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Recent wearable devices offer portable monitoring of biopotentials,
heart rate, or physical activity, allowing for active management of
human health and wellness. Such systems can be inserted in the oral
cavity for measuring food intake in regard to controlling eating
behavior, directly related to diseases such as hypertension, diabetes,
and obesity. However, existing devices using plastic circuit boards and
rigid sensors are not ideal for oral insertion. A user-comfortable system
for the oral cavity requires an ultrathin, low-profile, and soft electronic
platform along with miniaturized sensors. Here, we introduce a
stretchable hybrid electronic system that has an exceptionally small
form factor, enabling a long-range wireless monitoring of sodium
intake. Computational study of flexible mechanics and soft materials
provides fundamental aspects of key design factors for a tissue-
friendly configuration, incorporating a stretchable circuit and sensor.
Analytical calculation and experimental study enables reliable wireless
circuitry that accommodates dynamic mechanical stress. Systematic
in vitro modeling characterizes the functionality of a sodium sensor in
the electronics. In vivo demonstration with human subjects captures
the device feasibility for real-time quantification of sodium intake,
which can be used to manage hypertension.

wireless intraoral system | stretchable hybrid electronics | sodium intake
quantification | hypertension management

ver the last decade, there have been rapid advances in the

development of noninvasive, portable, and wearable
healthcare devices (1, 2), including temperature sensors (3),
glucose monitors (4), fall detectors (5), and electronic skins (6).
These devices can help users achieve healthy independent living
with minimal outside support. The growing demand for such de-
vices has naturally directed attention toward the oral region, which
provides great resources for disease diagnostics and health man-
agement. Electronics in the oral cavity (7, 8) can be used as bio-
sensors, targeting specific biomarkers in saliva. Viscous saliva is a
source for a noninvasive disease diagnosis since three major sali-
vary glands diffuse multiple biomarkers (9) from blood, including
DNA, RNA, protein, metabolites, and microbiota. In addition,
such intraoral systems can offer monitoring of dietary intake, in
regards to food-related diseases (10) such as high blood cholesterol,
diabetes, and obesity. Specifically, sodium intake plays an impor-
tant role in controlling blood pressure, as well as nerve and muscle
function (11). Abnormal sodium levels in the body may result in
severe diseases such as kidney failure (12), cardiovascular disease
(13), cancer (14), and osteoporosis (15). A recent report shows
that, globally, an adult consumes 3.9 g/d of sodium, which is almost
twice the amount (less than 2 g/d) recommended by the World
Health Organization (16). As a result, about one in three American
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adults suffers from hypertension (17), which leads to 7.1 million
deaths, ~13% of the total deaths worldwide, every year (18).
While advances in flexible materials and electronics have en-
abled various types of noninvasive health monitoring systems,
they are not directly applicable for insertion in the oral cavity
due to their bulky and rigid frameworks, as well as lack of bio-
compatibility. Miniaturized circuits with flexible sensors have
been attached to a mouthguard (19) for intraoral electro-
chemical measurement. However, those devices are housed in a
rigid plastic board, which is not capable of comfortable, direct
adherence onto the oral tissue. Consequently, such devices add
excessive mechanical and thermal loading and discomfort to a
user, particularly considering that the oral mucosa (19, 20) is one
of the most sensitive tissues in the body. Recent works (21-23)
including a microfluidics-enabled wearable electronics in-
troduced soft electronics with integrated rigid chip components
on flexible membranes. These devices demonstrate wireless
monitoring of signals, including EEG, ECG, temperature, and
strain. However, the embedded telecommunication is restricted
by bulky external receivers which lack communication capability
outside a 1-m range (21), or, in some cases, less than 5 cm (22, 23).

Significance

We introduce a soft, low-profile, intraoral electronics that offers
continuous real-time monitoring of sodium intake via long-range
wireless telemetry. The stretchable, hybrid electronic system in-
tegrates chip-scale components and microstructured sodium
sensors with stretchable interconnects, together in an ultrasoft,
breathable, microporous membrane. The quantitative computa-
tional and experimental studies of antenna performance opti-
mize the wireless electronics, offering consistent functionality
with minimal loss during multimodal deformation. Examples of
in vivo study with human subjects demonstrate a highly sensi-
tive, real-time quantification of sodium intake.
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Here, we introduce a low-profile, hybrid electronic system with
integrated circuits (ICs) and stretchable interconnects, embed-
ded in breathable elastomeric membranes. The unobtrusive and
compliant system provides a gentle, conformal integration in the
oral cavity, while offering a long-range wireless, real-time
quantification of sodium intake. The soft hybrid electronics
with active, functional ICs overcomes the limitations of com-
munication distance and continuous operation from passive
wireless telemetry. Mechanics modeling and experimental vali-
dation demonstrates a reliable membrane circuit platform that
incorporates ICs in an extremely small form factor, while ac-
commodating multimodal bending and stretching. Antenna im-
pedance matching and network optimization via analytical
calculation and experimental study allows for stable Bluetooth
connectivity between the oral cavity and an external smartphone.
A microstructured, ion-selective sodium sensor with functional-
ized polymer membranes demonstrates a highly sensitive and
selective detection of sodium ions in a food mixture. Quantita-
tive cell viability study provides strong evidence for the device’s
biocompatibility. A soft microporous dental retainer shows sig-
nificantly reduced thermal loading compared with typical elas-
tomers. For easy manipulation and handling, the low-profile
electronics is laminated on a dental retainer. In vivo study with
human subjects demonstrates the functionality of sodium sensing
by using a Bluetooth-enabled smartphone or tablet, showing
real-time quantification of food intake.

Results and Discussion

Fig. 1 shows an overview of a wireless, intraoral electronic system
that enables a real-time quantification of sodium intake for hy-
pertension management. The key aspect of this system is that the
hybrid electronics offers active, long-range (>10 m) wireless
communication, which overcomes the limitations of near-field
telemetry circuits that only allow for a few centimeters distance
for communication (22, 23). The complete membranous device
with ICs is incorporated onto a contoured soft dental retainer for
ease of handling and noninvasive insertion into the mouth. Any
Bluetooth-enabled portable device, including a personal smart-
phone, can easily connect with the electronics for diet manage-
ment via real-time monitoring of food intake (Fig. 14). The
stretchable electronic device is soft, thin, and ultralight, with the
membrane sodium sensor and data telemetry packages; the ef-
fective moduli, entire thickness, and total mass are 68 kPa, 2 mm,
and 1.5 g, respectively (SI Appendix, Fig. S1).

X-ray microtomography (SkyScan 1173; Bruker) captures the
small form factor of the membrane electronics, laminated on the
surface of a custom-made porous retainer (Fig. 1B). The hybrid
electronics, configured in an open-mesh, multimembrane structure,
offers integration versatility with any types of bendable, foldable,
and moving fixtures for body wearing or insertion. The custom-fit
retainer (Fig. 1C), made of low-modulus, microporous elastomer
[Soma Foama 15 (SF15); Smooth-On], provides great comfort
when in contact with intraoral tissue. An optical image in Fig. 1D
displays the details of the mechanically deformable electronics,
enclosed by an elastomeric membrane [Ecoflex 00-30 (Eco30);
Smooth-On]. The device is composed of multiple layers, including
meander-patterned interconnects with ICs, dielectric membrane,
and stretchable ground plane (Fig. 1E). For in vivo human study
and clinical applications, the entlre device, except the sensor de-
tection zone (size: 2.5 x 2.5 mm? for each electrode) is completely
enclosed with biocompatible elastomers (Eco30 and SF15).

The combination of newly developed transfer printing and
hard—soft integration with a conventional microfabrication tech-
nique allows for successful manufacture of the novel hybrid elec-
tronics (SI Appendix, Note SI and Fig. S2). The mesh-structured
ground plane, stretchable interconnects, and supporting pads for
mounting of ICs (Fig. 1 D and E) are fabricated using typical
microfabrication methods (24, 25). The fabricated electronic layers
are separated from a carrying wafer and transferred onto a thin
elastomer (Eco30, 200 pm in thickness) using material transfer
printing (25, 26). The hybrid electronic system is composed of
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Fig. 1. System architectures and device composition. (A) Overview of the
intraoral electronics displaying quantification of sodium intake via real-time
monitoring. (B) X-ray micrographs of an ultrathin intraoral electronics,
conformably laminated on an oral retainer (Left), and colorized image of circuit
interconnects (Right) on a porous membrane. (C) Photos of the electronics
[backside view (Left) and top view (Right)], configured in a stretchable structure
with a retainer. (D) Zoomed-in photo of the wireless electronics. (E) Exploded-
view illustration of the multilayer composition of the electronics in D, including
ICs, mesh interconnects, dielectric layer, and ground plane.

multiple units: a microstructured ion-selective sodium sensor, sig-
nal filtering/amplification, Bluetooth low-energy wireless telemetry,
and antenna (S Appendix, Fig. S3). A miniaturized, rechargeable,
microcoin battery (3.3V, 5.5 mAh, MS621FE; Seiko Instruments;
see SI Appendix, Fig. S4) provides sustainable power to operate the
intraoral device for up to 12 h of continuous measurement (S/
Appendix, Fig. S5).

Daily uses and/or clinical applications of the intraoral system
require stable, easy-to-use, long-range wireless telecommunica-
tion. We utilize a low-profile, monopole ceramic antenna that
reliably provides a high frequency (~2.4 GHz), unlike dipole or
microstrip antennas that require larger antenna design. A key
design factor, in the use of a monopole antenna, is to incorporate
an effective ground plane (27) for creation of an electrical mirror
image of the antenna to maximize gain. We designed a mesh
structured, Cu membrane as the ground plane (500 nm in
thickness), located at the bottom layer of the electronics (Fig.
1E). A 1.5-pm-thick top layer consists of stretchable intercon-
nects and contact pads (Fig. 24) to integrate a microstructured
sodium sensor and multiple sets of ICs (SI Appendix, Fig. S3).
The entire area of the bottom ground plane is constructed in
open-mesh, serpentine interconnects with vertical interconnect
accesses (SI Appendix, Fig. S6). In the device configuration, a
9-um-thick dielectric layer, made of polyimide (PI; HD Micro-
Systems), plays an important role as an insulator, physically
protecting the ground plane during the soldering process, while
offering impedance matching for the transmission line, opti-
mizing antenna performance (SI Appendix, Fig. S7).

Optical microscopic images of the circuit on a soft membrane
(Fig. 24) show a low-power microprocessor chip, miniaturized
antenna, and impedance matching network. According to the
maximum power transfer theorem (28), the antenna impedance
should match with the transmitter output impedance to deliver
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Fig. 2. Mechanical behaviors and reliability of wireless telemetry. (A) A
device wrapped around a curved glass edge, showing the 180° bendability
(radius of curvature: 1.5 mm). (B) FEA of the mesh structure upon 180°
bending with a minimal strain (scale bar: maximum principal strain). (C)
Electrical resistance of the device upon cyclic bending up to 180°. (D) Change
of reflection coefficient (511) of the antenna unit according to the frequency
(gigahertz) when bending is applied from 0° to 180°. (E) Response of the
RSSI according to the distance change. (F) FEA result of a stretched mesh
interconnect with 20% biaxial stretching (scale bar: maximum principal
strain). (G) Photo (Left) of an antenna and impedance matching network
when 20% of strains are applied. The zoomed-in photo (Right) shows a
mechanical stretching of the circuit as expected from the FEA result in F. (H)
Stable electrical resistance upon cyclic stretching of the device up to 20%. (/)
S11 response to the applied strains (20%). (J) RSSI response to the change of
receiver distance and mechanical strain.

maximum power to the antenna. Therefore, the power loss
during data transmission between the antenna and transmitter
module can be minimized through the optimized impedance
matching and use of a Balun filter to tune the output impedance.
We optimized the circuit impedance by controlling the thickness of
the dielectric layer and the width and thickness of the transmission
line by following Wheeler’s equation (29) (see SI Appendix, Note S2
for details of the optimization process). To achieve an ideal im-
pedance of near 50 , a 9-pm-thick dielectric layer and 20-pm-wide,
1.5-pm-thick transmission line were required (SI Appendix, Fig. S6).
In addition, the impedance matching network was tuned to operate
the antenna at the frequency range between 2.4 GHz and 2.5 GHz
(SI Appendix, Fig. STD).

Fig. 2 B-J summarizes the computational and experimental
results of the wireless telemetry performance under dynamic
mechanical bending and biaxial strains. Computational finite
element analysis (FEA; see SI Appendix, Note S2 for details)
estimates the maximum mechanical principal strains on the Cu
metal interconnect (fracture limit: 5%) (3), focusing on antenna
and transmission line, due to its mechanical isolation from the
mesh ground plane. To achieve the target of 180° bending, the
smallest radius of curvature is estimated as 1.5 mm for the an-
tenna unit, which can be increased up to 4 mm for the region of
the Bluetooth low-energy chip (dimension: 6 x 6 mm?; see SI
Appendix, Fig. S8). The circuit interconnects show negligible
effect from mechanical bending up to 180°, as observed both in
microscopic observation (Fig. 24, Right) and FEA study (Fig.
2B). An electrical resistance measurement (Fig. 2C) confirms the

Lee et al.

computational result with stable resistance (maximum change:
0.12 Q) during cyclic bending of the structure (SI Appendix, Fig.
S9). In addition, the measurements of wireless transmission per-
formance in Fig. 2 D and E demonstrate device functionality upon
excessive bending. The reflection coefficient (S;;) in Fig. 2D in-
dicates that the resonant frequency slightly shifted toward higher
frequencies due to the mechanical deformation. The lowest Sy,
value is —30.58 dB at 2.48 GHz, which means that sufficient power
(>90%) is still delivered to the antenna (30) (see SI Appendix,
Fig. S104 for details of the measurement). Received signal
strength (RSSI) data in Fig. 2E compare antenna performance
between highly deformed and intact devices, which shows the
consistent signal strength up to 20 m of communication distance.

Fig. 2 F-J summarizes the performance of the antenna and
transmission unit under a cyclic biaxial strain. The FEA result
(Fig. 2F) shows the mechanical stability of the mesh structure
with a chip under biaxial stretching up to 20%, which is sup-
ported by microscopic observation (Fig. 2G and SI Appendix, Fig.
S11). Since rigid electronic components (ICs) were directly
bonded on contact islands within the mesh dielectric layer, the
system represented irregular stretching, as the applied stress was
not uniformly distributed. To minimize the excessive loading to
the transmission line, we extended the dielectric layer to the
antenna zone further while monitoring the antenna perfor-
mance. The electrical resistance and antenna measurements
validate the stable operation of the system upon mechanical
stretching up to 20% (Fig. 2 H-J). The results show that
the intraoral electronics adhered to the palate can endure the
maximum tissue elongation (~10%) during phonation (31). The
S11 measurement (Fig. 27) demonstrates the resonant frequency
shifted toward lower frequencies during the mechanical
stretching (SI Appendix, Fig. S10B). The reflection coefficient
values are changed to —7.37, —4.97, and —3.69 dB for 2.40, 2.45,
and 2.50 GHz, respectively, while the lowest value is found to
be —28.03 dB at around 2.28 GHz. The average reflection co-
efficient over the frequencies is approximately —5.15 dB, which
suggests ~70% of the power is delivered to the antenna. The
corresponding RSSI measurement (Fig. 2/) demonstrates that
signal strength decreases with increased stretching, and in-
creased distance between the communicating devices. We ob-
served that the system was wirelessly accessible and offered
continuous, consistent data transmission for distances up to 5 m,
in all aforementioned tests. Overall, the quantitative mechanical
and antenna studies during dynamic bending and stretching en-
sure the robust operation of the system in a soft oral tissue, along
with the practical range of wireless communication.

A device, inserted in the oral cavity, requires a breathable,
compliant material for minimized thermal and mechanical
loading to the tissue. In this paper, we utilize a low-modulus
microporous material, to optimize user comfort by considering
the material’s core properties (porosity, rigidity, and perme-
ability). Fig. 34 illustrates the packaged electronics with soft,
biocompatible polymers. The system consists of four layers, in-
cluding the bottom-placed porous substrate (2 mm in thickness;
SF15), silicone elastomeric spacer (200 pm in thickness; Eco30),
circuit interconnects (1.5-mm-thick Cu), and top encapsulant
(500-pm-thick Eco030). In the structure, the breathable, porous
membrane (SF15) in the form of a retainer makes direct contact
with the oral tissue on the palate (Fig. 1 C and D and SI Appendix,
Fig. S12). Scanning electron microscope (SEM) images in Fig. 3B
display a tilted and cross-sectional view of the fabricated elec-
tronics, capturing the high porosity of the tissue-contacting mem-
brane (SF15) and stretchable mesh structure of interconnects.

We made a quantitative assessment of the membrane porosity
and water vapor permeability to characterize the selected porous
membrane (Fig. 3 C and D). Previous works (24, 32) have reported
supreme biocompatibility of Eco30 and polydimethylsiloxane
(PDMS; Dow Corning), but breathability is largely unexplored. The
material’s porosity is determined by measuring the weight change in
immersed water (33) (SI Appendix, Note S3 and Table S1). The
microporous membrane (SF15) has about 30 times higher porosity
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Fig. 3. Characterization of a breathable, porous material. (A) Illustration of
a membrane integrating the fabricated electronics with ICs and stretchable
interconnects. (B) SEM images of the cross-sectional view of the supporting
substrate. (C) Comparison of porosity (percent) of materials including Eco30,
PDMS, and SF15. (D) Measured permeability from four materials including
PDMS, Eco30, SF15, and Tegaderm.

than typical elastomers of Eco30 and PDMS (Fig. 3C). The in-
creased porosity decreases the modulus, for a softer, user-
comfortable structure; SF15 has a modulus of 21 kPa, compared
with Eco30 with 64 kPa and PDMS with 1.8 MPa (S Appendix, Fig.
S13). Measurement of water vapor transfer rate (permeability)
demonstrates basic breathability of the material. The permeability is
determined by the weight loss of a water container, completely
sealed with testing materials, including PDMS, Eco30, SF15, and
Tegaderm (Fig. 3D and SI Appendix, Note S4 and Fig. S14). In this
comparison, we added a medical-grade skin tape widely used at
hospitals, Tegaderm (3M) (34), to compare the performance of
breathability. The experimental result in Fig. 3D captures the nov-
elty of the highly porous membrane (SF15) with much higher (at
least 2.5 times) permeability than others. Note that each experiment
used three different samples to determine the average and SD.

An assessment of biological comfort of materials to a tissue
can include quantified thermal loading, in addition to the mea-
sured permeability. We considered the rate of heat transfer, in-
dicating how fast the material dissipates heat from the contact
tissue on the palate. A material with rapid heat transfer provides
lowered thermal loading to the intraoral surface, which indicates
long-term comfort. To investigate thermal properties and heat
transfer of materials, we conducted computational modeling
(Fig. 4 A-C) using the Bioheat Transfer Module in COMSOL
Multiphysics (COMSOL Inc.; see SI Appendix, Note S5 and Fig.
S15). In the analysis, a device (dimension: 1.6 x 2 cm?) with
thickness of 4 mm was used. The modeled device has an initial
temperature of 20 °C, making direct contact to the oral tissue (37 °C)
that transfers the heat to the device. In the modeling, the device
is surrounded by water to mimic the wet environment in the oral
cavity. The illustration in Fig. 44 depicts the oral cavity model
with a device adhered to the palate. This study calculates 3D
temperature distribution of a material on the palate for 300 s,
right after the tissue lamination. The result in Fig. 4B presents
that the porous membrane (SF15), making the direct contact to
the oral tissue, has the highest thermal dissipation, compared
with others (PDMS and Eco30). The time-dynamic variation on
the tissue (Fig. 4C) shows the heat dissipation through the ma-
terial. Overall, the highly porous membrane provides lowered
thermal loading to the tissue than typical elastomers.

Another important factor to consider is the biocompatibility of
the device that makes direct contact with the intraoral tissue. In
vitro cellular-level study demonstrates basic biocompatibility of
the intraoral electronics (Fig. 4 D-F). We quantified the viability
of human fibroblast cells'on our device, compared with a control
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(polystyrene tissue culture plate; Sigma-Aldrich) based on a
colorimetric assay (MTT Cell Growth Assay Kit; EMD Milli-
pore). The result demonstrates that the number of live cells with
the device is slightly lower than that with the control. However,
the difference is within the statistical error range with over-
lapping deviations. We speculate that the contoured surface of
the intraoral device, unlike the flat control, would contribute to
less proliferation of cells (35).

One of the main contributions in this work is the development
of a microstructured, membrane sodium sensor (Fig. 54) to
detect sodium intake. The ion-selective sodium electrodes (ISE)
using polymers are inexpensive and easy to fabricate, while of-
fering high selectivity, wide signal range, and rapid response time
(36). The microstructured ISE includes working and reference
sensors (Fig. 54 and B), made by electroplated Pd and Ag/AgCl
on a Cu membrane, respectively (SI Appendix, Note S1 and Fig.
S16). A waterproof, 500-pm-thick silicone elastomer (Eco30)
encapsulates both electrodes, except the opening window at the
center of the sensing zones. The sealed structure prevents the
sodium membrane from separating from the working electrode
and also protects the ISE from direct contact with solid foods
during in vivo applications.

A set of in vitro experiments (Fig. 5 C-E) characterizes the
selectivity, sensitivity, and long-term stability (1 wk) of the ISE
for sodium detection. The time-dynamic voltage response in Fig.
5C shows the change of amplitudes according to the various
concentrations of sodium solutions. The microfabricated ISE
demonstrates a clear detection of the concentration difference as
well as high sensitivity (as small as 10~* M solution), which offers
enough sensing spectrum for sodium detection. The sensitivity of
the ISE, which is determined by the standard curve of the
measured data, is 188 + 12 mV/decade (gain = 2; see SI Ap-
pendix, Fig. S17 for plot). This super-Nernstian response is
caused by Ag/AgCl reference electrode that acts as a Cl ion-
selective electrode. With sodium bicarbonate (NaHCOj; non-
chloride solution), the fabricated ISE shows near-Nernstian
response (120 + 2 mV/decade; without gain, 60 + 1 mV/decade;
see SI Appendix, Fig. S18). Note that most sodium ions as well as
chloride ions are consumed as part of salts from food, and they
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Fig. 4. Tissue compatibility and biological comfort. (A) Computational
model for an oral cavity including the porous material. (B) Time-dependent
temperature variation of materials on the palate in A. SF15 shows more
enhanced heat dissipation than others. (C) Fast temperature distribution of
SF15 when laminated on the oral tissue in A. (D) SEM images of cultured cells
on a control sample (Top) and fabricated device (Bottom). (E) Fluorescence
imaging of cultured cells on a control (Top) and device (Bottom), with green
fluorescence indicating live cells. (F) Comparison of fluorescence intensity
from live cells between the device and control.
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Fig. 5. Demonstration of the device functionality. (A) Photo of a fabricated electronic device with a microstructured sodium sensor. (B) Composition of
multilayers for the sodium sensor featuring working and reference electrodes. (C) Change of voltage amplitude (volts) from the sodium sensor according to
the different sodium concentrations from 1 M to 10~ M. (D) Amplitude change of the sodium sensor according to the input solutions, including Na, K, Ca, Mg,
and citric acid. (E) Continuous sodium detection up to 1 wk with four different sodium concentrations from 10~ M to 1 M. (F) Flowchart showing the overall
process from sodium detection to data transfer. (G) Photo of in vivo testing setup with a human subject and an Android application. (H) Comparison of in vitro
and in vivo data with various sodium concentrations. (/) Demonstration of real-time detection of veggie juice with high sodium concentration. (J) In vivo, real-

time measurement of different foods with a human subject.

exist at very low concentrations in food. For example, the av-
erage chloride intake is only 100 mg/d with a salt-free diet (37).
Therefore, even with the presence of chloride ion interference
on the Ag/AgCl electrode, its adverse effect would be negligible
when it is used to detect sodium ions in food products. The ionic
selectivity of the device is investigated by using five different
ionic solutions, including Na*(sodium from NaCl), K* (potas-
sium from KCl), Ca** (calcium from CaCl,), Mg*" (magnesium
from MgCl,), and C¢HsO;>~ (citric acid from C4HgO;). They
are commonly found in foods and drinks (38, 39). The experi-
mental result in Fig. 5D demonstrates a distinctive selectivity of
the fabricated sodium sensor with various concentrations of
other solutions. Considering the interference from chloride ion
on the Ag/AgCl electrode, the measurement data show a great
selectivity of the sodium sensor. In general, K*, Ca**, and Mg**
ions with chloride exist in food with a small concentration, less
than 40 mM (40), such that the selectivity of the ISE should be
sufficient for specific detection of sodium intake.

In addition, a long-term stability study of the ISE (Fig. 5SE and
SI Appendix, Fig. S19) shows the sensor’s continuous function-
ality for 1 wk, measured with four different sodium concentra-
tions (1072, 1072, 107!, and 1 M). The measured average slope
and its SD is 190 + 4 mV/decade (gain = 2) for 1 wk, which
indicates our sensor is stable over time, enabling continuous
sodium monitoring. Overall, the in vitro study captures the ISE
capability for highly specific and sensitive detection of sodium. A
flowchart in Fig. SF illustrates the entire process of sodium de-
tection from the sensor to the monitoring device. The potential
difference between the working and reference electrodes corre-
sponding to sodium concentrations is loaded on the op-amp
circuit with a low-pass filter. The output analog signals from the
circuit are converted into digital signals with a resolution of 8 bits
(~4.7 mV/resolution at the analog-to-digital converter reference
voltage of 1.2 V), and they are wirelessly transmitted to an

Lee et al.

external portable device such as an Android smartphone (S
Appendix, Fig. S20).

We conducted a real-time recording of sodium detection with
different concentrations with healthy adults (Fig. 5G). The
intraoral system is cleaned by soap and water and a disinfectant
solution (pH Neutral Disinfectant Cleaner; Australian Gold)
before wearing the system in the mouth. A subject wearing the
electronics sequentially drinks two sips of salty water with con-
centrations of 1073, 1072, and 10~! M, and rinses the mouth with
distilled water at the last step (see Movie S1 for details of the
procedure). The same experiment in an in vitro setup (SI Ap-
pendix, Fig. S21) compares the recorded data with the real-time
data (Fig. 5H). The result shows that the in vivo device offers a
clear distinction of different sodium amounts, which is almost
identical to the in vitro data. It should be noted that, at the idle
state, the intraoral device reads 500 mV to 600 mV, since human
saliva contains sodium ions with typical concentrations of 2 mM
to 21 mM (41). Fig. 5/ summarizes in vivo and in vitro sodium
measurements from a veggie juice (sodium amount: 640 mg in
240 mL = 116 mM), which are compared with a pure sodium
solution. Three different experiments show a similar average
value (~850 mV) at high potentials. Small variations are caused
by different sodium concentrations: 116, 100, and 108 mM for
the sodium solution, veggie juice for in vitro, and veggie juice for
in vivo, respectively. The result displays the high selectivity and
sensitivity of the ISE, even with the juice that contains not only
sodium but also other ingredients (potassium, protein, calcium,
iron, and vitamin C). In addition, the measured data support that
solid-state Ag/AgCl electrodes in the ISE have negligible in-
terference from chloride ions during sodium detection in food.
The in vivo sensor showing a higher baseline voltage from saliva
in the mouth. A more comprehensive in vivo experiment in Fig.
5J presents sodium detection from three kinds of food with dif-
ferent sodium levels, including a veggie juice (640 mg in 240 mL;
116 mM), chicken noodle soup (690 mg in 242 g; 124 mM), and
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potato chip (170 mg in 28 g; 264 mM). While the detected so-
dium from the chicken soup is 870 + 14 mV (130 mM), close to
the estimated value (124 mM), the measured value from the chip
(709 + 35 mV; 20 mM) is one order of magnitude lower than the
actual amount (264 mM). We speculate that the detected sodium
value from the chip is the output from the mixture with saliva,
which dilutes the sodium concentration. The abrupt peak from
the chip data (Fig. 5/) is caused by the physical contact of the
solid food with the sensor. The in vitro and in vivo experiments
demonstrate the feasibility of the wireless, intraoral hybrid
electronics for real-time monitoring of sodium intake with high
stability, sensitivity, and selectivity. Furthermore, the intraoral
electronics shows the potential for estimation of the daily sodium
intake along with a commercial smartphone application (e.g.,
MpyFitnessPal in Health & Fitness) that provides brief information
on sodium amounts in each food. Continuous monitoring of so-
dium concentration of food on a daily basis will provide eating
habits of the user, which will be used to guide a better way to
choose healthier food with low sodium.

The collection of materials presented here indicates that a
soft, low-profile, user-comfortable electronics offers continuous
real-time monitoring of sodium intake via active wireless te-
lemetry. The stretchable hybrid system integrates chip-scale
components and microstructured sodium sensors with stretch-
able interconnects, together in an ultrasoft, breathable mem-
brane. The quantitative computational and experimental studies
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of antenna performance optimize the wireless electronics, offering
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