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ABSTRACT

In this study, we develop a Na*-sensitive thin-film transistor (TFT) for a biocompatible ion
sensor and investigate its cytotoxicity. A transparent amorphous oxide semiconductor com-
posed of amorphous In-Ga-Zn-oxide (a-InGaZnO) is utilized as a channel of the Na*-sensitive
TFT, which includes an indium tin oxide (ITO) film as the source and drain electrodes and
a Ta,0s thin-film gate, onto which a Na*-sensitive membrane is coated. As one of the Na*-
sensitive membranes, the polyvinyl chloride (PVC) membrane with bis(12-crown-4) as the
ionophore used on the TFT sensors shows good sensitivity and selectivity to changes in Na*
concentration but has high cytotoxicity owing to the leaching of its plasticizer to the solution;
the plasticizer is added to solve and entrap the ionophore in the PVC membrane. On the
other hand, a plasticizer-free Na*-sensitive membrane, the fluoropolysilicone (FPS) membrane
with the bis(12-crown-4) ionophore, also reduces cell viability owing to the leaching of the
ionophore. However, the FPS membrane with calix[4]arene as the ionophore on the gate of
TFT sensors exhibits not only favorable electrical properties but also the lack of cytotoxicity.
Thus, considering structural flexibility of TFTs, a platform based on TFT sensors coated with
the Na*-sensitive FPS membrane containing calix[4]arene is suitable as a biocompatible Na*
sensing system for the continuous monitoring of ionic components in biological fluids such
as sweat and tears.
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1. Introduction

polyvinyl chloride (PVC)-based ISMs often include

a plasticizer to disperse the ionophore in the PVC
membrane. There is concern that the leaching of the
plasticizer into a solution may cause cytotoxicity when
an ISM-coated sensor is used for a long time (>1 day)
to monitor health condition in daily life. This concern
was not addressed in a previous work because of short-
term measurements (<2 h at most)[13]. On the other
hand, a previous paper mentioned that the lifetime of
ISFETs was limited by the leaching of the plasticizer

Ion-sensitive membranes (ISMs) have been widely
developed worldwide to selectively transduce ionic
charges on detection devices. Most of them were pro-
posed for environmental and biomedical applications
[1-11]. In particular, Na"-sensitive membranes were
utilized to examine the intrinsic excitability of nerve
cells and the change in Na" concentration in sweat on
potentiometric detection devices such as ion-sensitive
field-effect transistors (ISFETs) [12,13]. However,
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out of the PVC membrane, which resulted in the poor
adhesion of the membrane to the gate surface [3].
Considering the mobility and dispersibility of the
ionophore in the membrane without a plasticizer,
a matrix material that has a glass transition tempera-
ture below room temperature and has polarity should
be selected. In addition, the dielectric constant of the
polymer used is desired to be in the range of 4-15 so as
not to increase membrane resistance, for example,
fluoropolysilicone (FPS) [2,10,11]. Thus, an FPS-
based ion-sensitive membrane without a plasticizer
may be utilized as a matrix for biocompatible Na™*-
sensitive sensors.

Most biological phenomena are closely related to
ionic behaviors such as ion channel activities at the
cell membrane or behaviors of various ions in biological
fluids. Therefore, the direct detection of ionic charges
enables the straightforward analysis of various biologi-
cal events, which contributes to the development of
a simple and quick test for the early finding and pre-
vention of diseases. The operation of FET-based bio-
sensors is based on the potentiometric measurement of
biomolecular recognition events, which are specifically
detected by modifying the gate sensing surface with
various functional membranes such as ion-sensitive
oxides and polymers [14,15]. That is, the changes in
ionic or molecular charges caused by biological phe-
nomena at/in such membranes contribute to the
changes in the electrical properties of FET-based bio-
sensors; therefore, FET biosensors have a significant
advantage in that they enable the direct monitoring of
biomolecular recognition events on the gate without
using materials for labeling DNA [16-19], proteins
[20,21], cells [22-24], and small biomarkers [25-27].
Moreover, a thin-film transistor (TFT) device contri-
butes to the flexibility and stretchability [28,29] of the
biosensors for the in situ monitoring of biological fluids
such as sweat on the skin. Similarly to the FET biosen-
sors, TFT devices have been applied to biosensors
recently [30-32]. Although some new semiconducting
materials such as graphene and MoS, have been
recently utilized as the channel of FETSs for biosensing
[33-35], amorphous In-Ga-Zn oxide (a-InGaZnO) has
been used as the channel of H'-sensitive TFTs [as an
example of ion-sensitive TFTs (ISTFTs)] for long-term,
real-time, label-free, and noninvasive monitoring of
cellular functions, which requires noncytotoxic materi-
als [32]. For a-InGaZnO-channel ISTFT sensors, in
particular, a SiO, thin film, which was coated by sput-
tering, was utilized as the gate insulator and showed
a pH responsivity (about 56 mV/pH) near the ideal
Nernstian response at 25°C. This is why cellular respira-
tion is monitored as the change in pH at the cell/gate
interface using ISTFT sensors [24]. The oxide mem-
branes used as a gate insulator, such as SiO, and Ta,0Os,
are the basic configuration of ISTFT sensors similarly to
ISFET sensors [36]. Thus, a-InGaZnO-channel ISTFT
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sensors can be used as Na'-sensitive and flexible bio-
sensors, but such sensors have not yet been developed.
Moreover, there has been no research on the cytotoxi-
city of plasticizer-free FPS membranes in relation to
their applications in flexible and biocompatible Na*-
sensing systems for the continuous monitoring of ionic
components in biological fluids such as sweat and tears.

In this study, we develop an a-InGaZnO-channel
ISTFT sensor integrated with Na'-sensitive mem-
branes for use in a biocompatible and flexible Na*-
sensitive TFT sensor. In particular, the electrical
properties and cytotoxicity of Na'-sensitive mem-
branes are investigated in the presence or absence of
a plasticizer in the membranes. As the Na*-sensitive
membranes, PVC, which requires a plasticizer to dis-
solve ionophores, and a plasticizer-free FPS are used
as the base materials, which are mixed with iono-
phores such as crown ether and calixarene.

2. Experimental section

2.1. Chemicals

The following chemicals were used in this study.
2-Nitrophenyl octyl ether (NPOE), bis[(12-crown-4)
methyl] 2-dodecyl-2-methylmalonate [bis(12-crown-4)],
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate  sodium
salt (Na-TFPB), 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES), and tetrahydrofuran (THF) were
purchased from Dojindo Molecular Technologies Inc.
Tetrakis-(4-chlorophenyl)-borate ~ potassium  salt
(K-TCPB) was purchased from Alfa Aesar. 4-tert-
butylcalix[4]arene-tetraacetic acid tetraethyl ester (calix
[4]arene) was purchased from Sigma Aldrich. PVC,
sodium dihydrogen phosphate (NaH,PO,), sodium
hydrogen phosphate (Na,HPO,), citric acid, potassium
chloride (KCl), phosphate-buffered saline (PBS), and pH
standard buffer solutions were purchased from Wako
Pure Chemicals Industries, Ltd. Fluorosilicone gel (FE-
73) was purchased from Shin-Etsu Chemical Co., Ltd.

2.2. Structural concept of ISTFT

All the ISTFT thin films used in this study were
fabricated on a glass substrate or a polyimide (PI)
flexible film (DuPont™ Kapton®) by sputtering
(ULVAGC, Inc.). A TFT based on a-InGaZnO, which
was sputtered with 5% O,, was utilized to detect ion
charges based on biological phenomena. Indium tin
oxide (ITO) was used as conductive electrodes such
as the source and drain, and tantalum oxide (Ta,Os)
was thinly coated as the gate insulator, functioning as
the H"-sensitive membrane, as shown in Figure 1.
This is why a Ta,Os membrane has pH-responsive
hydroxyl groups at the surface in a solution [36]. The
sputtered films heat treated at 450°C.
Fundamentally, the carrier mobility of the fabricated

were
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Figure 1. Structure of ISTFT. The schematic illustration also shows the setup for measurement.

device was approximately 14 cm,/Vs, which was
determined from the electrical properties of ISTFT
devices (Figure S1) and was similar to those obtained
in previous works [37,38]. The thicknesses of
InGaZnO, ITO, and Ta,Os; were 100, 100, and
100 nm, respectively. The width (W) and length (L)
of the gate channel, which was fabricated using
a lithography technology, were 360 and 12 um,
respectively. A transparent polycarbonate ring
(inner diameter 10 mm, outer diameter 12 mm) was
encapsulated on the device using an epoxy resin (ZC-
203T, Pelnox Ltd., Japan) except for the sensing sur-
face. AgCl-coated Ag was utilized as the reference
electrode in an oversaturated KCl solution, which
was electrically connected to a sample solution
through a porous glass or an agar-based salt bridge.

2.3. Preparation of Na*-sensitive membrane

200 mg of NPOE as a plasticizer, 10 mg of bis(12-
crown-4) as an ionophore, 1.1 mg of K-TCPB as an
agent for anion exclusion, and 101 mg of PVC as
a base material were mixed in 3 mL of THF, and
262 pL of the mixed solvent was dropped onto the
gate surface in the polycarbonate ring (Figure 1).
Subsequently, THF was vaporized in air ambient
overnight and then the Na*-sensitive PVC membrane
was conditioned in a 0.1 M NaCl solution overnight.
On the other hand, a plasticizer-free Na'-sensitive
membrane was prepared as follows. After mixing
3.0 mg of bis(12-crown-4) or 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 pL of THF, 10 pL of the mixed
solvent was dropped onto the gate surface and then
heated at 120°C for 2 h in air ambient (Figure 1). The
heat treatment was performed to induce the addition
reaction of hydrosilylation for polymerization.

2.4. Measurement of electrical signals with
Na*-sensitive TFT

The detection principle of solution-gate ISTFT is based
on the potentiometric detection of changes in charge
density at the gate electrode, on which specific bindings
are induced for molecular recognitions. The ionic charges
at the gate insulator, the Ta,Os film, interact electrostati-
cally with electrons at the a-InGaZnO channel across the
thin gate insulator and contribute to electrical signals
through the field effect, resulting in a change in the
source—drain current (Ip) at the channel. The electrical
properties of TFT devices, such as a gate voltage (V)-Ip
electrical characteristic and a change in the surface poten-
tial at the gate, were analyzed in buffer solutions to
investigate the potential responses to the change in the
concentration of cations, such as H", Na*, and K" (pH,
pNa, and pK), using a semiconductor parameter analyzer
(B1500A, Agilent Technologies) and a real-time poten-
tiometric analyzer (Optgenesys Co., Ltd.), respectively.
To investigate pH responsivity, phosphate buffer solu-
tions were prepared with pHs from 5.81 to 8.11 by con-
trolling the mixing ratio of Na,HPO, to NaH,PO,. Also,
the standard buffer solutions with pHs of 4.01, 6.86, 7.41,
9.18, and 10.01 were prepared. Moreover, the concentra-
tion of Na" (or K*) was varied from 1 mM to 1 M by
adding an adequate volume of 1 M NaCl (or 1 M KCl) to
10 mL of 50 mM HEPES + 14.875 mL of deionized water
+125 pL of 1 M NaOH (or 1 M KOH) at a constant pH of
7.2. To evaluate basic electrical signals, the shift in the
threshold voltage AV was defined as the difference in Vg
at a constant I, in the Vg—I, characteristics. The Vg-Ip,
characteristics were measured ten times to determine the
change in the concentration of cations in this study. The
surface potential at the gate surface was monitored using
a circuit [23] with which the change in gate surface
potential can be read out directly at a constant Ip
(Figure S2). In this study, the drain voltage (Vp) and I
were set to be 0.25 V and 25 pA, respectively.
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2.5. Evaluation of cytotoxicity

SKOV-3 (an ovarian cancer cell line) cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco)
with 1 g/L glucose and 10% fetal bovine serum (FBS)
including 50 U/mL penicillin and 50 pug/mL streptomy-
cin on a conventional cell culture dish (Falcon® cell
culture dishes) in an incubator (37°C, 5% CO,) for
3 days. The number of cells seeded on the membranes
was controlled to 2.5 x 105 cells/mL. After trypsin
(Gibco) treatment to peel off the cells from the dish,
1.0 x 104 cells/cm, were then transferred onto the Na™-
sensitive membranes composed of PVC or FPS in the
polycarbonate ring, where the culture medium was
added and maintained at 37°C and 5% CO, for 1 and
3 days for the evaluation of cytotoxicity.

The number of viable cells on the membrane was
quantified by absorbance measurement (435 nm) on
the basis of the cleavage of water-soluble tetrazolium
salts (WST-1) by mitochondrial dehydrogenase in the
viable cells. For the WST-1 test, 16.3 mg of WST-1
was added to 4.5 mL of 20 mM HEPES buffer (pH
7.4) containing 500 pL of 2 mM I1-methoxy-PMS.
Then, the volume ratio of the WST solution to the
cultured medium was controlled to 1:10 and the
mixture solution was maintained at 37°C and 5%
CO, for 3 h. Moreover, the amount of lactate dehy-
drogenase (LDH) released from cells with a damaged
cytoplasmic membrane was measured to examine the
number of dead or damaged cells. In this case, WST-
1 was reduced by NaDH'/H", which was generated
by the reaction between LDH and oxidized beta-
nicotinamide adenine dinucleotide (B-NAD™), result-
ing in the formation of formazan dye. To measure the
amount of LDH released, the mixture of 12 mg/mL
sodium lactate, 1 mg/mL B-NAD", 100 pg/ml
I-methoxy-PMS, 1 mg/mL WST-1, 1 mg/mL bovine
serum albumin (BSA), and 4 mg/mL sucrose was
prepared in PBS, 50 uL of which was mixed with
50 pL of the culture medium. Then, the amount of
LDH released was quantified by absorbance measure-
ment (435 nm) of the formazan dye.

3. Results and discussion

As shown in a previous work, the oxide-gate ISTFT
sensor showed an ideal pH responsivity close to the
Nernstian response (59.1 mV/pH at 25°C) [32]. This is
because the oxide-gate surface of the ISTFT was covered
by hydroxyl groups (silanol groups) in a solution, which
were sensitive to H, resulting in the pH response [36].
Figure 2 shows the electrical properties of ISTFT on
a glass substrate. The Ta,Os-gate ISTFT used in this
study showed a pH sensitivity of about 53 mV/pH,
which is similar to that obtained in a previous work, as
shown in Figure 2(a). However, such a pH response of
ISTFT was hardly found when the Na*-sensitive PVC
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membrane was coated on the oxide-gate surface, as
shown in Figure 2(b). Importantly, the Na'-sensitive
PVC-gate TFT not only showed high sensitivity to
changes in Na* concentration in the range from 1 mM
to 1 M (Figure 2(c)), which was about 64 mV/pNa close
to the Nernstian response, but also contributed to the K*
response of about 53 mV/pK at K" concentrations from
1 mM to 1 M (Figure 2(d)). The selectivity coefficient of
bis(12-crown-4) included in the PVC membrane to Na*
in a solution containing K" was reported to be about 1/
100 [39]. This is why the Na" sensitivity of the PVC-gate
TFT was investigated at various Na* concentrations from
1 mM to 1 M in the buffer solution containing 100 mM
K" at a constant pH of 5.5. As shown in Figure 2(e), the
Na" sensitivity was almost maintained at various Na*
concentrations even in the buffer solution with 100 mM
K", although the sensitivity seemed to be slightly low at
Na" concentrations below 10 mM. Considering the cali-
bration curve shown in Figure 2(c), two different calibra-
tion curves were fitted in Figure 2(e) to analyze the effect
of K" as an interfering ion on Na’. To calculate the
selectivity coefficient Kn,+ x+, the Nernstian potential v
is modified using the following Nicolsky-Eisenman
equation:

¥ = const.

2.303RT NNa+
ittty Y Ko age ,
+ nNa+F %8 (aNa * j Nat,K* @K T’lK+>

(1)

where an,+ and ag+ are the activities of Na* and K7,
and ny,+ and ng- are the valences of Na* and K7,
respectively. Here, Ky,+ x+ is expressed on the basis
of the fixed interference method (FIM) as described
in a previous paper [40] as Equation 2,

!

Ay +

_ "Na

~ const (2)
K+

Kyt x+
where ai™*" is the constant activity of the interfering ion
K", which was 100 mM in this study. The value of aj,, is
calculated from the intersection of the extrapolation of
the linear portions in Figure 2(e). As a result, Ky,+ g+ was
calculated to be about 1.8 x 1072, which indicated the
expected selectivity of bis(12-crown-4) to Na". Moreover,
the Na" sensitivity of the PVC-gate TFT was investigated
at various K" concentrations from 100 mM to 1 M (rela-
tively high concentration) in the buffer solution contain-
ing 100 mM Na" at a constant pH of 5.5 (Figure 2(e)).
From Figure 2(e), no pK sensitivity was found owing to
the presence of Na" in the solution. Thus, the Na*-
sensitive PVC-gate TFT on the glass showed good elec-
trical properties such as sensitivity and selectivity to the
changes in pNa. Moreover, the ISTFT sensor was coated
on a PI flexible film. In this case, the Na*-sensitive PVC-
gate TFT on the PI flexible film also showed a relatively
high sensitivity to the changes in Na" concentration in
the range from 1 mM to 1 M (Figure 3(a)), which was
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Figure 2. Changes in surface potential (AV,,) at the gate and calibration curve of Na*-sensitive PVC-gate TFT on a glass
substrate. (a) pH response of Ta,0s-gate ISTFT. (b) pH response of Na*-sensitive PVC-gate TFT. (c) pNa response of Na*-sensitive
PVC-gate TFT. (d) pK response of Na*-sensitive PVC-gate TFT. (e) pNa response of Na*-sensitive PVC-gate TFT in a buffer with
100 mM K* and pK response of the device in a buffer with 100 mM Na™. In (a) and (b), the surface potentials at pH 8.11 were
offset to be zero. In (c), the surface potential at 1 mM Na* was offset to be zero. In (d), the surface potential at 1 mM K* was
offset to be zero. In (e), the surface potentials at T mM Na* and 100 mM K* were offset to be zero.

about 48 mV/pNa, while contributing to the K" response
of about 39 mV/pK at K" concentrations from 10 mM to
1 M (Figure 3(b)). In particular, Ky, x+ was calculated to
be about 3.3 x 1072 from Figure 3(c), which indicated the
sufficient selectivity of bis(12-crown-4) to Na" even when
using the Na"-sensitive PVC-gate TFT coated on the PI
flexible film. Also, the Na"-sensitive PVC-gate TFT did
not show the K" response at K™ concentrations from
100 mM to 1 M (relatively high concentrations) in the
buffer solution containing 100 mM Na" at a constant pH
of 5.5 (Figure 3(d)). Thus, the Na'-sensitive PVC-gate
TFT showed high sensitivity and selectivity to Na* even
on the flexible film. However, its biocompatibility was
low. Figure 4(a,b) show SKOV-3 cells cultured on the
Na*-sensitive PVC membrane or the original PVC mem-
brane without other chemicals coated on the cell culture
dish. SKOV-3 cells cultured for 54 h in the former dish
were clearly observed to be dead (Figure 4(a)), while those
in the latter dish were alive (Figure 4(b)). Moreover, the
cell culture medium, in which the Na*-sensitive PVC
membrane was immersed for 54 h, caused cell death
even when the SKOV-3 cells were cultured directly on

the dish. In particular, SKOV-3 cells were dead on the
PVC membrane with NPOE only. This means that the
cytotoxicity of the plasticizer was found for SKOV-3 cells,
as expected (Figure 4(c)). That is, the organic solvents
such as the plasticizer and ionophores leaked into the
culture medium, resulting in the cytotoxicity of the med-
ium. Therefore, a plasticizer-free Na'-sensitive mem-
brane from which the ionophore does not leak should
be developed for use in biocompatible ion sensors.
Here, a plasticizer-free FPS membrane was applied in
a Na'-sensitive TFT sensor. FE-73 was hydrosilylated
for its polymerization as a base material at 120°C for 2
h in air ambient, including the agent for anion exclusion
and bis(12-crown-4) or calix[4]arene. FE-73 has a glass
transition temperature below room temperature (gel
remains consistent from —60 to 150°C) and a dielectric
constant of 7.0 (50 Hz) and shows polarity owing to
fluoro groups. Thus, the plasticizer-free FPS membrane
can be obtained by the polymerization of FE-73,
enabling the dispersion of ionophores in the membrane
without a plasticizer, for application in the Na*-sensitive
TFT sensor. Figure 5 shows the electrical properties of
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Figure 3. Changes in surface potential (AV,,,) at the gate and calibration curve of Na*-sensitive PVC-gate TFT on a PI flexible
film. (a) pNa response of Na*-sensitive PVC-gate TFT. (b) pK response of Na*-sensitive PVC-gate TFT. (c) pNa response of Na*-
sensitive PVC-gate TFT in a buffer with 100 mM K*. (d) pK response of the device in a buffer with 100 mM Na™. In (a) and (c), the
surface potentials at 1 mM Na™ were offset to be zero. In (b), the surface potential at 10 mM K* was offset to be zero. In (d), the
surface potential at 1 mM K" was offset to be zero.
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Figure 4. Photographs of SKOV-3 cells cultured on PVYC membrane (a) with and (b) without bis(12-crown-4), NPOE, and K-TCPB
and (c) with NPOE only. SKOV-3 cells were cultured on each substrate for 54 h.
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Figure 5. Calibration curve based on change in surface potential (AV,,) at the gate with plasticizer-free Na*-sensitive FPS-gate TFT on
a glass substrate. (a) pNa response of plasticizer-free Na*-sensitive FPS-gate TFT in a buffer with 100 mM K*. Calix[4]arene was used as the
ionophore. Reproducible data of pNa sensitivity from 55 to 59 mV/pNa and the selectivity coefficient Ky, x+ from 4.8 x 107 to 4.4 x 10~
as shown in (a) were obtained (n = 3). (b) pNa response of plasticizer-free Na*-sensitive FPS-gate TFT in a buffer with 100 mM K™, Bis(12-
crown-4) was used as the ionophore. Reproducible data of pNa sensitivity from 53 to 57 mV/pNa and the selectivity coefficient Ky, x+
from 2.7 x 107 to 5.8 x 1072 as shown in (b) were obtained (n = 3). (c) pK response of plasticizer-free Na*-sensitive FPS-gate TFT in
a buffer with 100 mM Na*. Calix[4]arene was used as the ionophore. (d) pK response of plasticizer-free Na*-sensitive FPS-gate TFT in
a buffer with 100 mM Na™. Bis(12-crown-4) was used as the ionophore. In (a) and (b), the surface potentials at 10 uM Na* were offset to be
zero. In (c) and (d), the surface potentials at 10 uM K* were offset to be zero.

the plasticizer-free Na'-sensitive FPS-gate TFT on
a glass substrate. Similarly to the Na*-sensitive PVC-
gate TFT, the plasticizer-free Na'-sensitive FPS-gate
TFT with bis(12-crown-4) or calix[4]arene responded
to changes in not only Na" concentration but also K*
concentrations. Moreover, it showed a high sensitivity
of approximately 60 mV/pNa at Na" concentrations of
more than 1 mM even when 100 mM K" was included in
the buffer (Figure 5(a,b)), but it hardly responded to
changes in K" concentration when only 100 mM Na®*
was included in the buffer (Figure 5(c,d)), regardless of
the type of ionophore included in the membrane. The
selectivity coefficients, Ky,+ x+, were calculated using
Equations 1 and 2 to be about 4.8 x 107> for the calix
[4]arene-containing membrane and about 2.7 x 102 for
the bis(12-crown-4)-containing membrane. These
results of the plasticizer-free Na'-sensitive FPS-gate
TFT with the ionophores on the glass are also expected
on the PI film substrate similarly to the Na'-sensitive

PVC-gate TFT. Therefore, the plasticizer-free FPS based
on FE-73 can be applied as the Na*-sensitive and selec-
tive membrane on the gate surface of TFT devices.
When such devices are used to detect pNa in a whole
sample, a basic output signal, which is defined in a pNa
standard solution with pNa more than a},. before the
measurement, should be set as the initial point when the
electrical measurement is started.

Lastly, the biocompatibility of the plasticizer-free
FPS membrane with or without ionophores was eval-
uated by the cytotoxicity test. The number of living
cells and the amount of LDH released by the
damaged cytoplasmic membrane were investigated
to evaluate the cytotoxicity of the plasticizer-free
FPS membrane, as shown in Figure 6. On the basis
of these two cytotoxicity parameters, almost all of the
SKOV-3 cells cultured on the plasticizer-free FPS
membrane with bis(12-crown-4) was found to be
dead after culturing for only 1 day, whereas those
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Figure 6. Cytotoxicity test. (a) Number of viable cells determined by the WST test. Four substrates for cell culture were prepared:
plasticizer-free FPS membrane with bis(12-crown-4), plasticizer-free FPS membrane with calix[4]arene, plasticizer-free FPS
membrane without ionophores, and cell culture dish without membranes. (b) Evaluation of LDH released from cells with
damaged cytoplasmic membrane. Five culture conditions were set for cell culture: plasticizer-free FPS membrane with bis(12-
crown-4), plasticizer-free FPS membrane with calix[4]arene, plasticizer-free FPS membrane without ionophores (control), cell
culture dish without membranes (control), and cell culture dish without membranes to which 0.5% Triton X-100, which induces

damage to the cell membrane, was added (control).

cultured on the plasticizer-free FPS membrane with
calix[4]arene were alive and the number of cells
increased after culturing for 3 days, compared with
the control culture. That is, calix[4]arene remained in
the FPS membrane for 3 days, whereas bis(12-crown
-4) leached out from the FPS membrane into the
culture medium in 1 day. Also, the pNa sensitivity
and Ky,+ + of the plasticizer-free Na*-sensitive FPS-
gate TFT with calix[4]arene were sufficiently main-
tained at approximately 60 mV/pNa and less than
about 1072 order, respectively, for 10 days, as shown
in Figure S3. This means that calix[4]arene molecules
are not released in solutions even when the device is
repeatedly used for 10 days. In addition, sufficient
pNa sensitivity and selectivity were obtained at Na*
concentrations with pNa more than a{\w (about
1 mM) even when the concentration of K* for inter-
ference was as high as 100 mM (Figure 5(a)). In
human insensible perspiration, the K™ concentration
is in the range of 1-10 mM, whereas the Na* con-
centration is about 50 mM [41-43]. That is, the
change in the Na® concentration in secreted sweat
can be selectively detected using the plasticizer-free
Na'-sensitive FPS-gate TFT with calix[4]arene.
Therefore, the plasticizer-free Na*-sensitive FPS-gate
TFT with calix[4]arene is suitable for a biocompatible
ion-sensing system, considering Figures 5 and 6. In
addition, the structural advantage of TFT devices
contributes to their flexibility for the monitoring of
Na' in sweat in situ. On the other hand, to prevent

the leaching of ionophores such as bis(12-crown-4),
the density of cross linking and other factors should
be controlled to entrap ionophores in polymerized
membranes. Alternatively, ionophores with reactive
groups may be copolymerized with a base material.

4. Conclusions

In this study, we developed a biocompatible and
flexible Na'-sensitive TFT sensor, the channel of
which was composed of a-InGaZnO, and evaluated
its cytotoxicity. The Na*-sensitive membrane-coated
gate TFT sensors showed high sensitivity (ca. 60 mV/
pNa) and selectivity (Ky,+ g+ < ca. 107%), which were
the same as those obtained by the silicon-based
ISFET sensors [10]. However, the PVC-based Na*-
sensitive membrane with a plasticizer had high cyto-
toxicity to cultured cells owing to the leaching of the
plasticizer. To overcome this problem, the plasticizer-
free FPS-based Na'-sensitive membrane was coated
on the gate of the TFT sensor. As a result, the mod-
ified TFT sensor showed biocompatibility and high
sensitivity and selectivity to Na®, only when calix[4]
arene as an ionophore was used in the membrane.
Moreover, the pNa sensitivity and Ky, x+ of the
plasticizer-free Na'-sensitive FPS-gate TFT with
calix[4]arene were sufficiently maintained around 60
mV/pNa and less than about 1072 order, respectively,
for 10 days, although further investigations on how
calix[4]arene molecules disperse in the plasticizer-free
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FPS membrane may be necessary. The remaining
problem is that other ionophores such as bis(12-
crown-4) can leach out from even the FPS mem-
brane. This is why the density of cross linking and
other factors should be controlled to more strictly
entrap jonophores in polymerized membranes, or
ionophores with reactive groups may be copolymer-
ized with a base material, which should be further
studied in the future. One of the important points for
developing a biocompatible ion sensor is to arrange
a base material of the ion-sensitive membrane that
retains ionophores for a long term, which ensures the
prevention of cytotoxicity. Indeed, plasticizers such as
NPOE should not be utilized for biological sensing
owing to their cytotoxicity.

Acknowledgments

This study was partly supported by the Mirai Program of
Japan Science and Technology (JST). We would like to
thank Professors M. Nakao and K. Nishi and
Dr. M. Hagio of IoT Media Laboratory, The University of
Tokyo for their help and useful discussions.

Disclosure statement

No potential conflict of interest was reported by the
authors.

References

[1] Ammann D, Pretsch E, Simon W. A sodium
ion-selective electrode based on a neutral carrier.
Anal Lett. 1974;7:23-32.

[2] LeBlanc OH, Grubb WT. Long-lived potassium ion
selective polymer membrane electrode. Anal Chem.
1976;48:1658-1660.

[3] Oesch U, Caras S, Janata J. Field effect transistors
sensitive to sodium and ammonium ions. Anal
Chem. 1981;53:1983-1986.

[4] Lindner E, Niegreisz Z, Toth K, et al. Electrical and
dynamic properties of non-plasticized potassium
selective membranes. J Electroanal Chem. 1989;259:-
67-80.

[5] Battilotti M, Mercuri R, Mazzamurro G, et al. Lead

ion-sensitive membrane for ISFETs. Sensors
Actuators B: Chem. 1990;1:438-440.
[6] Kimura K, Matsuba T, Tsujimura Y, et al

Unsymmetrical calix[4]arene ionophore/silicone
rubber composite membranes for high-performance
sodium ion-sensitive field-effect transistors. Anal
Chem. 1992;64:2508-2511.

[7] Tsujimura Y, Yokoyama M, Kimura K. Comparison
between silicone-rubber membranes and plasticized
poly(vinyl chloride) membranes containing calix[4]
arene jonophores for sodium ion-sensitive
field-effect transistors in applicability to sodium
assay in human body fluids. Sensors Actuators B:
Chem. 1994;22:195-199.

[8] Brunink JAJ, Lugtenberg RJW, Brzezka Z, et al. The
design of durable Na+-selective CHEMFETSs based

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

K. ITO et al.

on polysiloxane membranes. ] Electroanal Chem.
1994;378:185-200.

Knoll M, Cammann K, Dumschat C, et al
Potentiometric silicon microsensor for nitrate and
ammonjum. Sensors Actuators B: Chem. 1994;18:5-
1-55.

Hogg G, Lutze O, Cammann K. Novel membrane
material for ion-selective field-effect transistors with
extended lifetime and improved selectivity. Anal
Chim Acta. 1996;335:103-109.

Cazalé A, Sant W, Launay J, et al. Study of field effect
transistors for the sodium ion detection using fluoropo-
lysiloxane-based sensitive layers. Sensors Actuators B:
Chem. 2013;177:515-521.

Arakaki X, Foster H, Su L, et al. Extracellular sodium
modulates the excitability of cultured hippocampal
pyramidal cells. Brain Res. 2011;1401:85-94.

Gao W, Emaminejad S, Nyein HYY, et al. Fully
integrated wearable sensor arrays for multiplexed in
situ perspiration analysis. Nature. 2016;529:509-514.
Bergveld P. Development, operation, and applica-
tion of the tool for electrophysiology. IEEE Trans
Biomed Eng. 1972;BME-19:342-351.

Esashi M, Matsuo T. Integrated micro-multi-ion
sensor using field effect of semiconductor. IEEE
Trans Biomed Eng. 1978;BME-25:184-192.

Sakata T, Miyahara Y. Potentiometric detection of
single nucleotide polymorphism using genetic field
effect transistor. ChemBioChem. 2005;6:703-710.
Sakata T, Miyahara Y. DNA sequencing based on
intrinsic molecular charges. Angew Chem Int Ed.
2006;45:2225-2228.

Han Y, Offenhausser A, Ingebrandt S. Detection of
DNA hybridization by a field-effect transistor with
covalently attached catcher molecules. Surf
Interface Anal. 2006;38:176-181.

Rothberg JM, Hinz W, Rearick TM, et al. An
integrated  semiconductor  device  enabling
non-optical genome sequencing. Nature.

2011;475:348-352.

Sakata T, Thara M, Makino I, et al. Open sandwich-
based immuno-transistor for label-free and non-
competitive detection of low molecular weight anti-
gen. Anal Chem. 2009;81:7532-7537.

Tung NT, Tue PT, Lien TTN, et al. Peptide aptamer-
modified single-walled carbon nanot-
ube-based transistors for high-performance biosen-
sors. Sci Rep. 2017;7:17881.

Fromherz P, Offenhausser A, Vetter T, et al. A
neuron-silicon junction: A retzius cell of the
leech on an insulated-gate field-effect transistor.
Science. 1991;252:1290-1293.

Sakata T, Saito A, Mizuno J, et al. Single embryo-
coupled gate field effect transistor for elective sin-
gle embryo Transfer. Anal Chem. 2013;85:6633-
6638.

Satake H, Saito A, Sakata T. Elucidation of interfacial pH
behaviour at cell/substrate nanogap for in situ monitor-
ing of cellular respiration. Nanoscale. 2018;10:10130-
10136.

Uematsu Y, Kajisa T, Sakata T. Fundamental character-
istics of glucose transistor with chemically functional
interface. ChemElectroChem. 2017;4:2225-2231.
Nishitani S, Sakata T. Potentiometric adsorption iso-
therm analysis of a molecularly imprinted polymer inter-
face for small-biomolecule recognition. ACS Omega.
2018;3:5382-5389.



Sci. Technol. Adv. Mater. 20 (2019) 926

(27]

(28]

[29]

[30]

(34]

[35]

Nishitani S, Sakata T. Polymeric nanofilter biointerface
for potentiometric small-biomolecule recognition.
ACS Appl Mater Interfaces. 2019;11:5561-5569.
Sekitani T, Zschieschang U, Klauk H, et al. Flexible
organic transistors and circuits with extreme bending
stability. Nat Mater. 2010;9:1015-1022.

Kaltenbrunner M, Sekitani T, Reeder J, et al. An ultra-
lightweight design for imperceptible plastic s. Nature.
2013;499:458-463.

Izak T, Sakata T, Miyazawa Y, et al. Diamond-coated
field-effect sensor for DNA recognition — Influence of
material and morphology. Diam Relat Mater.
2015;60:87-93.

Minamiki T, Minami T, Sasaki Y, et al. An organic field-
effect transistor with an extended-gate electrode capable
of detecting human immunoglobulin A. Anal Sci.
2015;31:725-728.

Sakata T, Nishimura K, Miyazawa Y, et al. Ion sensitive
transparent-gate transistor for visible cell sensing. Anal
Chem. 2017;89:3901-3908.

Ohno Y, Maehashi K, Yamashiro Y, et al
Electrolyte-gated graphene field-effect transistors
for detecting ph and protein adsorption. Nano Lett.
2009;9:3318-3322.

Sarkar D, Liu W, Xie XJ, et al. MoS, field-effect tran-
sistor for nextgeneration label-free biosensors. ACS
Nano. 2014;8:3992-4003.

Manoharan AK, Chinnathambi S, Jayavel R, et al.
Simplified detection of the hybridized DNA using a
graphene field effect transistor. Sci Technol Adv Mater.
2017;18:43-50.

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

K. ITO et al.

Matsuo T, Esashi M. Field effect transistor type chemical
sensor and its application. OYO Buturi. 1980;49:586-
593.

Nomura K, Ohta H, Takagi A, et al. Room-
temperature fabrication of transparent flexible
thin-film transistors using amorphous oxide

semiconductors. Nature. 2004;432:488-492.

Kim YC, Lee SJ, Oh IK, et al. Bending stability of
flexible amorphous IGZO thin film transistors with
transparent IZO/Ag/IZO oxide-metal-oxide electro-
des. J Alloys Compd. 2016;688:1108-1114.

Liu Y, Tong LH, Huang S, et al. Complexation ther-
modynamics of bis(crown ether)s. 4. Calorimetric
titration of intramolecular sandwich complexation of
thallium and sodium ions with bis(15-crown-5)s and
bis(12-crown-4)s: enthalpy-entropy compensation.
J Phys Chem. 1990;94:2666-2670.

Buck RP, Lindner E. Recommendations for nomenclature
of ionselective electrodes (IUPAC Recommendations
1994). Pure Appl Chem. 1994;66:2527-2536.

Yokoyama Y, Aragaki M, Sato H, et al. Determination of
sweat constituents by liquid ionization mass
spectrometry. Anal Chim Acta. 1991;246:405-411.
Taylor RP, Polliack AA, Bader DL. The analysis of
metabolites in human sweat: analytical methods and
potential application to investigation of pressure ischae-
mia of soft tissues. Ann Clin Biochem. 1994;31:18-24.
Dabek-Zlotorzynska E, Dlouhy JF. Application of
capillary electrophoresis in atmospheric aerosol
analysis: determination of cations. ] Chromatogr
A. 1995;706:527-534.



	Abstract
	1. Introduction
	2. Experimental section
	2.1. Chemicals
	2.2. Structural concept of ISTFT
	2.3. Preparation of Na<sup>+</sup>-sensitive membrane
	2.4. Measurement of electrical signals with Na<sup>+</sup>-sensitive TFT
	2.5. Evaluation of cytotoxicity

	3. Results and discussion
	4. Conclusions
	Acknowledgments
	Disclosure statement
	References



