as a percentage of the
maximum laser power), and traveling speed (as a percentage
of the maximum speed) of the laser source. We began by
optimizing the focus distance and image density while
keeping the speed and power constant to achieve the desired
conductivity. We increased the distance between the laser
focal point and the PI film to strike the substrate with an
out-of-focus laser beam. Sheet resistivity is measured for
distances ranging from 6.6 mm to 8.6 mm by four-point
probe measurement. As depicted in Fig. 3A, altering the focus
distance does not significantly affect the sheet resistivity. For
electrodes engraved with a focus distance lower than 6.6 mm,
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Fig. 3 A. The effect of focus distance (the x-axis is the distance between
the laser source and PI film) on the LIG sheet resistivity. B. The effect of
image density (vertical resolution) on the LIG sheet resistivity.
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the PI film was partially burned, and the carbon material
created during the process became separated from it.
Additionally, when printing using a lower focus distance, we
experienced an enhanced attachment between LIG material
and the PI film. In other words, the carbon material did not
detach easily from the substrate under multiple intense
bending and twisting cycles. Image density was adjusted
from the lowest value (level 1) to its highest value (level 7).
Fig. 3B illustrates that as long as sufficiently high values were
selected for the image density (higher than 5), the
conductivity remained relatively constant. As a result, we
selected the highest possible value for image density, and 6.6
mm for the focus distance.

Beyond achieving high conductivity for the engraved
electrodes, we aimed to optimize the engraving parameters
for obtaining high electrocatalytic activity for the oxidation of
SA at the LIG surface. Therefore, we fine-tuned various power
and speed settings to achieve the highest peak current value
and sharpest peak in SWV of SA. To optimize these
parameters, we considered the sheet resistivity of the
electrodes, the peak height value of the SA signal, and the
ratio of the peak height to the half-peak width as a measure
of peak sharpness.”*

We changed the power within the range of 6% to 10%
and the speed from 16% to 24%. The square wave
voltammograms (SWVs) were recorded in a 200 uM SA
solution in a Britton-Robinson buffer with a pH of 2.4,
using three electrodes for each set of parameters. Any
parameter combinations located above the diagonal line in
the matrix were found to be overly powerful, leading to
partial burning of the PI film and detachment of the carbon
material from it. Fig. 4 displays the SWvVs for different
engraving conditions. The SA peak height values are
presented in Fig. 4A, where SWV of 200 pM SA is measured
in a Britton-Robinson buffer of pH 2.4. Fig. 4B reports the
values for peak height to the half-peak width ratios (100 pA
mV'); A higher ratio serves as an indicator of a sharper
peak, that could lead to higher resolution, and enhanced
selectivity.”> A green-red color gradient is used to highlight
the values, in which green indicates a higher peak value
and a larger peak to half-peak width ratio. The sheet
resistivity is also presented for each set of parameters in
Fig. 4C. As long as the sheet resistivity is sufficiently low to
ensure adequate conductivity, it meets our requirements. All
data are an average of three independent electrode
fabricated under the same condition. Collectively, using 8%
for power (2.4 W), and 20% for travel speed yielded the best
performance.

Another condition we can control during the laser
engraving process is the gaseous environment during the
high temperature carbonization. To ensure a clean
environment is maintained during engraving, we direct gas
flow onto the point of contact between the PI film and the
laser beam (referred to as the air assist). In addition, the laser
chamber is connected to a vacuum suction pump to
continuously refresh the air in the chamber. We investigated

Sens. Diagn., 2024, 3, 400-411 | 403
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Fig. 4 The SWV of 200 uM SA solution in Britton-Robinson buffer of pH 2.4 using LIG electrodes engraved with different parameters. The raw
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three different conditions: (1) directing a stream of argon
during engraving, (2) directing a stream of compressed air
during engraving, and (3) engraving without any air assist.
Increasing the content of the oxygen in the lasing chamber
makes the surface of the electrodes more hydrophilic.”* As a
result, we anticipate to see a more hydrophilic surface when
using compressed air. Conversely, by using argon, a decrease
in the oxygen content in the chamber resulted in a
considerably more hydrophobic surface. A hydrophilic
surface can accelerate the rate of electron transfer between
the solution and electrode material. Therefore, hydrophilicity
is advantageous in voltammetric tests.”® Contact angle
measurement was conducted on electrodes fabricated under
these three conditions. Fig. 5A-C display the water contact
angle on LIG electrodes engraved using no air assist,
compressed air, and argon. The contact angle is 16° + 2°, 40°
+ 2° and 97° + 7°, respectively. As expected, using
compressed air turns the surface of the electrode to be more
hydrophilic, whereas using argon makes it hydrophobic.
Using air assist with compressed air created a more
hydrophilic surface compared to electrodes engraved without
any air assist. We therefore used compressed air for
fabrication of the electrodes discussed in the next sections.

404 | Sens. Diagn., 2024, 3, 400-41
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3.3 Electrode characterization

We utilized scanning electron microscopy (SEM) to
characterize the surface topography and cross-sectional
thickness of the generated graphitic architecture. Fig. 6A
illustrates the formation of a groove-like structure, featuring
3D interconnected, multi-sized pores resulting from the
release of gaseous byproducts during the laser engraving
process. The highly porous structure and the abundance of
edge sites significantly enhance the surface area and electron
transfer kinetics through the electrode surface. Consequently,
these factors markedly improve the sensitivity and detection
limit of LIG-based electrochemical sensors. The cross-
sectional image in Fig. 6B indicates the formation of a 3D
multilayered carbon structure with a consistent thickness of
50 um atop the PI film. Energy-dispersive X-ray spectroscopy
(EDX) was employed to analyze the elemental composition of
the produced LIG. As shown in Fig. 6C, the EDX spectrum
demonstrated a carbon content percentage of 100% on the
LIG surface, with no detectable amounts of oxygen and
nitrogen contents. This observation indicates the significant
carbonization of the PI film using laser treatment.
Furthermore, we employed Raman spectroscopy to
investigate the quality of the produced carbon materials. The
Raman spectrum in Fig. 6D exhibits three distinctive peaks
characteristic of multilayered graphene. The G peak, at 1583
em™, represents the sp> hybridization state of carbon atoms
in graphene. The D peak, at 1354 cm ™", signifies the existence
of defects and disorders within the graphene lattice, which
result from bent and/or broken bonds. The peak at 2697
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em™ features the two-phonon process in graphene.’”*® The
ratio I,p/l; obtained here is approximately 0.55, indicating
the presence of about 4-5 graphene layers on the surface of
the laser-engraved area.”” Additionally, the Ip/lg ratio
suggests a relatively low degree of disorders and attests to the
high quality of the produced graphene structure.

The chemical state and composition of the LIG structure
were investigated using the XPS technique (X-ray
photoelectron spectroscopy). The survey XPS spectrum
(Fig. 6E) revealed distinct peaks corresponding to carbon (C
1s) and oxygen (O 1s) at binding energy values of 284.3 eV
and 532.7 eV, respectively. The obtained carbon-to-oxygen
ratio is approximately 10.21:1, reflecting the high purity of
the induced graphene. We employed the casaXPS software to
deconvolute the C 1s peak into individual component peaks
to identify the chemical states of the produced carbon. As
depicted in Fig. 6F, the sharp, intense peak at 284.3 eV
corresponds to the sp® hybridization within the graphene
structure, while a smaller peak at 284.6 eV represents C-C
bonds. The broader peaks at 285.5 and 289.3 eV are assigned
to C-O and C=0, respectively.”®>® The mismatch in oxygen
content between XPS and EDX techniques is attributed to the
difference in measurement depth between the two
techniques. XPS mostly measures through the top 1-10
nanometers of the sample®®®* while EDX goes down to 2-5
6364 Therefore, we can conclude that the oxygen
content is mostly localized on the surface of the produced
LIG at the contact between LIG and flowing compressed air.

We assessed the surface area of LIGs-based electrodes and
the reproducibility of the fabrication process through cyclic
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voltammetry. The experiments were conducted within a
potential window from -0.15 to 0.6 V versus an Ag/AgCl
reference electrode using an electrolyte solution of 2.0 mM
[Fe(CN)6*’*" and 100 mM KCl. These experiments were
performed at various scan rates (20, 50, 80, and 100 mV s ')
(Fig. 7A). We observed that the oxidation and reduction peak
currents exhibited a linear increase in response to the square
root of the scan rates (as shown in Fig. 7B) suggesting a
diffusion-controlled reaction occurring on the electrode surface.

The obtained peak currents were analyzed using the
Randles-Sevcik equation (eqn (1)) for the quasi-reversible
cyclic voltammetries (Fig. 7A and B) to determine the surface
area of the produced electrodes. Remarkably, the LIG
electrode exhibited an active surface area (51.14 mm?)
approximately four times greater than its geometric area
(12.57 mm?), which is attributed to the highly porous
morphology of the created LIG. Also, cyclic voltammograms
of electrodes within a given batch (Fig. 7C) and across
various batches (Fig. 7D) demonstrate that the electrodes
consistently exhibit similar peak current values, peak
positions, and surface area. The observed variation within
the same batch electrodes was less than 1.80%, whereas the
inter-batch variability was approximately 2.87%.

(1)

, nFvD\ >
I, = 0.4463nFAC
RT

where i, is the current peak in amps, n is the number of
electrons transferred in the electrochemical event (n = 1), F
is Faraday constant in C mol™', A is the electrode area in
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em?, D is the diffusion coefficient (D = 6.40 x 10° cm® s7'),
C is the electrolyte concentration in mol cm®, v is the scan
rate in V s™', R is gas constant in J K" mol™, and T is the
temperature in K.%>%°

3.4 The effect of pH on SA oxidation

One crucial factor influencing the accurate determination of
SA (pK, = 2.97 (ref. 67)) is the pH value of the buffer solution.
To assess the impact of pH on the peak current and oxidation
potential, SWVs were conducted using the LIG electrode with
200 uM of SA across a pH range from 2.4 to 11.6, as
illustrated in Fig. 7E. The results depict that as the pH of the
solution increased, the oxidation peak potential (E,) shifted
towards more negative values, suggesting the involvement of
protons in the SA oxidation process. The highest observed
peak current was at pH 2.4, prompting its selection for
further investigation. The E, versus pH plot revealed a slope
value of -63.42 mV pH ', which closely approximated the
theoretical value of -59.2 mV pH ", as shown in Fig. 7F. This
alignment confirms the involvement of an equal number of
protons and electrons in the electrochemical reaction, and
the relationship can be expressed as:

E, = —63.42 pH + 1.08 (R*> = 0.9612)

3.5 Quantification of SA using LEAFS

The LIG sensor was calibrated in the salicylic acid solution
with varying concentrations of 6.6 uM to 200 uM in Britton—
Robinson buffer (pH 2.4). We chose the detection range
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2004 — 20 mV/s —== Oxidation = Electrode 1
=== 50 mV/s 200 - -—- Reduction _-® 100 { — Electrode 2
— — 80mV/s P I L - — —— Electrode 3
< 100 { — 100 mvss < | - <
3 3 P y=22.28x~-30.56 3
S 0 S 0 - S 0
E E o _____ y= —20.61x +25.04 e
3 —100 3 e o
-9
—200 1 —100 A
—200 1
-0.2 0.0 0.2 0.4 0.6 -0.2 0.0 0.2 0.4 0.6
Potential (V) Potential (V)
D. F.

100 - ® e .
= z E 800 - .
32 2 = RN
2 0 £ g
g g < 6007 | _ _6384x+ 108266 N
> > = R?=0.9590 AN
O O o .

—100 - 400 ®
‘@
-0.2 0.0 0.2 0.4 0.6 0.0 0.5 1.0 2.5 5.0 7.5 10.0
Potential (V) Potential (V) pH

Fig. 7 A. Cyclic voltammograms of the LIG electrodes obtained in an electrolytic solution of 2 mM [Fe(CN)¢I>/# and 100 mM KCl at a scan rate
between 20 and 100 mV s B. The relationship of the oxidation and reduction currents with the square root of the scan rate in cyclic
voltammetry experiments (n = 4). C. Cyclic voltammetry tests on three electrodes within the same fabricated batch. D. Cyclic voltammetry tests
on three electrodes, each from a different fabricated batch. E. The effect of pH on the peak of 200 uM SA. F. The peak potential vs. pH of the

solution (n = 3).
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based on previously reported SA levels in different plant
species.” The SA SWVs were recorded with a frequency of 4
Hz. The porous structure of the LIG led to an increased
surface area, which, in turn, resulted in higher capacitance
between the electrode's surface and the solution. This
capacitance is the source of the background capacitive
current observed in SWVs. Selecting a relatively low frequency
of 4 Hz, allowed to effectively minimize this background
capacitive current, resulting in a more distinct SA peak in the
measurements.

In a Britton-Robinson pH 2.4 buffer, the sensor showed a
linear response within the range of 6.64 pM and 200 uM,
with a sensitivity of 144.28 pA mM ™" (Fig. 8A). The limit of
detection (LOD) (3020 blank measurements/Ss) is determined to be
1.44 pM, almost an order of magnitude lower than the lowest
target concentration. Additionally, the limit of quantification
(10020 blank measurements/Ss) is found to be 4.81 uM.

Furthermore, for measurement in plant species, the
electrode is calibrated in different concentrations of SA spiked
in the homogenate solution of Philodendron brasil leaves,
prepared as described in section 3.1. The pH of this mixture
was determined to be 2.9. Due to the complex nature of this
mixture, the linearity range of the electrode started at 13.24
uM, which is slightly larger than the starting point in the
buffer solution. This diminished linear range could also be
caused by endogenously occurring SA that is unaccounted for.
The sensor had a slightly lower sensitivity (99.61 pA mM™") in
comparison to the calibration performed in the buffer
(Fig. 8B). Despite this lower sensitivity, the sensor could
selectively detect SA in the complex leaf homogenate mixture
in the physiologically relevant concentration range. An
increase in the standard deviation values in Fig. 8B is due to
the matrix effects, stemming from the complex composition
of the plant matrix. These effects introduce interference and
variability in measurements. Factors such as inherent plant
sample heterogeneity and variations in sample preparation
contribute to the observed higher standard deviations.***®

To demonstrate that LEAFS is capable of measuring the
dynamics of SA in a given plant, we measured SA in a
philodendron brasil house plant. The plant was then watered
by an 8 mM SA solution in tap water, to artificially increase
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physiological SA levels, mimicking the increase in its level in a
plant under stress. Many studies have shown and investigated
the exogenous SA application to the plants in a similar way.*’
In the first step, a single leaf was harvested and mixed with the
buffer, following the procedure outlined in section 3.1. SA level
was determined in this mixture using the LIG sensor and the
SA concentration was found to be 12 + 5 pgSA gFW ' (grams of
fresh weight). After 16 hours, the same measurement was
repeated using a newly cut leaf. The result showed 12 + 1 ugSA
gFW ' for the second measurement. We speculate that the
consistent SA levels are attributed to the relatively slow
transport speed of the analytes through the plant's stems and
physiological systems. Another measurement was carried out
after 68 hours from the initial point, revealing a SA level of 52 +
3 ugSA gFW'. This substantial 346% increase in the SA
concentration indicates the successful transport of the solution
to the leaves and the plant being under stress. Moreover, this
measurement demonstrates LEAFS capability of measuring SA
dynamics in plants.

3.6 LEAFS performance under different conditions

Before introducing the in-field application of the LIG-based
sensor, we validated its performance under various conditions.
In the following, the sample solution refers to a solution
containing 200 pM of SA in the Britton-Robinson buffer with a
pH of 2.4. First, three freshly fabricated electrodes, and three,
which had been stored in a dark environment in a Petri dish
for a month, were used to conduct SWV tests in the sample
solution. As shown in Fig. 9A, there is no significant change
(4.2%) in the SA peak current. According to Fig. 9B, the sample
solution temperature was adjusted to 4 °C, 20 °C, and 40 °C,
and measurements were taken using three electrodes at each
temperature. A relative standard deviation of 1.63% across
three temperatures indicates a stable sensor response. To
simulate high salinity conditions, we added 15 g L™ of NaCl
(sodium chloride) into the sample solution.”” The SA peak in
SWV was then measured using three different electrodes, as
illustrated in Fig. 9C. There is minimal change in sensor
performance under high salinity conditions, with only a slight
increase of 1.22% compared to the normal condition. Finally,
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Fig. 8 A. The calibration curve of the LIG sensor response to SA concentration in a Britton-Robinson buffer of pH 2.4. B. The calibration curve of
the LIG sensor response to SA concentration in a mixture of Philodendron brasil leaves in a Britton-Robbinson buffer of pH 2.4. C. SA levels in a
live Philodendron brasil plant over time after watering it with a 2 mM solution of SA att = 0 h.
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temperatures (n = 3). (C) in low and high (added 15 g |'* NaCl to the
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we tested the flexibility of the sensor by measuring its response
through 100 bending cycles. As shown in Fig. 9D, there is no
significant change in the performance of the electrode. The
relative standard deviation, calculated from five points
measured at every 25 bending cycles, was 2.40%.

3.7 Implanted LEAFS for continuous monitoring of plant stress

In addition to measurement of SA in leaf homogenate, we
aimed to develop a compact sensor that can be implanted
inside the plant leaf or stem for continuous measurement.
Such a system, when paired with other multi-modal sensors
to collect environmental data, can shed light on response of
different species to environmental stress stimuli. We hope
that this will pave the way for a more sustainable and smart
agriculture. Although we achieve high sensitivity and low
limit of detection for SA with bare LIG electrodes, these
electrodes are best suited for single and disposable use. The
SA and by-products of its oxidation strongly adsorb on the
electrode,”™’> and SA peak disappears after repeated
measurements. Moreover, film formation blocks the
electrode surface area, diminishing the sensor sensitivity and
stability. As depicted in Fig. 10A, the SA peak current
decreases by nearly 80% from the first to the second run
when using a mixture of Philodendron brasil leaves with 200
UM SA. Subsequently, the SA peak continues to decline with
each run, while the peak corresponding to the byproduct of
SA oxidation (which might be carboxyl-para-benzoquinone,”")
observed around 0.65 V, gradually increases.

For the purpose of continuous monitoring of plant stress,
we modified the working electrodes with Nafion, a sulfonic-
based ionomer, known for its cation exchange capabilities.
Nafion is especially adept at concentrating positive ions and
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repelling negative ions from the electrode surface and
minimizing adsorption onto the electrode surface.”>”* After
modifying the electrode surface with 0.25% Nafion on working
electrode, the result is a consistent and stable SA peak in
multiple runs within the same solution, as shown in Fig. 10B.
As a pretreatment process, we conducted a single SWV run in
the solution before the formal detection process. This allowed
SA molecules to disperse into the Nafion layer, enabling ions to
reach an equilibrium state. The peak current of SA only
decreases by 1.7% from the first to the second run and is stable
after multiple runs, while the peak of byproducts also remains
stable without a significant increase.

The calibration of surface-treated electrode was carried
out with different concentrations of SA in the mixture of
Philodendron brasil leaves (Fig. 10C), prepared according to
section 3.1. This calibration demonstrates a linear response
to SA concentration with R* = 0.99 and a sensitivity of 5.40
uA mM " within the range of 26.32 uM to 148 uM. (Fig. 10D)
It is worth noting that the treatment process with Nafion
results in a reduced sensitivity of the electrode, thereby
causing the starting point of the linearity range to be higher
than that of bare electrodes. However, this modification
offers stability for continuous in-plant measurements.

To further test this capability, we directly inserted our
electrodes into a live Aloe vera leaf, connected to a portable
potentiostat, as shown in Fig. 10E and the video named “In-
field application of LEAFS.mp4” included in the ESL} Initially,
we measured the level of SA in the aloe leaf. The fluid inside
the aloe vera leaf is acidic with a pH between 4 and 5.”>7° Then,
we injected 500 uL of 15 mM SA into the base of the leaf. After
7 hours, we conducted another measurement at the same spot
using the same electrode without changing the setup. As
presented in Fig. 10F, the SA peak was 12.84 times larger than
the initial reading. In comparison to the measurements in the
Philodendron brasil plant, it is evident that direct injection into
the leaf results in a shorter time frame for detecting the rise in
SA levels. This experiment demonstrated that Nafion
modification of LIG surface enables multi-use of the electrode
and enhanced stability and continuous measurement of SA
while the sensor is implanted.

The chemical composition of aloe vera extract and

philodendron  plants  consists of  anthraquinones,
carbohydrates, enzymes, inorganic compounds (such as
calcium, chlorine, phosphorous, iron, manganese,

potassium, sodium, and zinc), amino acids (such as alanine,
arginine, aspartic acid, glutamic acid, glycine, and tyrosine),
proteins, saccharides (such as glucose), vitamins (such as C,
choline, and folic acid) and miscellaneous (such as
arachidonic acid, y-linolenic acid, and uric acid), B-elemol,
and f-ocimene. The detection of SA in these species
demonstrates the selective response of LEAFS to SA.”””°

4 Conclusions

In situ plant stress monitoring was achieved using the LEAFS
platform by monitoring SA levels. Low-cost laser-induced

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 A. The peak of SA oxidation in multiple SWV measurements without Nafion modification. B. The peak of SA oxidation in multiple SWV
measurements with Nafion modification. C. The peak of SA with varying concentrations in a mixture of Philodendron brasil leaves. D. The calibration
curve of the Nafion-treated LIG sensor to SA concentrations in a mixture of Philodendron brasil leaves. E. In situ monitoring of plant stress in an Aloe
vera plant. F. The SA peak response before and after the injection of 500 pL of 15 mM SA solution to the base of the aloe vera leaf.

graphene electrodes were developed through a simple and
scalable fabrication process. The porous LIG material exhibits
excellent electrochemical performance in measuring SA. SWV
was used to determine the SA levels in a buffer solution, a
complex leaf homogenate mixture, and in situ in a live plant
species in real-time. The LEAFS platform shows a high
sensitivity of 144.28 uA mM ™" and a low limit of detection of
1.44 uM for SA.

Although LEAFS provides a user-friendly platform for
plant stress monitoring, the measurement processes, by
cutting a leaf as a sample or inserting the electrode into the
leaf through an incision, are still invasive or minimally-
invasive approaches, respectively.

Future developments will include field trials and validating
the sensor's performance to detect stress induced in plants by
natural stimuli, such as various pathogens, UV-B, drought,
heat, and cold. Conducting additional validation tests to assess
the selectivity against various pesticides commonly employed
in agricultural crops will further confirm the sensor's
performance for in-field applications. Incorporating other plant
stress biomarkers in the future to create a comprehensive

© 2024 The Author(s). Published by the Royal Society of Chemistry

multi-biomarker assay will allow us to gain a broad
understanding of the plant's real-time physiological state.
Further miniaturization by integrating the LEAFS platform with
a cost-effective custom potentiostat can further support the
cost-effective development of the platform.
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