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Salivary glucose monitoring provides a non-invasive alternative to blood-based diabetes tests; however, low analyte levels

and unstable microfluidic wetting have hindered its translation. Here, we introduce a retainer-based microfluidic system

that integrates a capillary-driven, superhydrophilic microchannel with a miniaturized three-electrode enzymatic sensor for

continuous salivary glucose monitoring. This device maintains sustained hydrophilicity for at least 120 days without

compromising flexibility or biocompatibility. The gold working electrode, functionalized with glucose oxidase immobilized in

a carbon nanotube—chitosan matrix and a thin glutaraldehyde overlayer, offers sensitive and stable detection. The

integrated sensor shows the chronoamperometric sensitivity of 15.48 pA mM cm2, and a limit of detection of < 42 uM.

The in-vitro measurements using glucose-spiked artificial saliva show the reproduced postprandial profiles with rapid signal

stabilization and high run-to-run repeatability over three cycles. Overall, this work captures the potential of the retainer-

based microfluidic system as a practical pathway toward continuous, non-invasive, salivary glucose monitoring.

Introduction

Diabetes mellitus is a global health challenge, currently
affecting over 589 million people and projected to surpass 853
million by 2050. ! Effective disease management depends on
frequent monitoring of blood glucose to prevent microvascular
and macrovascular complications, including neuropathy,
retinopathy, nephropathy, and cardiovascular disease. 2
Although fingerstick glucometers and continuous glucose
monitors are effective, they remain invasive, can be painful, and
are poorly tolerated in pediatric and long-term use. 3¢ These
limitations have catalyzed interest in non-invasive monitoring
with saliva emerging as an attractive biofluid due to ease of
collection, mirroring of blood-glucose trends, and ability to be
sampled continuously in the oral cavity. 7-° The central challenge
is twofold: salivary glucose is ~100x lower than in blood
(typically ~1-10 mg dL?; ~0.06—0.56 mM), and microfluidic
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interfaces used to collect and route saliva lose hydrophilicity
over time, undermining capillary transport. 10-12
Polydimethylsiloxane (PDMS) is the most widely used substrate
for fabricating microfluidic channels due to its low cost, ease of
prototyping via soft lithography, optical transparency,
flexibility, and biocompatibility, which make it particularly
suitable for rapid prototyping and biomedical applications. 13-15
Conventional strategies to render PDMS hydrophilic, such as
oxygen-plasma activation and surfactant coatings (e.g., Triton
X-100), are transient or leachable. Plasma-treated surfaces
reorganize and revert toward hydrophobicity within days, while
surfactants desorb, foul sensors, and complicate
biocompatibility. 1618 Thus, a durable, maintenance-free
hydrophilic interface is a prerequisite for the practical, capillary-
driven sampling of oral fluids. 1°

To achieve long-term capillary flow within an intraoral
device, we adopted a bulk-modified PDMS composite based on
poly(dimethylsiloxane-b-ethylene oxide) (PDMS-b-PEO). Unlike
conventional hydrophilic strategies—such as PEG 20-23, PVA 24-26,
Pluronic F127 2729, or hyaluronic-acid 3932 coatings—that
typically require plasma activation, multi-step grafting, or
immersion-assisted activation and still suffer from hydrophobic

can

recovery or coating delamination, PDMS-b-PEO provides a
structurally integrated approach. The PDMS segment covalently
crosslinks within the Sylgard 184 matrix, preserving elasticity
stability, while the PEO segment
spontaneously enriches the surface, vyielding persistent
hydrophilicity for over 120 days without re-treatment. Recent

and dimensional

work has noted that although polymeric surface coatings can
extend PDMS wettability, these methods generally involve
complex thermal temporal and maintain
hydrophilicity only for several weeks. In contrast, PDMS—

and control
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(PDMS-b-PEO) functions as a single-step bulk additive that
resists leaching, maintains optical and mechanical integrity, and
enables durable capillary-driven saliva transport within
intraoral microchannels, making it particularly well-suited for
long-term retainer-based sensing systems.

Recent comprehensive reviews on wearable and
noninvasive glucose sensing have emphasized that saliva, while
an attractive biofluid, is an analytically demanding matrix
requiring high sensitivity within the 0.05-1.0 mM range,
rigorous selectivity against endogenous interferents, and
reproducible performance in realistic oral-like environments. 33
35 Salivary and oral glucose platforms such as toothbrush-based
electrochemical sensors and mouthguard biosensors have
demonstrated linear ranges matched to physiological salivary
glucose levels and highlighted the importance of validating
selectivity, storage stability, and matrix effects using artificial
saliva or phantom jaw models. These benchmarks collectively
establish the analytical criteria necessary for reliable salivary
glucose monitoring and inform the design of the present
retainer-based sensing system.

In this work, we report a retainer-format intraoral
microfluidic sensing platform built on a bulk-modified PDMS—
(PDMS-b-PEO) composite that sustains superhydrophilicity (i.e.,
<20° contact angle) without plasma treatment or surfactants.
Incorporation of <5 wt% amphiphilic block copolymer enriches
PEO segments at the surface, yielding stable water contact
angles (<20°) over extended storage while maintaining
flexibility and bio-inertness. Microchannels patterned by laser
micromachining are integrated into a 3D-printed orthodontic
form factor, enabling capillary-driven saliva transport to an
electrochemical glucose sensor. The system demonstrates real-
time, continuous salivary glucose tracking under dynamic
conditions. Beyond glucose, this materials-driven strategy
establishes a versatile framework for non-invasive biofluid
monitoring. The capillary-driven, superhydrophilic thin-film
design can be adapted for low-abundance analytes in sweat,
tears, nasal mucus, or interstitial-fluid surrogates, enabling
stable and maintenance-free operation in wearable or oral
devices. By addressing the longstanding limitation of PDMS
hydrophobic recovery, our platform provides a practical
foundation for continuous salivary glucose monitoring and
broadens the landscape of retainer-based biofluid diagnostics.

Experimental

Materials

Polydimethylsiloxane (PDMS, Sylgard 184) base and curing
agent were purchased from Dow Corning.
Poly(dimethylsiloxane-b-ethylene oxide) block copolymer
(PDMS-b-PEO, methyl terminated) was acquired from
Polysciences Inc. Multi-walled carbon nanotubes (MWCNTSs,
>95%, carboxyl-functionalized), glucose oxidase (GOx, from
Aspergillus niger, 250,000 units), chitosan (medium molecular
weight), glutaraldehyde (25% aqueous solution), Nafion (5%
solution), and phosphate-buffered saline (PBS, 1x, pH 7.4) were
sourced from Sigma-Aldrich. Artificial saliva (Fusayama—Meyer

2| J. Name., 2012, 00, 1-3

formulation) and D-(+)-glucose (99%, Sigma-Aldrich) were 4sed
for in vitro testing. All solvents wereDOf 18AGHLICAICEPIEE
Cellulose-based wicking pads (thickness 0.83 mm, Sigma-
Aldrich) were used in vent/outlet assemblies. Dental-grade
biocompatible photopolymer resin (low-shrinkage 3D printer
resin) for the retainer frame was sourced from RESIONE.

Simulations Model Construction

To investigate the wetting behavior of PDMS and PDMS-b-PEO,
molecular dynamics (MD) simulations were performed using
the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS).36 Recent studies have reported that PDMS-b-PEO
undergoes surface rearrangement upon exposure to water,
whereby the hydrophilic PEO block becomes enriched at the
outermost surface and the PDMS block is no longer exposed at
the interface.3” To emulate this fully surface-segregated state
and isolate the intrinsic contribution of the hydrophilic block, a
neat PEO substrate was used instead of explicitly constructing
the PDMS-b-PEO copolymer. Consequently, the wetting
behavior of water on PDMS and PEO substrates was directly
compared. Interfacial simulations were carried out using water
droplets in contact with PDMS and PEO substrates. The water
droplet was modeled as a nanocluster composed of 3,776
molecules, forming an initial spherical droplet with a radius of 3
nm. The separation between the bottom of the droplet and the
substrate was initially set to 0.3 nm. 38 Both PDMS and PEO
substrates were generated as amorphous structures using
Materials Studio. For PDMS, the degree of polymerization was
set to 25, exceeding the critical chain length (n. = 20 units).3®
The PDMS substrate dimensions were 12.0 nm in length and 3.3
nm in thickness.*? A total of 150 PDMS chains were used, and
the mass density was fixed at 0.965 g/cm3, consistent with
experimental reports.*! For PEO, the polymer chains were
terminated with methyl groups, and the degree of
polymerization was matched to that of PDMS. The PEO
substrate dimensions were 10.6 nm in length and 3.3 nm in
thickness. The number of PEO chains was set to 180, and the
initial density was fixed at 0.95 g/cm3. This is lower than the
experimental bulk density of 1.20 g/cm3, 42, because direct
construction at the experimental value resulted in severe bond
overlap during amorphous cell generation. Thus, the PEO
amorphous cell was first created at a slightly reduced density
and subsequently relaxed toward the experimental density
during equilibration.

Force Field Description and Simulation Methodology

To describe the interatomic interactions in the PDMS and PEO
systems, the optimized potentials for liquid simulations (OPLS)
all-atom force field was employed. 3 44 Water droplets were
modeled using the SPC/E water model.*> To simulate the solid—
liquid interface within this hybrid force-field framework, non-
bonded cross-interactions between dissimilar atom types were
computed using the Lorentz—Berthelot (LB) mixing rule. 4¢
Lennard-Jones interactions used a cutoff distance of 11.0 A, and
the switching distance for long-range electrostatics was also set
to 11 A. The equations of motion were integrated using the
velocity-Verlet algorithm with a time step of 1.0 fs. During

This journal is © The Royal Society of Chemistry 20xx
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canonical (NVT) ensemble simulations, temperature was
controlled using a Nosé—Hoover thermostat with a damping
time of 100 fs. Each system was initially relaxed by minimizing
the configuration using the conjugate-gradient (CG) algorithm
to remove local stress in both the water droplet and the
substrate. After equilibration, the substrates were fixed as rigid
bodies to prevent further structural rearrangement. Periodic
boundary conditions were applied in the x and y directions,
while a non-periodic, shrink-wrapped boundary with a 10.0 nm
vacuum layer was used along the z direction. Once system
energies had stabilized, the substrate—water interface was
reconstructed, and the combined system was further simulated
for 1 ns in the NVT ensemble at 300 K. The water contact angle
on PDMS was determined by fitting a circle to the droplet profile
and drawing a tangent line at the interface. 7 Measurements
were obtained across multiple cross-sectional planes, and the
mean value with standard deviation was reported.

Fabrication of PDMS—(PDMS-b-PEO) Composite Films

PDMS-b-PEO was blended into PDMS at 0.1-5.0 wt% relative to
the combined mass of PDMS base + curing agent (10:1 w/w of
base:curing ratio). For each batch, the required mass of PDMS-
b-PEO was pre-dispersed in PDMS base by gentle hand mixing
for 10 min to reduce viscosity, then the curing agent was added.
The prepolymer was mixed homogeneously for an additional 5
min, followed by vacuum degassing for 30 min to collapse
trapped air bubbles. Films were cast solvent-free into a spacer-
defined mold consisting of a parylene-coated flat substrate. The
films (~600 um of thickness) were cast with a doctor blade and
leveled for 5 min. Curing was performed at 80°C for 1 h,
followed by a post-cure at 110°C for 1 h to complete crosslinking
and promote surface PEO enrichment. After demolding, films
were optionally pre-rinsed in isopropyl alcohol for 30 min and
dried at 65°C to remove any non-bound amphiphiles prior to
laser patterning. Final films were stored in a desiccator (22 *
2°C, 30-40% RH) until use. Optical opacity, mechanical
flexibility, and hydrophilicity (via dynamic contact angle) were
characterized post-curing.

Microchannel Patterning via Laser Micromachining

Cured PDMS—(PDMS-b-PEO) films (600 pm thick) were
patterned by successive laser pyrolysis (SLP) on an OPTEC
micromachining system. Channel networks (inlet, prefilter,
sensor window, vents/outlet) were defined at 100-500 um
nominal widths (main channels ~300 um) and registered to the
sensor features. Oxygen-plasma or surfactant treatment was
not used at any stage. After patterning, residues were removed
by brief ultrasonic cleaning in isopropyl alcohol, and parts were
dried at 65°C. Channel width/depth was verified by optical
profilometry.

Retainer Design and Integration

Custom-fit orthodontic retainers were designed in SolidWorks
based on standard human palate models and 3D printed using
biocompatible dental resin. Laser-patterned PDMS—(PDMS-b-
PEO) films were adhesively bonded to recessed grooves within
the retainer using uncured PDMS as a bonding layer and cured

This journal is © The Royal Society of Chemistry 20xx
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at 80°C for 1 h. Final assemblies were visually inspected-and
tested for capillary-driven flow. DOI: 10.1039/D5LCO0934K

Electrochemical Glucose Sensor Fabrication

The electrochemical sensor consisted of: (1) Working Electrode
(WE): gold film (100 nm Au/10 nm Ti) on thin-film Pl with Cu
traces, modified with GOx (2 mg/mL) embedded in a chitosan
(0.5% w/v) + MWCNT (1 mg/mL) matrix, crosslinked with 0.5%
glutaraldehyde; (2) Reference Electrode (RE): electroplated and
subsequently chlorinized Ag/AgCl on a bare gold film + PVB/KCI;
(3) Counter Electrode (CE): electroplated gold film. After
functionalization, sensors were stored at 4°C for 24 h prior to
testing. The limit of detection (LOD) was determined based on
the signal-to-noise criterion (S/N = 3), calculated as
LOD =30/m ..(eq.1),

where o represents the standard deviation of the baseline
current and m is the calibration slope. For the 2 mm-diameter
working electrode (geometric area = 0.0314 cm2), the baseline
noise was measured at approximately 6—7 nA, corresponding to
0.217 pA-cm-2 when normalized by electrode area.

Hydrophilicity and Mechanical Characterization

Static water contact angle measurements were performed
using a goniometer (Model 250 Goniometer with DROPimage
Advanced, ramé-hart) at day 0, 30, and 120 under ambient dry
conditions. Stress—strain curves were obtained using a tensile
tester (Mark-10 Series 5 force meter, ESM303) with film width
5 mm, gauge length 30 mm, and strain rate 5 mm/min. Swelling
experiments were conducted by immersing samples in artificial
saliva at 37°C, measuring mass and thickness changes over 90
days. Cross-sectional morphology of the electrochemical
working electrode was examined using field-emission scanning
electron microscopy (FE-SEM, SU8230, Hitachi) to confirm
uniformity of the multilayered matrix. Fourier-transform
infrared spectroscopy (FTIR, Nicolet IS50, Thermo Scientific) and
X-ray photoelectron spectroscopy (XPS, Thermo K-Alpha XPS,
Thermo Scientific) were employed to evaluate the chemical
composition and surface characteristics of PDMS—(PDMS-b-
PEO) composites, verifying successful incorporation of PEO
segments and surface enrichment.

In Vitro Salivary Glucose Monitoring

The integrated device was placed in a custom-built saliva
reservoir chamber filled with artificial saliva spiked with glucose
(0.01-25 mM) to simulate physiological fluctuations.
Chronoamperometric measurements were conducted using a
potentiostat (Interface 1010 E, Gamry Instruments) at +0.45 V
vs. Ag/AgCl. Stepwise glucose injections were applied, and the
corresponding current responses were recorded. Signal
repeatability, drift, and response time were evaluated over
three cycles. Data are presented as mean * standard deviation
(SD). Statistical analyses and curve fitting (e.g., Cottrell analysis)
were performed using Echem AnalystTM Software and
OriginPro 2022.

Results and discussion

J. Name., 2013, 00, 1-3 | 3
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Overview of the System

Figure 1 provides an overview of the proposed retainer-based
platform for continuous salivary glucose monitoring. We
selected an orthodontic retainer architecture as the intraoral
form factor (Figure 1A), as this configuration is familiar,
minimally intrusive, and can be fabricated to fit precisely within
anindividual’s oral cavity. 4830 The retainer body was 3D printed
using a biocompatible resin, providing a rigid yet comfortable
base for integration. >* A key advantage of this structure is the
ability to incorporate a thin polymeric microchannel membrane
and an electrochemical glucose sensor directly onto the resin
frame, enabling seamless integration without bulky external
components (Figure 1B). 5254 The microchannel was designed
to include (1) a saliva inlet, (2) a reservoir region
accommodating the electrochemical sensor, and (3) a
vent/outlet connected to cellulose-based wicking pads to
facilitate continuous flow. The inlet-reservoir—wicking

A B

" Sensor
" + microchannel

;‘ 3D-printed
resin base

F  initial point (0 ps) After 1 ns

Water
droplet

Water droplet on pure PDMS

Smart retainer

architecture generates a unidirectional capillapy, \Rressure
gradient that prevents reverse flow arkPsUpBreysss Bapbie
formation during steady saliva intake. This configuration
distinguishes the present platform from conventional
hydrophilic PDMS microfluidics that rely on external injection or
plasma-treated channels with transient wettability. As
demonstrated in Figure 1C, dyed artificial saliva spontaneously
filled the channel network via capillary action, confirming
smooth transport and connectivity between compartments. A
comparison between a conventional orthodontic retainer and
the proposed “smart retainer” (Figure 1D) highlights the
minimal visual footprint of the integrated design, avoiding
protruding wires or external housings that could compromise
comfort and wearability. While full integration of wireless
measurement circuitry, as demonstrated by Lee et al,, is
feasible, the present study focuses on the feasibility of
microchannel-sensor integration, with electronic integration to
be addressed in future work. >> The functional workflow is

Sensor-integrated

: : -
\mlcrochannel oF

Top layer

o Bottom layer
with microchannel

Saliva loading
reservoir
v
Capillary-driven
transport
v
Continuous
glucose sensing

After 1 ns

Initial point (O ps)

Water droplet on PDMS-b-PEO

Figure 1. Concept and design of the retainer-based salivary glucose monitoring platform. (a) Schematic illustration of an orthodontic retainer positioned intraorally,
enabling direct saliva sampling into embedded microchannels. (b) Exploded-view diagram showing structural components: resin retainer base, laser-patterned
PDMS—(PDMS-b-PEO) microchannel layer, and integrated electrochemical glucose sensor. (c) Time-lapse images of capillary-driven saliva transport within the
fabricated microchannel, showing spontaneous filling and flow continuity. (d) Photograph of fabricated orthodontic retainer prototype. (e) Workflow diagram
summarizing the operational principle: saliva loading, capillary-driven transport, and continuous electrochemical glucose sensing. (f) Contact angle measurement
using MD simulations; initial and 1-ns configurations of a water droplet on pure PDMS (left); initial and 1-ns configurations of a water droplet on the PDMS-b-PEO

block copolymer substrate (right).
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summarized in Figure 1E: saliva is continuously collected into
the microchannel by capillary-driven flow, delivered to the
sensing region, and analyzed in real time by the embedded
electrochemical glucose sensor. However, conventional PDMS,
widely used for microfluidic channel fabrication, is intrinsically
hydrophobic, limiting spontaneous wetting and capillary
transport. >% 57 To overcome this limitation, prior studies have
employed oxygen plasma treatment or chemical coatings to
temporarily increase surface hydrophilicity. % >° These
approaches, however, suffer from limited stability with rapid
hydrophobic recovery. To address this challenge, we adopted a
material-level strategy by blending PDMS with a small fraction
of poly(dimethylsiloxane-b-ethylene oxide) (PDMS-b-PEO), a
biocompatible amphiphilic block copolymer. Incorporation of
PEO domains imparts durable hydrophilicity while maintaining
the mechanical flexibility and biocompatibility of PDMS. &9 Prior
reports have shown that such composites can sustain surface
hydrophilicity for over 120 days. %' Nonetheless, their
application to functional microchannels for intraoral fluidics,
coupled with systematic analyses of long-term surface stability,
has not been comprehensively investigated. Therefore, we
performed molecular dynamics simulations to compare the
wetting behavior of conventional PDMS with that of PDMS-b-
PEO. Figure 1F presents the wetting behavior of PDMS and
PDMS-b-PEO from the initial point to 1 ns, along with the
corresponding interaction energies and contact angles. As
shown in Figure S1, the contact angle of PDMS was measured
to be 98.23° + 2.249, which is consistent with experimentally
reported values of 101° to 120°. 62 By contrast, the contact angle
of PDMS-b-PEO was determined to be 38.63° + 5.024. It remains
reasonable given that the block copolymer structure combining
PDMS and PEO is between 21.5-80.9°. ¢ Since no direct
chemical bonding exists between water molecules and the
substrates, our analysis focused on non-bonded interactions,
including hydrogen bonding and van der Waals (vdW)
interactions. Accordingly, the interaction energy between the
water droplet and the PDMS substrate was evaluated to
quantify the non-bonded interactions at the solid-liquid
interface. The interaction energy was calculated using the
following expression:

Einteraction = Etotat — (Esubstrate + Ewater)  (€q. 2)
where Eoar is the total energy of the water droplet—substrate
system, Esubstrate is the energy of the substrate in the absence of
the droplet, and Euqter represents the energy of the isolated
water droplet. As shown in Figure S1, the interaction energy
analysis further confirmed that PEO (-1546.249 kcal/mol)
exhibits a substantially lower interaction energy compared to
PDMS (-477.272 kcal/mol), indicating a stronger affinity toward
water molecules. To provide further insight into the
intermolecular interactions, the radial distribution function
(RDF) was examined, as shown in Figure S2. For this analysis,
only the interfacial region within 20 A of the PDMS/water and
PEO/water droplets was considered after 1 ns of MD simulation.
In systems where no chemical bonding occurs, it is well
established that the region between 1.1-3.1 A corresponds to
hydrogen bonding, whereas the 3.1-5.0 A range primarily
reflects van der Waals (vdW) and electrostatic interactions. 63

This journal is © The Royal Society of Chemistry 20xx
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Accordingly, RDFs were analyzed within the distapngerange,of
1.0-6.0 A. The oxygen and hydrogen atorR$inEh®iaterdrepiet
are denoted as O and H (from H,0), respectively. Aside from the
O—-H(H20) hydrogen-bonding correlation, no distinct peaks
were observed in the PDMS—water RDFs, and the overall peak
intensities appeared broad and weak. This indicates that PDMS
forms no significant non-bonded interactions with the water
droplet, consistent with its higher (less favorable) interaction
energy relative to PEO. In contrast, the PEO—water O—H(H,0)
correlation exhibits a much sharper and more intense peak at
approximately 2.73 A, while the 0-O(H,0) correlation also
displays a pronounced peak near 3.69 A. These features align
with previous reports demonstrating that ether oxygens in PEO
readily form strong hydrogen bonds with water molecules.
Such enhanced interactions confirm that PEO displays markedly
higher hydrophilicity than PDMS. This stronger interfacial
interaction directly contributes to the significantly smaller
contact angle of water on PEO relative to PDMS. Collectively,
atomistic molecular dynamics simulations clearly demonstrate
that introducing PEO effectively transforms the intrinsically
hydrophobic PDMS surface into a more hydrophilic interface,
owing to the substantially stronger intermolecular interactions
between PEO and water molecules.

Stable Hydrophilicity and Mechanical Integrity of PDMS—(PDMS-b-
PEO) Composites

We next examined the physicochemical and mechanical
properties of PDMS—(PDMS-b-PEQO) composites across a range
of PEO concentrations (0.1-5.0 wt%). Figure 2A illustrates the
amphiphilic structure of PDMS-b-PEO, composed of a
hydrophobic PDMS backbone and hydrophilic PEO blocks. Bulk
incorporation of PDMS-b-PEO into PDMS led to visibly increased
opacity with higher PEO loading, indicating microphase
separation and dispersed PEO domains. % 65 XPS spectra show
a progressive increase in the O 1s signal with higher PEO loading
(Figure 2B). To quantitatively support this trend, the
corresponding O/C ratios are directly shown within the figure.
These ratios increase from 1.367 for 1.0 wt% PDMS-b-PEO to
1.585 at 5.0 wt% PDMS-b-PEO, clearly reflecting the
compositional enrichment of PEO at the film surface as the
block-copolymer content increases (see each elemental result
and O/C ratio upon different PDMS-b-PEO levels in Figure S3).
These findings verify that PEO segments were successfully
incorporated and enriched at the composite surface (see FTIR
spectra in Figure S4). Hydrophilicity was evaluated by contact
angle measurements. Representative droplet images at day O
and day 120 (Figure 2C) highlight the difference between
pristine PDMS and PEO-modified composites. Pure PDMS
remained hydrophobic, whereas composites containing PEO
demonstrated rapid droplet spreading and long-term wetting
stability. Quantitative measurements (Figure 2D) showed that
films with 3.0-5.0 wt% PEO maintained superhydrophilic
surfaces with contact angles below 20° for up to 120 days under
ambient storage, while oxygen plasma-treated PDMS quickly
reverted to hydrophobicity within just a few hours. The contrast

J. Name., 2013, 00, 1-3 | 5
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Figure 2. Amphiphilic and functional properties of PDMS—(PDMS-b-PEQ) composites. (a) General molecular structure of PDMS-b-PEO copolymer, exhibiting amphiphilic
characteristics with hydrophobic PDMS and hydrophilic PEO blocks (top); Optical images of PDMS—(PDMS-b-PEO) composites showing increased opacity with higher
PEO content (bottom). (b) XPS spectra of composites with varying PDMS-b-PEO concentrations, confirming incorporation of PEO domains and corresponding elemental
signals (O 1s, C 1s, Si 2p). (c) Representative water contact angle images at Day 0 and Day 120 across different PEO concentrations (0.1-5.0 wt%). (d) Quantified
contact angle values over time (day 0, 30, and 120), measured under dry storage conditions, showing enhanced and sustained hydrophilicity with increasing PDMS-b-
PEO content. (e) Stress—strain curves of composites with different PDMS-b-PEO concentrations, indicating reduced mechanical stretchability at 25.0 wt% PEO (film
rupture observed with notched samples). (f) Swelling behavior after 90-day immersion in artificial saliva: Normalized thickness change (AT/To, left axis) and normalized
mass uptake (Am/mo, right axis) increase with PEO concentration, confirming partial water absorption by PEO domains.

is further visualized in Movie S1, where droplets on pristine
PDMS retained a spherical shape after 10 seconds, while those
on PDMS—(PDMS-b-PEQO) substrates flattened completely,
demonstrating the persistence of hydrophilicity. Mechanical
performance was assessed by uniaxial tensile testing. As shown
in Figure 2E, composites containing up to 3.0 wt% PEO retained
the intrinsic elasticity of PDMS, with Young’s modulus values
around 1.2 MPa and fracture strains exceeding 100%. % 67 At
higher PEO contents (>5.0 wt%), however, the films exhibited
embrittlement and premature rupture under tensile stress,
indicating that excessive PEO incorporation compromises
mechanical reliability. Swelling stability was further examined
by immersing samples in artificial saliva at 37 °C for 90 days. The
results, shown in Figure 2F, revealed a gradual increase in both
mass uptake and thickness expansion with increasing PEO
concentration. 58 At 3.0 wt% PEO, the normalized mass uptake
(Am/mo) reached approximately 10%, with a corresponding

6 | J. Name., 2012, 00, 1-3

thickness increase of AT/To = 1.03. These moderate changes
confirm partial hydration of PEO segments but did not disrupt
the overall dimensional stability of the films, ensuring
compatibility with rigid dental substrates. Collectively, these
results demonstrate that PDMS—(PDMS-b-PEO) composites
provide a material platform with stable hydrophilicity,
mechanical robustness, and controlled swelling suitable for
long-term intraoral use. % 70 To more clearly compare the
behavior of different formulations, Supplementary Table S1
summarizes the hydrophilicity, mechanical properties, swelling
characteristics, and microchannel patternability across all
tested PEO loadings (0.1-5.0 wt%). As shown in this
comparative analysis, the 3.0 wt% composition uniquely
balances persistent wettability, elasticity, dimensional stability,
and manufacturability, thereby emerging as the optimal
formulation for reliable intraoral microfluidic integration.

Glucose Sensor Performance

This journal is © The Royal Society of Chemistry 20xx
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The electrochemical glucose sensor was designed around a
glucose oxidase (GOx)-based enzymatic mechanism (Figure 3A;
see the dimensions of the electrodes and laser patterning
sequence provided in Figure S5 and Movie S2, respectively).
Glucose was catalytically oxidized to gluconolactone, producing
H,0; as the measurable intermediate. 7173 To ensure long-term
stability of the enzymatic layer, a glutaraldehyde-based
crosslinked coating was applied, which protected the
immobilized GOx—chitosan—multi-walled carbon nanotube
(MWCNT) matrix while allowing unhindered diffusion of small
molecules. 7* The three-electrode system consisted of an

A
Salivary Ho OH OH
glucose Glucose Gluconolactone

Crosslinked coatmL\ J I
[ ]
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ARTICLE

layering of the working electrode (Figure 3C): g.fransdyger
membrane on the Au substrate, the GOX-MWENTHIESS4N
matrix, and the crosslinked protective coating. FE-SEM imaging
revealed a porous and interconnected MWCNT network that
facilitated efficient electron transport, thereby enhancing
sensitivity. 7> The calibration setup is shown in Figure 3D, with
electrodes immersed in phosphate-buffered saline (PBS, 1x)
containing glucose at varying concentrations.
Chronoamperometric measurements (Figure 3E) demonstrated
stepwise increases in current magnitude as glucose
increased from 0.01 to 25 mM. Transient
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Figure 3. Structural design and electrochemical performance of the salivary glucose sensor. (a) Schematic illustration of the glucose oxidation and
detection mechanism at the GOx-based working electrode. Glucose is catalytically oxidized to gluconolactone, generating H,0,, which is further
decomposed to release electrons for signal transduction. (b) Configuration of the three-electrode system (working (WE), reference (RE), and counter
electrodes (CE)), with corresponding optical micrographs of the RE and CE. Scale bar = 50 um. (c) (Top) FE-SEM image of the multi-walled carbon nanotube
(MWCNT) network structure; (Bottom) Cross-sectional SEM image of the working electrode, revealing layered construction: Au substrate, transducer,
GOx—Chitosan-MWCNT, and crosslinked glutaraldehyde coating. Scale bar = 500 nm. (d) Photograph of the experimental setup used for calibration,
showing the electrode immersed in glucose stock solutions. Scale bar =2 cm. (e) Chronoamperometric current responses corresponding to various glucose
concentrations (0.01-25 mM), demonstrating signal magnitude increases with glucose levels. (f) Cottrell analysis of transient current profiles, used to
extract diffusion coefficients from t values. (g) Real-time chronoamperometric trace during stepwise glucose injections, showing discrete current steps.
(h) Calibration curve derived from steady-state current vs. glucose concentration. (i) Magnified view of the calibration curve, highlighting the physiological

range of normal salivary glucose for comparison and sensor validation.

electroplated Au counter electrode, an Ag/AgCl reference
electrode stabilized with a PVB—KCI cocktail, and a working
electrode incorporating the nanostructured enzyme matrix
(Figure 3B). Morphological analysis confirmed the functional

This journal is © The Royal Society of Chemistry 20xx

responses were further analyzed by Cottrell plots (Figure 3F),
which exhibited linear dependence of current on t°3,
confirming diffusion-controlled kinetics of glucose transport
and oxidation. 76 Real-time chronoamperometric traces under

J. Name., 2013, 00, 1-3 | 7
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sequential glucose additions are shown in Figure 3G. Each spike
produced discrete current steps with a rapid response time of
less than a second, as highlighted in the inset, reflecting both
efficient diffusion through the protective coating and rapid
catalytic turnover of the immobilized enzyme. From these
responses, a calibration curve was constructed (Figure 3H),
revealing an excellent linear relationship between steady-state
current and glucose concentration across a wide dynamic range
(0.01-25 mM, R? = 0.9985). The calculated sensitivity was 15.48
MPA-mM1.cm2, with a detection limit of ~42 pM (S/N = 3),
sufficient to cover physiological salivary glucose concentrations.
Given that normal salivary glucose levels rarely exceed 1 mM,
we further replotted the calibration curve over the
physiologically relevant low concentration range (Figure 3l1). 77
Within this range, the sensor maintained excellent
repeatability. Importantly, the sensor exhibited negligible
baseline drift and superior reproducibility compared to the

M Chrono-
amperometric
scan result

Lab on a Chip

highly sensitive, diffusion-controlled, and physiglogisally
relevant detection of salivary glucose, estdBlishing Its rehlsifity
for continuous intraoral monitoring applications.

Retainer Microfluidic System Enabling Capillary Saliva Flow and
Real-Time Functionality

Microfluidic channels were fabricated within the optimized 3.0
wt% PDMS—(PDMS-b-PEO) composite films using successive
laser pyrolysis (SLP), a direct-write technique that enables high-
resolution patterning without the use of photolithography. 78
The SLP process was initiated by marking the laser entry point
with opaque ink to induce initial pyrolysis, producing an opaque
SiC byproduct that more effectively absorbs photothermal
energy, leading to continuous irradiation along the scanning
path. 7° Debris removal was accomplished by ultrasonication in
isopropyl alcohol, yielding clean channels with minimal surface
roughness. No additional Oz plasma treatment was performed.

@ Laser pyrolysis

Debris removal

A

| O | T | [

E W PBS (1x) ° 14
~ B Artificial saliva 104 injected
< 10p » S 5J glucose
z £ solution
: = 101
— 3 - _
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Figure 4. Characterization and integration of sensor-embedded microfluidic channels for saliva glucose monitoring. (a) PDMS—(PDMS-b-PEQ)
microchannel patterned by successive laser pyrolysis (SLP), showing well-defined geometry and smooth sidewalls. Scale bar = 10 mm. (b) Saliva inlet
before/after debris removal by ultrasonication in isopropyl alcohol, illustrating effective elimination of residues at the entry. Scale bar = 3 mm. (c) Time-
lapse capillary filling with blue-dyed artificial saliva, demonstrating spontaneous and uniform wicking along the channel. Scale bar =5 mm. (d) Photograph

of the electrochemical measurement setup: retainer prototype with three-electrode connections, inlet reservoir, vents, and cellulose wicking outlet.

Scale bar =30 mm. (e) Calibration plot of sensor response versus glucose concentration in PBS (1x) and artificial saliva, respectively. (f) Representative 6-

h continuous chronoamperometric trace (interval: 10 min) under artificial saliva flow: glucose solution injections (beige bars), and sensor-derived glucose

concentrations (cyan bars) inferred from the recorded current.

reference, validating its applicability for continuous monitoring
of salivary glucose. These results demonstrate that the
integration of a nanostructured enzyme layer, stabilized
reference electrode, and protective crosslinked coating enables

8 | J. Name., 2012, 00, 1-3

As shown in Figure 4A, the patterned films exhibited smooth,
well-defined channel structures that were mechanically flexible
yet dimensionally stable, allowing for straightforward handling
and integration into the retainer architecture. The fabrication

This journal is © The Royal Society of Chemistry 20xx
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sequence was captured in real time and is provided in Movie
S3, where the successive propagation of the pyrolysis front can
be seen. A schematic of the channel fabrication principle and
representative images of patterned structures are shown in
Figure 4B. The diagram illustrates the sequential steps of (1)
laser pyrolysis initiation, (2) debris removal, and (3) completed
microchannel formation (Figure S6). The profile data of the inlet
and channel pathways are provided in Figures S7 and S8, while
various hatch designs that were tested to form the reservoir are
shown in Figure S9. Time-lapse images in Figure 4C further
demonstrate capillary-driven filling of the channels using dyed
artificial saliva. Within seconds of introducing a small droplet at
the inlet, the channels filled uniformly without the need for
external pumping, validating the persistent hydrophilicity
imparted by the PDMS-b-PEO modification. Notably,
spontaneous filling occurred within approximately 60 seconds
for a 30 pL input volume, and the flow front advanced smoothly
without bubble entrapment or discontinuities. To validate
integration with the retainer platform, the patterned films were
bonded into recessed grooves of the 3D-printed resin retainer
base. Figure 4D shows the assembled prototype positioned
within a custom-built artificial saliva chamber. This
configuration enabled a direct connection between the oral-
mimicking fluid reservoir and the sensor-embedded retainer
system. Figure 4E presents calibration curves obtained by
preparing glucose stock solutions in two different media, PBS
and artificial saliva. Noticeable current differences were
observed at identical glucose concentrations, attributable to
several physicochemical factors, such as higher viscosity and
additive content of artificial saliva reduces the diffusion
coefficient (D) of H20; (e.g., Du2o2 = 1.4 x 10° m?/s in water and
= 0.9 x 10° m?/s in artificial saliva) and other electroactive
species, thereby lowering the diffusion-limited current. 80-83
Figure 4F illustrates chronoamperometric responses under
repeated glucose injections in artificial saliva flow. Since sucrose,
a common dietary sugar, is not enzymatically hydrolyzed into
glucose within the oral cavity, glucose solutions were directly
introduced at physiologically relevant levels (10 mM) to mimic
transient salivary glucose spikes. Between glucose injections,
only artificial saliva was supplied, providing a stable baseline.
Upon each glucose pulse, the sensor exhibited sharp,
reproducible transient current increases with negligible
baseline drift, confirming high repeatability across three
consecutive injections. An expanded view of baseline
chronoamperometric currents under continuous artificial saliva
flow is shown in Figure S10, where artificial saliva alone (black
trace) is contrasted with glucose-spiked saliva (cyan trace). The
sensor consistently produced stable current baselines and rapid
responses to glucose additions, demonstrating that capillary-
driven flow was sufficient to sustain continuous sample delivery
to the sensing interface. The glucose sensor also shows stable
performance over extended operation for 6 hours without
measurable degradation (Figure 4F). In addition, a 7-day
storage-stability test showed no significant changes in current
level or calibration slope, indicating that the GOXx—-MWCNT—
chitosan electrode retains its activity during short-term
refrigerated storage. Selectivity tests performed in artificial

This journal is © The Royal Society of Chemistry 20xx
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saliva with physiologically relevant concentrations gf creatining,
uric acid, and ascorbic acid demdAstrated/Drdgligibteé
interference, confirming that the sensor maintains high
biochemical specificity consistent with GOx-based systems
(Figure S11). These results collectively confirm that successive
laser pyrolysis enables reproducible fabrication of hydrophilic
PDMS—(PDMS-b-PEQO) microchannels that integrate seamlessly
with orthodontic retainer substrates. The combination of rapid
capillary flow, stable electrochemical response, and
compatibility with artificial saliva chambers demonstrates the
feasibility of this system as a functional prototype for
continuous intraoral glucose monitoring. Because the intraoral
retainer is worn in a mechanically stable configuration with
minimal bending during normal use, the glucose electrode
experiences limited deformation. Prior studies on GOx-based
flexible electrochemical sensors have shown stable
performance under large bending, twisting, and even stretching
strains, indicating that thin-film Au/MWCNT/chitosan
electrodes such as ours are inherently tolerant to mechanical
stress. 8488 Systematic mechanical cycling tests will be
incorporated in the next-stage integrated retainer system.
Consistent with the trajectory proposed in recent reviews on
noninvasive glucose sensing 333>, subsequent work will include
in vivo evaluations to establish quantitative correlations
between salivary and blood glucose levels, assess long-term
biofouling and in-mouth bacterial contamination, and
benchmark the retainer-based platform against clinical CGM
and blood-glucose measurements. To contextualize the
performance of our retainer-based platform, we compared its
characteristics with those of previously reported microfluidic
electrochemical biosensing systems for salivary monitoring
(Table 1).

J. Name., 2013, 00, 1-3 | 9
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Table 1. Comparison of reported microfluidic electrochemical biosensing systems for
human saliva monitoring.

Hydrophi Hydrophob
Device Target Stability (days) Continuous
Ref. lic ic Recovery
Type Biomarker in Saliva Monitoring
Strategy Days
>120
PDMS-b-
This Retaine >90 (no Yes
Glucose PEO
study r (validated) recovery |(validated: 6 h)
blending
observed)
PEG Yes
8 Pacifier Na*, K* ~1 <3
blending (60 min)
Plasma-
Dental
% Cortisol treated <1 N/A No
floss
fiber
Cotton
swab + Magnetic ~14
o1 Cotinine N/A No
PDMS bonding (humid, 4 °C)
chip
Disposabl
Mouthg e <1
92 Glucose, nitrite N/A No
uard colorimet (40 s use)
ric
Wearab
le Na*, H*, and Yes
93 N/A N/A N/A
sensor uric acid (90 min)
array
Thin- 0,
film Glucose, Plasma Yes
94 N/A N/A
membr alcohol treatmen (24 h)
ane t
Disposa
N/A
ble Carbamazepin
9% N/A (measurement N/A No
flow- e (drug)
made in 2 min)
cell

Various device formats have been explored, ranging from
pacifier-like holders and dental floss threads to mouthguards
and modular chips. 8% 90 92, % \While these approaches
demonstrate ingenuity in leveraging oral-accessible substrates,
most are hindered by the transient hydrophilicity of PDMS
channels, short-term stability (<1 day), or limited compatibility
with continuous in-mouth wear. For instance, PDMS—PEG or
plasma-treated surfaces can initially promote saliva wicking, but
hydrophobic recovery typically occurs within days, reducing
their reliability for long-term deployment. Similarly, cotton- or
paper-based microfluidics provide simple saliva sampling but
lack durability, precise channel definition, and full integration
with solid-state electrochemical sensors. 7 In contrast, our
system combines a PDMS—(PDMS-b-PEO) composite that
sustains superhydrophilicity for more than 120 days with a
seamlessly embedded enzymatic sensor in a retainer-
compatible format. This approach enables stable capillary-
driven saliva transport without recurrent surface treatment,

10 | J. Name., 2012, 00, 1-3

robust electrochemical performance with high sensitivityand.a
low detection limit (~42 pM), and real-tidRe FBEENSIVERERS 16
dynamic glucose fluctuations. Importantly, the retainer
geometry ensures ergonomic fit, unobtrusive wear, and
compatibility with long-term intraoral operation—features
rarely achieved in earlier studies. Collectively, this positions our
device as a step-change advancement toward practical, non-
invasive, and continuous salivary glucose monitoring in daily-life
settings.

Conclusions

In this study, we report a retainer-based microfluidic platform
for continuous salivary glucose monitoring, integrating a
hydrophilically = modified polymer substrate and a
nanostructured sensor. The incorporation of PDMS-b-PEO into
PDMS offers long-lasting surface hydrophilicity while preserving
mechanical elasticity and dimensional stability. Optimization
experiments identified 3.0 wt% PEO as the ideal composition,
enabling contact angles below 20° sustained over 120 days, with
negligible compromise in tensile performance. These properties
provided a robust foundation for constructing stable
microfluidic channels suitable for intraoral use. The integrated
demonstrates high sensitivity and rapid
responsiveness across a physiologically relevant range.
Importantly, calibration curves remained linear over both broad
(0.01-25 mM) and physiologically relevant low-concentration
ranges (< 1 mM). The microfluidic channels support the
capillary-driven flow of artificial saliva, achieving complete
filling within seconds and ensuring stable delivery to the sensing
interface. In vitro experiments using a custom-built saliva
chamber validate the continuous monitoring capability of the
system, which reliably tracks dynamic changes in glucose
concentration. Collectively, the class of technologies, including
durable hydrophilic composites, enzymatic electrochemical
sensors, and laser-patterned microchannels, shows the
potential of this integrated system for non-invasive, continuous
salivary glucose monitoring.

glucose sensor
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