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ABSTRACT: The use of conductive microneedles presents a promising solution for
achieving high-fidelity electrophysiological recordings with minimal impact on the
interfaced tissue. However, a conventional metal-based microneedle suffers from high
electrochemical impedance and mechanical mismatch. In this paper, we report a dual-
conductive (i.e., both ionic and electronic conductive) and stiffness-morphing
microneedle patch (DSMNP) for high-fidelity electrophysiological recordings with
reduced tissue damage. The polymeric network of the DSMNP facilitates electrolyte
absorption and therefore allows the transition of stiffness from 6.82 to 0.5139 N m−1.
Furthermore, the nanoporous conductive polymer increases the specific electro-
chemical surface area after tissue penetration, resulting in an ultralow specific
impedance of 893.13 Ω mm2 at 100 Hz. DSMNPs detect variation potential and action potential in real time and cation fluctuations
in plants in response to environmental stimuli. After swelling, DSMNPs mechanically “lock” into biological tissues and prevent
motion artifact by providing a stable interface. These results demonstrate the potential of DSMNPs for various applications in the
field of plant physiology research and smart agriculture.
KEYWORDS: conducting polymers, microneedle, plant physiology, smart agriculture, in situ biosensors

■ INTRODUCTION
The study of plant physiology has traditionally been hindered
by molecular and cellular biology techniques that provide
limited insights into dynamic biological processes and require
destructive sampling methods. To address this issue, the
development of bioelectronic interfaces that allow real-time
monitoring of plant physiology is crucial for both fundamental
research and practical applications in agriculture. Microneedle
patches have garnered significant attention due to its minimally
invasive nature.1−6 In recent years, conducting metallic
microneedle patches have been explored for the detection of
biopotentials and biomarkers in skin interstitial fluid.7−9

However, these patches face challenges such as substantial
mechanical mismatch between metallic materials and biological
tissues and high impedance due to electrochemical reactions at
the metal-fluid interface, leading to high noise recording and
motion artifacts.10 Conducting polymers, such as poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PE-
DOT:PSS), have emerged as promising alternatives due to
their biocompatibility, dual electronic−ionic conductivity, and
mechanical compatibility.11−13 While conducting polymer-
based microneedle patches have been demonstrated, they lack
mechanical strength for successful penetration into biological
tissues. For example, hyaluronic acid, a typical material choice
for microneedles14 is unable to form a percolating conductive
pathway without sacrificing its mechanical strength.

In this study, we report the first dual-conductive stiffness-
morphing microneedle patches (DSMNPs) using PEDOT:PSS
and poly(lactic-co-glycolic acid) (PLGA). Our DSMNPs offer
a low-impedance bioelectronic interface and good mechanical
strength compared to a conventional metal electrode. In
addition, by utilizing PLGA’s thermoplasticity, our DSMNPs
can be fabricated through a simple thermo-pressing method,
making it amenable for low-cost large-scale production. As
proof-of-concept demonstrations, we applied our DSMNPs for
real-time in situ detection of electrophysiological signals and
cation concentrations in response to environmental stimuli.

■ RESULTS AND DISCUSSION
Fabrication of DSMNP. Conducting polymer-based

electrode allows for capturing both electrical and ionic signals
due to its dual-conductivity (Figure 1a). However, pristine
conducting polymer PEDOT:PSS lacks the sufficient mechan-
ical strength to penetrate biological tissues. We address this
challenge by blending biocompatible poly lactic-co-glycolic acid
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(PLGA) into the PEDOT:PSS matrix. PLGA with rich
carboxyl groups noncovalently cross-link with PEDOT:PSS
via the electrostatic interaction with the PEDOT chains and
hydrogen bonding with the PSS chains (Figure 1a). As a result,
the mechanical property of the PEDOT:PSS matrix is
substantially improved. In addition, dimethyl sulfoxide
(DMSO) was used not only as the solvent for both PLGA
and PEDOT:PSS but also as the secondary dopant of PEDOT
and H-bond acceptor of PSS, whereby promoting the
formation of a conductive network.15 DSMNP performs a
stiffness-morphing property after electrolyte adsorption,
forming a low-mechanical-mismatch interface with plant tissue
compared to the rigid metallic electrode (Figure 1a). The
viscous PEDOT:PSS/PLGA mixture was poured on the
polydimethylsiloxane (PDMS) mold and immersed in ethanol
to extract excess DMSO, followed by solvent evaporation by
heating. The thermoplasticity property of PLGA allows
thermo-pressing PEDOT:PSS/PLGA polymer mixture into
the PDMS mold to form DSMNPs as illustrated in Figure S1.
Compared to the conventional microneedle fabrication
methods that require centrifugation and lengthy drying time,
the demonstrated thermo-pressing approach is amenable for
low-cost large-scale production (Figure 1b).

Characterizations of DSMNP. As shown by optical and
scanning electron microscopy (SEM), DSMNP consists of an
array of 3 × 3 pyramidic microneedles with the tip size of ∼10
μm, length of 500 μm, base dimension of 250 μm, and inter-
MN spacing of 400 μm (Figures 2a and S2). With the increase
of the weight ratio of PEDOT:PSS, the mechanical strength of
DSMNP decreases (Figure 2b), whereas its conductivity
increases (Figure 2c). Despite the highest conductivity,
DSMNP with 30 wt % loading of PEDOT:PSS is unable to
perform tissue penetration. DSMNP with 20 wt %
PEDOT:PSS offers relatively good conductivity (3.19 S/cm)
with a cell constant of 40.192 cm−1 (Table S1) but gives much
higher stiffness (providing a force of 3.5 N/needle to ensure
easy tissue penetration, at 0.5 mm displacement without
breaking) than that with 25 and 30 wt % PEDOT:PSS loading.
Therefore, this optimal ratio was chosen to make DSMNPs for
the subsequent experiments. To further investigate the
electrical property of DSMNP, its electrical spectra impedance
was obtained (Figure S3). Nyquist and Bode plots presented
low impedance of DSMNP and phase angle change
demonstrated its dual conductivity, and by fitting the Randles
circuit, we showed DSMNP low resistance of 3.203 Ω cm2 and
a high capacitance of 4.484 × 10−3 S sn cm−2 (Table S2). The

Figure 1. Polymeric DSMNP detects stress-induced variation potential and ion fluctuation by providing a low-mechanical-mismatch interface,
which can be manufactured by a large-scale thermos-pressing method. Schematic illustration of (a) plant electrophysiology and ion flux monitoring
by DSMNP and (b) comparison between conventional and thermo-pressing microneedle fabrication method.
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combination of strong mechanical property and high
conductivity is endowed by interpenetrating the PEDOT:PSS
and PLGA network.
As shown by energy-dispersive X-ray (EDX) analysis result,

EDX mapping and its SEM image (Figures 2d and S4), a phase
separation between high sulfur density region and low sulfur
density region can be observed, which is inferred to be
PEDOT:PSS-rich region and PLGA-rich region, respectively.
Different from the pristine PLGA microneedle, DSMNP can
absorb electrolyte, and therefore the stiffness of the micro-
needle decreases substantially. The stiffness of DSMNP
decreases from 5.54 to 0.17 N mm-1 by adsorbing 0.27 g g−1

electrolyte at 15 min after penetration (Figures 2e and S5).
After stiffness-morphing, the soft polymeric network of
DSMNP could maintain conformal contact with the plant
tissue, therefore allowing high-fidelity electrophysiological
recording with reduced motion artifact (Figure S6).16 When

there is mechanical disturbance such as wind, smaller
mechanical mismatch between DSMNP and plant tissue
ensured chronic interface stability and caused less damage
compared to the rigid metal electrode.17 Moreover, the thin
microneedle patch allows a bending angle up to 30° while
resistance variation change is below 5% (Figure S7).
Using freshly detached Epipremnum aureum leaf as the in

vitro model, we tested the electrochemical impedance of
DSMNP and compared that with a silver wire (Figure 2f,g).
The latter is commonly used as an electrode to record
electrophysiological signals in plants.18 Impedance spectra
showed that area specific impedance of a DSMNP-leaf
interface is substantially lower than that of a silver wire-leaf
interface from 1 to 100,000 Hz (e.g., 893.13 vs 5478.24 Ω mm2

at 100 Hz). The low impedance may be contributed by the
dual conductivity and nanoporosity of PEDOT:PSS.19 By
fitted into Randles circuit model, DSMNP shows significantly

Figure 2. Electrical and mechanical characterizations of DSMNP. (a) Optical image of DSMNP. Scale bar: 500 μm. (b) Mechanical compression
test of DSMNPs with different PEDOT:PSS loadings. Inset: illustration of the experimental setup. (c) Conductivity of DSMNPs with different
PEDOT:PSS loadings. n = 6. Inset: illustration of the experiment setup for conductivity measurement. (d) EDX mapping of sulfur in PLGA/
PEDOT:PSS composite (left) and its merge with SEM image (right). (e) Stiffness and water uptake change of DSMNPs with penetration into
agarose gel. n = 3. (f) Experimental setup of the EIS measurement. (g) Area-specific impedance spectra (left) and phase angle (right) of Ag wire-
and DSMNP-leaf interface. (h) Raman spectra of PEDOT:PSS, DMSO-treated PEDOT:PSS, and DMSO-treated PEDOT:PSS/PLGA. Inset:
change of PEDOT chain after DMSO treatment.
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lower charge transfer resistance (1.245 × 104 vs 7.776 × 105 Ω
mm−2) and high double-layer capacitance (3.945 × 10−9 vs
3.175 × 10−10 S sn mm2) than silver wire (Figure S8 and Table
S3). This can be explained by the high specific electrochemical
surface area of DSMNP’s three-dimensional polymeric network
after electrolyte absorption. In vitro experiment on agarose gel
(covered with water-impermeable parafilm) also demonstrated
low impedance of DSMNP-leaf interface compared to Ag wire-
leaf interface (3337.47 vs 37978.69 Ω mm2 at 100 Hz, Figure
S9), and well-fitted Randles model showed low charge transfer
resistance (9.697 × 105 vs 1.161 × 109 Ω mm2) and high
double layer capacitance (5.791 × 10−3 vs 2.256 × 10−5 S sn
mm−2) (Table S4).
Figure 2h shows the Raman spectra of pristine PEDOT:PSS,

DMSO-treated PEDOT:PSS, and DMSO-treated PE-
DOT:PSS/PLGA mixture. For PEDOT:PSS, the peak at
1432 cm−1 is originated from Cα�Cβ stretching of the

thiophene ring on PEDOT.20 With the DMSO treatment, this
peak redshifts to 1420 cm−1, suggesting that PEDOT chains
change from the benzoid structure (a core−shell conforma-
tion) to quinoid structure (an extended coil conformation).21

This may be attributed to PEDOT−DMSO and PSS−DMSO
interactions which disrupt electrostatic attraction between
PEDOT chains and PSS chains, resulting in stretching of
PEDOT chains and phase separation of PEDOT:PSS.
Formation of PSS−DMSO hydrogen bonding can screen the
negatively charged sulfonic acid groups of PSS, thus promoting
self-aggregation of PEDOT.15 A denser packing of PEDOT
chains largely decreases the energy barrier of charge hopping
within the conductive network, leading to conductivity
enhancement.22 The addition of PLGA causes no obvious
shift of the Raman peak (1419 cm−1), indicating that it does
not interfere with the arrangement of PEDOT chains. Fourier-
transform infrared (FTIR) spectra of pristine PEDOT:PSS and

Figure 3. Recording of electrophysiological signals in Epipremnum aureum. (a) Experimental setup. (b) Recorded biopotentials by DSMNP and Ag
wire electrodes in the presence of air blowing to mimic wind disturbance. (c) Scheme of depolarization of VP. (d) Scheme of repolarization of VP.
(e) MW-induced electrophysiological response monitored by DSMNP and Ag wire. (f) Peak amplitude comparison between MW-induced VP and
motion artifact. (g) Flame-induced electrophysiology response monitored by the DSMNP and Ag wire.
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DMSO-doped PEDOT:PSS showed that peaks related to Cα−
S bond perturbations on thiophene ring of PEDOT (at 832
and 976 cm−1) are blue-shifted to 815 and 948 cm−1,
respectively (Figure S10).23 This can be explained by the
dipole moment increase of PEDOT induced by weaker
electrostatic interaction with a long PSS chain.
In Planta Electrophysiological Monitoring. As a proof-

of-concept demonstration, we first investigated the ability of
DSMNP to detect electrophysiological signals from an aquatic
landscape plant, E. aureum, and compared it with the
conventional silver wire electrode for plant electrophysiology.
The plant and the Ag/AgCl reference electrode were placed in
phosphate-buffered saline (PBS) solution. A DSMNP elec-
trode was pressed onto a leaf (1 cm from the midrib), while a
silver wire electrode was threaded through symmetrically on
the other side of the midrib for simultaneous recording of
biopotential (Figure 3a). To test the electrode stability, rapid
air flow was used to simulate the wind in the field. As shown in
Figure 3b, the baseline of the biopotential recording from the
silver wire fluctuates dramatically under windy conditions, with
a root-mean-square (RMS) of 3.69 mV (after baseline
correction), which is much higher than that of the DSMNP
electrode (0.78 mV, after baseline correction) (Figure S11).
The peak-to-peak fluctuation is ∼18.23 mV, which shadows
variation potentials (VP) in plants in response to some stimuli,
such as mechanical wounding (MW) (15−40 mV),24 thus
preventing silver wire electrode from high-fidelity and reliable
recording. The good stability of DSMNP can be explained by
intimate interface between microneedles and plant tissues and
low Young’s modulus mismatch between hydrated PE-
DOT:PSS/PLGA composite (∼3.4 MPa) and plant tissue
(1−10 MPa).25 Moreover, slight swelling of microneedles

upon adsorption of sap helps to mechanically “lock” them in
position and form a robust electrically continuous interface
between ion-conducting biofluid and polymer matrix with dual
ionic and electronic conductivity.
Plants produce electrophysiological signals in response to

the environmental stimuli, which in turn trigger cascaded
physiological events, such as modulation of gene expression
and phytohormone level.26,27 Monitoring the electrophysio-
logical signals from the plants is instrumental to detect
environmental stress for smart agriculture and understand
plant physiology. In response to MW (e.g., insect bite), VP will
be generated and propagated to elicit stress responses.28 VP,
also called slow-wave potential, is initiated by opening of Ca2+
channels (allowing influx of Ca2+ ions) and Ca2+ influx thereby
activates the calcium-dependent anion channel (allowing efflux
of Cl− ions) and inactivates the H+-ATPase to depolarize the
cell membrane (Figure 3c).29 Subsequently, large depolariza-
tion inactivates the Ca2+-channel, and membrane repolarizes
because of the activation of K+ channels (allowing efflux of K+
ions) triggered by decreased cytoplasmic Ca2+ concentration
(Figure 3d).27 Different from action potential (AP), the
membrane repolarization is greatly prolonged owing to slow
reactivation of H+-ATPase (Figure 3d).30 When a small MW
was induced by a clamp at the leaf tip, an instantaneous
response was recorded from the silver wire electrode, which
was much faster and larger (155.53 vs 23.28 mV) than the
expected VP (Figure 3e,f). Conceivably, this was an artificial
electrical signal due to mechanical disturbance at the high-
mechanical-mismatch electrode-tissue interface, which buried
the VP signal. In contrast, DSMNP showed stiffness-morphing
transition after electrolyte adsorption, enabling the formation
of a conformal, low-mechanical-mismatch electrode-tissue

Figure 4.Monitoring cation concentration in Graptopetalum paraguayense using a cation-sensitive DSMNP. (a) Open circuit potential of a DSMNP
in response to stepwise increase of KCl concentration. Inset: open circuit potential vs logarithm of K+ concentration. (b) Increase of cation
concentration in a fresh leaf due to diffusion. (c) In vivo real-time monitoring of cation variation in response to flame-burn. Inset shows the
experimental setup.
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interface. Thus, DSMNP was able to record a gradually
developed VP with a prolonged repolarizing phase, which
resembles the morphology and amplitude of those previously
reported without significant motion artifact.24 Activated by
strong flame-burning stimulations to mimic extreme temper-
ature changes, a large VP with fast depolarization and slow
repolarization characteristics was successfully recorded by
DSMNP (Figure 3g). The amplitude of flame-burn induced
VP was much larger (79.30 vs 23.28 mV) and repolarizing tail
was longer than that of mechanical wound-induced VP (Figure
S12), and this can be explained that flame-burn is an intense
stimulation that significantly suppresses the reactivation of H+-
ATPase.31 Propagation speed (5.41−14.29 cm min−1),
depolarization duration (3.3−20.775 s), and repolarization
duration (118−510.3 s) reported are consistent with previous
research studies.24,32 However, we observed a large amount of
electrical artifact when recorded by silver wire, which might be
because of heat-induced leaf contraction and coiling. In
contrast, DSMNP recorded stable plant electrophysiological
signal during leaf deformation due to the soft and conformal
interface post stiffness-morphing process.
In Planta Detection of Ion Fluctuation. Abnormal ion

concentration is related to many plant diseases, such as fruit
cracking and leaf burn,33 and consumption of high-sodium
agricultural products brings stress on the kidney and
cardiovascular system.34,35 Variation of cation concentrations
can be gradually induced by apoptosis of plant cells and salinity
stress, or be instantaneously caused by wounding as cytosolic
cations (mainly K+, 100−200 mM) flow into extracellular
fluid.36 Conventionally, the extracellular ion concentration is
estimated by conductivity measurement after immersing
chopped plant tissues in a solution, which is destructive and
cannot provide real-time measurement.37 Alternatively, a
luminescence assay can be used. However, the bulky
luminescence imaging system limits its application for in situ
real time monitoring.38

Cation-selective membrane (Nafion) was dip-coated onto its
surface to enable a DSMNP with cation selectivity. As shown
in Figure 4a, such a DSMNP can potentiometrically detect a
wide range of K+ concentrations with a sensitivity of 59.25 mV
per decade. Linear response retains even at the concentration
as high as 320 mM. The nearly perfect Nernstian behavior
(theoretical value of 59.16 mV/dec) is attributable to the low
charge-transfer resistance and large specific capacitance of
DSMNP owing to their dual conductivity as well as their three-
dimensional interface with the electrolyte.
Graptopetalum paraguayense, a widely studied succulent

plant,39 was used as the model to test the cation-sensitive
DSMNP. First, an ex situ experiment was performed to
confirm the feasibility of using DSMNP to monitor the
variation of ion concentration in real time (Figure 4b).
Specifically, DSMNP was patched onto a leaf freshly detached
from the plant and immersed in a low concentration KCl
solution (1 mM). High concentration KCl solution (320 mM)
was dropwise added until the final concentration reached 150
mM, which is much higher than the extracellular cation
concentration in plants (typically <20 mM). The measured
open-circuit potential was converted into cation concentration
based on the calibration curve presented in Figure 4a. As
shown in Figure 4b, the extracellular cation concentration
increased from ∼17 to ∼110 mM with a time constant of ∼6 s,
resulting from ion diffusion through the plasmodesmata and
extracellular matrix.

For in situ monitoring on live G. paraguayense, the reference
Ag/AgCl electrode was inserted into the soil moistened by KCl
solution (10 mM), and the working electrode (DSMNP) was
applied 2 cm away from the tip of the tested leave. One-point-
calibration was performed to determine the inherent potential
offset between the calibration curve obtained in solution and
the in situ measurement in soil.40 As demonstrated in Figure
4c, a delayed gradual increase in extracellular cation
concentration was recorded by DSMNP after a flame was
briefly applied 2 cm away. Conceivably, this results from the
burst release of intracellular K+ from the necrotic and apoptotic
leaf cells into extracellular space and subsequent diffusion to
the electrode site. The extracellular cation concentration
reached ∼85 mM, which, as expected, is slightly below the
cytosolic K+ concentration (100−200 mM). Although the
Nafion membrane is also permeable to Na+ and H+, K+ is the
dominating cation in plants and flame-induced stress should
not cause substantial change of Na+ and H+ concentrations.

■ CONCLUSIONS
The dual-conductive microneedle patches (DSMNPs) have
both good conductivity to ensure high fidelity recording and
good mechanical strength to ensure tissue penetration.
Comparing to the conventional fabrication methods for
microneedle patches, which require centrifugation and lengthy
drying time, the herein demonstrated thermo-compressing
method can be potentially automated without the need of
centrifuge and amenable to low-cost large-scale production.
DSMNPs detected electrophysiological signals (VP) and
fluctuation of cation concentration in response to the
environmental stimuli with lower noise level (0.780 vs 3.693
mV) compared with silver wires. The lightweight, biocompat-
ibility, mechanical compatibility, dual electronic-ionic con-
ductivity, and minimal invasiveness endow DSMNPs with the
capability of real-time, long-term, and sensitive detection. Such
new plant sensors are instrumental not only for fundamental
studies but also for smart agriculturing. Using different ion-
selective coatings, specific detection of Ca2+, K+, Na+, and Cl−
ions may be achieved. The development of DSMNPs
represents a significant step forward in the field of
bioelectronics, particularly in the realm of plant physiology.
To date, the study of plant physiology relies primarily on
molecular and cellular biology, which lacks real-time analysis
capabilities and often involves destructive sampling. Our
DSMNPs offer the potential for nondestructive real-time
monitoring of plant physiology, which has significant
implications for fundamental studies and smart agriculture.

■ EXPERIMENTAL SECTION
Materials. SYLGARD 184 Silicone Elastomer Kit was purchased

from Dow Chemicals. Silver wire, PEDOT:PSS (dry pellet), DMSO,
PLGA (858S), and Nafion perfluorinated resin solution (5 wt % in
mixture of lower aliphatic alcohols and water), 2-hydroxyethyl
methacrylate (HEMA), ethylene glycol dimethacrylate (EGDMA),
ammonium persulfate (APS), and silver wire (diameter: 0.1 mm,
99.9% trace metals basis) were purchased from Sigma-Aldrich. Silver
conductive epoxy adhesive (8330D) was purchased from MG
Chemicals. All reagents were ACS grade and used without further
purification. Metal microneedle positive molds were purchased from
Micropoint Technologies. The Ag/AgCl reference electrode (R0201)
was supplied by Tianjin Aida Hengsheng Technology Development
Co., Ltd.
Fabrication of DSMNP. SYLGARD PDMS precursors and curing

agent were mixed at a 10:1 weight ratio and stirred well before being

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c08783
ACS Appl. Mater. Interfaces 2023, 15, 43515−43523

43520

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c08783/suppl_file/am3c08783_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c08783/suppl_file/am3c08783_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c08783?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


poured into the metal positive microneedle mold placed in a Petri
dish. After degassing in a vacuum oven for 30 min, it was heated at 70
°C for 1 h to complete the curing process. Then, the negative PDMS
mold was carefully detached from the Petri dish and heated at 70 °C
overnight. Finally, the mold was cleaned by DI water sonication
before use.
Subsequently, 20 w/v % of PLGA and 5 w/v % of PEDOT:PSS dry

pellet were added to DMSO and stirred vigorously overnight to
obtain a homogeneous and viscous solution. Then, it was poured onto
PDMS negative mold and immersed in ethanol for 3 h to remove the
excess DMSO. After heating at 80 °C for 30 min, a clay-like
composite was obtained. It was then pressed into PDMS microneedle-
shaped cavities by a thermocompressor operated at 100 °C with 10
KG compression force. Before being detached from the mold, the
microneedle patch was cooled down at ambient temperature. Finally,
silver epoxy was applied to join the microneedle patch and a silver
wire, followed by curing at 75 °C for 10 min.
To endow DSMNP with selectivity for cations, we dip-coated

microneedles in Nafion resin solution and dried at an ambient
temperature. This process was repeated three times. To protect the
Nafion layer during insertion, a layer of HEMA was coated due to its
high toughness at the dry state and nonswelling property. Specifically,
HEMA precursor solution was prepared by mixing HEMA
(monomer, 200 mg mL−1), APS (thermo-initiator, 20 mg mL−1),
and EGDMA (cross-linker, 2 mg mL−1) into DI water for 1 h. Then,
Nafion-coated microneedles were dip-coated in fresh prepared HEMA
precursor solution and heated to polymerize (70 °C, 1 h).
Characterizations. DSMNPs were imaged by a Leica DVM6

microscope and a field-emission scanning electron microscope (JEOL
JSM 6700F). FTIR spectra were recorded by a Nicolet iS50 FTIR
Spectrometer. Raman spectra were recorded with a Renishaw inVia
Reflex Raman spectrometer (laser wavelength 633 nm). Mechanical
strength of microneedles was evaluated by an Instron 5543 Tensile
Meter. Specifically, microneedle patch facing upward was placed on a
stainless-steel plate while a compression force was applied vertically at
the rate of 0.5 mm per minute. The displacement was measured until
the maximum load (10 N) was reached.
The conductivity of DSMNP was evaluated by using an

electrochemical workstation (CHI 760D, Chenhua). Silver wire was
connected to the two edges of the DSMNP via silver epoxy adhesive
(MG Chemicals), and the resistance across the microneedle patch was
measured. The conductivity (σ) was calculated by the formula below:
σ = l/(R * w * d), where “l” is the length, “R” is the resistance, “w” is
the width, and “d” is the thickness of DSMNP.
Electrophysiological signals were acquired by a USB-2610 Series

DAQ (Smacq Technologies) with a sampling frequency of 100 Hz.
Electrochemical impedance spectroscopy (EIS) was obtained by an
electrochemical workstation (CHI 760D, Chenhua) in the frequency
range of 1−100,000 Hz. EIS of DSMNP and of the electrode-agarose
interface was obtained under a two-electrode configuration, and EIS
of the electrode-leaf interface was obtained under a three-electrode
configuration.
In Planta Monitoring of Electrophysiological Signals. Before

the experiment, studied E. aureum was prepared by being bred in PBS
for 2 weeks before experiments. The plant and Ag/AgCl reference
electrode were placed in PBS, while DSMNP or silver wire electrode
was mounted at 1 cm away from the midrib of the stimuli-applied leaf.
Plant and electrodes were placed at the experiment site for 1 day
without external disturbance before the experiment started. Electro-
physiological signals were acquired by a USB-2610 Series DAQ
(Smacq Technologies) with the sampling frequency of 100 Hz.
Rapid air flow generated by an industrial air blower was to mimic

the strong wind in the field. MW was produced by pressing the leaf tip
for 2 s using two PTFE molds with wavy-grained surface. Flaming
wounding was created by burning at the leaf tip for 1 s using a
subminiature industrial flame projector.
In Planta Monitoring of Ion Fluctuation. Change of the open

circuit potential in response to the K+ concentration was calibrated in
KCl solutions. Specifically, when the concentration of K+ increased,

open circuit potential was only recorded after intra- and extra-
DSMNP K+ concentration reached equilibrium.
Ex situ ion fluctuation monitoring was performed on freshly

detached G. paraguayense leaf. Specifically, DSMNP was patched at 2
cm away from the leaf tip, and the root of the leaf was immersed in a
low concentration KCl solution (1 mM). High concentration KCl
solution (320 mM) was dropwise added until the final concentration
reached 150 mM. The measured open-circuit potential was converted
into cation concentration based on the calibration curve.
G. paraguayense for experiments was bought from a local market

and would be bred for 2 weeks. Before in situ monitoring on live G.
paraguayense, one-point calibration was performed to determine the
inherent potential offset between the calibration curve obtained in
solution and the in situ measurement in soil. Briefly, the Ag/AgCl
reference electrode was placed in soil that was fully moisture by 10
mM KCl solution and DSMNP was mounted at 2 cm away from leaf
tip. Open circuit potential between reference electrode and DSMNP
was compared with calibrated value and calibration line was shifted by
this difference.
In situ ion fluctuation monitoring was performed immediately after

one-point calibration. Specific tissue necrosis and cell apoptosis was
induced by 5 s continuous flame burning using subminiature
industrial flame projector, and open circuit potential was recorded
until no fluctuation was observed.
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Figure S1. Fabrication of DSMNP.

Figure S2. SEM image of DSMNP. Scale bar: 100 μm.
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Figure S3. EIS of DSMNP. (a) Experimental set-up for impedance 

measurement. (b) Equivalent circuit for data fitting (R1: wire resistance and 

contact resistance; R2: equivalent resistance of DSMNP; CPE: constant 

phase element of DSMNP). (c) Nyquist plot of DSMNP (experimental and 

fitting data). (d) Bode plot of DSMNP (experimental and fitting data).
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Figure S4. EDS analysis of DSMNP.

Figure S5. Mechanical compression test of DSMNP before and after 

penetration.



7

Figure S6. Area-specific impedance (ASI, at 10 Hz) of DSMNP 

change after penetration.
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Figure S7. Resistant variation when different bending angle being 

applied (Inset: experiment set-up for bending angle measurement).

Figure S8. EIS fitting of Ag wire- and DSMNP-leaf interface. (a) 

Equivalent circuit for EIS fitting (Randles circuit model). (b) Fitting of EIS 

experimental data of Ag wire-leaf interface. (c) Fitting of EIS experimental 
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data of DSMNP-leaf interface.

Figure S9. EIS of DSMNP- and Ag wire-agarose interface with model 

fitting. Agarose gel (4% agar + 96% phosphate buffer solution to mimic 

biological tissue containing interstitial fluid) was covered with a water-

impermeable parafilm (mimicking stratum corneum in human skin or plant 

cuticle). (a) Experimental set-up. (b) Area-specific impedance (ASI) 

spectra (left) and phase angle (right) of Ag wire- and DSMNP-agarose 

interface. Inset: illustration of the experiment setup. (c) Equivalent circuit 

for EIS fitting (Randles circuit model). (d) Fitting of EIS experimental data 

of DSMNP-agarose interface. (e) Fitting of EIS experimental data of Ag 

wire-agarose interface.
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Figure S10. FTIR spectra of pristine PEDOT:PSS and DMSO-doped 

PEDOT:PSS.
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Figure S11. Wind-induced motion artifact root-mean-square (RMS) of 

DSMNP and Ag wire. Unpaired, two tailed t-test (n = 3) was used for 

statistical analysis. P = 0.08544; *P < 0.1.
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Figure S12. Comparison of variation potentials induced by flame-

burning and mechanical wounding. (a) Amplitude comparison. 

Unpaired, two tailed t-test (n = 6) was used for statistical analysis. P = 

8.33487*10-6; *P < 0.05. (b) Repolarization duration comparison (till 

stabilization). Unpaired, two tailed t-test (n = 3) was used for statistical 

analysis. P = 0.05002; **P < 0.1.
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Table S1. Cell constant for DSMNP conductivity calculation.

PEDOT:PSS

Concentration (wt%)

Cell Constant

(cm-1)

Average

(cm-1)

Standard

Deviation (cm-1)

23.256

24.390

43.478

25

47.619

15

26.316

31.677 10.870

58.824

52.632

38.462

25.641

32.258

20

33.333

40.192 12.858

41.667

37.037

32.258

37.037

66.667

25

38.462

42.188 12.370
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41.667

43.478

76.923

62.5

71.429

30

41.667

56.227 16.033

Table S2. EIS fitting parameters of DSMNP.

R1 (Ω cm2) Y0 (10-3 S sn cm-2) n R2 (Ω cm2)

3.2025 4.48368 0.37166 13.9125

Table S3. EIS fitting parameters of DSMNP- and Ag wire-leaf 

interfaces.

Sample Rs

(Ω mm2)

Y0

(10-9 S sn mm-2)

n Rct

(Ω mm2)

ZW

(10-7 S s1/2 mm2)

DSMNP-

leaf

interface

802.5 3.945 0.827 12452 2.279

Ag Wire-

leaf

interface

730.9 0.3175 0.953 777590 0.03055
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Table S4. EIS fitting parameters of DSMNP- and Ag wire-agarose 

interfaces.

Sample Rs

(Ω cm2)

Y0

(10-7 S sn cm-2)

n Rct

(Ω cm2)

ZW

(10-7 S s1/2 cm2)

DSMNP-

agarose

interface

778.7 579.1 0.8 9697 289.2

Ag Wire-

agarose

interface

1026 2.256 0.7824 1.161*107 8.468


