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Abstract: Ion-sensitive field-effect transistors (ISFETs) detect specific ions in solutions that enable
straightforward, fast, and inexpensive sensors compared to other benchtop equipment. However, a
conventional reference electrode (RE) such as Ag/AgCl is limited on the miniaturization of the sen-
sor. We introduce reduced graphene oxide (rGO), which serves as a new RE, when fluorinated (F-
rGO) using fluorothiophenol through the m—mt interaction. The circular RE is integrated between a
fabricated microscale two-channel ISFET, which is capable of detecting two kinds of ions on an in-
dium tin oxide (ITO) thin-film substrate, using the photolithography process. F-rGO bound to this
circular region to function as an RE in the ISFETs sensor, which operated stably in solution and
showed a relatively high transconductance (gm) value (1.27 mS), low drift characteristic (3.2 mV),
and low hysteresis voltage (+0.05 mV). It detected proton (H) ions in a buffer solution with high
sensitivity (67.1 mV/pH). We successfully detected Na* (62.1 mV/dec) and K* (57.6 mV/dec) ions in
human patient urine using a two-channel ISFET with the F-rGO RE. The F-rGO RE will be a suitable
component in the fabrication of low-cost, mass-produced, and disposable ISFETs sensors.

Keywords: ion sensor; ion-sensitive field-effect transistors; reference electrode; fluorinated
graphene oxide; fluorothiophenol; indium tin oxide

1. Introduction

Graphene oxide (GO) is generally produced using the modified Hummer’s method.
This chemical process is used to oxidize the graphite and is exploited to produce GO,
which contains oxygen functional groups [1]. Removing the surface functional groups of
GO or the reduction of GO produces reduced graphene oxide (rGO). rGO has been exten-
sively used in diverse applications as a substitute for pristine graphene because of its rel-
atively high production efficiency, electronic conductivity, large surface area, and thermal
stability [2,3]. rGO has a close chemical similarity to pristine graphene, although it has a
number of sp? sites [4].

Ion-sensitive field-effect transistors (ISFETs) can be used to detect many kind of ions
depending on the ion-selective membrane (ISM) on the gate channel surface [5-8]. The
PVC membrane that makes up the ISM is composed of molecules that react with specific
ions. In an ISFET, the ISM is located on the gate surface and reacts with the specific ions
that have entered through the membrane and acts as a barrier to prevent other ions from
reaching the sensor surface. Only the specific ions functionalized with the membrane can
pass through and transfer charge to the gate of the ISFET [6]. These ISFET sensors require
a reference electrode (RE) to accurately determine the potential in an electrolyte solution

Biosensors 2023, 13, 89. https://doi.org/10.3390/bios13010089

www.mdpi.com/journal/biosensors



Biosensors 2023, 13, 89

2 of 11

[7,8]. An Ag/AgCl RE has been widely used because it has high reproducibility and stable
working characteristics, even in harsh environments [9-12]. However, Ag/AgCl Res have
limitations in terms of miniaturization because the structure requires an Ag wire and a
filling solution, which hinders the possibility of integration with ISFETs and leads to high
production costs. There is a need for a new RE that can be miniaturized and integrated
into the ISFET manufacturing process. We propose a new RE and fabricate an RE-inte-
grated ISFET ion sensor that can stably detect proton (H*), sodium (Na*), and potassium
(K*) ions in human urine. Using a radio frequency (RF) sputtering method, we deposited
an indium tin oxide (ITO) thin film on silicon substrate and fabricated the uniform ISFETs
using a photolithography process. The graphene RE was manufactured using fluorinated
rGO (F-rGO RE) treated through the mt—mt interaction between fluorothiophenol (FTP) and
rGO. This F-rGO RE can be manufactured using a semiconductor manufacturing process
and produces a miniaturized RE that can be integrated with ISFETs.

2. Materials and Methods
2.1. Fabrication of Graphene RE and ITO Deposition

The average thickness of the rGO (Graphene Supermarket, New York, NY, USA),
which consists of three to eight graphene monolayers, was 3 nm. The rGO was sonicated
in an FTP solution for 5 min, heated at 180 °C for 20 min, and cooled at 25 °C. Subse-
quently, it was centrifuged at 3000 rpm at 25 °C to obtain fluorinated rGO (F-rGO). The
resulting F-rGO was dispersed in FTP at 1 mg/mL and then dropped onto the RE surface.
The excess unadsorbed F-rGO on the substrate was rinsed off with flowing distilled water.
The formed F-rGO layer had an area of 1.77 mm? in contact with the electrolyte.

ITO thin films were deposited on the silicon wafer (5i/SiOz) using RF sputtering
equipment (Korea Vacuum Tech. KVS-2000L, Korea). The pressure in the chamber was 5
x 10 Torr, and Ar and Oz gas were injected at a ratio of 20:1. Subsequently, the tempera-
ture of the substrate was maintained at 100 °C, and the pressure in the chamber was 2 x
102 Torr. The internal gas was ionized with a power of 200 W, followed by 10 min of pre-
sputtering, and thereafter sputtered to deposit the ITO thin film on the Si/SiO2 substrate
for 210 s. After deposition was completed, the Si/SiO: substrate was held in the chamber
for 30 min at 100 °C to ensure the uniformity of the ITO thin film, and then cooled slowly
in the chamber in an Ar gas environment.

2.2. Ion-Selective Membrane and Buffer Solution

An ion-selective membrane (ISM) for Na* ion detection in solution was made from 2
mg sodium ionophore IIl and 33 mg PVC, with 65 mg bis(2-ethylhexyl) sebacate as a plas-
ticizer, and 100 mg of this mixture was dissolved in 1 mL tetrahydrofuran (THF). In the
ISM for K*ion detection, 2 mg valinomycin and 0.5 mg potassium tetrakis(4-chlorophenyl)
borate were added to the lipophilic salt. Then, 32.8 mg PVC and 64.7 mg bis(2-ethylhexy]l)
sebacate were dissolved in 1 mL THEF. The dissolved mixture was dispersed through son-
ication, and 2 uL was used by drop-casting onto the gate channel surface. Carmody buffer
solution (0.2 M boric acid, 0.05 M citric acid and 0.1 M trisodium phosphate) was used as
a pH buffer solution adjusted from pH 2 to 12. Ultrapure water (18.2 MQ-cm™) was used.
Na* and K* ion solutions were prepared by dissolving NaCl and KCl in a 50 mM Tris-HCI
buffer solution. The chemicals were used without any further purification, and pH meas-
urements were performed using a digital pH meter.

2.3. Method of Analysis

The crystallinity of the ITO thin films was evaluated using an X-ray diffractometer
(XRD, Rigaku SmartLab, Tokyo, Japan). The Cu-a emission line (A = 1.5418 A) was
scanned in the range of 20° < 20 < 70°. The thickness of the ITO thin film was measured
using a field-emission scanning electron microscope (FE-SEM, JEOL 7610F, JEOL Ltd, To-
kyo, Japan). A Fourier-transform infrared microscope (FT-IR, Bruker Hyperion 2000,
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Bruker, Billerica, Germany) was used to analyze the surface functional groups of the rGO
and F-rGO. The properties of rGO and F-rGO were analyzed by Raman spectroscopy
(Renishaw 1000, Renishaw PLC, Gloucestershire, UK) using an argon-ion laser at a wave-
length of 514 nm.

The electrical properties of the ISFET sensor in the electrolyte solution were meas-
ured using a SourceMeter (Keithley 2400, Keithley instruments, Inc., Cleveland, OH, USA)
and characterized by the drain—source current (Ios), drain—source voltage (Vbs), and gate—
source voltage (Vcs) in the electrolyte solution. After the electrolyte solution was ex-
changed, the ISFET sensor was stabilized for 2 min before the steady-state electrical meas-
urements. All electrical measurements were carried out at 25 °C and biased within the
potential window of the ITO and F-rGO electrodes to prevent redox reaction.

3. Results and Discussion
3.1. Evaluation of ITO and F-rGO

The benzene group of FTP is bound to rGO via a m—mt bond and functionalizes rGO
with fluorine and thiol. The thiol group at the end of the FTP allows the binding of rGO
to the Au electrode through thiol bonding (Figure 1a). The F-rGO did not contain solvent
residue and was continuous over the entire electrode surface. The rGO exhibited charac-
teristic peaks at 1089, 1261, 1394, 1645, and 3433 cm™ in the FT-IR spectra, as shown in
Figure 1b. These peaks were caused by C-O-C bending, C-O stretching, C-OH stretching,
the C=C stretching vibration of the unoxidized graphitic domain, and the OH stretching
group, respectively. Compared to rGO, F-rGO showed additional characteristic peaks at
1006 and 1217 cm™! that were caused by the C-S stretching vibration and C-F stretching
vibration in the benzene ring, respectively [13]. The C=C stretching vibration in the ben-
zene ring was shown at 1483 and 1585 cm™'.
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Figure 1. (a) Schematic diagram of fluorinated F-rGO and FE-SEM image of the F-rGO on the RE
surface. (b) FT-IR and (c) Raman spectra of the rGO and F-rGO.

The Raman spectra of the rGO and F-rGO are shown in Figure 1c. The D and G bands
of the rGO were centered at 1352 and 1596 cm™, respectively, and the intensity ratio (In/lc)
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was 1.42. After fluorination using FTP, the D and G bands were centered at 1349 and 1580
cm!, respectively, and the intensity ratio (In/Ic) of F-rGO was 0.52. The intensity ratio
(In/Ic) of F-rGO decreased because the disordered rGO that existed on the surface was
removed and the oxygen functional groups at the edge states were removed by the FTP
treatment. The 2D band increased at 2728 cm™ and the shape of the D band changed after
FTP modification. The 2D band is active for crystalline graphitic materials and it is sensi-
tive to the w band in the graphitic electronic structure [14]. The layer of rGO (three to eight
graphene monolayers) changed to a light layer (two to five graphene monolayers) after
fluorination, and FTP modification was caused by m—mt bonding between the benzene ring
of FTP and the rGO surface.

Figure S1 is an FE-SEM image of the ITO thin film on the Si/SiO: substrate showing
that the film thickness was 35 nm and its crystallinity had a columnar structure. The pat-
tern showed a peak (20 = 31°) that appeared normal to the (222) plane, indicating ITO thin
film, and it demonstrated the typical ITO diffraction pattern, such as (211), (400), (440),
and (622) peaks. The peak intensity ratio of the (222) orientation and the (400) orientation
peak (I222/1a00) was 1.455 due to insufficient Oz flow in the thin-film deposition process [15].
In an environment where the ratio of O2/Ar does not exceed 1/13 during deposition, de-
pending on the structure of the chamber, the sheet resistance and lattice constant tended
to be lowered [16]. However, we set the Oz/Ar ratio to 1/20 to increase the resistance of the
ITO thin film. As shown previously, high sensitivity to ions has been observed in ITO-
ISFET sensors with high gate channel resistance [17].

3.2. Characteristics of the ITO-ISFET and F-rGO RE

The photolithography process was used to fabricate the drain, source, and gate chan-
nel. The RE pattern on the Si/SiO2 substrate was fabricated using the same photolithogra-
phy process, as shown in Figure 2. The gate channel was formed using a photoresist (DNR
L300), and ITO was deposited on the Si/SiO: substrate through RF sputtering. After the
ITO gate channel was formed on the Si/SiO: substrate, the remaining photoresist was
lifted off. The open area of the gate channel in direct contact with the electrolyte solution
was 2000 pm in width and 80 um in length. Patterns of the source and drain electrodes
were formed using the DNR L300. Au/Ti was evaporated using a thermal evaporator in a
vacuum chamber to make ohmic contact on the source and drain electrodes. An RE with
a radius of 0.75 mm was formed by Au/Ti at a location 3 mm away from the gate channel
of the ITO-ISFET, and the area of RE in contact with the electrolyte was 1.77 mm?2. A cir-
cular RE electrode was positioned between two ITO-ISFETs at one sensor tip. If the ISM
applied to each gate channel is different, two types of ions can be detected simultaneously.
It was reported that the single-gate and the double-gate transistors reveal the sub-thresh-
old swings quite close to the theoretical limit at room temperature [18,19]. This means that
for a thin channel, there is no necessity to resort to a double-gate structure, which is very
inconvenient for fabrication using the semiconductor process.

Figure 2. Integrated two-channel ITO-ISFET with F-rGO RE on the sensor tip.
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The transfer characteristics of the ITO-ISFET with Ag/AgCl and F-rGO REs were
evaluated in Carmody buffer solution (CBS) with a fixed pH value (pH 6). Figure 3a shows
that the ITO-ISFET with Ag/AgCl RE demonstrated traditional characteristics [20]. The Ips
increased depending on the Vs and Vbs, as shown in Figure 3b. The transconductance
(gm) of the ITO-ISFET with Ag/AgCl RE was 1.79 mS (Vs = 0.2 V), as shown in Figure 3c.
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Figure 3. (a) Schematic diagram of the Ag/AgCl RE. (b) Ips—Vs and (c) Ips—Vcs transfer characteris-
tics of ITO-ISFET with the Ag/AgCl RE. (d) Schematic diagram of F-rGO RE. (e) Ips—Vbs and (f)
Ips—Vas transfer characteristics of the ITO-ISFET with the F-rGO RE.

A schematic diagram of the ITO-ISFET with the F-rGO RE is shown in Figure 3d. As
for the sensor structure, a three-dimensional structure (using the Ag/AgCl RE) changed
to a two-dimensional structure when the F-rGO RE was used. The Ips-Vbs and Ips-Vas of
the ITO-ISFET with the F-rGO RE were the same as those of the general ITO-ISFET with
Ag/AgCl, as shown in Figure 3e,f. The gm value of the ITO-ISFET with F-rGO RE was 1.27
mS (Vos = 0.2 V), which was comparable to the gm value when the Ag/AgCl RE was used,
as shown in Figure 3f.

When Ves was applied using the F-rGO RE, the ions in the electrolyte moved and
formed electrical double layers (<5 nm) on both sides between the gate channel surface of
the ITO-ISFET and F-rGO RE. The current flowing through the electrolyte from the ITO-
ISFET to the F-rGO RE was negligible (51.2 nA). The electrical double layers had no charge
transfer and acted as thin capacitors on both sides. The Ibs of the ITO-ISFET is expressed
by

W
Ips = (HnCo) (r) [2(Ves — Vin) Vps — Vis] D
where pin is the electron mobility of ITO, Cc is the gate capacitance, L is the channel length,
and W is the channel width of the ITO-ISFET. The electron mobility of the ITO is 30
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cm?-V-1.571[21,22]. The Cc of the ITO-ISFET (Vs = 0.4 V) with Ag/AgCl RE was 1.16 x 10-°
F-cm. The Cc is the electric double-layer capacitor of the ITO gate channel (Ciro-ept) on
the ITO-ISFET with Ag/AgCl RE because the gate channel of the ITO-ISFET was in direct
contact with the electrolyte solution. This capacitor acts as a nanogap capacitor at the elec-
trode—-electrolyte interface and has high capacitance values (1-100 pF-cm™) to create a
strong electric field at the interface [23]. A high gate capacitance has been pursued to de-
velop high-output currents and to develop biochemical sensors with high sensitivity
[24,25]. The Cc of the ITO-ISFET with the F-rGO RE was the series connection of Ciro-epL
and the capacitor of F-rGO RE. The capacitor of the F-rGO RE is the electric double-layer
capacitor (Cr-rco-epL) because the F-rGO electrode was in direct contact with the electrolyte
solution. The Cc of the ITO-ISFET (Vs = 0.4 V) with the F-rGO RE was 1.07 x 10-° and the
Cr-rco-epL was 1.42 x 104 F-cm 2, respectively. The Crrco-epL was high because the F-rGO RE
has a large area of overlapping fluorinated graphene nano-electrodes. The value of Cc
follows the capacitor with small capacitance because the two capacitors connect in series.
F-rGO RE has the potential to be used as an RE for ISFETs made of various materials,
because the Crrco-or is larger than the Cepr of other gate channels in the electrolyte.

3.3. Ion detection using ITO-ISFET and F-rGO RE

We fabricated a pH sensor that can detect proton concentrations using a two-dimen-
sional ITO-ISFET sensor based on the F-rGO RE. Figure 4a shows the Ips-Vbs curve of the
ITO-ISFET with the F-rGO RE when the pH value of the buffer solution changes from 2 to
12. The Vs was fixed at 0.25 V, and the Vps was swept from 0.0 V to 0.5 V in each pH
buffer solution. The protonation of the gate channel surface of the ITO-ISFET decreases
the channel resistance, because ITO is an n-type semiconductor. As a result, Ips increases
depending on the proton concentration of the electrolyte. Figure 4b shows the Ips-Vas
curve of the ITO-ISFET with the F-rGO RE in pH buffer solutions at a fixed Vos (0.5 V). As
the pH increased, the Vs of the ITO-ISFET with the F-rGO RE shifted in direction to the
right. The AVes was 67.1 mV/pH, which was over the ideal Nernst equation. Similar re-
sults were obtained from the ITO-ISFET with the Ag/AgCl RE (AVcs was 66.5 mV/pH)
(Figure S3 in Supplementary Materials). We evaluated the long-term stability of the ITO-
ISFET with F-rGO and Ag/AgCl REs in a buffer solution (pH 6) in real time, which was
similar to the drift characteristic of the ISFET [18]. The Vs was continuously measured to
keep the Ibs at 500 pA with the Vos fixed at 0.5 V on the Ips—Ves characteristic, and was
continuously maintained at the voltage of -229.0 + 3.2 mV for 360 min, as shown in Figure
4c. The shift voltage of the Vs (0.53 mV/h) was comparable to that of the Ag/AgCl RE
(2.01 mV/h) used for 6 h. The hysteresis characteristics of the ITO-ISFET using the F-rGO
RE were evaluated. The Vcs was continuously measured at fixed values of Ips (500 pA)
and Vos (0.5 V) on the Ips—Ves characteristics with a periodic injection of CBS at different
pH values every 5 min for 25 min, as shown in Figure 4d. The Vbs was maintained constant
so as to bias the device to work reliably. In the n-channel region, the Vcs increased at the
high pH to maintain the Ios at a fixed value of Vos on the ITO-ISFET because the surface
charge on the gate channel was negative owing to deprotonation at the high pH. In con-
trast, the surface charge was positive owing to protonation at the low pH, and the Vs
decreased to maintain Ibs at a fixed value of Vps. The hysteresis voltage of the ITO-ISFET
using the F-rGO RE was +0.05 mV at pH 7. The long-term stability and hysteresis voltage
of the ITO-ISFET using the F-rGO RE have smaller values than those of the ITO-ISFET
using an Ag/AgCI RE [19,26]. The F-rGO RE operates stably in the electrolyte solution and
is useful for detecting chemical and biological molecules with high stability.
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Figure 4. (a) Ips—Vps, (b) Ips—Vas, (¢) long-term stability, and (d) hysteresis characteristics of
ITO-ISFET with F-rGO RE in a pH buffer solution.

We fabricated ion sensors by pasting ISM to the gate channel surface of the ITO-ISFET
(ITO-ISFET-ISM) and evaluated the ion sensitivity using Ag/AgCl and F-rGO REs. The
stability of the F-rGO was evaluated according to the K* and Na* ion solutions in order to
confirm the change of potential according to the ionic strength. The F-rGO had stable po-
tential in the ion solution for each concentration (Figure S6). The sensitivity of the ITO-
ISFET-ISM using Ag/AgCl and F-rGO REs in Na* and K* ions dissolved in Tris-HCl buffer
solution is shown in Figure 5a. The sensor with sodium ISM exhibited a sensitivity of 62.1
mV/decade and linearity in the Na* ion concentration range of 10 to 1 M, although the
interfering ion (100 mM KCl) was dissolved in the buffer solution. The AVes of the ITO-
ISFET with a potassium ISM using the F-rGO RE depended on the K* ion concentration in
the Tris-HCl buffer solution. The sensitivity of the K* ion was 57.6 mV/decade, although
the interfering ion (100 mM NaCl) was dissolved in the buffer solution. Among various
ions contained in the electrolyte, only target ions were detected by the ITO-ISFET-ISM in
the Tris-HCl buffer solution. Target ions were captured on the ITO gate channel surface
by the ISM. As the concentration of Na* and K* ions increased, the positive charge on the
ITO gate channel surface increased; hence, the Vas of the ITO-ISFET-ISM shifted in the
negative direction because ITO-ISFET-ISM is an n-type gate channel. We conducted real-
time detection of K+ ions in Tris-HCI buffer. The Vcs was continuously measured with a
fixed Vos (0.5 V) and Ibs (500 pA) while adjusting the K* ion concentration by periodically
injecting a high-concentration KCl solution. The ITO-ISFET-ISM using the F-rGO RE ex-
hibited an immediate and linear response in real time to changes in the K* ion concentra-
tion from 10-5 to 1 M, as shown in Figure 5b. The ITO-ISFET-ISM using the F-rGO RE has
sufficient sensitivity and stability even compared to other ion detection sensors using
Ag/AgCI RE, as shown in Table 1. In another study, where the voltage was set as sensitiv-
ity using ISFET, Garcia et al. developed a sodium and potassium sensor using a miniatur-
ized Ag/AgCl reference electrode [6]. Fakih et al. and Li et al. confirmed high performance
by fabricating the ISFET for potassium detection using graphene [7,8]. Bao et al. developed
a 3D-printed hybrid ISFET for sensing ammonium potassium calcium ions [9]. Hu et al.



Biosensors 2023, 13, 89

8 of 11

confirmed high sensitivity to Na ions and MB ions through ISM doping of the developed
ISFET [10]. In addition, various types of ion sensors have been developed using Ag/AgCl
reference electrodes.

= K sensiiity wih AGAQCIRE | Py 10°M = |SFET with FrGORE
m K sensitivity with F-rGO RE ( ) 00+
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Figure 5. (a) Na* and K* ion sensitivities of the ITO-ISFET-ISM with the Ag/AgCl and F-rGO REs.
(b) Real-time detection of K* ions using the ITO-ISFET-ISM with the F-rGO RE.

Table 1. Other ion sensors using Ag/AgCl RE.

l;f::’:::;: Detection Ion Sensitivity Detection Limit Sensor Type Ref.
F-rGO T(a gié Egj: 10 uM ISFET This work

Ag/AgCl K 4.65 uA/uM 0.04 uM ISFET 5]

Ag/AgCl lia gg 25;322 5mM ISFET [6]

Ag/AgCl K+ 37 mV/dec 10 nM ISFET [7]

Ag/AgCl K 67 mV/dec 10 uM ISFET [8]
NH4 98 mV/dec

Ag/AgCl K+ 104 mV/dec 10 uM ISFET [9]
Ca* 42 mV/dec

Ag/AgCl Na* 60 mV/dec 60 uM ISFET [10]

Ag/AgCl K+ 53.34 mV/dec 0.06 mM rGO [11]
Na* 56.4 mV/dec 100 pM

Ag/AgCl K+ 54.3 mV/dec 100 ﬁM I5E [12]

Ag/AgCl Na* 56.1 mV/dec 4 uM ISE [27]

Ag/AgCl Na* 58.9 mV/dec 42.7 UM ISE [28]

In the human body;, it is important to monitor concentrations of cations (Na*, K*, and
H* ions), which are found in the blood and extracellular fluid [29] and play an important
role in maintaining electrolyte balance, fluid balance, and pH balance in the body [30].
The urine cation test may be necessary after abnormal results have been obtained from a
blood cation test, which can identify acute kidney failure [31]. The 24-hour urine cation
test can help distinguish between the two common causes of prerenal acute kidney injury
(dehydration), and acute tubular necrosis [32]. However, testing using the 24-hour urine
analysis is cumbersome and inconvenient. Hence, a robust, easy, and accurate test for
monitoring cations is important. We evaluated the ITO-ISFET-ISM using the F-rGO RE on
urine samples of patients provided by Keimyung University Dongsan Hospital (IRB No.
2021-08-117). The Na*, K*, and Cl- ion concentrations in the urine samples are summarized
in Table 2. The concentration of each ion in the urine sample was characterized using ion-
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Table 2. Information regarding patient urine sample.

Urine
Na*ion (mM) K+ion (mM) Cl-ion (mM)
76 56.8 49

The sensitivity was simultaneously evaluated by variations in the concentrations of
Na* and K* ions in the same urine sample. Figure S4(a) denotes the Ips-Vcs of the ITO-
ISEFT with sodium ISM using the F-rGO RE in the urine. The Vs was fixed at 0.5 V when
Vas was swept from -1.0 to 0.5 V and each concentration was measured five times. The
Na* ion concentration in the urine increased from 76 mM to 81, 86, 96, 106, 116, 136, 156,
and 176 mM.

The high concentration of Na* ions in the urine sample caused a decrease in the Vs
of the ITO-ISEFT with the sodium ISM and shifted the value to the left. Conversely, the
Ips-Vas of the ITO-ISEFT with the potassium ISM showed irregular shifts with the Na+*ion
concentration in the urine, as shown in Figure S4(b). The sodium sensor in the urine re-
vealed a sensitivity of 69.4 mV/dec, as shown in Figure 6a. Figure S5(a) shows the Ips-Vas
of the ITO-ISEFT with the potassium ISM, using the F-rGO RE in the urine at a fixed Vs
(0.5 V). The K* ion concentration in the urine increased from 56.8 mM to 61.8, 66.8, 76.8,
86.8,96.8,116.8, 136.8, and 156.8 mM,; the Vs shifted to the left only for the potassium ISM
sensor with the K* ion increment. On the other hand, the Ips-Vcs of the ITO-ISEFT with the
sodium ISM showed irregular shifts with the K* ion concentration, as shown in Figure
S5(b). The sensitivity of the K* ion sensor was 59.6 mV/dec, as shown in Figure 6b. ISM
captured the target ions based on ion size. In the case of the K* ion sensor, since the Na*
ion is smaller than the K* ion, it was captured by the potassium ISM on the gate channel
surface, resulting in a large interference effect. As in the previous Tris buffer solution as
shown in Figure 5b, the detection sensitivity for the K+ ions was smaller than that of the
Na* ion sensor.

0.14

N " 0.19 0.12 4012
. =
H - =~ —
s 0.18 S S o 010 S
. 017 & 3 3
> > o08 0.08 >

-0.06

® Sodium sensor Lo N 015
= Potassium sensor ~. T a6a L
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Na’ ion concentration (mM) K" ion concentration (mM)

Figure 6. Detection of (a) Na*, (b) K* ions, and the sensitivities of ITO-ISFET-ISM with F-rGO RE
sensors in patient urine samples.

4. Conclusions

The rGO was fluorinated using FTP, and the F-rGO was shown to be usable as an RE
by sustaining a stable potential despite the change in the solution. The F-rGO RE was
integrated into the ITO-ISFET using a semiconductor device fabrication process. These
sensors showed the voltage shifts following the Nernstian equation due to changes in the
concentrations of cations (K* Na*, and H*) in the electrolyte solution and showed high
linearity. The ISFET with the F-rGO RE has potential as a platform to accurately and
quickly diagnose other ions present in human urine.



Biosensors 2023, 13, 89 10 of 11

The imbalance of ions must be carefully managed and accurately diagnosed as some
deficiencies (or excesses) may lead to imbalances of other ions. Hospitals demand smart
diagnostic equipment to test the pH and anion gap in blood or urine. The ISFET-based ion
sensor integrated with the F-rGO RE is one of the best ways to satisfy these requirements.
In the present study, although we limited the use of the F-rGO RE to ITO-ISFET sensors,
it can also be integrated into silicon, carbon, and other semiconductor-based ISFETs.
Therefore, if F-rGO is used as the RE for the ISFETs of various materials, the three-dimen-
sional ISFET type of ion sensor could be converted into a two-dimensional structure and
its integration can be broadened, making it possible to develop a low-cost, disposable ion
diagnostic sensor.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/bios13010089/s1, Figure S1: FE-SEM image of the ITO thin
film on Si/SiO: substrate; Figure S2: (a) Schematic diagram of the experiment. pH sensitivity of (b)
the pristine graphene ion-sensitive field-effect transistor (PG-ISFET) and (c) fluorinated graphene
ion-sensitive field-effect transistor (FG-ISFET) with Ag/AgCl RE in the pH buffer solution; Figure
S53: Ips-Ves and Ips-Vos transfer characteristics of the ITO-ISFET with Ag/AgCl RE in the pH buffer
solution; Figure S4: Detection of Na* and K* ions using ITO-ISFET-ISM with F-rGO RE sensors in
patient urine samples with varying Na* ion concentrations. The sensitivities of Na* ion sensor (a)
and K*ion sensor (b); Figure S5: Detection of Na* and K* ions using ITO-ISFET-ISM with F-rGO RE
sensors in patient urine samples with varying K*ion concentrations. The sensitivities of K* ion sen-
sor (a) and Na* ion sensor (b); Figure S6. Stability comparison of Ag/AgCl reference electrode and
F-rGO reference electrode in solution A and solution B.
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