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ABSTRACT: Diabetes mellitus (DM) is a chronic metabolic
disorder characterized by persistent hyperglycemia with multiple

s XX

clinical manifestations and complications, such as cardiovascular oo LO:13 \
disease, kidney dysfunction, retinal impairment, and peripheral S / | 2 ®° O @Ay Glucose
neuropathy. Continuous and minimally invasive glucose monitor- cg ", ¢ Glucose ' 5 S@aecy 1
ing is essential for effective DM management. Microneedles E ) molecular § : ] ."a‘\'fl; t\"ﬂy‘
(MNs)-based sensing platforms offer a promising solution; @) %&“?g .

¢ @ /" Gluconolactone §§

however, conventional polymeric MNs suffer from limited
electrochemical sensitivity due to their insufficient electroactive = Gy
surface area and inefficient loading of catalytic and enzymatic m
components. Herein, we present a fully polymeric, high-sensitive -

glucose sensor based on structurally engineered mushroom-shaped Time

MNs. The MNs were fabricated from a biocompatible composite of

triethylene glycol dimethacrylate (TEGDMA) and diurethane dimethacrylate (DUDMA) and further functionalized with poly(3,4-
ethylenedioxythiophene)/tosylate (PEDOT/Tos) to enhance electron transport capabilities. A capillary-driven dip-coating process
led to the deposition of Pt nanoparticles (Pt NPs)/PEDOT:PSS composite ink into the neck region of the MNs, resulting in
localized loading of electrocatalytic material and a significant increase in electrochemical activity. Consequently, the mushroom-
shaped MNs exhibited a 12.6-fold enhancement in current response to glucose compared to conical MNs, while maintaining a linear
dynamic range between 2 and 20 mM. Furthermore, in vivo validation demonstrated real-time glucose tracking with strong
agreement to commercial glucometer readings, and Clarke error grid analysis verified clinical accuracy. Collectively, these results
underscore the utility of structural engineering in polymeric MNs to achieve reliable, continuous glucose monitoring for next-
generation diabetes care.
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D iabetes mellitus (DM) is a chronic metabolic disorder proven efficacy, current CGM devices typically employ

characterized by persistent hyperglycemia resulting from subcutaneous sensing needles measuring 5—13 mm in length,
insufficient insulin secretion, impaired insulin activity, or a which are inserted into the hypodermis for continuous glucose
combination of both.' ™ Prolonged elevation of blood glucose detection.'*™'® These devices often have high manufacturing
levels can lead to progressive damage to vital organs, resulting and operational costs, in addition to frequently causing
in severe complications, such as cardiovascular disease, kidney discomfort during application.”’lg Moreover, issues such as
dysfunction, retinal impairment, and peripheral neuropathy.”” acupuncture phobia, allergic reactions, and skin irritation can
The global prevalence of DM is rising rapidly, with 537 million further compromise patient compliance.'”™>!
individuals affected in 2021 and projections reaching 783 An emerging solution to enhance user compliance and
million by 2045.%” Given the growing global burden, there is reduce pain is the development of minimally invasive glucose-

an urgent need for continuous glucose monitoring (CGM),
which enables timely diagnosis, personalized intervention, and
the prevention of long-term complications.”"°

CGM devices have emerged as essential tools in diabetes
management, allowing for real-time tracking of blood glucose
fluctuations in response to dietary intake, physical activity, and
other physiological factors, without requiring repeated skin
punctures that can cause tissue damage or increase infection
risk."”'* Among them, clinically validated systems developed
by Medtronic, Dexcom, and Abbott have been widely adopted
in both clinical and personal healthcare settings. Despite their

sensing technologies.22 Among these, microneedles (MNs)-
based sensors—typically ~1 mm in length—have gained
considerable attention for their ability to access interstitial fluid
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(ISF) with minimal discomfort.”> These MNs penetrate the
stratum corneum without reaching deeper pain receptors,
enabling reliable glucose detection directly from ISF while
significantly reducing the invasiveness associated with conven-
tional blood sampling techniques.”*** To fully harness the
clinical potential of MNs-based glucose sensors, material
selection is critical, as it governs key factors such as cost,
mechanical integrity, biocompatibility, scale fabrication, and
geometric tunability.””>” Among various candidates, polymers
have attracted considerable attention due to their inherent
biocompatibility, customizable mechanical properties, and low
fabrication cost.”® ' Furthermore, unlike early generation

. 32,33 i 343 . 36,37

MNs fabricated from metal,”>" silicon,”*”> ceramic,”*’’ or
38,3
glass,

? polymeric MNs enable versatile geometric designs
while maintaining sufficient mechanical robustness.*”*'

However, achieving high sensitivity in fully polymeric MNs-
based glucose sensors remains challenging due to the difficulty
of precisely controlling the electroactive surface area and
uniformly integrating catalytic and enzymatic components
onto the MN surface. Furthermore, surface properties must be
meticulously optimized to guarantee reliable detection of low-
concentration glucose in ISF, even in the presence of other
biomolecules, such as ions, urea, carbon dioxide, proteins, and
nucleic acids. Therefore, careful design and evaluation of MNs
structure are essential to optimize the sensing interface for
improved sensitivity and specificity.

In this study, we propose a highly sensitive, fully polymeric
MNs glucose sensor fabricated using a composite of triethylene
glycol dimethacrylate (TEGDMA) and diurethane dimetha-
crylate (DUDMA). To enhance electron transport, the surface
of the MNs was further functionalized with poly(3,4-
ethylenedioxythiophene):tosylate (PEDOT:Tos). The MNs
glucose sensor features a mushroom-shaped geometry that
leads to capillary-driven localization of functional materials,
promoting the entrapment of the catalytic Pt NPs/
PEDOT:PSS composite within the active sensing region and
significantly enhancing electrochemical performance. More-
over, we assessed the mechanical reliability of mushroom-
shaped MNs, demonstrating its capability to penetrate the skin
without structural failure or deformation of the tip and neck.
The fabricated mushroom-shaped MNs glucose sensor
demonstrated exceptional sensitivity (8.4 nA/mM per MN)
and strong linearity (R*> = 0.9983) across the physiological
glucose concentration range in ISF from 2 to 20 mM. Finally,
the biomedical applicability of the mushroom-shaped MNs
glucose sensor was validated through in vivo testing, showing
strong agreement with a commercial blood glucometer and
demonstrating reliable accuracy.

B MATERIALS AND METHODS

Materials and Reagents. DUDMA, TEGDMA, Phenylbis (2, 4,
6-Trimethylbenzoyl)phosphine oxide (photoinitiator), 3,4-Ethylene-
dioxythiophene 97% (EDOT), Trichloro (1H,1H,2H,2H-
perfluorooctyl)silane, Iron(III) p-toluene sulfonate, Pyridine, Chito-
san, glucose oxidase (Gox) (from Aspergillus niger type X-S),
glutaraldehyde solution, urea, fructose, sucrose, mannose, lactate,
isopropyl alcohol, and trypan blue were purchased from Sigma-
Aldrich (St. Louis, MO). Pt nanoparticles were purchased from US
Research Nanomaterial Inc. (Huston, TX). PEDOT:PSS solution
(Clevios PH 1000) was purchased from Heraeus (Hanau, Germany).
Poly(dimethylsiloxane) (PDMS) prepolymer (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 experiment. The 2223H Ag/AgCl
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gel electrode was purchased from 3 M (Saint Paul, MN), and isomalt
was commercially obtained.

Surface Modification for Detecting Glucose. A PEDOT:Tos
coating was applied to form a current collector on the MNs. The
precursor solution was prepared by dissolving iron(III) p-toluenesul-
fonate (15 wt %) and an equimolar amount of pyridine in isopropyl
alcohol (IPA), followed by the addition of 40 uL of EDOT per 1 mL
of solution. The conductive layer was formed through a dip-coating
process in which the MNs were sequentially immersed in the
PEDOT:Tos precursor solution. As demonstrated by the ASTM
D3359 tape adhesion test (Figure S1), the resulting coating exhibited
strong adhesion, with no observable detachment from the lattice-
patterned regions.*” Pt nanoparticles (Pt NPs)/PEDOT:PSS
composite ink, with a concentration of 50 mg/mL, was prepared by
vigorously dispersing the components using a vortex mixer for at least
S min. A PDMS microreservoir with a depth of 150 ym was utilized to
achieve precise deposition of the Pt NPs/PEDOT:PSS composite
onto the tip surface of the mushroom-shaped MNs. Finally, a
biocomposite layer composed of chitosan hydrogel and GOx was
applied using a dip-coating technique to complete the multilayer
structure. The chitosan-coated mushroom-shaped MNs were
subsequently immersed in a 2 wt % glutaraldehyde solution for 30 s
to immobilize the GOx, facilitating covalent cross-linking within the
chitosan matrix and stabilizing GOx on the surface of the mushroom-
shaped MN.

Surface Characterization. The surface morphology of the
modified mushroom-shaped MNs was characterized using scanning
electron microscopy (SEM, S-4300SE, Hitachi) operated at an
accelerating voltage of 15 kV. Energy-dispersive X-ray spectroscopy
(EDS) was conducted on the same surface area to examine the
elemental composition, yielding both elemental distribution maps and
quantitative weight ratios of specific elements on the surface of the
mushroom-shaped MNs.

Skin Insertion Test. To prevent unintended contact with the skin
during measurement, a hexahedral structure from a tensile strain
machine (Mark-10 Corp., Hicksville, NY) was mounted on the head
of a motorized strain gauge. The mushroom-shaped MNs were affixed
to this structure using epoxy adhesive. A copper wire was connected
to the mushroom-shaped MNs with silver paste, establishing a stable
conductive pathway to a source meter (Model 2400, Keithley).
Additionally, a commercial Ag/AgCl gel electrode was placed on the
back of the researcher’s hand and linked to the source meter, forming
a closed electrical loop when the mushroom-shaped MNs made
contact with the skin. The insertion speed was maintained at a
constant rate of 100 mm/min throughout the measurement process.

In-Vitro Glucose Measurement. In-vitro electrochemical
measurements were conducted using a conventional three-electrode
configuration controlled by an electrochemical workstation (Interface
1010E, Gamry Instruments), which featured a potential resolution of
10 4V and a current sensitivity of 10 pA. An Ag/AgCl electrode
served as the reference electrode, whereas a silver plate functioned as
the counter electrode. Chronoamperometric measurements were
conducted in phosphate-buffered saline (PBS) at an applied potential
of 0.4 V, with continuous stirring maintained at 100 rpm.

In-Vivo Glucose Measurement. For in vivo evaluation, the
mushroom-shaped MNs glucose sensor was inserted into the
researcher’s forearm and leg. The glucose concentration in ISF was
modulated by the oral ingestion of 40 g of glucose. Concurrently,
blood glucose levels were measured using a commercial glucometer
(Barozen H, i-SENS Inc., South Korea) and compared with the real-
time current signals recorded by the mushroom-shaped MNs glucose
Sensor.

B RESULTS AND DISCUSSION

Fabrication Process of the Fully Polymeric Mush-
room-Shaped MN. We developed a multistep molding
strategy to fabricate mushroom-shaped MNs with exceptional
geometric fidelity and sharp tip definition, as shown in Figure
1A. The process started with the fabrication of a high-

https://doi.org/10.1021/acssensors.5c02073
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Figure 1. Design and structural characterization of mushroom-shaped MNs. Schematic illustration of the mushroom-shaped MNs glucose sensor,
depicting the (A) fabrication process and (B) surface functionalization steps. (C) Bird’s eye optical image of the fabricated mushroom-shaped
MNs. (D) SEM image of a mushroom-shaped MNs. (E) at a higher magnification, illustrating surface fidelity achieved through the sugar template.

resolution master mold utilizing two-photon polymerization
(2PP). Subsequently, a negative mold was produced by casting
PDMS over the 2PP master. To mitigate unwanted adhesion
during the subsequent molding steps, the surface of the
negative PDMS mold was functionalized with a self-assembled
monolayer (SAM) using trichloro(1H,1H,2H,2H-
perfluorooctyl)silane. A second PDMS casting onto the
SAM-treated surface generated a positive mold that accurately
replicated the original master features with high fidelity. This
positive PDMS mold was then employed to create a sacrificial
mold by casting a sugar solution. The sugar mold enabled
stress-free demolding by dissolving in water, allowing
undamaged separation of the cured polymer without
deformation or tip fracture. The sacrificial molding approach
demonstrated high reproducibility, with intact demolding and
no tip fracture observed over multiple fabrication cycles
(Figure S2). In addition, the low oxygen permeability of the
sugar mold suppressed oxygen inhibition during subsequent
UV curing processes. In the final fabrication step, a monomer
composed of TEGDMA and DUDMA was cast onto the sugar
mold and polymerized under UV light, resulting in complete
cross-linking throughout the MN structure.

Following fabrication as shown in Figure 1B, the mushroom-
shaped MNs were sequentially functionalized via dip-coating
with PEDOT:Tos, Pt NPs/PEDOT:PSS composite ink, and
chitosan hydrogel containing GOx. Each coating step was
monitored under an optical microscope to ensure uniform
coverage, and the multilayered structures were subsequently
dried under refrigerated conditions to stabilize the coatings
and preserve enzymatic activity.

Subsequently, the prepared mushroom-shaped MNs were
evaluated for geometric uniformity and structural integrity. A
bird’s-eye optical image demonstrated that the mushroom-
shaped MNs were uniformly distributed, exhibiting consistent
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geometry across the entire array (Figure 1C). A midmagnifi-
cation SEM image of four adjacent MNs further validated the
regularity of the array and the consistency of their shapes
(Figure 1D). Each MN displayed a base diameter of
approximately 150 pm, a height of approximately 450 um,
and a center-to-center spacing of 500 ym (Figure S3). A high-
magnification SEM image of an individual MN tip (Figure 1E)
revealed no structural deformation or surface defects,
indicating that the dip-coating process effectively preserved
the mold-defined features.

MN Design and Surface Characterization. Current
polymer-based MNs structures face significant challenges in
achieving the analytical accuracy and reproducibility required
for reliable glucose sensing. These limitations are primarily
attributed to the challenges of achieving uniform and stable
coatings of functional materials on curved, nonplanar polymer
substrates.” In particular, the use of conventional conical
geometries often results in uncontrolled reagent distribution
during the coating process, thereby introducing signal
variability and compromising electrochemical performance.
Addressing these challenges requires a precise geometric
definition of the reactive interface to enable spatially confined
formation of electroactive surfaces.

Figure 2A shows a capillary-driven dip-coating process of the
mushroom-shaped MNs. During the withdrawal stage, the
meniscus of Pt NPs/PEDOT:PSS composite ink remained
pinned at the neck region (Stage 2) and gradually conformed
to its equilibrium contact angle along the curved geometry
(Stage 3). Upon rupture of the liquid bridge (Stage 4), the Pt
NPs/PEDOT:PSS composite ink is predominantly retained in
the neck region, with only a minimal residue on the tip, unlike
conventional conical MNs (Figure S4). Optical images of the
mushroom-shaped MN following the dip-coating and drying
process, highlighting the spatial coating of the Pt NPs/

https://doi.org/10.1021/acssensors.5c02073
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Figure 2. Surface characterization of mushroom-shaped MNs. (A) Schematic of the dip-coating process, which involves sequential formation (the
meniscus and the retention of a liquid bridge). (B) Optical image of the mushroom-shaped MNs after drying. (C) SEM images and corresponding
(D) EDS elemental maps comparing the surface morphology and elemental distribution of conical and mushroom-shaped MNs after Pt NPs/
PEDOT:PSS composite ink coating. The scale bars represent 3 ym. (E) Normalized EDS intensity comparing conical and mushroom-shaped MNs,
revealed substantially higher Pt and S signals in the mushroom-shaped geometry. (F) Glucose sensing performance comparison between
mushroom-shaped and conical MNs, showing a 12.6-fold increase in current response to glucose for the mushroom-shaped structure.

PEDOT:PSS composite ink, are shown in Figure 2B. Initially
retained by capillary action in the neck and tip region, the Pt
NPs/PEDOT:PSS composite ink remains localized after
solvent evaporation, forming a concentrated coating at the
neck region.

Next, we characterized the spatial coating and elemental
composition of both conical- and mushroom-shaped MNs
using scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS). As shown in Figure
2C, SEM images reveal that conical MNs exhibit sparse and
uneven surface coverage, with minimal coating near the tip. In
contrast, mushroom-shaped MNs exhibit a dense and uniform
coating around the neck region. This morphological distinction
is further corroborated by elemental mapping using EDS
(Figure 2D), which clearly demonstrates differential spatial
distributions of C, N, O, Pt, and S between the two MN
structures. The enhanced Pt and S signals indicate localized
enrichment of the Pt NPs/PEDOT:PSS composite, likely
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driven by capillary effects inherent to the concave geometry.
Quantitative EDS analysis (Figure 2E) further verified this
observation, with the mushroom-shaped MN exhibiting
substantially higher Pt (47.61 wt %) and S (10.07 wt %) at
the neck compared to the conical MN (5.92 wt % Pt, 1.70 wt
% S), reflecting more efficient retention of both catalytic and
conductive components.

The structural advantages of the mushroom-shaped MN are
directly reflected in its glucose sensing performance, as shown
in Figure 2F. Chronoamperometric measurements performed
across glucose concentrations from 5 to 20 mM revealed that
mushroom-shaped MNs exhibited current responses approx-
imately 12.6-fold higher than those of conical counterparts.
This enhancement is primarily attributed to the concave neck
region of the mushroom-shaped MNs, which provides a
geometrically confined area that supports capillary-guided
accumulation of the Pt NPs/PEDOT:PSS composite and GOx.
Although glucose diffusion to the recessed neck region is
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Figure 3. Skin insertion test of mushroom-shaped MNs. (A) Schematic of insertion test setup and the sequential MN-skin interaction stages; (1)
approaching, (2) contact, (3) insertion, and (4) driving. (B) Displacement—resistance—force curves (the insets display optical images of the MN
before and after insertion) using a source meter and a tensile test machine. (C) Comparative analysis of insertion forces against other common
stimuli, highlighting the minimal force required in this study (0.028 N) relative to a conical MN (0.018 N), finger tapping (0.5 N), virtual keyboard
(0.76 N), and mechanical keyboard (0.87 N). (D) Optical images of the MNs under increasing applied forces from 1 to 10 N.

slower than to the tip, the increased reactive surface area and
elevated GOx loading density effectively offset the reduced
mass transport, resulting in robust and enhanced electro-
chemical responses. These results underscore the critical role
of MN architecture in determining electrochemical sensitivity
for glucose sensing applications.

Skin Insertion Analysis of Mushroom-Shaped MN. To
assess the skin penetration capabilities of the mushroom-
shaped MNs, a specialized experimental setup was developed
by integrating a tensile testing machine with a source meter
(Figure 3A). Notably, insertion tests were conducted on the
researcher’s forearm, during which displacement, force, and
DC resistance were simultaneously recorded to monitor the
MN—skin interaction.

As shown in Figure 3B, the insertion process was categorized
into four distinct phases based on changes in DC resistance
and force. (1) Approaching phase: the mushroom-shaped MNs
approached the skin surface without making contact, resulting
in an open circuit. (2) Contacting phase: the MNs contacted
the stratum corneum, resulting in a sudden drop in resistance
within the high-megaohm range and a force increase to
approximately 0.003 N, indicating surface compression without
penetration. (3) Insertion phase: the MNs penetrated the
stratum corneum, as evidenced by a sharp decline in resistance
to 151.66 MQ and a peak force of 0.028 N, marking the critical
threshold for skin penetration. (4) Driving phase: further
displacement resulted in deeper insertion and enhanced MN-
skin contact. At this stage, resistance stabilized at approx-
imately 5.39 MQ, whereas the force remained below 0.04 N
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owing to soft tissue deformation. Following the electrical and
mechanical measurements, trypan blue staining was performed
on the researcher’s forearm to visually assess skin penetration.
The resulting stained insertion sites demonstrated that the
mushroom-shaped MNs reliably penetrated the skin (Figure
SS).

Figure 3C shows a quantitative comparison of insertion
forces associated with the mushroom-shaped MNs, a conical
MN, and common mechanical stimuli encountered in daily
activities, such as virtual keyboard input and finger
tapping.44_46 The mushroom-shaped MNs required an
insertion force of 0.028 =+ 0.0017 N, whereas the conical
MN exhibited an insertion force of 0.018 + 0.0028 N tested
under identical mechanical conditions on the forearm (Figures
S6 and S7). Despite the relatively large taper angle of the
mushroom-shaped structure, its insertion force remains
comparable to that of the conical structure. Notably, the
measured insertion force of 0.028 N is substantially lower than
the 0.058 N threshold previously reported as necessary for
reliable skin penetration, ensuring sufficient mechanical
compliance and stable transdermal application without risk of
structural failure.”” Further comparisons with external
mechanical inputs revealed that finger tapping, virtual key-
board usage, and mechanical keyboard pressing required forces
of approximately 0.5,"* 0.76,* and 0.87" N, respectively.
These findings highlight that mushroom-shaped MNs can
reliably penetrate the skin with substantially less force than
both conical MNs and typical daily mechanical stimuli,
demonstrating their ability to achieve reliable insertion with

https://doi.org/10.1021/acssensors.5c02073
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Figure 4. Electrical characteristics of mushroom-shaped MNs glucose sensors in vitro. (A) Schematic of the operational mechanism of the MNs
glucose sensor based on catalytic and enzymatic oxidation. (B) Relative current responses of MNs glucose sensors with different surface
functionalization upon sequential addition of H,O, and glucose. Only the fully functionalized sensor shows distinct responses to both H,O, and
glucose. (C) Real-time current response of the MNs glucose sensor to stepwise additions of glucose (2—20 mM). (D) Lineweaver—Burk plot of the
MNss glucose sensor. A linear relationship is observed between the reciprocal of steady-state current and the reciprocal of glucose concentration (R*
=0.9947) (E) Selectivity characteristics of the MNs glucose sensor, demonstrating current responses to S mM glucose compared with potential

interfering species, including urea, fructose, sucrose, mannose, and lactate.

minimal force. In addition to mechanical performance, skin
compatibility was evaluated after 6 h of sustained skin contact
with the MNs glucose sensor. As shown in Figure S8, only faint
indentations were observed upon sensor removal, with no
visible signs of irritation such as erythema or edema. The skin
recovered fully within 1 h, indicating excellent tolerability and
minimal disruption to the surrounding tissue during extended
use.

Finally, the mechanical robustness of the mushroom-shaped
MNs was evaluated under varying compressive loading
conditions to assess their structural integrity during insertion
(Figure 3D). Vertical forces ranging from 1 to 10 N were
applied, and deformation was monitored using side-view
optical imaging. Across all tested loads, the MNs maintained
their structural integrity, exhibiting no visible bending, fracture,
or base deformation. Notably, even under a 10 N compressive
load—over 350 times greater than the minimum insertion
force of 0.028 N—the tip and body remained intact. These
results verified that the mushroom-shaped MNs possess
sufficient mechanical strength to enable reliable and effective
skin penetration.

In-Vitro Electrochemical Performance for Detecting
Glucose. The electrochemical performance of the mushroom-
shaped MNs glucose sensor was evaluated under in vitro
conditions (Figure 4A), where a multilayered structure was
employed to enable enzymatic glucose recognition and
efficient electron transfer. The MNs glucose sensor comprised
three functional layers: a top enzymatic layer composed of

GOx embedded within a chitosan hydrogel, a middle catalytic
layer consisting of Pt NPs/PEDOT:PSS composite to catalyzes
hydrogen peroxide oxidation and electron transport, and a
bottom conductive layer of PEDOT:Tos serving as the current
collector along the MN surface.

Upon exposure to glucose, GOx catalyzes the oxidation of -
glucose to D-glucono-1,5-lactone and H,0O, in the presence of
molecular oxygen, as shown in the reaction below

GO
D-Glucose + O, —> D-Glucono-1, S-lactone + H,0,

(1)

The enzymatically generated H,O, is oxidized at the Pt NPs,

and the resulting electrons are transported through the

PEDOT:PSS layer and efficiently collected at the PEDOT:Tos

conductive interface, resulting in a measurable current, as

follows

H,0, - 2H" + O, + 2¢~ (2)

To assess the electrochemical contribution of each functional
layer in the mushroom-shaped MNs glucose sensor, the
relative current response following sequential surface mod-
ifications was recorded (Figure 4B). Stepwise additions of
H,0, and glucose were used as probing analytes. Initially, the
PEDOT:Tos-coated MNs exhibited negligible current changes
in response to either H,O, and glucose, indicating the absence
of catalytic or enzymatic activity without Pt or GOx. Upon
coating Pt NPs/PEDOT:PSS composite onto the mushroom-
shaped MNss, a distinct increase in current was observed upon
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Figure S. In-vivo evaluation of the mushroom-shaped MNs glucose sensor. (A) Optical image of MNs glucose sensor applied to the skin,
highlighting the placement of the working, reference, and counter electrodes. (B) Schematic of the glucose diffusion pathway between the ISF and
MNs glucose sensor. (C) Real-time in vivo glucose monitoring utilizing the MNs glucose sensor, compared with a commercial glucometer. The
sensor accurately tracked blood glucose fluctuations, with data points consistently aligned within the normal and hyperglycemic ranges over time
(black: 13 data points of glucose levels collected using a commercial glucometer: red, glucose concentrations recorded by the MNs glucose sensor).
(D) Clarke’s error grid analysis showing the detection accuracy of MNs glucose sensor.

H,O0, exposure, validating the catalytic functionality of the Pt
NPs/PEDOT:PSS composite layer. Subsequent coating of
mushroom-shaped MNs using a GOx-embedded chitosan
hydrogel led to a pronounced current increase upon glucose
addition, clearly indicating the enzymatic activity of the
outermost layer. These results highlight the effective surface
functionalization of both catalytic and enzymatic layers.

To evaluate the real-time response to glucose, the fully
functionalized MNs were subjected to sequential additions of
glucose at concentrations ranging from 2 to 20 mM in PBS
(Figures 4C and S9). The recorded current exhibited a
concentration-dependent increase, reflecting a reliable electro-
chemical response to physiologically relevant glucose levels. To
quantitatively evaluate this behavior, a calibration curve was
plotted on a semilog scale (inset of Figure 4C), which revealed
exceptional sensitivity (8.4 nA/mM per MN) and excellent
linearity (R* = 0.9983). Although the MNs sensor exhibited
robust response characteristics across the tested range, a
noticeable reduction in current resolution was observed above
10 mM. This trend is attributed to the small number (n = 10)
and limited enzyme-loading area of MNs. While this
nonlinearity does not affect performance within the physio-
logically relevant range, enhanced sensitivity at higher
concentrations would increase detection accuracy under
hyperglycemic conditions. To address this limitation, future
studies will investigate raising the number of MNs. In parallel,
the MN geometry will be systematically optimized to expand
the available surface area for enzyme immobilization,
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particularly along the shaft, thereby improving catalytic
efficiency and sensor performance. Despite these structural
limitations, a comparative analysis of previously reported MN-
based glucose sensors (Table S1) demonstrates that our
mushroom-shaped MN sensor achieves markedly higher
sensitivity, highlighting the advantage of its geometry-guided
functionalization strategy.

To gain further insight into the enzymatic reaction kinetics
underlying this response, the relationship between glucose
concentration and reaction rate was analyzed using a
Lineweaver—Burk plot (Figure 4D), which provides a double
reciprocal linearization of the Michaelis—Menten equation. A
strong linear correlation (R* = 0.9947) was observed when the
reciprocal of the steady-state current was plotted against the
reciprocal of glucose concentration, indicating that the sensor
response is consistent with classical Michaelis—Menten
kinetics characteristic of GOzx-mediated glucose oxidation.
From the linear fit, the maximum enzymatic rate (V,,,,) and
Michaelis constant (K_,) were determined to be 2.35 + 0.071
HA and 8.35 + 0.52 mM, respectively.

Finally, the selectivity of the mushroom-shaped MNs
glucose sensor was evaluated by monitoring the current
response following the sequential addition of glucose and
various potentially interfering species (Figure 4E). Upon the
initial addition of 5 mM glucose at approximately 100 s, a
sharp increase in current was observed. By contrast, 5 mM
urea, fructose, sucrose, mannose, and lactate produced
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negligible changes in current, demonstrating high specificity of
the mushroom-shaped MNs for glucose sensing.

In-Vivo Evaluation for Detecting Glucose. To evaluate
the in vivo electrical performance of the mushroom-shaped
MNs glucose sensor, glucose measurements were conducted
on the forearm and leg of a healthy subject (36 years, male),
with fingertip blood glucose levels measured by a commercial
glucometer serving as a reference. As shown in Figure SA, the
MNs sensor was integrated with a three-electrode config-
uration and applied to the forearm. The detailed electrical
connection of the three-electrode configuration is shown in
Figure S10.

The working principle of the MNs sensor is illustrated in
Figure SB. In this configuration, glucose molecules present in
the ISF passively diffuse toward the mushroom-shaped MN,
driven by the concentration gradient between the ISF and the
enzymatic sensing interface. This diffusion enables enzymatic
recognition at the MNs surface, thereby facilitating real-time
glucose detection and supporting continuous monitoring of
subcutaneous glucose levels without the need for blood
sampling.*’

Figure SC presents real-time in vivo glucose monitoring
performance of the mushroom-shaped MNs sensor in
comparison with reference values from a commercial
glucometer, with the corresponding raw current signals in
Figure S11. The MNs sensor generated a continuous signal
(red), whereas the glucometer provided 13 data points (black).
Both results exhibited similar temporal trends, with glucose
levels ranging from approximately 96 to 146 mg/dL
(equivalent to $.3 to 8.1 mM). To further evaluate clinical
accuracy, Clarke error grid analysis was performed. As
presented in Figures 5D, S12 and S13, all measured points
tell within Zone A—indicating that glucose readings from the
MN sensor were within +20% of reference values. Collectively,
these findings demonstrate that the mushroom-shaped MNs
glucose sensor delivers reliable, real-time monitoring of
subcutaneous glucose levels and aligns closely with standard
glucometer readings, highlighting its potential for practical and
minimally invasive glucose sensing applications.

B CONCLUSIONS

In this study, we developed a fully polymeric MNs glucose
sensor designed for real-time, continuous monitoring of
glucose levels in both in vitro and in vivo environments.
High geometric fidelity and efficient electron transport were
achieved by leveraging a mushroom-shaped MNs structure
fabricated from a TEGDMA—DUDMA monomer and further
functionalized with PEDOT:Tos to enhance electron transport
capabilities. Capillary-driven localization of the Pt NPs/
PEDOT:PSS composite within the neck region of the
mushroom-shaped MNs significantly enhanced the electro-
active surface area, leading to a highly sensitive sensing
interface. Consequently, the mushroom-shaped MNs exhibited
markedly higher current responses, approximately 12.6-fold
greater than those of conical MNs. This enhancement enabled
a robust and linear electrochemical response across physiolog-
ically relevant glucose concentrations, achieving a sensitivity of
84 nA/mM per MN within the 2—20 mM range. The
mushroom-shaped MNs sensor also exhibited reliable skin
penetration without structural failure. In-vivo testing further
verified the ability of MNs sensors to provide accurate glucose
readings comparable to those from commercial blood
glucometers. Collectively, we believe the mushroom-shaped

7032

MNs glucose sensor demonstrates strong potential for next-
generation diagnostics by addressing the clinical need for
conformable, accurate, and real-time glucose monitoring at
point-of-care settings.
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