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ABSTRACT: Continuous monitoring of plant metabolic dynamics remains challenging
because existing sensing interfaces often fail to maintain stable mechanical coupling with
deformable plant tissues during prolonged electrochemical measurements. Here, a spiral-
interlocking microneedle electrode (SI-MNE) is presented for long-term in planta glucose
monitoring through mechanically persistent tissue anchoring and minimally invasive bioin-
terfacing. Unlike conventional conical or array-type microneedles that suffer from limited /%
interfacial stability and motion-induced signal fluctuations, the SI-MNE employs a helical =~ m s coaing 2nd coning "wne 255
geometry that enables rotation-assisted insertion and 3D interlocking within plant tissue, [ rerema o
thereby substantially enhancing mechanical retention. Cyclic-voltammetry-derived interfa-
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Mechanical testing demonstrated approximately 10-fold higher pull-out resistance com-
pared with conventional conical microneedles, while optical coherence tomography directly
visualized stable insertion of the spiral architecture within plant tissue. To establish electrochemical glucose sensing functionality, a
multilayer sensing interface consisting of a conductive carbon layer, PEDOT:PSS/Pt nanoparticle catalytic layer, and chitosan/glucose
oxidase enzymatic layer was conformally integrated onto the spiral surface. The SI-MNE exhibited concentration-dependent amper-
ometric glucose responses across 1—100 mM with a sensitivity of 350.3 nA/mM and high selectivity against representative plant
sap interferents. The device further demonstrated stable operational reproducibility during continuous measurements and prolonged
storage conditions. Using a three-electrode SI-MNE configuration, continuous glucose monitoring in living tomato plants successfully
captured reproducible diurnal glucose fluctuations under natural light—dark cycles for 7 consecutive days without observable signal
degradation or severe tissue damage. The proposed SI-MNE establishes a mechanically robust and electrochemically reliable biointer-
face for continuous metabolic monitoring in plants and provides a broadly applicable strategy for long-term in situ plant biosensing.
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1. INTRODUCTION interrogation of key metabolic intermediates offers more imme-
diate and quantitative assays of physiological status.'®'!
Among these metabolites, glucose is central. It not only
serves as a primary carbon and energy source, but also functions
in signaling to regulate photosynthetic activity, carbon alloca-
tion, and transcription.'>~” Extensive prior studies have estab-
lished that glucose signaling is tightly coupled with major
phytohormone pathways, particularly ethylene, auxin, and cyto-
kinin pathways, linking metabolic status with hormonal control
of growth and development.'®*™*' Consequently, temporal vari-
ations in tissue glucose concentration directly reflect metabolic

Agriculture is central in global food security and supplying raw
materials while driving economic development, particularly in
developing regions.'~* In recognition of its global importance,
the United Nations designated 2020 as the International Year
of Plant Health, highlighting the need for sustainable strategies
to support increasing food demands.** In this context, the Food
and Agriculture Organization (FAO) has estimated that global
agricultural productivity will need to increase by approximately
60% by 2050 to sustain a population approaching 10 billion,
underscoring the importance of understanding and managing
plant physiological processes.*”
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govern plant growth and adaptation.>” Because development '
is fundamentally regulated by cellular metabolism, direct
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regulation and provide a sensitive indicator of growth
status.”>~>*

Numerous techniques have been explored for glucose quan-
tification, including mass spectrometry, Raman spectroscopy,
chemiluminescence, fluorescence, and electrochemical
methods.”*"*? Although they provide molecularly resolved
readouts, they typically rely upon tissue disruption or active
sap extraction, rendering them labor-intensive and perturba-
tive to native plant physiology, while limiting long-term, real-
time, and on-site measurements.>°~3%> Moreover, intermittent
sampling precludes monitoring transient and dynamic changes,
resulting in fragmented representations of glucose dy-
namics.”**** Thus, there is a need for continuous glucose sens-
ing. In this context, microneedle electrode (MNE)-based,
wearable sensors are promising candidates for glucose detection,
as they enable minimally invasive interfacing with internal sap
streams, reduce tissue disruption, and support continuous in situ
monitoring.**~ For example, Chen et al.*’ described hollow
polymer microneedles with a platinum wire-based sensor inter-
face for glucose monitoring, with a detection limit of 33 pM
and sensitivity of 17 nA-uM™"-cm™. Yun et al.*' developed a
clip-type, microneedle glucose sensor based on a non-enzymatic
K—Co,0, catalyst, with a 113 pM detection limit, that enabled

direct glucose measurements in plant leaves under light—dark
conditions.

However, conventional MNE-based sensors, particularly
array-type designs, are limited by mechanical instability at the
device—tissue interface because their multi-point insertion
inherently disturbs tissue and creates motion-induced deforma-
tion, producing signal instability and measurement artifacts dur-
ing in situ operation. In addition, conical MNE geometries
provide limited mechanical engagement with plant tissue
because their narrow curvature and reduced effective contact
area hinder stable anchoring. As a result, maintaining stable
attachment under ambient conditions remains challenging, ulti-
mately limiting long-term, continuous plant glucose monitoring.

To address these issues, we developed a spiral-interlocking
MNE (SI-MNE) with a mechanically engineered geometry
for stable, in situ tissue glucose detection that supports contin-
uous, in situ monitoring in plant tissues under natural light—
dark cycles (Figure 1A). The SI-MNE was fabricated using a
triethylene glycol dimethacrylate (TEGDMA)—diurethane
dimethacrylate (DUDMA) monomer composite to achieve
the interlocking geometry, followed by carbon spray coating
to establish a conductive base layer. A multilayer electrochem-
ical interface was subsequently constructed through sequential
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Figure 1. Overview of the SI-MNE for in situ glucose monitoring in plants. (A) Schematic illustration of the spiral-interlocking microneedle elec-
trode (SI-MNE) inserted into plant tissue, enabling mechanically stable anchoring and reliable access to internal sap for continuous glucose sensing.

(B) Fabrication and functional principles of the SI-MNE. (i) Stepwise
tration of the spiral-interlocking geometry, highlighting increased axial

fabrication of a polymeric MNE for glucose detection. (i) Conceptual illus-
pull-out resistance. (iii) Continuous in situ monitoring of glucose, showing

temporal variations correlated with light—dark cycles and photosynthesis.
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integration of a poly(3,4-ethylenedioxythiophene): polysty-
rene sulfonate/platinum (PEDOT:PSS/Pt) nanoparticle com-
posite and a chitosan—glucose oxidase (GOx) layer, providing
catalytic and enzymatic functionalities required for glucose
sensing (Figure 1B(i)). Its spiral-interlocking geometry pro-
motes mechanical interlocking with surrounding tissue,
increasing resistance to axial extraction and enhancing interfa-
cial mechanical retention (Figure 1B(ii)). Based on this
mechanically stable configuration, the SI-MNE enables contin-
uous in situ glucose monitoring, allowing real-time tracking of
glucose dynamics in plant tissues under natural light—dark
cycles. Stable glucose signal acquisition was maintained during
prolonged operation for 7 days without observable signal deg-
radation, demonstrating suitability for continuous plant glu-
cose monitoring (Figure 1B(iii)). The SI-MNE developed in
this study provides a new approach for continuous glucose
monitoring in plants and offers a versatile foundation for
developing next-generation in situ plant biosensors. Through
comprehensive evaluation, this work establishes the feasibility
of the developed minimally invasive sensing device for real-
time glucose monitoring in plants.

2. MATERIALS AND METHODS
2.1. Materials and Reagents

DUDMA, TEGDMA, phenylbis (2, 4, 6-trimethylbenzoyl)phosphine
oxide (photoinitiator), trichloro (1H,1H,2H,2H-perfluorooctyl)silane,
chitosan, GOx (from Aspergillus niger type X-S), glutaraldehyde solu-
tion, fructose, lactate, sucrose, abscisic acid, salicylic acid, and isopropyl
alcohol were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Conductive carbon spray (838AR total ground) was purchased from
MG chemicals (Ontario, Canada), and Pt nanoparticles were pur-
chased from US Research Nanomaterial, Inc. (Houston, TX, USA).
PEDOT:PSS solution (Clevios PH 1000) was purchased from
Heraeus (Hanau, Germany). Isomalt was purchased from Beneo-
Palatinit (Germany). PDMS pre-polymer (Sylgard 184A) and curing
agent (Sylgard 184 B) were purchased from Dow Corning Co., Ltd.
(Shanghai, China). Deionized water (resistivity >18 MQ cm at
25 °C) was utilized throughout the study.

2.2. Plant Materials and Growth Conditions

Tomato plants (Solanum lycopersicum var. cerasiforme) were culti-
vated in plastic pots (3.9 in X 3.9 in X 3.5 in) filled with a commercial
potting soil mixture. Growth was conducted in a controlled plant
growth device (Tiiun L023M2, LG Electronics Inc., Seoul, Korea)
under long-day conditions (12 h light + 12 h dark). Daytime and
nighttime temperatures were maintained at 25 °C and 22 °C,
respectively.

2.3. SI-MNE Fabrication

A spiral MN master structure was fabricated using a two-photon poly-
merization 3D printer (Nanoscribe, Germany). A negative mold was
then prepared by casting PDMS (pre-polymer and curing agent mixed
at a 10:1 ratio) over the MN master, followed by thermal curing at
60 °C for 1 h. To reduce adhesion and facilitate mold release during
subsequent replication, a PDMS-negative mold was treated with oxy-
gen (O,) plasma (30 W, 1 min; CUTE, Femtoscience, South Korea)
and subsequently exposed to trichloro(1H,1H,2H,2H-perfluorooctyl)-
silane vapor in a vacuum oven at 60 °C for 24 h, resulting in the forma-
tion of a superhydrophobic self-assembled monolayer (Figure S1A).
Using this surface-modified PDMS mold, PDMS MNs were fabricated
by casting a PDMS into the PDMS-negative mold followed by curing
under controlled conditions (Figure S1B). The resulting PDMS MN
structure served as a positive template for sacrificial mold preparation.
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Specifically, an aqueous isomalt solution was cast onto the PDMS MN
under vacuum at 150 °C to form a rigid sugar mold, which was subse-
quently used as a sacrificial template for MN replication. After solidifi-
cation, a precursor solution consisting of DUDMA and TEGDMA
(2:8 ratio) with 1 wt % photoinitiator was introduced into the mold
under a vacuum of 0.03 Torr to ensure complete infiltration. The struc-
ture was crosslinked via UV irradiation for S min (Model 18, Jetlight
Company), and the final MN was obtained by dissolving the sugar
template in water.

2.4. Surface Modification

A carbon spray coating was first applied to establish an electrically con-
ductive current-collector layer on the SI-MN. On the resulting conduc-
tive surface, a PEDOT:PSS/Pt nanoparticle composite ink
(250 mg/mL), homogenized by vortexing for S min, was deposited
via an initial dip-coating process to form a conformal catalytic layer.
Subsequently, a chitosan—GOx biocomposite was introduced through
a second dip-coating step, yielding an enzymatic layer on the
PEDOT:PSS/Pt-modified surface and completing the multilayer archi-
tecture. To immobilize GOx, the chitosan-coated SI-MN was
immersed in a 2 wt % glutaraldehyde solution for 30 s, inducing cova-
lent cross-linking within the chitosan matrix and stabilizing GOx on the
MN surface.

2.5. Electrochemical Characterization during Rotational
Insertion

CV measurements were conducted via electrochemical impedance
spectroscopy (Interface 1010E, Gamry Instruments, USA) to quantify
the electrochemical surface area (ECSA). A standard three-electrode
configuration was adopted, using the MNE as the working electrode,
a stainless-steel counter electrode, and an Ag/AgCl reference electrode.
The potential window was set from 0 to 1.0 V with a scan rate of
100 mV-s~". To characterize the influence of spiral rotation on interfa-
cial charge accumulation, the rotation angle of the SI-MN was systema-
tically changed from 360° to 2160° in 180° increments. The ECSA was
subsequently estimated by integrating the non-faradaic double-layer
region of the voltammograms, thereby capturing rotation-induced
changes in the accessible surface area.

2.6. Pull-Out Force Measurement

The pull-out speed was controlled at 1 mm/s using a tensile-strain
testing system (Mark-10 Corp., Hicksville, NY, USA). The tester
applied a uniaxial extraction load during the pull-out process and con-
tinued the displacement until the MN detached completely from the
petiole tissue.

2.7. Surface Characterization

Wettability was assessed using triplicate contact-angle measurements
(Phoenix-MT, Surface Electro Optics, Co. Korea) from 4-puL water
droplets. Images were processed using Image] software to ensure con-
sistent contour extraction and angle determination. Morphology
was characterized using scanning electron microscopy (S-4300SE,
Hitachi) operated at 15-kV accelerating voltage. EDS was conducted
on identical regions in samples to measure elemental compositions,
providing spatial-distribution maps and elemental ratios for each layer.
Chemical compositions and bonding states were measured using XPS
(Nexsa-G2, Thermo Scientific) equipped with a monochromatic Al
Ka source (hv = 1486.6 eV), operating at 12 kV and 10 mA with a
400 pm spot size.

2.8. Optical Coherence Tomography

We employed a custom-built spectral-domain system to acquire cross-
sectional tissue images, enabling direct visualization of interface geom-
etry (Figure S2). The system was equipped with a broadband superlu-
minescent diode (SLD; MT840-HP, Superlum, Carrigtohill, Ireland)
operating at a central wavelength of 840 nm with a spectral bandwidth
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of 100 nm, corresponding to a theoretical axial resolution of 3.1 pm in
air. Lateral resolution was estimated to be 12.5 pm, from the beam
diameter (2.5 mm) and focal length (S0 mm) of the imaging probe.
The SLD emitted a broadband optical power of 1.56 mW, of which
1.4 mW was delivered to the sample arm through a 90:10 fiber coupler.
Interference signals were generated during the superposition of mirror-
reflected light from the reference arm and backscattered light originat-
ing from scattering structures within tissues. Interferometric signals
were recombined at the fiber coupler and directed to a custom-built
spectrometer incorporating a line-scan camera (spL4096-140km,
Basler, Ahrensburg, Germany). The resulting interference fringe pat-
terns were transferred using a CameraLink frame grabber (PCle-
1433, National Instruments, Austin, TX, USA) and processed to recon-
struct cross-sections of the MN—tissue interface.

2.9. In Vitro Glucose Measurements

Measurements were conducted using a conventional three-electrode
configuration controlled by an electrochemical workstation, with
potential resolution of 10 UV and current sensitivity of 10 pA. An
Ag/AgCl electrode served as the reference electrode, with a carbon-
coated polyethylene terephthalate sheet as the counter electrode.
Chronoamperometric measurements were conducted in PBS at an
applied potential of 0.5 V, with continuous stirring at 100 rpm.

2.10. In Plant Glucose Measurements

An SI-MNE glucose sensor was inserted into a tomato petiole under
controlled environmental conditions. The amperometric current was
continuously recorded for 12 h during the light phase and for an addi-
tional 12 h during the dark phase. The photoperiodic cycle was regu-
lated via illumination with a light-emitting diode within a sealed dark
chamber, enabling precise control of the light and dark phases during
the monitoring period.

3. RESULTS AND DISCUSSION
3.1. SI-MNE Design and Fabrication

For high-fidelity fabrication of the proposed geometry, a sacrifi-
cial sugar-based templating strategy was employed. It enabled
accurate replication of the three-dimensional helical features,
followed by dissolution of the sugar template after curing to
release the MNE. Figure 2A provides an overview of the design
and fabrication process, and Figure S3 provides detailed geo-
metric parameters. The electrode had an overall height of
830 pm and a base width of 550 pm (Figure S3A). The detailed
side view (Figure S3B) shows five helical segments with radial
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Figure 2. Fabrication and multilayer functionalization of the S-MNE. (A) Fabrication schematic. (B) Stepwise surface functionalization of the pris-
tine MNE, including carbon spray coating as a conductive base layer, followed by dip coating with a PEDOT:PSS/Pt precursor and chitosan/GOx
precursor to establish an enzymatically active electrode interface. (C) Representative micrographs of pristine and functionalized MNE (side, oblique,
and top views), with a surface morphology after multilayer surface modification. (D) SI-MNE integrated onto a star-shaped polyethylene terephthal-

ate (PET) substrate.
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extensions of 230, 185, 140, 88, and 32 pm and corresponding
axial dimensions of 116.7, 94.3, 69.8, 43.2, and 16.3 pm, res-
pectively. The top view (Figure S3C) shows a total spiral rota-
tion of 810°.

Figure 2B illustrates the surface-modification steps applied to
the SI-MNE. Initially, the pristine MNE surface was coated with
conductive carbon to establish an electrically active base. Next, a
PEDOT:PSS/Pt layer was deposited using dip coating to form a
continuous conducting polymer interface. Finally, a chitosan
matrix with incorporated GOx was applied to provide enzy-
matic functionality. This strategy provides a multilayered sens-
ing interface.

The morphological characteristics associated with surface
modifications are shown in Figure 2C. Optical micrographs
were acquired from the side, oblique, and top views, then com-
pared with those of pristine and functionalized SI-MNE. The
pristine MNE was transparent with a clearly defined helical pro-
file. After surface functionalization, the surface was darkened,
indicating coverage, whereas the spiral morphology remained
intact. Figure 2D shows an image of an individual SI-MNE

integrated onto a star-shaped polyethylene terephthalate sub-
strate for scale.

3.2. Rotational SI-MNE Insertion

Insertion was divided into three regimes according to degree of
interaction between the electrode and surrounding tissue
(Figure 3A). During the lock-initiation stage (i) (0—360°),
the leading spiral gradually penetrated the outer epidermal layer
while establishing initial mechanical engagement with cortical
tissue. Continued rotation advanced the SI-MNE into a fully
locked stage (i) (360—1440°), in which the spiral conformed
tightly to the surrounding parenchyma, capable of sustaining
axial and torsional stresses. Further rotation produced over-
rotation (iii) (>1440°), displacing tissue and reducing
stable contacts.

To assess insertion quality, cyclic voltammetry (CV) was
performed. CV profiles were used to extract interfacial ca-
pacitance, presented as a function of the rotation angle in
Figure 3B, with representative CV curves shown in
Figure S4. Capacitance increased progressively during lock
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Figure 3. Controlled insertion and interlocking behavior of the SI-MNE in plant tissue. (A) Schematic illustration of the rotational insertion process.
(i) Lock-initiation: the spiral leading edge penetrates the outer epidermal tissue, establishing the initial mechanical engagement. (ii) Full-locking: con-
tinued rotation enabled conformal anchoring of the SI-MNE within the cortical parenchyma. (iii) Over-rotation: excessive rotation induced localized
tissue disruption and cavity formation around the insertion site. (B) Cyclic voltammetry-based insertion analysis, showing progressive increases in
capacitive current as the rotation advanced from 360° to 2160°. (C) OCT images of SI-MNE insertion in plant tissue across (i) «xy, (ii) yz, and
(iii) xz planes. (D) Optical images of SI-MNE under increasing insertion forces (0.5—2 N), showing no structural deformation.
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initiation (i), indicating an increase in the effective electrode—
tissue interface. Because the radial dimensions of the spiral
increase from the tip toward the base, the increase in capaci-
tance became more pronounced as the larger spiral segments
engaged the surrounding tissue. Capacitance peaked under
the full-locking condition (ii), indicating that the largest effec-
tive interface had formed. As expected, further rotation led to
decreased capacitance, consistent with cavity formation in the
surrounding tissue.

Reliable assessment of SI-MNE insertion is challenging when
performing surface optical observations alone, owing to the
complex three-dimensional spiral-interlocking geometry. This
produces depth-dependent features and overlapping interfaces
within tissues, obscuring true insertion depth and spatial orien-
tation when viewed externally. To address these limitations,
optical coherence tomography (OCT) was employed, revealing
distinct scattering patterns produced by the helical architecture.
As the MNE is optically transparent, OCT contrast primarily
was generated by tissue—tissue and tissue—MNE interfaces.
These signals were interpreted based on light-penetration
images along the spiral, illustrated in Figure S5. To validate
these findings, OCT datasets were reconstructed into xy, yz,
and xz orthogonal planes, providing multi-angle views of the
MNE-—tissue interface. Figure 3C presents representative
cross-sectional and projection views, including xy-plane images
(Figure 3C(i—ii)) that clearly show the helical profile. Finally,
depth-resolved xy-plane slices at different z-axis positions
(Figure S6) exhibited systematic scattering variations consistent
with the spiral insertion path. These volumetric observations
confirmed that SI-MNE insertion into plant tissues was pre-
cisely and spatially controlled.

To assess the mechanical response of the SI-MNE under
insertion loads, axial compression was measured (Figure S7).
A controlled normal load was applied along the SI-MNE axis
while deformation was monitored by imaging. The compres-
sion test was conducted under axial loading without rotational
insertion to evaluate the structural robustness of the SI-MNE.
The spiral retained its overall geometry under 0.5—2 N of
compression (Figure 3D). Only minor elastic deformation
occurred at the outer spiral segments across this range, with
no evidence of fracture, collapse, or permanent deformation.
In summary, cyclic voltammetry, OCT imaging, and mechan-
ical characterization consistently showed that the SI-MNE
maintains its geometry upon insertion into plant tissue.

3.3. Spiral Geometry Enhances Tissue Interlocking and
Pull-Out Resistance of SI-MNE

Figure 4A compares the insertion and pull-out behavior of a
conventional conical MNE and the SI-MNE. Owing to its
geometry, a conventional MNE provides limited engagement
with surrounding tissue during axial loading, resulting in a lower
force required for extraction. In contrast, the SI-MNE promotes
interlocking, increasing resistance to extraction. This difference
is reflected in the pull-out forces shown in Figure 4B and
Figure S8, corresponding to an approximately 10-fold increase.
Although these results demonstrate enhanced axial retention,
practically one must allow for mechanical deformation pro-
duced by growth or external perturbations. Accordingly, we per-
formed pull-out tests under controlled bending (Figure 4C).
The bending radii varied from —10 and —2 mm (negative bend-
ing) to 2 and 10 mm (positive bending). The SI-MNE exhibited
similar pull-out forces across all radii (0.185—0.212 N), with
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no noticeable reduction relative to the unbent state, indicating
stability.

To complement the pull-out measurements, we compared
axial retention under loads of 20 g (Figure 4D and Movie
S1). The conical MNE was readily extracted from the tomato
petiole, whereas the SI-MNE sustained the applied load.
Further examination of the SI-MNE after removal showed that
straight axial pull-out without rotational release resulted in tis-
sue adhering to the spiral surface, whereas rotational pull-out
preserved a clean spiral morphology (Figure S9). These obser-
vations collectively confirm robust mechanical engagement
between the spiral-interlocking geometry and surrounding tis-
sue during non-rotational extraction.

3.4. Stepwise Surface Characterization of SI-MNE

Reliable glucose detection relies on controlled surface modifica-
tion, which directly governs electron-transfer efficiency and
enzyme immobilization at the MNE surface. Surface engineering
critically  influences  electrochemical ~ performance by
elemental composition and chemical bonding states.
Accordingly, our sequential surface-modification steps were char-
acterized using water-contact angle (WCA) measurements,
energy-dispersive X-ray spectroscopy (EDS), and X-ray photo-
electron spectroscopy (XPS) to track the evolution of surface
wettability, elemental distribution, and chemical bonding at each
coating stage. Morphological differences were visualized via opti-
cal microscopy (Figure SA), revealing gradual changes in surface
texture and coloration. Variations in surface wettability were eval-
uated through WCA measurements, corresponding results are
shown in Figure 5B and summarized in Table S1. Each value rep-
resents the mean + standard deviation obtained from at least
three measurements. The UV-cured TEGDMA—DUDMA (pris-
tine) film exhibited a WCA of 89.44 + 0.89°, reflecting a moder-
ately hydrophilic surface.**

Subsequent surface coatings led to a progressive increase in
hydrophilicity: 72.41 + 0.40° for carbon-coated, 57.28 + 1.18°
for the PEDOT:PSS/Pt-composite, and 49.38 + 2.22° for the
chitosan/GOx surface.*>** This consistent decrease reflects
the progressive formation of increasingly hydrophilic surfaces
accompanying each coating step, including the chitosan/
GOx enzyme immobilization.*®

To further analyze our surface modifications, we measured
elemental distribution using EDS (Figure SC). The carbon-
coated surface (i) exhibited a uniform distribution of C and
O. Following the PEDOT:PSS/Pt coating (ii), distinct Pt and
S signals were observed, confirming that Pt was incorporated
within the matrix. Following chitosan/GOx functionalization
(iii), we detected increased N and O signals, accompanied by
decreased Pt and S signals, consistent with covering of the
PEDOT:PSS/Pt surface.

Similar results were observed using XPS (Figure SD). For
binding-energy calibration, the C—C peak of the carbon-
coated surface at 283.7 eV was used as an internal reference.
The C—C components of the PEDOT:PSS/Pt- and chitosan/
GOx-modified surfaces were subsequently aligned to the same
reference energy, as shown in the high-resolution C 1s spectra
in Figure S10. After calibration, the survey spectra indicated
characteristic peaks at binding energies of 283.7 eV (C 1s),
531.1 eV (O 1s), 399.1 eV (N 1s), 167.1 eV (S 2p), and
74.1 eV (Pt 4f), confirming the stepwise deposition of the
PEDOT:PSS/Pt and chitosan/GOx layers. High-resolution
XPS spectra of the coated PEDOT:PSS/Pt composite layer
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Figure 4. Mechanical robustness and anchoring behavior of the S-MNE. (A) Schematic comparison of insertion and pull-out between a conical (left)
and spiral (right) MNE. (B) Comparison of forces required to extract conical and spiral MNE from plant stems. (C) Pull-out force measured under varying
bending radii, demonstrating stable mechanical performance under both negative and positive bending conditions. Error bars represent standard devia-
tions. (D) Representative photographs of axial pull-out response of conventional conical and spiral MNE under identical loads of 20 g.

revealed information on the chemical states of sulfur and plati-
num. The S 2p spectrum (Figure SE) exhibited a characteristic
spin—orbit—spin doublet and was fitted using a Gauss—Lorentz
function to resolve individual sulfur species.*® Peak deconvolu-
tion resolved components at 163.4/164.7 eV and 167.7/
169.0 eV, corresponding to the thiophene S moiety in
PEDOT and the sulfonate S group in PSS, respectively.*’

The energy separation between the S 2p,/, and S 2p,/,
components was approximately 1.2 eV,*® consistent with
reported values for PEDOT:PSS. The Pt 4f spectrum
(Figure SF) exhibited doublet signals at 71.1/74.3 eV and
72.5/76.3 eV, assigned to metallic state Pt° and oxidized state
Pt** species, respectively.*” The coexistence of these mixed-
valence Pt states, together with the PEDOT:PSS matrix, is
indicative of the formation of a coating capable of efficient
interfacial charge transport. After subsequent chitosan/GOx
functionalization, increased O/C atomic ratio and pronounced
enhancement of the N 1s signal (Figure S11) were observed,
indicating the presence of the desired chitosan/GOx compos-
ite hydrogel on the SI-MNE surface.>
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3.5. Electrochemical Performance for Glucose Detection

SI-MNE measures glucose using an enzyme-mediated electro-
chemical transduction mechanism (Figure 6A). A conformal mul-
tilayer architecture was constructed on the SI-MNE surface,
comprising a GOx-embedded chitosan hydrogel as the enzymatic
interface, a PEDOT:PSS/Pt composite as the catalytic layer, and
an underlying carbon layer functioning as a continuous current
collector. Glucose oxidation catalyzed by GOx proceeds through
two redox steps. In the first step, d-glucose is oxidized to d-glu-
cono-1,5-lactone, which is accompanied by reduction of the
bound flavin adenine dinucleotide (FAD) prosthetic group
within GOx to FADH,), as described in eq 1:

D — glucose + GOx(FAD) — d — glucono
— 1,5 —lactone + GOx(FADH,) (1)

subsequently, the reduced FADH, molecule reacts with
dissolved O, present in phosphate-buffered saline (PBS),
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GOx-functionalized. The WCA measurements shown represent the mean of three independent samples + the standard deviation. (C) SEM and cor-
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scan XPS spectra with peaks corresponding to C 1s, O 1s, N 1s, S 2p, and Pt 4f. (E) High-resolution S 2p spectrum showing doublet peaks at 163.4/
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exhibiting doublet signals at 71.1/74.3 eV and 72.5/76.3 eV, attributed to metallic Pt® and oxidized Pt** species, respectively.

producing H,0,, as described in eq 2:

the H,O, produced during this process is then oxidized at the Pt
nanoparticle catalytic sites distributed across the SI-MNE surface,
as described in eq 3:

H,0, — 2H* 40, +2¢~ (3)

the resulting electrons are transported through the carbon con-
ductive layer, producing a glucose-dependent current that enables
amperometric quantification of glucose concentrations.
Layer-specific responses were examined using relative cur-
rent measurements performed after each step (Figure 6B).
Stepwise additions of H,0, and glucose were performed to
independently assess catalytic and enzymatic activity. The
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carbon layer alone exhibited negligible current changes in
response to both analytes, as expected. PEDOT:PSS/Pt layer
deposition resulted in a measurable current upon H,O, expo-
sure, consistent with catalytic activity. Subsequent coating
with GOx-embedded chitosan produced a pronounced
glucose-induced current.

Building on the validated surface functionalization, we next
measured electrochemical responses under stepwise glucose
additions (Figure 6C and Figure S12). At a constant potential
of 0.5 V, we measured stepwise increases in the drain current
upon sequential addition of glucose over 1—100 mM. The cur-
rent increased monotonically with glucose concentration. The
corresponding calibration plot exhibited a linear relationship
between response current and glucose concentration within
the tested range, as described in eq 4:

y (nA) =350.3 [glucose] (mM) + 35.56 with R* =0.946  (4)
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Figure 6. Electrochemical characteristics of the SI-MNE for glucose detection. (A) Schematic of the electrochemical interface: carbon base,
PEDOT:PSS/Pt nanoparticle catalytic, and chitosan—GOx enzymatic layers. (B) Current responses illustrating the sequential emergence of catalytic
and enzymatic oxidation upon layer-by-layer surface functionalization; a.u., arbitrary units. (C) Stepwise addition of glucose increases current. Inset:
calibration plot showing correlation (linear R* = 0.946). (D) Selectivity measured by introducing 10 mM glucose, then known sap components
applied at S mM, ending with an additional 1 mM glucose. (E, F) Relative currents measured (E) from 10 to 60 min at S-min intervals and
(F) at 24-h intervals over 7 d in PBS containing S0 mM glucose. (G) Relative currents measured in the presence of SO mM glucose after 1—4 weeks

of ambient storage. Error bars represent standard deviations.

When benchmarked against previously reported enzyme-
based MNE glucose sensors, the SI-MNE had markedly higher
sensitivity on a per-MNE basis while maintaining a broad range
(Table S2). For application in plants, reliable glucose detection
requires selectivity against coexisting saccharides and electroac-
tive metabolites. To evaluate selectivity, representative sap-
derived interferents (fructose, sucrose, lactate, abscisic acid,
and salicylic acid) were each administered at S mM in 30 s inter-
vals (Figure 6D); none produced a measurable current. These
data demonstrate high selectivity in plant sap—relevant condi-
tions. The SI-MNE response was also evaluated under different
electrolyte ionic strengths (Figure S13). The relative response
increased with increasing PBS concentration, accompanied by
a decrease in the charge-transfer resistance.”"> In addition,
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the effects of pH and temperature on the sensor response were
evaluated with SO mM glucose (Figures S14 and S15). The sen-
sor exhibited the highest response at pH S and a 40 °C, consis-
tent with the reported pH- and temperature-dependent catalytic
characteristics of GOx.>*~¢

To monitor glucose during prolonged operation, reproduc-
ibility was evaluated over time with repeated measurements
with 50 mM glucose. We observed relative standard deviations
(RSDs) of 1.49% over 60 min, 1.79% over a week, and
1.12% after 4 weeks of ambient storage (Figure 6E—G, respec-
tively). Device-to-device reproducibility assessed after 4 weeks
of ambient storage showed an RSD of 3.07% across five in-
dependently prepared SI-MNE (Figure S16). In addition to
signa reproducibility, degradation was directly assessed
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by comparing the responses of five independently prepared
SI-MNE:s before and after 7 days, which showed 99.6% signal
retention (RSD 1.05%), confirming no meaningful perfor-
mance loss (Figure S17). Collectively, these results demon-
strate that SI-MNE is robust under extended operation and
storage conditions.

3.6. Long-Term in Planta Glucose Monitoring with Minimal
Tissue Disruption

Figure 7A and Figure S18 illustrate the experimental setup in
naturally growing tomato plants maintained under ambient
light—dark cycles. A conventional three-electrode configuration
was implemented using SI-MNE as working, reference, and
counter electrodes (Figure 7B); a cross-section of the petiole
confirmed stable integration of the spiral-interlocking geometry
within the tissue (Figure 7C). With this configuration, continu-
ous amperometric measurements were conducted for 7 d
(Figure 7D). Currents exhibited reproducible diurnal modula-
tion; elevated during illuminated periods and reduced during
darkness. These variations are consistent with both light-
driven carbohydrate production during photosynthetically
active phases and glucose consumption associated with respira-
tory metabolism in the dark. The persistence of this pattern
over multiple cycles demonstrates that SI-MNE reliably tracks
endogenous glucose dynamics in living plants over time.
Because the prepared SI-MNE relies on a GOx-catalyzed enzy-
matic reaction, physiological variations in gaseous species
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Figure 7. In situ plant glucose monitoring using the SI-MNE.
(A) Experimental setup for continuous glucose monitoring in a living
tomato plant. (B) Three-electrode configuration positioned on
the tomato stem (working, reference, and counter electrodes).
(C) Cross-sectional view of the insertion site, confirming stable pen-
etration of the SI-MNE within the tissue. (D) 7 days glucose moni-
toring trace using amperometric measurements, showing cyclic
fluctuations synchronized with day—night transitions. (E) Optical
images of the insertion site over 14 days, indicating minimal tissue
damage and gradual recovery.
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should also be considered when interpreting the sensing results.
In particular, dissolved O, serves as a co-substrate for enzymatic
glucose oxidation and its local availability can vary during pho-
tosynthesis and respiration. Although such variations could
influence enzyme kinetics, the physiological conditions used in
this study were not expected to cause sufficient O, depletion
to limit the enzymatic reaction. Carbon dioxide (CO,), another
key component associated with these physiological processes,
may also influence the local physiological environment.
Although the present study was conducted under ambient phys-
iological conditions, an investigation of O, and CO, variations
under controlled environmental conditions would elucidate
their influence on long-term in planta glucose sensing. Beyond
these physiological factors, SI-MNE was designed for continu-
ous monitoring of relative glucose dynamics rather than abso-
lute concentration determination. In the present study, the
recorded signals were not independently cross-validated against
an established analytical method; such destructive reference
sampling, concomitant with the localized sensing volume of
the sensor, is itself perturbative and technically challenging, pre-
cisely the limitation the SI-MNE is intended to overcome.
Independent, quantitative validation of absolute tissue glucose
levels therefore remains an important subject for future work.

Finally, we evaluated MNE-induced wound recovery in
tomato petioles (Figure 7E). Following removal of the
SI-MNE, microporous features were observed at the petiole sur-
face at the insertion site. Over 14 d, these insertion-induced
openings progressively decreased in size, accompanied by
restored petiole surface continuity, without observable evidence
of tissue necrosis or structural degradation. In addition, during
this interval both the treated petioles and adjacent leaves exhib-
ited normal growth without visible morphological abnormali-
ties. Such favorable characteristics can be attributed to the
MNE configuration, which confines tissue penetration to a lim-
ited region to minimize damage. Collectively, these observa-
tions indicate effective wound closure following microneedle
removal and support the minimally invasive nature of the
SI-MNE for prolonged use in plant tissue.

4. CONCLUSIONS

In this study, a SI-MNE glucose sensor with a mechanically
engineered spiral-interlocking geometry was developed for
long-term, continuous glucose monitoring in plants. To validate
the mechanical functionality of the designed geometry, its inser-
tion behavior was evaluated by cyclic voltammetry through
changes in interfacial capacitance, whereas pull-out resistance
was quantified via mechanical testing, revealing approximately
10-fold higher resistance than found with conventional designs.
In parallel, OCT was employed to directly visualize SI-MN
insertion within plant tissues. Formation of the multilayer
SI-MNE interface was confirmed via surface analysis, establish-
ing a chemical basis for concentration-dependent amperometric
glucose detection over a broad dynamic range up to 100 mM,
with a sensitivity of 350.3 nA/mM. In addition, shelf-life stabil-
ity was assessed during ambient storage for 4 weeks, whereby
five independently prepared SI-MNE exhibited a relative stan-
dard deviation of 3.07%. Building upon these electrochemical
characterizations, continuous in planta measurements in living
tomato plants demonstrated stable glucose monitoring over 7
consecutive days under light—dark cycles. Collectively, the
SI-MNE approach enables mechanically robust and
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electrochemically reliable continuous in situ monitoring of glu-
cose dynamics in living plants.
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