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ABSTRACT

A paper-based electrode is a very attractive component for a disposable, nontoxic, and
flexible biosensor. In particular, wearable biosensors, which have recently been attracting
interest, not only require these characteristics of paper-based electrodes but must also be able
to detect various ions and biomolecules in biological fluids. In this paper, we demonstrate the
detection ability of paper-based metal electrodes for wearable biosensors as part of a wireless
potentiometric measurement system, focusing on the detection of pH and sodium ions. The
paper-based metal electrodes were obtained by simply coating a silicone-rubber-coated paper
sheet with a Au (/Cr) thin film by sputtering then modifying it with different functional
membranes such as an oxide membrane (Ta;Os) and a fluoropolysilicone (FPS)-based
Na'-sensitive membrane, corresponding to the targeted ions. Satisfactory and stable detection
sensitivities of the modified paper-based Au electrodes were obtained over several weeks
even when they were bent to a radius of curvature in the range of 6.5 to 25 mm, assuming use
in a flexible body patch biosensor. Moreover, the Na" concentration in a sweat sample was
evaluated using the paper-based Au electrode with the FPS-based Na -sensitive membrane in
a wireless and real-time manner while the electrode was bent. Thus, owing to their complex
mesh structure, flexible paper sheets should be suitable for use as potentiometric electrodes

for wearable wireless biosensors.
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wireless, wearable biosensor



MANUSCRIPT TEXT:

INTRODUCTION

Wearable biosensors have recently been attracting interest for health monitoring.' > Various
types of biosensor are integrated to simultaneously monitor ions and biomolecules in
biological fluids, such as sweat on a flexible substrate, in a wireless manner. Using such
wearable biosensors, we can monitor our health noninvasively in real time without collecting
blood samples with needles. The obtained data of an individual should be accumulated and
analyzed in an electronic device connected to the internet so that it can be easily shared with
her/his family and doctors as well as the person in question as part of health checks and for
the early diagnosis of diseases. Furthermore, flexible and nontoxic electrodes are required for
wearable devices applied as patches on a body. Thus, paper-based electrodes can potentially
be used in wearable biosensors.

Lateral flow immunochromatographic assays, which are carried out using a
cellulose-based device, are suitable as part of a low-cost and simple system to detect target
analytes.™” Biological ‘sample solutions easily flow through a paper sheet, and then
biomolecular recognition events such as an antigen—antibody reaction are colorimetrically
detected on the sheet without specialized equipment, where antibody-conjugated tags such as
gold nanoparticles are included and reacted with the antigen at the test line. However, this
measurement method is not quantitative and cannot continuously monitor vital signs.
Therefore, if a paper sheet is developed as an electrode, which will enable the real-time
measurement of electrical signals, the advantages of paper such as flexibility and nontoxicity

will contribute to biological sensing by wearable devices. In previous works, paper-based



electrodes were developed for the detection of biomolecules such as glucose and cortisol.
Most of them employed amperometric and impedimetric methods combined with enzymes
and redox mediators.®'? On the other hand, the modification of ion-sensitive membranes
(ISMs) on a paper-based electrode will be useful for the detection of ions in biological fluids,
such as sweat, as part of a potentiometric measurement system.

ISMs have been widely used in potentiometric biosensors for several decades.”*2° When
a solution-gate field-effect transistor (FET) is utilized as an ion sensor, oxide membranes (e.g.,
Ta,0Os) as the gate insulator, which behave as ISMs, have hydroxy groups at their surfaces in
a solution that undergo an equilibrium reaction with hydrogen-ions."'”*" As a result, a
change in the interfacial potential between the solution and the oxide membrane surface is
output as the Nernstian response for the change in pH, which is ideally calculated as 59.2
mV/pH at 25 °C. Cellular respiration activities. were monitored at a cell/gate nanogap
interface using a pH-sensitive FET in a real-time and noninvasive manner.”' >’ When
polyvinyl chloride (PVC)-based ISMs with ionophores are coated on a gate insulator, the
Nernstian response is similarly obtained for the change in the potential at the solution/ISM
interface with ions of various concentrations (e.g., Na' and K").MO1 However, these
PVC-based ISMs include a plasticizer, which exhibits cytotoxicity, to dissolve ionophores in
the membrane. Therefore, a fluoropolysilicone (FPS)-based plasticizer-free ISM has been
proposed for use as a patch biosensor on bodies.”® Thus, oxide membranes and FPS-based
plasticizer-free ISMs on paper-based electrodes can be modified to realize biocompatible
wearable biosensors.

In this study, we demonstrated the detection ability of paper-based metal electrodes for
use in wearable biosensors as part of a wireless potentiometric measurement system, focusing
on the detection of hydrogen ions and sodium ions. In particular, nontoxic materials were

chosen for the paper-based metal electrode of a patch biosensor placed on the skin. Here, we
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utilized a silicone-rubber-coated paper sheet as the paper-based metal electrode to smoothly

coat a Au or Ag (/Cr) thin film by sputtering.



METHODS

Materials. The following chemicals and materials were used in this study.
Tetrakis[3,5-bis(trifluoromethyl)phenyl]borate sodium salt (Na-TFPB),
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and tetrahydrofuran (THF)
were purchased from Dojindo Molecular Technologies Inc.
4-Tert-butylcalix[4]arene-tetraacetic acid tetraethyl ester (calix[4]arene) was purchased from
Sigma Aldrich. Sodium dihydrogen phosphate (NaH,PO,), sodium hydrogen phosphate
(Na,HPOy,4), citric acid, potassium chloride (KCl), sodium hydroxide (NaOH),
phosphate-buffered saline (PBS), and pH standard buffer solutions were purchased from
Wako Pure Chemicals Industries, Ltd. Fluorosilicone gel (FE-73) and
3-aminopropyltriethoxysilane (APTES) were purchased from Shin-Etsu Chemical Co., Ltd.
Paper sheets, both sides of which were coated with silicone rubber, were purchased from
Asahi Kasei Home Products Corporation.

Fabrication of paper-based metal electrodes. The paper-based metal electrodes used in this
study were fabricated on flexible silicone-rubber-coated paper sheets (35 mm X 5 mm) by
sputtering (ULVAC, Inc.). First, Cr (thickness 15 nm) was sputtered as an adhesive layer.
Then, a Au or Ag thin film (thickness 100 nm) was sputtered. We call it the paper-based metal
electrode in this study. Moreover, tantalum oxide (Ta,Os) was coated to a thickness of 100
nm on the paper-based Au electrodes (5 mm X 5 mm) to obtain a Ta,Os membrane with
pH-responsive hydroxyl groups at its surface in a solution (Figure S1, Supporting
Information). The surface morphology of the paper-based Au electrodes with or without
surface modifications was observed by scanning electron microscopy (SEM).

Preparation of plasticizer-free Na'-sensitive membrane. A plasticizer-free Na'-sensitive

membrane was prepared as follows. After mixing 4.5 mg of calix[4]arene as an ionophore,



2.0 mg of Na-TFPB as an agent for anion exclusion, and 150 mg of FE-73 as a base material
in 750 uL of THF, 10 uL of the mixed solvent was added dropwise to the Ta,Os film surface
and then heated at 120 °C for 2 h in ambient air. The heat treatment induced the addition
reaction of hydrosilylation for polymerization.”®

Wireless and miniaturized measurement system. Figure 1 shows photographs of a
wireless device with paper-based metal electrodes. As a reference electrode, a Ag/AgCl ink
was pasted on the paper-based electrode with a Ag thin film and then heated at 120 °C for 2 h
in ambient air. In the measurement, adsorbent cotton (diameter 5—10 mm) was placed on both
the working electrode and the reference electrode to retain sample solutions. 100 puL of the
sample solutions was added dropwise to the adsorbent cotton on both electrodes. Each type of
paper-based metal electrode was connected to a wireless interfacial potential detector (IPD),
and the change in the interfacial potential between the solution and the electrode surface
(AVou) was measured with a real-time and wireless monitoring system developed by IoT
Media Laboratory (Department of Mechanical Engineering, The University of Tokyo). We
developed the wireless IPD, which was composed of MCP3425 (16 bit ADC; Microchip
Technology Inc.), EYSHSNZWZ (ultra-small BLE Arm Processor Module; Taiyo Yuden Co.,
Ltd.) as a wireless module, and a small and thin coin type lithium battery (3.7 V; Maxell
Holdings, Ltd.). AV, was measured in a solution through the reference electrode (Ag/AgCl)
with high accuracy (16 bit resolution). The wireless module (EYSHSNZWZ) was newly
programmed in the above measurement by IoT Media Laboratory (Department of Mechanical
Engineering, The University of Tokyo). To investigate pH responsivity, phosphate buffer
solutions were prepared with pHs from 5.81 to 8.11 by controlling the mixing ratio of
Na,HPOj4 to NaH,POj4. Also, standard buffer solutions with pHs of 4.01, 6.86, 7.41, 9.18, and
10.01 were prepared. Moreover, the concentration of Na™ was varied from 5 mM to 1 M by

adding an appropriate volume of 1 M NaCl into a mixed solution, which was composed of 50

7



mM HEPES and 1 M NaOH in deionized water, to maintain a constant pH of 7.2.

In vitro and on-body analysis of Na* concentration in sweat sample. A sweat sample was
collected from one healthy volunteer in a sauna for in vitro real-time monitoring of the sweat
sample. Firstly, the actual concentration of Na' in the sweat sample was measured using the
conventional Na' sensor (LAQUAtwin-Na-11; HORIBA, Ltd.). On the other hand, AV, was
monitored with changing Na" concentrations (5 mM = 10 mM = 50 mM -> 100 mM -> 500
mM) using the paper-based Au electrode with the FPS-based Na'-sensitive membrane in a
wireless manner. Then, the sweat sample was also measured during these measurements,
considering the actual concentration of Na’. The sample volume added was 100 pL and the
paper-based Au electrodes with the FPS-based Na'-sensitive membrane were prewashed
before adding each sample solution. Moreover, the paper-based Au electrode with the
FPS-based Na'-sensitive membrane was put on the forehead to monitor the Na' concentration
in a wireless and real-time manner. The on-body measurement was performed on the same
healthy volunteer in the sauna for about 40 minutes on another day. Then, the sweat samples
were collected every 100 seconds at a certain interval to confirm the actual Na'
concentrations using the conventional Na~ sensor. The effect of the temperature during
measurements on electrical signals was compensated for considering the data measured

inside and outside the sauna.

RESULTS AND DISCUSSION

Electrical characteristics. The electrical characteristics of paper-based metal electrodes
were first investigated without bending the electrodes. Figures 2a and b show AV, for
different pHs using the paper-based Au electrode with the Ta,Os film. The calibration curve
was analyzed on the basis of the data obtained by the wireless and real-time measurement.
The pH sensitivity was calculated to be about 41 mV/pH. In general, the Nernstian response
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to the change in H' concentration is generally expressed as

AE =59.2 X Alog [H*] (mV/decade) at 25 °C. (1)
On the other hand, Y, is shown to be the actual driving force of an ion-sensitive field-effect
transistor (ISFET) with the Ta,Os membrane, which is related to the logarithm of H'

concentration by the following equations:*’

Yo = 2303 (57 ) log [H'] ., (2)

— 2q°Ns(KaKp)'/?
KTCpy,

B ; 3)

where k is the Boltzmann constant, 7 is the absolute temperature, ¢ is the elementary charge,
and Cp; is the capacitance of the electric double layer.. The parameter [ reflects the
chemical sensitivity of the Ta,Os membrane, which depends on the site density Ng of the
hydroxy groups at the surface, and the surface reactivity is characterized by the equilibrium
constants K, and K, of the acidic and basic surface reactions, respectively. If the parameter
[ is much higher for the Ta,Os membrane, which results from a higher Ng, the difference in
Y, for ApH (Ay,) determined using equation (2) should be almost equal to that determined
using equation (1), that is, the Nernstian response. Otherwise, Ay, would not be satisfied
with the Nernstian response. Thus, if the Ta,Os membrane is fabricated on a substrate by
sputtering, the surface property of the Ta,Os membrane in contact with a solution may be
different, depending on the material used as a substrate. In this study, the Ta,Os membrane
was coated on the paper-based Au electrode by sputtering; the Nernstian response was not
sufficiently attained as 41 mV/pH, which means that Ny would have been lower. On the
other hand, the Ta,Os membrane on oxide-film-coated substrates, which was fabricated using
the sputtering system, contributed to the Nernstian response (approximately 52-56
mV/pH).?*** Moreover, the paper-based Au electrode with the FPS-based Na'-sensitive

membrane exhibited a pNa sensitivity of about 48 mV/pNa, as shown in Figures 2¢ and d. In



particular, the selective detection of Na" of various concentrations was realized using the
paper-based Au electrode with the FPS-based Na'-sensitive membrane, as shown in Figure
2e. In this case, the Na" concentration was changed from 5 mM to 1 M under a constant K
concentration of 100 mM. The selectivity coefficient Ky g+ -+ for Na" under the constant K*
concentration was calculated to be about 0.23 from equations S1 and S2 (Supporting
Information), which means that the pNa sensitivity remained at about 53 mV/pNa above a
Na' concentration of about 23 mM. This means that a change in the K" concentration of less
than 100 mM would have almost negligible effect on the pNa sensitivity above a Na"
concentration of 20 mM. In fact, the K concentration in human perspiration is in the range of
1-10 mM, whereas the Na* concentration is in the range of 30-80 mM.*'>* That is, the
change in the Na' concentration in secreted sweat can be selectively detected using the
paper-based Au electrode with the FPS-based Na'-sensitive membrane.

Next, the effect of the bending of the paper-based metal electrodes on the electrical
properties was examined, assuming their use in a device on the skin. Here, the paper-based
metal electrodes were rolled around cylinders with radii from 6.5 to 25 mm (Figure 3a).
Figures 3b and ¢ show the time course of AV, for different pNa and the long-term stability
of the pNa sensitivity using the modified paper electrode with the radius of curvature of 6.5
mm, respectively. The electrical stability, responsivity, and sensitivity were maintained even
at the smallest radius of curvature, regardless of whether or not the paper-based metal
electrodes were bent. Moreover, the pNa sensitivity was maintained at around 50 mV/pNa,
near the Nernstian response, regardless of the radius of curvature (Figure 3d). Thus, the
paper-based metal electrode can be used in a flexible biosensor for wireless sensing.

Moreover, the Na" concentration in a sweat sample was evaluated using the paper-based
Au electrode with the FPS-based Na'-sensitive membrane in a wireless and real-time manner,
as shown in Figure 4. In this case, the modified paper-based metal electrode was rolled
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around the cylinder with the smallest radius of 6.5 mm. As shown in Figure 4a, AV,
increased with increasing Na" concentrations from 5 mM to 500 mM in the buffer. When the
sweat sample was added after the measurement at 10 mM, AV, remarkably increased. Then,
AV slightly decreased when 50 mM Na® buffer was added onto the electrode surface.
Moreover, Figure 4b shows the calibration curve for pNa sensitivity on the basis of the data
obtained in Figure 4a. The amount of the output signal for the sweat sample was obtained in
Figure 4a; therefore, the Na™ concentration in the sweat sample was calculated to be about 79
mM from the calibration curve (approximately 60 mV/pNa). In fact, the Na® concentration in
the sweat sample measured using the conventional Na" sensor was about 74 mM. That is, the
Na’ concentration in the sweat sample measured using the modified paper-based metal
electrode indicated a good agreement with the expected concentration value. Moreover, the
on-body measurement of Na' concentration for sweat analysis was performed in a wireless
and real-time manner. Figure 4c shows the changes in the Na' concentration for the on-body
measurement using the paper-based. Au electrode with the FPS-based Na'-sensitive
membrane. The Na’ concentrations were determined on the basis of the calibrated electrical
signals shown in Figures 4a and b. During the on-body measurement in the sauna, the Na"
concentration was stably monitored in a wireless and real-time manner, although it gradually
increased from the point of time indicated by the arrow. This may have been due to a slight
dehydration, under which condition, the Na" concentration in sweat as well as in blood serum
is known to increase.”> Moreover, the sweat samples were collected from the forehead every
100 seconds to check the actual Na™ concentration using the conventional Na' sensor, as
indicated by the orange square plots in Figure 4c. As a result, the Na" concentrations
obtained by this off-body measurement were in good agreement with those output by the
on-body measurement. Therefore, we can expect that the Na’ concentration in the sweat

sample can be measured using the paper-based Au electrode with the FPS-based
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Na'-sensitive membrane in a wireless and real-time manner, even if the modified paper-based
metal electrode is put and bent around an arm. The on-body measurement of the change in the
Na'" concentration in sweat may have future applications in the detection of dehydration
during prolonged exercise. This is because the Na" concentration increases in sweat as well as

. 35
in blood serum.

Microstructure. Figure 5 shows SEM images of the original silicone-rubber-coated paper
sheet and the paper-based Au electrode with the Ta,Os film. The mesh structure of the
original paper sheet was clearly observed (Figure Sa). In general, a mesh structure
contributes to stress relaxation, thus preventing cracks from propagating in matrixes such as a
paper sheet, enabling the paper sheet to be easily bent. Indeed, the mesh-patterned structure
reduced tensile stress and hindered the propagation of cracks, as shown in a previous work.*®
Such meshes allow solutions to penetrate into paper sheets, but the paper sheets used in this
study were coated with the silicone rubber; therefore, although the permeability of solutions
into the paper sheets was poor, the sputtering of the Au/Cr thin film would have sufficiently
coated the silicone rubber surface without mesh holes but with roughness at the micro scale.
Furthermore, the complex microstructure of the paper sheets was transferred to the
paper-based Au electrode with the Ta,Os film sputtered on the silicone rubber surface (Figure
Sb), and then the morphology of Ta,Os film surface hardly changed owing to its micro scale
roughness. This roughness depended on the mesh structure of paper even when the paper
sheet electrode was rolled around the cylinder with the smallest radius of 6.5 mm (Figure Sc).
This is why sufficient detection sensitivities of the paper-based metal electrodes were
maintained upon bending, as shown in Figure 3.

Moreover, the thickness of the FPS-based Na'-sensitive membrane was measured using a

3D laser scanning confocal microscope (VK-X1000) to be about 114 um, as shown in Figure
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S2a. In this case, the pNa sensitivity was obtained to be in the range of 50-60 mV/pNa,
which is near the Nernstian response, as shown in Figures 3 and 4. Moreover, when the
mixed solvent for the plasticizer-free Na'-sensitive membrane was diluted 50 times with THF,
the thickness of the FPS-based Na'-sensitive membrane was measured using the laser
microscope to be about 40 um (Figure S2b). Regardless of the membrane thickness, the pNa

sensitivity was maintained in the range of 50-60 mV/pNa in this study (data not shown).

Biocompatibility. In this study, the Ta;Os film and the plasticizer-free FPS-based ISM on the
paper-based Au electrodes were in direct contact with the sample solutions and made up the
sensing surface. That is, these membranes will be in direct contact with a body to detect
analytes in biological solutions such as sweat. In a previous study, the activities of mouse
embryos on the Ta,Os gate insulator of FET biosensors were continuously and safely
monitored for about one week.? In particular, the mouse embryos cultured on the Ta,Os film
were transplanted to the recipient mice and the birth rate was almost equal to that for mouse
embryos cultured on conventional cell culture dishes. Other living cells were also measured
on Ta,Os-gate FET biosensors for a few days and no cytotoxicity was observed. Therefore,
Ta,Os films provide sufficient biocompatibility for use in wearable biosensors. Also, it was
previously shown that no cytotoxicity was found for a plasticizer-free FPS-based ISM with
calix[4]arene as an ionophore, although a PVC-based ISM showed cytotoxicity owing to the
leaching of the plasticizer into sample solutions.*® Considering the mobility and dispersibility
of the ionophore in the membrane without a plasticizer, a matrix material that has a glass
transition temperature below room temperature and polarity should be selected. In addition, it
is desirable that the dielectric constant of the polymer used is in the range of 4—15 so as not to
increase the membrane resistance, for example, FPS.>">° Thus, an FPS-based ion-sensitive

membrane without a plasticizer has been utilized as a matrix for biocompatible Na'-sensitive
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sensors. Considering the above, the chemical modifications of the paper-based Au electrodes

in this study can ensure noncytotoxic wearable biosensing.

CONCLUSIONS

In this study, we developed paper-based metal electrodes with functional biointerfaces for use
in wearable and nontoxic biosensors to monitor ions and biomolecules in a wireless manner,
focusing on the detection of hydrogen ions and sodium ions as target analytes. The paper
sheets thinly coated with silicone rubber showed flexibility owing to their meshed structure,
even when various biocompatible functional membranes were deposited on them. In
particular, the electrical stability, responsivity, and sensitivity of the modified paper-based Au
electrodes were maintained over several weeks, even when they were bent to a radius of
curvature in the range of 6.5 to 25 mm. Moreover, the Na" concentration in the sweat sample
was evaluated using the paper-based Au electrode with the FPS-based Na'-sensitive
membrane in a real-time manner, even when the modified paper-based Au electrode was
rolled around the cylinder with the smallest radius of 6.5 mm. Simultaneously, our newly
developed miniaturized wireless device showed high performance in electrical measurement,
assuming its use in a flexible body patch biosensor. Thus, a platform based on the
paper-based metal electrode with flexibility and biocompatibility is suitable for wearable
wireless biosensing. In the next plan, the paper-based metal electrodes may be fabricated in a
soft microfluidic system with specific design strategies for inlet/outlet dimensions, where
sweat samples would be not only collected but also discharged, as reported in a previous
paper.* This is because the effect of residual ions from a previous measurement on electrical
signals of the next measurement should be considered to continuously and precisely monitor

the changes in the ion concentration in sweat samples in future studies.

14



ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at
DOIL:***  S1. pH-responsive hydroxyl groups at Ta,Os membrane surface in a solution
(Figure S1); S2. Calculation of selectivity coefficient; S3. Film thickness of FPS-based

Na'-sensitive membrane (Figure S2).

AUTHOR INFORMATION
Corresponding Author

*E-mail: sakata@biofet.t.u-tokyo.ac.ip

CORRESPONDING AUTHOR FOOTNOTE: Affiliation; = Department of Materials
Engineering, School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-8656, Japan

ORCID

Toshiya Sakata: 0000-0003-1246-5000

Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENT

This study was partly supported by IoT Media Laboratory of The University of Tokyo.

REFERENCES
(1) Gao, W.; Emaminejad, S.; Nyein, H. Y. Y.; Challa, S.; Chen, K.; Peck, A.; Fahad, H. M.;
Ota, H.; Shiraki, H.; Kiriya, D.; Lien, D. H.; Brooks, G. A.; Davis, R. W.; Javey, A.

Fully Integrated Wearable Sensor Arrays for Multiplexed in situ Perspiration Analysis.

15



)

3)

4

)

(6)

(7)

(8)

)

Nature 2016, 529, 509-514.

Park, S.; Heo, S. W.; Lee, W.; Inoue, D.; Jiang, Z.; Yu, K.; Jinno, H.; Hashizume, D.;
Sekino, M.; Yokota, T.; Fukuda, K.; Tajima, K.; Someya, T. Self-Powered Ultra-Flexible
Electronics via Nanograting-Patterned Organic Photovoltaics. Nature 2018, 561, 516—
521.

Xu, S.; Jayaraman, A.; Rogers, J .A. Skin Sensors Are the Future of Health Care. Nature
2019, 571, 319-321.

Free, A. H.; Adams, E. C.; Kercher, M. L.; Free, H. M.; Cook, M. H. Simple Specific
Test for Urine Glucose. Clin. Chem. 1957, 3, 163—-168.

Charlton, D. E. Test Device and Method for Colored Particle Immunoassay. U. S. Patent
2002, US6485982B1.

Liu, B.; Du, D.; Hua, X.; Yu, X.-Y.; Lin, Y. Paper-Based Electrochemical Biosensors:
From Test Strips to Paper-Based Microfluidics. Electroanalysis 2014, 26, 1214—1223.
Khan, M. S.; Misra, S. K.; Wang, Z.; Daza, E.; Schwartz-Duval, A. S.; Kus, J. M.; Pan,
D.; Pan, D. Paper-Based Analytical Biosensor Chip Designed from
Graphene-Nanoplatelet-Amphiphilic-diblock-co-Polymer ~ Composite  for  Cortisol
Detection in Human Saliva. Anal. Chem. 2017, 89, 2107-2115.

Gong, M."M.; Sinton, D. Turning the Page: Advancing Paper-Based Microfluidics for
Broad Diagnostic Application. Chem. Rev. 2017, 117, 8447—-8480.

Gokoglan, T. C.; Kesik, M.; Soylemez, S.; Yuksel, R.; Unalan, H. E.; Toppare, L. Paper
Based Glucose Biosensor Using Graphene Modified with a Conducting Polymer and

Gold Nanoparticles. J. Electrochem. Soc. 2017, 164, G59—G64.

(10)Kaur, G.; Tomar, M.; Gupta, V. A Simple Paper Based Microfluidic Electrochemical

Biosensor for Point-of-Care Cholesterol Diagnostics. Phys. Status Solidi A 2017, 214,

1700468.

16



(1T)Lee, V. B. C.; Mohd-Naim, N. F.; Tamiya, E.; Ahmed, M. U. Trends in Paper-Based
Electrochemical Biosensors: From Design to Application. Anal. Sci. 2018, 34, 7-18.
(12)Rengaraj, S.; Cruz-Izquierdo, A.; Scott, J. L.; Di Lorenzo, M. Impedimetric Paper-Based
Biosensor for the Detection of Bacterial Contamination in Water. Sens. Actuators B 2018,

265, 50-58.

(13)Sandlbom, J.; Eisenman, G.; Walker, J. L. Jr. Electrical Phenomena Associated with the
Transport of lons and lon Pairs in Liquid Ion-exchange Membranes. II. Nonzero Current
Properties. J. Phys. Chem. 1967, 71, 3871-3878.

(14)Bergveld, P. Development of an Ion-Sensitive Solid-State Device for Neurophysiological
Measurements. /EEE Trans. Biomed. Eng. 1970, BME-17,70-71.

(15)Matsuo, T.; Wise, K. D. An Integrated Field-Effect Electrode for Biopotential Recording.
IEEFE Trans. Biomed. Eng. 1974, BME-21, 485-487.

(16)Moss, S. D.; Janata, J.; Johnson, C. C. Potassium Ion-Sensitive Field Effect Transistor.
Anal. Chem. 1975, 47, 2238-2243.

(17)Esashi, M.; Matsuo, T. Integrated Micro-Multi-lon Sensor Using Field Effect of
Semiconductor. /[EEE Trans. Biomed. Eng. 1978, BME-25, 184—192.

(18)McBride, P. T.; Janata, J.; Comte, P. A.; Moss, S. D.; Johnson, C. C. Ion-Selective Field
Effect Transistors with Polymeric Membranes. Anal. Chim. Acta 1979, 108, 239-245.

(19)Zdrachek, E.; Bakker, E. Potentiometric Sensing. Anal. Chem. 2019, 91, 2—26.

(20)Sakata, T. Biologically Coupled Gate Field-Effect Transistors meet in Vitro Diagnostics.
ACS Omega 2019, 4, 11852-11862.

(21)Schoéning, M. J.; Poghossian, A. Recent Advances in Biologically Sensitive Field-Effect
Transistors (BioFETs). Analyst 2002, 127, 1137-1151.

(22)Sakata, T.; Saito, A.; Mizuno, J.; Sugimoto, H.; Noguchi, K.; Kikuchi, E.; Inui, H. Single

Embryo-Coupled Gate Field Effect Transistor for Elective Single Embryo Transfer. 4nal.

17



Chem. 2013, 85, 6633—-6638.

(23)Yang, H.; Honda, M.; Akiko, A.; Kajisa, T.; Yanase, Y.; Sakata, T. Non-Optical
Detection of Allergic Response with a Cell-Coupled Gate Field-Effect Transistor. Anal.
Chem. 2017, 89, 12918-12923.

(24)Satake, H.; Saito, A.; Sakata, T. Elucidation of Interfacial pH Behaviour at Cell/Substrate
Nanogap for In Situ Monitoring of Cellular Respiration. Nanoscale 2018, 10, 10130—
10136.

(25)Sakata, T.; Saito, A.; Sugimoto, H. In situ Measurement of Autophagy under Nutrient
Starvation Based on Interfacial pH Sensing. Sci. Rep. 2018, 8, 8282.

(26)Sakata, T.; Saito, A.; Sugimoto, H. Live Monitoring of Microenvironmental pH Based on
Extracellular Acidosis around Cancer Cells with Cell-Coupled Gate Ion-Sensitive
Field-Effect Transistor. Anal. Chem. 2018, 90, 12731-12736.

(27)Saito, A.; Sakata, T. Sperm-Cultured Gate lon-Sensitive Field-Effect Transistor for
Nonoptical and Live Monitoring of Sperm Capacitation. Sensors 2019, 19, 1784.

(28)Ito, K.; Satake, H.; Mori, Y.; Tseng, A. C.; Sakata, T. Biocompatible and Na'-Sensitive
Thin-Film Transistor for Biological Fluid Sensing. Sci. Technol. Adv. Mater. 2019, 20,
917-926.

(29)Uematsu, Y.; Kajisa, T.; Sakata, T. Fundamental Characteristics of a Glucose Transistor
with a Chemically Functional Interface. ChemElectroChem 2017, 4, 2225-2231.

(30)Sakata, T.; Nishimura, K.; Miyazawa, Y.; Saito, A.; Abe, H.; Kajisa, T. lon Sensitive
Transparent-Gate Transistor for Visible Cell Sensing. Anal. Chem. 2017, 89, 3901-3908.

(31)Yokoyama, Y.; Aragaki, M.; Sato, H.; Tsuchiya, M. Determination of Sweat
Constituents by Liquid Ionization Mass Spectrometry. Anal. Chim. Acta 1991, 246, 405—
411.

(32)Taylor, R. P.; Polliack, A. A.; Bader, D. L. The Analysis of Metabolites in Human

18



Sweat: Analytical Methods and Potential Application to Investigation of Pressure
Ischaemia of Soft Tissues. Ann. Clin. Biochem. 1994, 31, 18-24.

(33)Dabek-Zlotorzynska, E.; Dlouhy, J. F. Application of Capillary Electrophoresis in
Atmospheric Aerosol Analysis: Determination of Cations. J. Chromatogr. A 1995, 706,
527-534.

(34)Zhang, J.; Rupakula, M.; Bellando, F.; Cordero, E. G.; Longo, J.; Wildhaber, F.;
Herment, G.; Guefin, H.; Ionescu, A. M. Sweat Biomarker Sensor Incorporating
Picowatt, Three-Dimensional Extended Metal Gate Ion Sensitive Field Effect Transistors.
ACS Sens. 2019, 4,2039-2047.

(35)Morgan, R. M.; Patterson, M. J.; Nimmo, M. A. Acute Effects of Dehydration on Sweat
Composition in Men during Prolonged Exercise in the Heat. Acta Physiol. Scand. 2004,
182,37-43.

(36)Sakamoto, K.; Kuwae, H.; Kobayashi, N.; Nobori, A.; Shoji, S.; Mizuno, J. Highly
Flexible Transparent Electrodes Based on Mesh-Patterned Rigid Indium Tin Oxide. Sci.
Rep. 2018, 8, 2825.

(37)LeBlanc, O. H.; Grubb, W. T. Long-Lived Potassium Ion Selective Polymer Membrane
Electrode. Anal. Chem. 1976, 48, 1658—1660.

(38)Hogg, G.; Lutze, O.; Cammann, K. Novel Membrane Material for lon-Selective
Field-Effect Transistors with Extended Lifetime and Improved Selectivity. Anal. Chim.
Acta 1996, 335, 103—109.

(39)Cazal¢, A.; Sant, W.; Launay, J.; Ginot, F.; Temple-Boyer, P. Study of Field Effect
Transistors for the Sodium Ion Detection Using Fluoropolysiloxane-Based Sensitive
Layers. Sensors Actuators B: Chem. 2013, 177, 515-521.

(40)Bandodkar, A. J.; Jeang, W. J.; Ghaffari, R.; Rogers, J. A. Wearable Sensors for

Biochemical Sweat Analysis. Annu. Rev. Anal. Chem. 2019, 12, 1-22.

19



FIGURES and FIGURE CAPTIONS
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Figure 1. Paper-based metal electrode and electrical measurement system for wireless

sensing.
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Figure 2. Electrical characteristic of paper-based metal electrodes without bending obtained
in wireless manner. (a) Change in interfacial potential with pH from 4.01 to 9.18 using the
paper-based Au electrode with the Ta,Os film. (b) Calibration curve for pH sensitivity based
on (a). The number of measurements was five. (¢c) Change in interfacial potential with Na"

concentration from 5 to 500 mM detected using the paper-based Au electrode with the
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FPS-based Na'-sensitive membrane. (d) Calibration curve for pNa sensitivity based on (c).
The number of measurements was five. (e) pNa response of the paper-based Au electrode
with the FPS-based Na-sensitive membrane in a buffer with 100 mM K. In (a) and (b), the
interfacial potentials at pH 9.18 were offset to zero. In (¢) and (d), the interfacial potentials at
5 mM Na" were offset to zero. In (e), the interfacial potential at 5 mM Na” and 100 mM K"

was offset to zero.
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Figure 3. Electrical characteristic of paper-based metal electrode with bending obtained in
wireless manner. (a) Photograph of polyvinylchloride resin-based cylinders with different
radii (#) from 6.5 to 25 mm. The paper-based Au electrode with the FPS-based Na'-sensitive
membrane, which was used in (b), (c), and (d), was rolled around the cylinder with the
smallest radius of 6.5 mm (upper-right photograph). (b) Real-time monitoring of AV using
the paper-based Au electrode with the FPS-based Na -sensitive membrane, which was rolled

around the cylinder with the smallest radius of 6.5 mm (at useful life 0 week). (c) Useful life
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of the paper-based Au electrode with the FPS-based Na'-sensitive membrane, which was
rolled around the cylinder with the smallest radius of 6.5 mm. The change in pNa sensitivity
was evaluated for 0 to 4 weeks. The number of measurements performed at each time was
three. (d) Change in pNa sensitivity with radius of curvature from 6.5 to 25 mm detected
using the paper-based Au electrodes with the FPS-based Na'-sensitive membrane, which

were rolled around each cylinder.
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Figure 4. In vitro real-time monitoring of AV, for sweat sample using the paper-based Au
electrode with the FPS-based Na'-sensitive membrane, which was rolled around the cylinder
with the smallest radius of 6.5 mm. (a) AV, with changing Na" concentrations from 5 mM to
500 mM in the buffer. The sweat sample was added after the measurement at 10 mM. (b)

Calibration curve for pNa sensitivity based on (a). The Na" concentration in the sweat sample
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was calculated from the calibration curve. (c) Changes in Na" concentration determined by
on-body measurement. The Na" concentrations were calculated from the calibration curve

obtained in (a) and (b). The Na' concentration gradually increased after the time indicated by

the arrow.

B —————

Figure 5. Scanning electron microscopy (SEM) images of paper-based Au electrodes (a)
without modification, (b) with Ta,Os modification, and (c) with Ta,Os modification after

bending around the cylinder (» = 6.5 mm).
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S2. Calculation of selectivity coefficient
To calculate the selectivity coefficient Ky,+ x+, the Nernstian potential ¢ is modified using the following

Nicolsky—Eisenman equation:

2.303};T log (aNa+ + X Knat g+ g+ nNa+> , (81
+

NNa ng+

Y = const. +

where ay,+ and ag+ are the activities of Na” and K", and ny,+ and ng+ are the valences of Na’ and
K", respectively. Here, Kya+ g+ 1s expressed on the basis of the fixed interference method (FIM) as
described in a previous paper®' as equation S2,

ay,+

ot 5 (52)

KNa+,K+ - 2
Kt
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where ag3™" is the constant activity of the interfering ion K, which was 100 mM in this study. The value

of ay,+ is calculated from the intersection of the extrapolation of the linear portions in Figure 2e. As a
result, Ky,+x+ was calculated to be about 0.23, which indicated the expected selectivity of the

paper-based electrode with the FPS-based Na-sensitive membrane.

S3. Film thickness of FPS-based Na'-sensitive membrane
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Figure S2 Image of FPS-based Na'-sensitive membrane obtained with a 3D laser scanning
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