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ABSTRACT: This study introduces a plant sensor utilizing an
array of microneedles to monitor hydrogen peroxide (H,0,) in
tobacco and soybean plants under biotic stress response. The
microneedle array features a biohydrogel layer composed of the
natural biopolymer chitosan (Cs) and reduced graphene oxide
(rGO), functionalized with horseradish peroxidase (HRP) (HRP/
Cs-rGO). This HRP/Cs-rGO biohydrogel combines biocompati-
bility, hydrophilicity, porosity, and electron transfer ability, making
it a suitable bioelectrode material for an electrochemical sensor.
The sensor detects H,O, through the catalytic reaction of the
enzyme, either by direct attachment to the plant leaf with the
inserted microneedle or by exposure to the solution extracted from
plant parts such as leaves. Utilizing chronoamperometry, the sensor demonstrates high sensitivity of 14.7 pA/uM across a
concentration range of 0.1—4500 M with a low detection limit of 0.06 yM. The sensor enables rapid detection of H,0O, levels by
exposing the sensor to extracted leaf solutions. For in situ measurements within the leaf, results are obtained in approximately 1 min,
eliminating the need for sample preparation. H,0, levels in leaves following bacterial pathogen inoculation are evaluated alongside
results from qualitative histological staining and quantitative fluorescence-based Amplex Red Assay, validating the ability of the
sensor to detect changes in H,0, concentrations during plant defense responses. This sensor technology has the potential to
function as a portable device for on-site measurement of reactive oxygen species in plants, providing a rapid and cost-effective
solution for H,O, quantification.
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Climate change exacerbates both biotic and abiotic stresses on been developed.””"** For instance, a near-infrared fluorescent
crops, negatively impacting their yield.' > Real-time monitor- biosensor using single-walled carbon nanotubes (SWCNTs)
ing of physiological conditions is essential for a better functionalized with H,O,-selective DNA has enabled the

understanding of plant responses to various stresses.” monitoring of wound-induced H,0, signals in plants.'” An

Reactive oxygen species play a key role in cell-to-cell H,0O, sensor based on SWCNTs functionalized with a DNA
communication and activating plant defense mechanisms.”’ aptamer that binds to hemin was also developed.”' Addition-

Hydrogen peroxide (H,0,) is particularly important for rapid ally, H,O, detection has also been realized using a metal—
signal lgrlalnsduction and serves as an indicator of acute organic framework-based biosensor featuring color-to-thermal
stress. " Stressors like drought, temperature extremes, signal conversion,” as well as using single-chirality near-infrared
salinity, mechanical injuries, and pathogen infections can fluorescent carbon nanotubes.”” Despite these advancements,

significantly impact H,0, production, triggering regulatory
responses.'~ Monitoring H,O, levels in various plant parts,
such as roots, petioles, and leaves, can provide valuable insights
into stress responses and help decision-making for agricultural
management.

Conventional methods for measuring H,O, in plant samples
include fluorescence method, histochemical staining method,
colorimetry, and chemiluminescence."””"” These techniques,
however, require relatively time-consuming sample preparation
procedures and expensive instruments, can alter H,O, levels,
and face interference from chlorophyll autofluorescence,
making them unsuitable for on-site measurement.'*™*° To
address these issues, several inexpensive H,0, biosensors have

challenges such as autofluorescence interference and cross-
reactivity with other compounds in plant tissue continue to
hinder the practical application of these sensors.

Due to their high sensitivity and compactness, electro-
chemical sensors offer a promising solution for H,0O,
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Figure 1. A biohydrogel-based microneedle sensor for in situ monitoring of H,O, in plants. (a) Scanning electron microscope (SEM) image of an
Au-coated microneedle functionalized with HRP/Cs-rGO biohydrogel. (b) Photograph of the fabricated microneedle sensor designed for in situ
detection of reactive oxygen species (H,0,) in plant leaves. The sensor consists of working electrode (WE), counter electrode (CE), and reference
electrode (RE), all formed using microneedle needles. The WE is functionalized with HRP/Cs-rGO biohydrogel, the RE is modified with Ag/AgCl,
and the CE features a bare Au layer. (c) Schematic illustration depicting the chemical structure of HRP/Cs-rGO biohydrogel and its interaction
with H,O, within the leaf, resulting in an electrochemical current measured by chronoamperometry. The inset on the right shows the sensor

attached to a leaf for H,O, detection.

measurement in plants.”>”* Recently, a Pt wire-based micro-
electrode was inserted into a quartz glass capillary coated with
silver epoxy, and the tip of the assembled device was polished
to create a two-electrode electrochemical sensor for in situ
detection of H,0, in Agave tequilana leaves. However, the
device fabrication and integration process, along with the need
for a three-dimensional micropositioner to facilitate measure-
ment, introduced challenges in scalability and practical
operation.”” In addition, a paper-based sensor with a modified
indium tin oxide working electrode has been reported for the
detection of H,O, in collected tomato leaf samples. However,
its integration is not optimal, requiring the assembly of external
reference and counter electrodes with the working electrode,
and applying a phosphate buffer solution to the electrode
surface covered with a piece of filter paper.’® Another
innovative sensor for plant H,0, measurement employed a
hollow microneedle array patch to extract plant fluid, which
was then used to wet a filter paper interfaced with a separate
screen-printed electrochemical H,O, sensor. While this design
enabled point-of-need testing for in situ plant monitoring, it
required integrating multiple components and relying on
thumb pressure applied to the leaf to extract a sufficient fluid
volume for sensing.27 Additionally, a sensor for detecting H,O,
in tomato leaves was developed using a stainless-steel wire
modified with gold nanoparticles, along with a platinum wire
and a silver/silver chloride (Ag/AgCl) wire. While this design
allowed for precise measurements within the leaf vein, it
required assembling three separate thin wires and carefully
inserting them into the vein, a challenging task due to the small
sizes of both the wires and the vein. Therefore, despite these
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advances, challenges remain in optlmlzm§ the design of sensors
for in situ H,0, monitoring for plants.”

Recently, conducting hydrogels have been integrated into
various electrochemical sensing electrodes to enhance their
sensitivity. This integration is demonstrated in the develop-
ment of metabolite and glucose biosensors using platinum
nanoparticles and polyaniline hydrogel,””*" living cell detectors
featuring a conductive hydrogel made of polypyrrole and
sulfonated multiwalled carbon nanotubes,®" and ammonia and
urea biosensors based on a hydrogel comprising acrylic acid
and 2-(dimethylamino)ethyl methacrylate.”***> However, most
hydrogel-based electrochemical sensors face challenges such as
low instability attributed to their use of synthetic polymer-
based hydrogels. The lack of biocompatibility in these
synthetic hydrogels can also lead to cytotoxicity or immune
responses due to their interactions with biological components.
Additionally, the complexity of synthesizing synthetic con-
duct1n§5 hydrogels poses obstacles to large-scale produc-
tion.

This study presents a biohydrogel-based microneedle sensor
for direct in situ detection of H,0, concentrations in plants
(Figure 1). This sensor is designed to be attached to a plant
leaf, with its microneedles penetrating the plant tissue, enabling
electrochemical H,0, detection without requiring leaf sap
extraction or external detection methods. The microneedle
surface is coated with a thin gold (Au) layer and further
modified with a biohydrogel composed of naturally biocom-
patible and hydrophilic chitosan (Cs),*® rGO, and horseradish
peroxidase (HRP) enzyme (Figure lab). This HRP/Cs-rGO
(horseradish peroxidase/chitosan-reduced graphene oxide)
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biohydrogel catalyzes the reaction of H,0, at the HRP/Cs-
rGO/Au-based working electrode (WE), generating electro-
chemical current changes for quantification (Figure 1c). The
incorporation of Cs prevents rGO agglomeration by leveraging
electrostatic interactions between cationic Cs and anionic rGO,
facilitating the formation of a uniform Cs-rGO coating on the
Au surface. The Cs-rGO hydrogel enables effective immobi-
lization of HRP enzyme through imine binding. Additionally,
rGO enhances the electrochemical sensing properties of the
Cs-rGO/Au electrode compared to the Cs/Au electrode alone.
This study demonstrates that HRP/Cs-rGO-coated micro-
needle sensor can effectively monitor H,O, levels in tobacco
and soybean plants during defense responses to bacterial
infections.

Microneedle sensors have been widely developed for
biomedical applications, such as detecting H,O, released
from cells and monitoring glucose levels in human skin
interstitial fluid (SIF).>” Additionally, swellable hydrogel-based
microneedles have been reported for colorimetric detection of
glutathione biomarkers,”® while double-layer hydrogel micro-
needle patches have been employed for in situ glucose
detection in SIF.”” In plant science, microneedle technology
has also been explored, but with limitations. One approach
utilized a microneedle patch for rapid leaf sap extraction,
requiring an external portable colorimeter for H,O,
detection.”® Another a microneedle-based sensor was devel-
oped to detect salicylic acid using molecularly imprinted
polymer technology.” In contrast, the plant sensor presented
in this study integrates a biocompatible HRP/Cs-rGO
biohydrogel onto the microneedle surface, enabling in situ
electrochemical H,O, detection without sample preparation or
external measurement instrumentation, providing a more
efficient solution for H,O, detection in the plant.

B EXPERIMENTAL SECTION

Chemicals. All chemicals used were of analytical grade, and
deionized (DI) water (18.6 MQ) was used in all experiments.
Hydrofluoric acid (HF) and 30% H,O, were procured from Fischer
Scientific (Waltham, MA, USA). Au etchant (GE-8148) was obtained
from Transene Electronic Chemicals (Danvers, MA, USA). Graphite
powder, low molecular weight chitosan (Product No.: 448869), and
HRP were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Phosphate-buffered saline (PBS; 10 mM, pH 7.4) was prepared using
sodium dihydrogen phosphate, sodium monohydrate phosphate, and
sodium chloride, all sourced from Sigma-Aldrich (St. Louis, MO,
USA).

Synthesis of HRP/Cs-rGO Biohydrogel. The major methods
with schematic for preparing the HRP/Cs-rGO biohydrogel are
illustrated in Figure S1. For the synthesis of HRP/Cs-rGO
biohydrogel, rGO was prepared using a modified Hummer’s
method.* A 0.5% aqueous acetic acid solution of Cs and an aqueous
dispersion solution of rGO (0.5 mg/mL) were prepared separately;
each dispersion solution was stirred at 500 rpm for 12 h at 25 °C.
Next, the rGO dispersion solution was ultrasonicated for 2 h. Then,
500 uL of the rGO solution was mixed with 1 mL of the Cs solution
and stirred at 500 rpm for 12 h. The mixture of rGO and Cs
transformed into Cs-rGO hydrogel through electrostatic attraction
between the cationic amino groups of Cs and the anionic surface of
rGO (Figure Sla). Notably, rGO alone tends to exhibit poor
dispersion in aqueous solutions. Incorporating Cs, a natural
biopolymer,* mitigated rGO agglomeration and promoted the
formation of a uniform coating on Au electrode surfaces. The
resulting Cs-rGO hydrogel served as a uniform matrix for enzyme
immobilization (Figure S1b).

To load the HRP enzyme, SO uL of 1% glutaraldehyde (GA)
solution was added to 500 uL of Cs-rGO solution and stirred at 500
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rpm for 30 min at 25 °C. Next, S0 uL of HRP enzyme (4 mg/mL)
was added to the GA-Cs-rGO hydrogel and stirred for another 30
min. The resulting HRP/Cs-rGO biohydrogel was kept on a shaker
plate at 300 rpm for 2 h at 4 °C. The eflicient loading of HRP enzyme
molecules onto the Cs-rGO hydrogel surface was facilitated by the
presence of amine, carboxylic, and hydroxy groups in the Cs-rGO
hydrogel structure (Figure S1b). The prepared HRP/Cs-rGO
biohydrogel was drop-cast onto the Au electrode surface and stored
at 4 °C. An optimization study was performed to assess various
combinations of Cs and rGO with HRP enzyme on the
chronoamperometric (CA) responses of HRP/Cs-rGO/Au-based
electrodes to H,0,. Details of the optimization experiment are
provided in Supporting Information and Figure S4.

Sensor Fabrication. The fabrication process for the microneedle
sensor started with creating an array of polyurethane-based micro-
needles using a two-step molding method. First, a computer-aided
design containing the microneedles, featuring a needle height of 700
pm, a base diameter of 300 um, and an apex diameter of 2 ym, was
printed with IP-Q _epoxy on the surface of a silicon substrate using a
two-photon polymerization technique (Nanoscribe Photonic Pro-
fessional GT2 3D printer; Nanoscribe GmbH & Co., Karlsruhe,
Germany). The printed epoxy microneedles served as a positive mold
for making a negative mold of polydimethylsiloxane (PDMS). In this
process, the silicone elastomer base and its curing agent (SYLGARD
184 Silicone Elastomer Kit; Dow Corning Co., Midland, MI, USA), in
a weight ratio of 10:1, were mixed and stirred. After degassing for 30
min, the PDMS solution was poured over the positive mold and cured
at 80 °C for 2 h. The cured PDMS was then peeled off from the
positive mold, thus forming the negative mold.* Subsequently, a two-
part polyurethane mixture (components A and B in a weight ratio of
1:1; BJB Enterprises, Tustin, CA, USA) was stirred. The mixed
solution was then applied to the PDMS negative mold, degassed for
10 min, and cured for 12 h at 23 °C. The cured structure was
demolded from the PDMS mold, thus forming the polyurethane-
based microneedle array. Next, a 200 nm-thick Au layer was deposited
onto the microneedle array through a shadow mask using e-beam
evaporation (Denton Explorer, Denton Vacuum, Moorestown, NJ).
The working electrode (WE; 4 mm X S mm) was surrounded by a
counter electrode (CE) and a reference electrode (RE). A 200 pm-
thick layer of Ag/AgCl paste (E2414 AG/AGCL Ink; Ercon;
Wareham, MA, USA) was screen-printed onto the RE using a screen
printer, followed by thermal treatment on a hot plate (PC-420D;
Corning Inc., Corning, NY) at 95 °C for 90 min. Finally, a flexible
polyimide printed circuit board (PCB; OSH Park, Lake Oswego, OR)
was attached by soldering the connectors to the PCB pads and then
applying conductive epoxy (Chemtronics CW2400; Circuit Works,
Waukegan, IL) on the PCB pads. Further, the WE surface was
modified using the prepared HRP/Cs-rGO biohydrogel solution. In
this step, 20 uL of the solution was drop-casted onto the WE surface
and left to sit for 12 h at 4 °C, forming a layer of HRP/Cs-rGO
biohydrogel on the WE surface. The device was then washed with a
PBS solution (10 mM, pH 7.4) and stored at 4 °C for further use.

Plant Growth, Bacterial Infiltration, and Leaf Extract
Preparation. Soybean (Glycine max cv. Williams 82) and tobacco
(Nicotiana tabacum cv. Xanthi nc) plants were grown at an average
temperature of 25 °C with 16 h of light. Pseudomonas syringae
pathovar tomato DC3000 (Pto DC3000) was cultured overnight at 30
°C and harvested by centrifugation at 5000 g for 10 min at 20 °C. The
supernatant was discarded, and the pellet was suspended with 10 mM
MgCl, at an ODyy, = 0.3. The bacterial suspension was inoculated by
dipping or infiltration for soybean and tobacco, respectively. 3,3'-
Diaminobenzidine (DAB; TCI, Portland, OR) staining for H,0,
detection was performed 24 h after inoculation as previously
described.**

To induce H,0, production, tobacco and soybean plants were
Inoculated with fresh Pto DC3000 cultures prepared on King’s B
(KB) media supplemented with SO yg/mL of rifampicin. Leaves were
crushed to obtain liquid samples from 6 to 8-week-old tobacco plants
and 3—4-week-old soybean plants. Control plants were infiltrated with
10 mM MgCl,, while experimental plants were treated with Pto
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Figure 2. Morphology and structure of materials and components used in constructing a microneedle sensor with HRP/Cs-rGO biohydrogel. (a)
SEM image of rGO with folded structures. (b) SEM image of Cs-rGO hydrogel. (c) SEM image of HRP/Cs-rGO biohydrogel. (d) Optical image
of Au-coated microneedles. (e,f) SEM images of Au-coated microneedles. (g) Optical image of a fabricated microneedle sensor with HRP/Cs-rGO
biohydrogel. (h,i) SEM images of microneedles functionalized with HRP/Cs-rGO biohydrogel.

DC3000 in 10 mM MgCl,. Liquid samples were extracted from the
leaves at 12 and 24 h after inoculation. Liquid samples were extracted
from the collected leaves using a kitchen juice squeezer. For each
sensor measurement, a 25 uL aliquot of the liquid sample extracted
from the leaves was mixed with 25 L of 10 mM PBS (pH 7.4) for
soybean and 15 uL of PBS for tobacco. Subsequently, 30 uL of the
mixed sample was pipetted onto the sensor surface to perform
electrochemical detection of H,0,.

Quantitative Amplex Red Assay. To evaluate the accuracy of
our sensors, we conducted a quantitative measurement of H,0,
concentration using the Amplex Red Assay, a fluorescence-based
method in which H,0, reacts with Amplex Red in the presence of
HRP, producing the fluorescent resorufin. This assay was applied to
measure H,0, production in four mock-treated, and four Pto
DC3000-inoculated tobacco leaves 12 h postinoculation. Samples
preparation followed a previously established method,*” except that
10 leaf discs (0.4 cm diameter) were collected per leaf, and 500 uL of
20 mM PBS (pH 6.5) was used per sample. The Amplex Red Assay
kit (Invitrogen, Carlsbad, CA) was used according to the
manufacturer’s instructions. H,0, levels were measured using a
BioTek Synergy H1 microplate reader (Agilent Technologies, Santa
Clara, CA) with an excitation wavelength of 540 nm and emission
detection at 590 nm. H,0, was quantified by a standard curve of
known H,0, concentrations as a function of fluorescence intensity.

B RESULTS AND DISCUSSION

Material Characterization. The surface morphologies of
rGO, Cs-rGO, and HRP/Cs-rGO biohydrogel were examined
via scanning electron microscopy (SEM; FEI Quanta-FEG

1800

250; Thermo Fisher Scientific, Waltham, MA). Figure 2a
shows multiple layers with folded and agglomerated structures,
resulting in the appearance of rGO nanosheets. The multi-
layered sheets of rGO likely arise from the stacking of layers.*”
Figure 2b displays the growth of the Cs-rGO hydrogel
structure, which is due to the self-assembly of Cs and rGO
nanosheets in an aqueous colloidal solution via hydrogen
bonding and electrostatic interactions (Figure S1). Figure 2c
illustrates the microstructures of the HRP/Cs-rGO biohy-
drogel, wherein the HRP enzyme is immobilized on the Cs-
rGO surface by imine coupling between the —NH, groups of
HRP enzyme and the —NH, groups of Cs-rGO via a GA cross-
linker. This results in the formation of a porous network of
HRP/Cs-rGO biohydrogel with a distinct surface morphology.
Energy dispersive X-ray spectroscopy analysis (Figure S2) was
conducted to investigate the surface elemental composition (C,
N, and O) of the HRP/Cs-tGO biohydrogel. The weight
percentages of C, N, and O in HRP/Cs-rGO were observed to
be 70.03%, 11.36%, and 18.6%, respectively. Further, SEM
studies were utilized to examine the surface morphologies of
both the Au-coated bare microneedle array (Figure 2d-f) and
the biohydrogel-coated microneedle array (Figure 2g). Figure
2h,i shows the biohydrogel coating on the surfaces of the
needle and the base substrate of the sensor.

The X-ray diffraction (XRD; Siemens DS00 X-ray
diffractometer; Bruker Corporation; Billerica, MA) spectra of
rGO (Figure S3a) exhibit a prominent peak at 20 = 22.76°,
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Figure 3. FTIR analysis of rGO, Cs-rGO, and HRP/Cs-rGO, along with the electrochemical properties of Au electrodes coated with these
materials. (a) FTIR spectra of rGO, Cs-rGO, and HRP/Cs-rGO. (b,c) Electrochemical characterization of Cs, rGO, Cs-rGO, and HRP/Cs-rGO
coated on an Au electrode surface in PBS (pH 7.4; 10 mM) containing S mM potassium ferro-ferricyanide, analyzed using CV (b) and EIS (c)
techniques. (d) Comparison of anodic peak current and charge transfer resistance R, data for the Au electrode modified with Cs, rGO, Cs-rGO,
and HRP/Cs-rGO. (e-g) CA responses of HRP/rGO/Au (e), HRP/Cs/Au (f), and HRP/Cs-rGO/Au (g) electrodes, in response to lab-prepared
H, 0, samples with concentrations from 1 to 4000 M. (h) Summary of CA current responses of the electrodes shown in (c—g) to varying H,0,
concentrations. The CA current values were recorded at 65 s from the respective CA response curves.

attributed to its (002) plane.*” In the Raman spectrum of rGO
(Figure S3b), acquired using a Renishaw inVia Raman
spectrometer (Renishaw, Hoffman Estates, IL), the bands at
1354 and 1588 cm™! correspond to the D and G bands,
respectively. The D band indicates distortions due to specific
defects, while the G band is associated with graphitic carbon.”
Fourier transform infrared (FTIR; Bruker Tensor 37 FTIR
spectrometer; Bruker Corporation; Billerica, MA) spectrosco-
py confirms the surface functionalization of rGO with Cs and
the immobilization of the HRP enzyme on the Cs-rGO surface
(Figure 3a). In rGO, the peak detected at 998 cm™" is related
to C—O stretching vibration, while the peak at 1282 cm™
corresponds to C—H bending. The peaks at 1535 and 1709
cm™! are associated with aromatic C=C and C=0 stretching,
respectively, and the peaks in the range of 2300—2450 cm™
correspond to O—H vibration, indicating carboxylic groups in
rGO." For Cs-rGO, the peaks at 1107, 1158—1315, and 1421
cm™ are associated with C—O—C stretching, —OH bending of
alcohols, C—O stretching, and C—H bending vibrations of
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CH,, respectively. The peaks at 1574 and 1639 cm™ are
related to —NH bending and C=O stretching, respectively,
while the peaks at 2878 and 2939 cm™" are due to C—H and
N—H stretching, respectively, confirming the presence of Cs in
the Cs-rGO matrix.**”*° For HRP/Cs-rGO, two additional
peaks at 1547 and 1655 cm™' appear due to imine bonding
between the HRP enzyme and Cs-rGO, indicating HRP
enzyme immobilization on the Cs-rGO surface.”’

Electrode Electrochemical Characterization. Cyclic
voltammetry (CV) and electrochemical impedance spectros-
copy (EIS) studies were performed using an electrochemical
workstation (Model 1200C; CH Instrument; Austin, TX) to
evaluate the electrochemical performance and interfacial
properties of the prepared rGO, Cs, Cs-rGO, and HRP/Cs-
rGO on an Au electrode surface (Figure 3b,c). The CV results
showed that the Cs/Au electrode exhibited an anodic peak
current of 62 A, significantly lower than the rGO/Au
electrode (148 pA) due to the higher resistance property of
Cs. However, incorporating Cs with rGO increased the anodic
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Figure 4. Sensor characterization. (a) CA response of the HRP/Cs-rGO microneedle sensor to varying concentrations of H,O, up to 4500 uM in
PBS (pH 7.4; 10 mM). (b) Calibration plot of the sensor, showing the CA current as a function of the log of the H,0, concentration, recorded at
6S s from the CA response in (a). (c) Histogram comparing the CA response of the HRP/Cs-rGO/Au sensor to H,0,, glucose, ascorbic acid, and
a combination of all three chemicals, each at 100 M. (d) Reproducibility of the HRP/Cs-rGO/Au sensor, assessed by monitoring the CA response
of four identical HRP/Cs-rGO/Au sensors to PBS and 100 uM H,0,. (e) Repeatability of the HRP/Cs-rGO/Au sensor, evaluated by repeatedly
measuring the CA response to 100 uM H,0,. (f) Stability of the HRP/Cs-rGO/Au sensor, assessed by measuring the CA response to 100 uM
H,0, at regular intervals over an 8-week period. (g) Effect of pH on the CA response to 100 uM H,O, in 10 mM PBS across a pH range of 4.5—
9.0. (h) Effect of temperature on the CA response to 100 uM H,0, over a temperature range of 5—50 °C. (i) Sensor recovery rate for H,0,
detection, measured by exposing the sensor to leaf extracts of mock-treated soybean and tobacco plants after the addition of known H,0,

concentrations.

peak current to 84 yA compared to the Cs/Au electrode alone,
though it remained lower than the rGO/Au electrode. This
was likely due to the formation of a cross-linked network
between rGO and the —OH and —NH, groups of Cs. Upon
the immobilization of HRP enzyme on the Cs-rGO surface, the
redox current of the HRP/Cs-RGO/Au electrode further
decreased to 41 pA. This reduction was attributed to the
insulating nature of HRP enzyme and its macromolecular
structure hindering electron transfer.

The EIS measurements (Figure 3c) for these electrodes
aligned with the CV results. The Cs/Au electrode exhibited a
charge transfer resistance (R) of 268 Q, higher than that of
the rGO/Au electrode (105 Q), due to decreased electrolyte
ion mobility. The Cs-rGO/Au electrode had an intermediate
R value of 175 €, reflecting the combination of rGO and Cs
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properties. The HRP enzyme immobilization further increased
the R, to 355 Q, as the enzyme obstructed the charge transfer
process of redox species. Figure 3d compares the anodic peak
current and R, values of the different electrodes.

Notably, although the Cs-rGO/Au electrode exhibited a
lower anodic peak current and a higher R, value than the
rGO/Au electrode, the primary role of Cs was to enhance the
CA current response of the HRP/Cs-rGO/Au electrode to
H,0,. This enhancement likely resulted from increased HRP
enzyme immobilization on the sensor surface, as demonstrated
in our comparative experiments below. Without Cs, the HRP/
rGO/Au electrode responded to H,0, concentrations (Figure
3e), but the response increase was minimal at low H,O,
concentrations (1—10 uM) and became significant only at
higher concentrations (10—4000 xM). Similarly, without rGO,
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Figure S. Measurement of H,0, concentration in leaf extracts using the sensor. (a,b) CA response of the HRP/Cs-rGO/Au sensor to leaf extracts
from mock-treated and Pto DC3000-inoculated tobacco (a) and soybean (b) plants at 12- and 24-h postinoculation. The sensor surface was washed
with PBS between loading different leaf extract samples. (c,d) Converted H,0, concentrations in leaf extracts from mock-treated and Pto DC3000-
inoculated tobacco plants at 12- and 24-h postinoculation. Error bars represent standard deviations from H,O, measurements for the leaf extracts

from five plants.

the HRP/Cs/Au electrode exhibited a comparable response
pattern to the HRP/rGO/Au electrode (Figure 3f), though
with lower current levels. In contrast, the HRP/Cs-rGO/Au
electrode, incorporating both Cs and rGO, displayed a
significantly higher response current across the same
concentration range (Figure 3g). While direct quantification
of immobilized HRP enzyme on these electrodes is
challenging, the results in Figure 3h indicate that the
combination of Cs and rGO enhanced the sensor response
to H,0,, likelzr by increasing enzyme loading on the Cs-rGO/
Au electrode.”

Sensor Characterization Using Standard H,0, Sam-
ples. The sensor was tested to perform the electrochemical
detection of H,0, using the chronoamperometry (CA)
technique. The CA method measured the current changes at
an applied potential of 0.5 V between the WE and CE. The
sensor surface was exposed successively to standard H,O,
solutions at various concentrations up to 4500 uM (Figure 4a).
The CA current increased with increasing H,0, concentration
due to the enzymatic catalytic reaction of HRP with H,0,.”
To calibrate the sensor, CA current values were recorded at 65
s for all concentrations of H,O,. The calibration plot of the
sensor (Figure 4b) demonstrates a linear relationship between
the CA current and the logarithm of the H,O, concentration,
described by eq 1:

I (pA) =156 (HA) + 147 (HA/pM) X LogH O, (iM)

. 1t =0987 (1)
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The limit of detection (LoD) of the sensor was determined
to be 0.06 uM using the equation LoD = 3 X SD/m,”* where
SD is the standard deviation of the CA current for the blank
solution from three repeated measurements, and m is the slope
of the linear regression.

The specificity of the sensor was evaluated by testing 100
UM of H,0, in the presence of representative interfering
molecules, namely, glucose and ascorbic acid, each at a
concentration of 100 pM (Figure 4c). The baseline CA
response of the sensor was established at S yA using PBS.
Upon exposed to 100 yM of H,O, without interfering
molecules, the CA response increased to 33 uA. In the
solution containing H,0,, glucose, and ascorbic acid, there was
no statistically significant change in the sensor’s output signal
compared to its response to H,0, alone (p = 0.1, which is
greater than the significance level of 0.05; p value calculated via
two-sample t test). Exposure to glucose and ascorbic acid in
the absence of H,0, resulted in CA current of 7.5 yA and 6.0
UA, respectively, further indicating high specificity of the
sensor.

The sensor demonstrated considerable reproducibility,
repeatability, and stability. Reproducibility was assessed by
exposing four similar sensors to 100 uM of H,0,. The
resulting current responses (Figure 4d) showed substantial
reproducibility, with a low relative standard deviation (RSD)
value of 5.3%. Repeatability was evaluated by measuring the
CA response over 20 repeated measurements, each lasting 65 s
(Figure 4e). After each measurement, the sensor was washed
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Figure 6. In situ detection of H,O, using the microneedle sensor. (a,b) CA response of the HRP/Cs-rGO/Au sensors attached to the back of
leaves from mock-treated and Pto DC3000-inoculated tobacco (a) and soybean (b) plants for in situ H,O, measurement. The shaded areas in each
panel represent the standard deviation of measurements taken from 15 mock-treated and 25 inoculated plants. (c,d) Sensor-measured H,O,
concentrations in tobacco (c) and soybean (d) plants corresponding to the CA response data in (a) and (b), respectively. (e) Conventional DAB
staining for colorimetric monitoring of H,0, production in soybean and tobacco leaves in the mock plants and Inoculated plants 24 h
postinoculation with Pto DC3000 pathogen. For each plant type, 5 mock-treated and 5 Inoculated leaves were analyzed.

with PBS. The sensor displayed a consistent CA current
response, with a small reduction in CA current observed after
20 consecutive measurements, resulting in an RSD (N = 3) of
7.3%. Stability was evaluated over 8 weeks at 25 °C by
measuring the CA response for 100 uM of H,O, once a week
(Figure 4f). After each measurement, the sensor was washed
with PBS and stored at 4 °C. The sensor displayed a relatively
stable CA current response, with a significant reduction
observed after 6 weeks, resulting in an RSD (N = 3) of less
than 10%.

Next, the effect of pH on the sensing performance of the
HRP/Cs-rGO/Au sensor was evaluated by measuring its CA
response to 100 uM H,0O, in 10 mM PBS across a pH of 4.5—
9.0 (Figure 4g). The sensor exhibited high current responses
between pH 6.5 and 7.4, with a decline observed below pH 6.5
and above pH 8.0. This trend aligned with the optimal activity
range of HRP (6.5—7.5).>>°° Consequently, PBS (pH 7.4) was
selected for further experiments for high soluble peroxidase
activity at this pH. Notably, in the absence of H,O,, the
background signal remained low across different pH levels.
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Additionally, the impact of temperature on the catalytic
reaction between H,0, and HRP on the sensor surface was
investigated (Figure 4h). The sensor was exposed to 100 M
H,0, in 10 mM PBS (pH 7.4) at temperatures ranging from $
to 50 °C. The CA current initially increased with rising
temperature, reaching high response levels from 25 to 35 °C,
and peaking at 30 °C due to enhanced HRP catalytic activity.
However, at higher temperatures, the current decreased, likely
due to structural damage to HRP impairing its function.’’
Importantly, in the absence of H,0O,, the sensor exhibited a
minimal response to temperature variations, maintaining a
nearly constant background current.

Furthermore, the recovery rate of the sensor was evaluated
using leaf extract from mock-treated tobacco and soybean
plants, spiked with known H,0O, concentrations ranging from 1
to 4000 uM. The CA responses of the sensors were recorded
(Figure SS), and the H,0, concentrations in the spiked
samples were measured (Figure 4i). The recovery rate (%) was
calculated using eq 2:>°
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Recovery Rate (%) = (C, - Cunsp_mea)/Csp_add X 100

)

where Cg, e, is the measured H,0, concentration in spiked
samples, Cyppomea i the baseline H,0, concentration in
unspiked samples, and C, 44 is the known H,0, concen-
tration added for spiking. As shown in Figure 4i, the recovery
rates ranged from 70—90% in soybean leaf extract and 80—
110% in tobacco leaf extract. The recovery rate increased with
higher H,0, concentrations in both plant extracts.

Detection of H,O, in Leaf Extracts. The sensor
demonstrated its analytical capability by detecting H,O, in
leaf extracts from tobacco and soybean plants. Initially, PBS
was pipetted onto the sensor surface to establish the baseline.
Then, a mixed solution of PBS and leaf extract from either a
mock-treated plant, a Pto DC3000-inoculated tobacco plant 12
h postinoculation, or a Pto DC3000-inoculated tobacco plant
24 h postinoculation was sequentially applied to the sensor
surface to detect H,O, concentrations. Before applying a new
sample, the CA response of the sensor was recorded, and the
sensor surface was rinsed with PBS (Figure S). The sensor
showed a minor increase in CA current (~9 uA) for the mock-
treated tobacco plant compared to the baseline current (~6
uA) due to its low H,O, level. In contrast, Pto DC3000-
inoculated tobacco plants 12 and 24 h postinoculation
exhibited a significant increase in CA current to ~27 pA and
~31.6 uA, respectively (Figure Sa) due to higher H,0, levels.

Similarly, for soybean plants, the sensor measurement was
conducted on a mixture of PBS and leaf extract from either a
mock-treated plant or a Pto DC3000-inoculated plant (12 or
24 h postinoculation) (Figure Sb). The result showed that
H,0, concentrations became elevated in Pto DC3000-
inoculated soybean leaves, evidenced by a small increase in
CA current (~9.4 uA) for the mock-treated plant, compared to
a distinct increase in current for the plants at 12 h (~16 pA)
and 24 h postinoculation (~19 pA) (Figure Sb).

Figure Sc,d illustrates the measured H,O, concentrations in
the leaf extracts from mock-treated and Pto DC3000-
inoculated tobacco (Figure Sc) and soybean (Figure Sd)
plants at 12- and 24-h postinoculation. The concentrations
were obtained by applying CA currents to the calibration given
in eq 1. For tobacco plants, the H,O, concentrations in the
mock-treated, 12-h postinoculation, 24-h postinoculation
samples were 0.9 + 0.3 uM, 6.3 + 1.6 uM, and 10.7 + 2.2
UM, respectively. In soybean plants, the corresponding values
were 0.56 + 0.07 uM, 1.4 + 0.4 uM, and 2.1 + 0.6 M,
respectively. Significant plant-to-plant variation in H,O, levels
was observed within the same species under the same
treatment, as reflected by the large standard deviation for the
data in Figure Sc,d. Despite this variability, a significant
difference in H,0, production was evident between the
inoculated and mock-treated plants. Statistical analysis using a ¢
test confirmed a significant increase in sensor output for Pto
DC3000-inoculated samples at 12 h compared to the mock-
treated samples (p = 0.0003 for tobacco; p = 0.01S for
soybean) and 24 h (p = 0.0001 for tobacco; p = 0.0043 for
soybean).

These results demonstrated the ability of the sensor to
distinguish the defense response experienced by the plants and
quantify H,O, concentrations. The only required sample
preparation for using this sensor to detect H,O, in leaf extracts
was to squeeze liquid from leaves and mix it with a PBS
solution, making field implementation possible. The total time

p-mea
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required to complete one measurement, including sample
preparation (taking about 2 min) and H,O, detection using
the sensor (taking about 1 min), was approximately 3 min.

In Situ H,0, Measurement in Plant Leaves. For in situ
H,O, measurement, microneedle sensors were attached to the
back of tobacco and soybean leaves. The experiment involved
6—8 week-old tobacco plants and 3—4 week-old soybean
plants, which included both mock-treated and Pto DC3000-
inoculated groups. CA current values from the attached sensors
were recorded at 65 s after attachment.

For tobacco plants (Figure 6a), the sensors exhibited a
distinct increase in CA current, reaching 28.2 + 7.6 uA in
inoculated plants, compared to 11 + 4.1 A in mock-treated
plants, indicating higher H,O, levels in inoculated tobacco
plants (Figure 6a). Using the calibration from eq 1, the H,0,
concentrations were determined to be 6.9 + 1.1 uM in
inoculated plants and 0.56 + 0.2 M in mock-treated plants
(Figure 6c). Despite all plants being at the same 24-h
postinoculation stage, substantial variations in H,O, produc-
tion were observed among the tobacco plants, due to large
plant-to-plant variations. A t test revealed a statistically
significant difference in the sensor output for Pto DC3000-
inoculated plants compared to the mock-treated plants (p =
0.0036).

When attached to the soybean leaves, the sensors (Figure
6b) produced higher CA current values representing higher
H,0, concentrations in the inoculated plants (21 + S pA;
corresponding to 2.6 & 0.4 uM) compared to the mock-treated
plants (11.7 + 3.5 pA; corresponding to 0.58 + 0.1 uM)
(Figure 6d). However, significant plant-to-plant variations in
both CA current and H,0, concentration were also present in
this in situ measurement for soybean plants. A ¢ test confirmed
a statistically significant difference in sensor output between
Pto DC3000-inoculated and mock-treated soybean plants (p =
0.0139).

The demonstrated in situ measurement highlighted the
microneedle sensor as a promising alternative for H,0,
detection. The total time required for direct in situ
measurement was approximately 1 min from sensor insertion
to data production. Therefore, the sensor showed great
potential as a portable tool for rapid in situ H,O, measurement
for plant tissues, eliminating the need for sample preparation.

Comparing Sensor Measurement with Qualitative
DAB Staining. To compare and evaluate the effectiveness of
our sensor in detecting H,O, production in plants, soybean
and tobacco leaves were inoculated with Pto DC3000 bacteria,
and DAB staining was employed to detect the presence of
H,0, and peroxidase activity in tissue samples. In general,
DAB serves as a chromogenic substrate that is oxidized to
produce a brown precipitate in the presence of H,0, and
peroxidase enzyme, indicating the presence and localization of
H,O, in the leaf samples.”” As shown in Figure 6e, no
substantial accumulation of H,O, was observed in soybean and
tobacco leaves 24 h after treatment with MgCl,. In contrast, at
24 h after pathogen inoculation, a substantial amount of H,0,-
induced brown precipitate was observed throughout the leaves
of soybean and tobacco (Figure 6e). The results obtained with
the sensor (Figure 6a—d) were consistent with those obtained
by conventional DAB staining, demonstrating the performance
of the sensor in detecting H,0,. More importantly, the sensor
method overcomes the limitations of DAB staining by allowing
for the quantitative determination of H,O,. Therefore, this
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Table 1. Comparative Assessment of HRP/Cs-rGO/Au Sensor Features in Comparison with Other H,0, Electrochemical

Sensors Reported in the Literature”

Detection range LoD Response In situ
Bioelectrode material Measurement technique (uM) (uM) Sensitivity time measurement
MWCNT-Ti;C,Tx-Pd/GCE* Amperometry 50-18,000 3.83 293.85 uA/mM cm?® NA No
Au nanodots-ITO* Differential pulse 0—1000 1.0 NA NA No
voltammetry
Au nanodots/SS electrode® Amperometry 10—1000 3.97 NA 23s Yes
Co0;0,/MWCNTs/gelatin/HRP/GCE®  Amperometry 0.74—19 0.7 NA 5s No
Au-SPAN/HRP/GCE®* Amperometry 10-2000 1.6 NA NA No
Nafion/HRP/3D-Bi,WO,/ GCE®® Amperometry 0.5-250 0.18 NA NA No
HRP/TB/CCB* Cyclic voltammetry 0.429—455 017  0.071 uA/uM 2s No
Ag NPs/3DG®’ Amperometry 30—16,210 149 1.09 mA/mM cm? NA No
Hb/SWCNTs/CFUMEs®® Amperometry 4.90—405 4 1.07 log(A)/ log(M) cm? NA No
HRP/Cs-rGO (this work) Chronoamperometry 0.1-4500 0.06 14.7 uA/uM 65 s Yes

“MWCNT: multiwalled carbon nanotube; Ti;C,Tx-Pd: titanium carbide—palladium; GCE: glassy carbon electrode; SS: stainless steel; HRP:
horseradish peroxidase; SPAN: self-doped polyaniline nanofibers; Bi;WOg: bismuth tungstate; TB: toluidine blue; CCB: ceramic composite
biosensor; Hb: hemoglobin; CFUME: carbon fiber ultramicroelectrode; Cs: chitosan; NA: not available.

sensor provides a simple, rapid, and quantitative means of
monitoring H,0, production in plants.

Comparing Sensor Measurement with Quantitative
Amplex Red Assay. We further assessed the accuracy of our
microneedle sensors by quantifying H,O, levels using the
Amplex Red Assay and comparing the results with sensor
measurements. As detailed in the Experimental Section, this
fluorescence-based assay was used to measure H,O,
production in mock-treated and Pto DC3000-inoculated
tobacco plants. For in situ measurements, our microneedle
sensors were attached to the leaves of the same plants.

The Amplex Red Assay detected H,0, concentrations of
5.43 + 0.99 uM in inoculated plants and 1.92 + 0.35 M in
mock-treated plants (Figure 7a), while our sensors measured
corresponding concentrations of 5.06 + 0.99 uM and 1.41 +
0.42 uM, respectively. Notably, the linear regression of sensor-
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measured values against assay-measured values falls below the
1:1 ratio line, indicating that the Amplex Red Assay slightly
overestimated H,O, levels (Figure 7b). This overestimation
was expected due to the susceptibility of the assay to
background autofluorescence artifacts in tobacco.”” Despite
this, the close agreement between the two methods validates
the accuracy of our sensors while highlighting their advantage
in mitigating autofluorescence interference.

This advantage becomes even more pronounced when
testing plants with high autofluorescence. In our case, soybean
exhibited excessive autofluorescence approximately 2 orders of
magnitude higher than the H,O,-triggered fluorescence signals,
severely obscuring the H,O,-induced fluorescence response
and compromising its reliability. In contrast, our sensor-based
approach circumvents these limitations while also eliminating
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the need for specialized equipment and labor-intensive
procedures required by the Amplex Red Assay.

Although our plant sensor was designed for single-use H,O,
detection, we conducted insertion experiments to evaluate its
durability by assessing its structural integrity before and after
insertion into tobacco and soybean leaves. The results
demonstrated that the microneedles reliably punctured the
leaves without any risk of buckling or breaking, even after six
insertions (Figure 7c). However, after nine insertions, both
microneedle bending and breakage were observed, with similar
results seen in soybean leaves. This is not a concern, as the
sensor is primarily intended for disposable measurement
applications. The relatively high durability of the needles is
attributed to the mechanical properties of polyurethane, the
primary needle material, which has a significantly higher
Young’s modulus (179.3 MPa)®" compared to soft leaves (e.g,
tobacco leaf: 3.5 MPa)®* making the microneedles much more
rigid and resistant to deformation. Additionally, the tensile
strength of polyurethane (45.86 MPa)®" far exceeds that of the
tobacco leaf (0.57 MPa),*” ensuring that the leaf will tear or
break under force long before the microneedles are at risk of
damage.

B CONCLUSION

In conclusion, we have developed a microneedle plant sensor
for the rapid assessment of H,O, levels in tobacco and soybean
plants under biotically stressed and unstressed conditions. This
sensor technology offers a portable, on-site solution for H,O,
measurement, eliminating the need for the intricate and time-
consuming sample preparation required by conventional
methods such as histological staining. The sensor demon-
strated rapid detection capabilities, with a response time of
around one minute for in situ measurements. Additionally, this
sensor exhibited significant sensitivity (14.7 pA/uM), a low
LOD (0.06 uM), a wide dynamic range (0.1—4500 M), and
high portability, outperforming other H,O, electrochemical
sensors in the literature (Table 1). The technology features
H,0,-specific microneedles functionalized with a hydrogel
composed of natural biopolymer, rGO, and HRP enzyme,
which together provide biocompatibility, high electrochemical
properties, and a high enzyme loading capacity. The changes in
H,0, levels under pathogen stress, monitored by this sensor,
were compared to conventional histological staining methods,
demonstrating the capability of the sensor for in situ
measurement.

Furthermore, this sensor technology could be refined by
integrating biohydrogel with various enzyme molecules specific
to other ROS, such as hyperoxide/superoxide, hydroxyl radical,
alkoxy radical, and hypochlorite anion. Additionally, inves-
tigating the integration of this sensor with other plant sensors
on a single sensing patch could enable multimodality detection,
providing a better understanding of plant responses to various
stresses. Incorporating various plant sensors” "> with soil and
environmental sensors’>~"” into a wireless communication
network’® would enable real-time monitoring. This integration
would facilitate more effective management of diseases,
nutrients, and water. Ultimately, it would contribute to the
early detection and management of various biotic and abiotic
stresses in plants, significantly enhancing crop health and
productivity.
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