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Abstract: Sensor devices that can be fabricated on a flexible plastic film produced at a low cost using
inkjet-printing technology are suitable for point-of-care applications. An organic field-effect transistor
(OFET)-based biosensor can function as a potentiometric electrochemical sensor. To investigate
the usefulness of an OFET-based biosensor, we demonstrated the detection of 1,5-anhydroglucitol
(1,5-AG) and glucose, which are monosaccharides used as biomarkers of diabetes. An OFET-based
biosensor combined with a Prussian blue (PB) electrode, modified with glucose oxidase (GOx) or
pyranose oxidase (POx), was utilized for the detection of the monosaccharides. When the GOx- or
POx-PB electrode was immersed in glucose solution at the determined concentration, shifts in the
low-voltage direction of transfer characteristic curves of the OFET were observed to be dependent
on the glucose concentrations in the range of 0-10 mM. For 1,5-AG, the curve shifts were observed
only with the POx-PB electrode. Detection of glucose and 1,5-AG was achieved in a substrate-specific
manner of the enzymes on the printed OFET-biosensor. Although further improvements are required
in the detection concentration range, the plastic-filmOFET-biosensors will enable the measurement of
not only diabetes biomarkers but also various other biomarkers.

Keywords: organic field-effect transistor (OFET); diabetes biomarker; 1,5-anhydroglucitol; glucose;
pyranose oxidase; glucose oxidase

1. Introduction

A biosensor, which allows for the detection of a target molecule specifically through
biochemical reactions mediated by biofunctional materials like enzymes and antibodies, is in
demand for environment monitoring, food analysis and healthcare [1-3]. Disease-related biomarkers,
which include proteins and RNAs specific to patients with cancer [4,5], as well as enzymes and
carbohydrates that show a characteristic trend in diabetic patients [6,7], have been identified by recent
biomarker studies. Since the detection of disease-related biomarkers from human bodies could be
an indicator for the early detection of the disease, a sensor that can detect biomarkers is useful for
point-of-care applications in the healthcare sector [8]. The sensor devices can be designed to be handled
easily at home, inexpensive and safe for humans and the environment.

Technologies 2018, 6, 77; doi:10.3390/ technologies6030077 www.mdpi.com/journal/technologies


http://www.mdpi.com/journal/technologies
http://www.mdpi.com
http://www.mdpi.com/2227-7080/6/3/77?type=check_update&version=1
http://dx.doi.org/10.3390/technologies6030077
http://www.mdpi.com/journal/technologies

Technologies 2018, 6, 77 20f8

Among the various methods for detecting biomolecules, in general, optical sensing [9,10], mass
sensing [11,12] and electrochemical sensing [13,14] are mainly used in sensors. Electrochemical
measurements, including potentiometry and amperometry, allow for the construction of inexpensive,
small and multi-channel biosensors by combining an enzyme electrode and an amplification
circuit [13,14]. We focus on a point-of-care electrochemical biosensor. Previously, we had utilized an
organic field-effect transistor (OFET), which uses an organic semiconducting material in an FET-type
transistor [15], together with sensor devices. The OFET can function as a potentiometric device in
electrochemical measurements [14]. In addition, an OFET-based biosensor offers advantages such as
fabrication on a flexible plastic film and of multi-sensor arrays and a low cost of production, using
inkjet-printing technology [16]. We have previously reported the OFET-based detection of biomolecules
with a sensor for saccharides [17], lactic acid [18] and proteins [19] by using a chemical receptor of
phenylboronic acid, an enzyme of lactate oxidase and an antibody.

Potentiometric detection by an OFET-based biosensor is based on the change of the surface
potential of the sensing electrode [14]. When a gate electrode of the OFET is electrically connected to
a DC voltage generator through a reference electrode, an electrolyte solution and a sensing surface
on the sensor chip, a change in the sensing surface potential results in an apparent change in the
gate electrode potential [15]. Oxidases produce hydrogen peroxide as a by-product in the oxidation
reaction of the substrate. Since hydrogen peroxide can oxidize Fe?* ions in Prussian blue (PB), that is,
Fe4[Fe(CN)gl3, into Fe?* ions, an electrode containing PB can be used in combination with a sensor
chip for monitoring an oxidase reaction via potentiometric measurements (Figure 1). In this study,
we demonstrate the detection of 1,5-anhydroglucitol (1,5-AG) and glucose, which are monosaccharides
used as diabetes biomarkers [20-22], using two OFET-based biosensors combined with a PB electrode
modified with glucose oxidase (GOx) or pyranose oxidase (POx). The OFET device was fabricated by
a printing process in our lab.

2. Materials and Methods

2.1. Materials

Polyvinylpyrrolidone (PVP, Mw =~ 25,000) and polystyrene (PS, Mw ~ 280,000) were purchased
from Sigma-Aldrich Japan Co. (Tokyo, Japan). A silver nanoparticle ink in hydrocarbon-based solution
(NPS-JL) was purchased from Harima Chemicals Group Inc. (Tokyo, Japan). Parylene (dix-SR)
was obtained from KISCO Ltd. (Osaka, Japan). Fluoropolymer (Teflon AF1600) was purchased
from DuPont-Mitsui Fluorochemicals Co., Ltd. (Tokyo, Japan). Pentafluorobenzenethiol (PFBT) was
obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 2,7-dihexyl-dithieno[2,3-d;2’,3'-
d’lbenzo[1,2-b;4,5-b’]dithiophene (DTBDT-C6), an organic semiconductor, was kindly provided by
Tosoh Co. (Tokyo, Japan). A carbon graphite ink with PB was obtained from Gwent Electronic
Materials Ltd. (Pontypool, UK). Chitosan (Mw > 100,000) was purchased from Junsei Chemical Co.,
Ltd (Tokyo, Japan). Pyranose oxidase (POx) from Coriolus sp. and Dulbecco’s phosphate buffered
saline (PBS) were purchased from Sigma-Aldrich Japan Co. (Tokyo, Japan). GOx from Aspergillus niger
and glucose were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The compound
1,5-anhydroglucitol (1,5-AG) was purchased from Funakoshi Co., Ltd. (Tokyo, Japan). Other reagents
were purchased from Sigma-Aldrich Japan Co. (Tokyo, Japan). Type 1 ultrapure water (Milli-Q™
water, Merck Ltd., Tokyo, Japan) was used in all the experiments.

2.2. Fabrication of an OFET Device

An OFET device, shown in Figure 1A, was fabricated as described in previous papers [23]. A silver
electrode, acting as a gate electrode, was attached by printing with an inkjet printer (Dimatix DMP2381,
Fujifilm Co., Tokyo, Japan) to a glass plate coated with cross-linked PVP for surface treatment, followed
by heating at 120 °C to sinter the silver nanoparticles. After coating the gate electrode with 70-nm-thick
parylene by chemical vapor deposition, to form a dielectric layer, two silver electrodes, acting as the
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source and drain electrodes, were printed on the previously formed dielectric layer and then sintered
in the same manner as the gate electrode. Using a dispenser system (Image Master 350 PC, Musashi
Engineering, Inc., Tokyo, Japan), fluoropolymer solution (Teflon, 1 wt %) was then printed in two
parallel lines to form bank lines on both sides of a channel consisting of the source and drain electrodes.
After the modification of the surface of the source and drain electrodes with the self-assembled
monolayer of PFBT to reduce the contact resistance, a mixture solution of an organic semiconductor
material, DTBDT-C6 (0.9 wt %) and polystyrene (0.3 wt %) in toluene, was printed onto the square area
surrounded by the source and drain electrodes as well as the bank lines, followed by heating at 100 °C
to remove the solvent. Finally, the fabricated device was covered with a Teflon layer by printing the
fluoropolymer solution (1 wt %) to improve the device stability. The fabricated OFET had a channel
width of 780 um and a channel length of 13 um (Figure 1B).
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Figure 1. (A) An illustration of an organic field-effect transistor (OFET)-biosensor system using a
sensor chip with an enzyme electrode for the potentiometric detection of saccharides. (B) A photograph
of an OFET fabricated by the printing process obtained from the top of the substrate (white bar:
200 pm). The dashed circle indicates the OFET part. Squares indicated by Source, Drain and Gate
are electrodes for contacting the external environment. Two parallel lines indicated by Bank on
both sides of the dashed circle were printed to form a channel consisting of the source and drain
electrodes. (C) A photograph and illustration of a sensor chip used in this study (white bar: 10 mm).
(D) Schematic illustrations of the reaction process of enzyme and Prussian blue in an enzyme electrode
on the sensor chip.

2.3. Preparation of an Enzyme Electrode for Biomarker Detection

A polyethylene naphthalate (PEN) film of 125-pum thickness (Teonex, Teijin Ltd., Tokyo, Japan),
on which a patterned gold thin film of 50-nm thickness was deposited to form an electrode, was used
as a sensor chip in this study (Figure 1C). A sensing area of the gold electrode (3 mm x 5 mm) was
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coated with a carbon graphite ink with PB and then incubated at 30 °C for 30 min for drying. Next,
11.4 pL of a mixture consisting of 1.4 pL of enzyme solution (1 unit/uL of GOx or POx in 10 x PBS) and
10 puL of chitosan solution (0.1 wt % in aqueous solution at pH 5.4) was drop-casted onto the PB-carbon
graphite coating and then, the sensor chip was incubated at 30 °C for 3 h, resulting in the formation of
an enzyme-chitosan polyion complex film on the PB-carbon graphite coating. An enzyme-immobilized
sensor chip was used for biomarker-detection experiments as an enzyme electrode.

2.4. Measurement of 1,5-AG or Glucose Detection with an OFET-Based Biosensor

A gold electrode of the enzyme-immobilized sensor chip and an Ag/AgCl electrode (RE-1B,
BAS Inc., Tokyo, Japan), as the reference electrode, were immersed in a 1.5-mL microtube filled with
0.5 mL of 1xPBS solution (Figure 1A). The gold electrode was connected to a gate electrode of the
fabricated OFET device. The source and drain electrodes of the OFET device and the reference electrode
were connected to a source measure unit (Keithley 2636B SYSTEM SourceMeter, Tektronix Inc., USA)
for experiments using the OFET-based biosensor. First, we obtained the transfer characteristic curve
of the OFET, which plots current values between the source and drain electrodes (Ips) against gate
voltage values (Vg: 1to —2V, 0.05 V intervals) at a —2 V potential between the source and drain
electrodes (Vpg). Then, we observed curve shifts in response to the immersion of the electrode into the
glucose or 1,5-AG solutions in the microtube.

3. Results and Discussion

3.1. Characterization of the OFET Device

To confirm the electrical characteristics of the fabricated OFET device, the transfer characteristic
curve was measured by using a source measure unit in the Vg range of 1to =2 Vat Vpg = -2 V.
The current values (Ipg) varied in six digits from the order of 10712 to 107° A as OFF-ON currents
of the transistor (Supplementary Materials Figure S1). This means that a large change in the current
between the source and drain electrodes (Ipg) can be observed only with a slight change in the gate
voltage value (Vg). Thus, the OFET-based biosensor with DTBDT-C6 as an organic semiconductor
offers the advantage of higher sensitivity compared to our previous OFET sensor, which was
equipped with another organic semiconductor poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno|3,2-
b]thiophene)(PBTTT-C;4) with ON-OFF currents of a transistor in the order of 10~ to 107¢ A [15,17].

3.2. Observation of the Transfer Characteristic Curves of the OFET Equipped with a GOx-PB Electrode

GOx catalyzes the oxidation of D-glucose to D-glucono-1,5-lactone, which indicates the
transformation of a hydroxyl group to a ketone group at the 1-position of D-glucose (Figure 1D).
Because 1,5-AG has a dehydroxylated structure at the 1-position of D-glucose, GOx cannot react
with 1,5-AG. We observed the enzyme reactivity of glucose and 1,5-AG to confirm that the enzyme
electrodes function as a sensor.

A sensor chip with a GOx-PB electrode was connected to the gate electrode of the OFET and
immersed in a microtube with PBS solution. Then, the OFET device was set up with connections to a
source measure unit in order to obtain the transfer characteristic curve. When the GOx-PB electrode
was immersed in glucose solution of the determined concentrations, shifts in the low-voltage direction
of the transfer characteristic curves were observed to be dependent on the glucose concentrations in the
range of 0 to 10 mM, as shown in Figure 2A. The observed shifts were as expected. Hydrogen peroxide
produced from oxidation by GOx increased the number of Fe>" ions in PB on the sensor surface,
resulting in an increase in the potential of the PB electrode to the reference electrode. Thus, in order to
obtain the same Ipg value, it was necessary to apply a lower gate voltage. On the other hand, no curve
shifts were observed when 1,5-AG solution was used in the same manner (Figure 2B). These results
suggest that the OFET response to glucose solution could be caused by an oxidation reaction of GOx
in a substrate-specific manner of the enzyme.
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Figure 2. Transfer characteristic curves of the organic field-effect transistor (OFET) biosensor with a
GOx-PB electrode obtained in response to the electrode’s immersion into (A) glucose and (B) 1,5 AG
solutions at different concentrations (0, 0.1, 0.5, 1, 3 and 10 mM), buffered by 1xPBS at 25 °C.
Each concentration curve has been indicated in red (0 mM), orange (0.1 mM), green (0.5 mM), light
blue (1 mM), blue (3 mM) and purple (10 mM), respectively. The insets show the enlarged views.

3.3. Observation of the Transfer Characteristic Curves of The OFET Equipped with A POx-PB Electrode

POx is an enzyme that catalyzes the oxidation of D-glucose to 2-dehydro-D-glucose, indicating
the transformation of the hydroxyl group to the ketone group at the 2-position (Figure 1D). Thus, POx
can oxidize both 1,5-AG and D-glucose. We confirmed that a POx-PB electrode can detect glucose
and 1,5-AG, as shown by a shift of the transfer characteristic curve in the same manner as that for a
GOx-PB electrode.

The immersion of the POx-PB electrode into the glucose solution in the microtube caused a
low-voltage direction shift of the transfer characteristic curves (Figure 3A). Similar curve shifts were
also observed in case of the 1,5-AG solution for the POx-PB electrode (Figure 3B). The amounts of these
curve shifts were approximately 60 mV, in the concentration range of 0 to 10 mM of the saccharides;
these curve shifts were in the same direction and were of similar values as those for the detection of
glucose with the GOx-PB electrode. These results indicated that POx on the electrode could oxidize
1,5-AG and D-glucose, with the production of hydrogen peroxide, which converted the Fe?* ions in
the PB on the electrode into Fe3* ions.
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Figure 3. Transfer characteristic curves of the organic field-effect transistor (OFET) biosensor with a
POx-PB electrode obtained in response to the electrode’s immersion into (A) glucose and (B) 1,5-AG
solutions at different concentrations (0, 0.1, 0.5, 1, 3 and 10 mM), buffered by 1 xPBS at 25 °C.
Each concentration curve has been indicated in red (0 mM), orange (0.1 mM), green (0.5 mM), light
blue (1 mM), blue (3 mM) and purple (10 mM), respectively. The insets show the enlarged views.
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In addition, other monosaccharides, such as mannose and galactose, were measured to confirm the
substrate-specific detection of the POx-PB electrode. Mannose is a stereoisomer (a 2-position epimer)
of glucose and is not a substrate for POx. In fact, the shifts of the transfer characteristic curves were
not observed as shown in Figure 4A, when the POx-PB electrode was immersed in mannose solution.
Galactose is a 4-position epimer of glucose and POx does not catalyze its oxidation. We observed no
shifts of the transfer characteristic curves to the low-voltage direction (Figure 4B). These results suggest
that the curve shifts should be based on the reaction of the monosaccharides in the solution with the
enzyme on the sensor chip. Thus, by using the OFET-biosensor, we could detect a monosaccharide in
the solution as an electropotential change of the PB electrode.
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Figure 4. Transfer characteristic curves of the organic field-effect transistor (OFET) biosensor with a
POXx-PB electrode obtained in response to the electrode’s immersion into (A) mannose and (B) galactose
solutions at different concentrations (0, 0.1, 0.5, 1, 3 and 10 mM), buffered by 1xPBS at 25 °C.
Each concentration curve has been indicated in red (0 mM), orange (0.1 mM), green (0.5 mM)), light
blue (1 mM), blue (3 mM) and purple (10 mM), respectively. The insets show the enlarged views.

3.4. Relationship between Saccharide Concentration and Curve Shift

We investigated the relationship between the saccharide concentrations in the solution and the
curve shift of the OFET-biosensor. Figure 5 shows the plots of the V¢ value shifts (AVy) as a function
of the concentration of each monosaccharide in the detection experiments using the OFET biosensor.
For matched combinations of an enzyme and a substrate, saturation curves with a maximum Vg value
of approximately 60 mV were shown (Figure 5A(a),B(a,b)). On the other hand, the V value shifts for
curves of the combination where the enzymes and saccharides were not matched were within £20 mV.

Detection of glucose and 1,5-AG was achieved by the printable OFET biosensor. However, in
consideration of the signal/noise ratio, the detected concentration range was approximately 1 mM
or more. Our strategy to evaluate 1,5-AG in the blood was to use the difference between the two
sensors: “glucose” measurements by the GOx-PB electrode and “glucose + 1,5-AG” measurements by
the POx-PB electrode. The concentration of 1,5-AG in the blood of a normal person is approximately
20 pug/mL (120 uM) [21]. In order to perform the measurement with an actual sample at home, it is
necessary to improve the signal/noise ratio by one digit or more. We should consider combinations
with noise reduction circuits [23] and/or efforts to increase the number of scans to obtain AV values,
in order to reduce the influence of random fluctuation.
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Figure 5. Shifts of the gate voltage (AVy at Ipg = 10711 A) in case of (A) the GOx-PB electrode,
depending on the concentration of (a: circle) glucose and (b: square) 1,5-AG and in case of (B) the
POXx-PB electrode, depending on the concentration of (a: circle) glucose, (b: square) 1,5-AG, (c: diamond)
mannose and (d: triangle) galactose in 1xPBS at 25 °C. The error bars indicate the standard deviation

of three or four measurements.

4. Conclusions

We demonstrated the detection of glucose and 1,5-AG, two biomarkers for diabetes, using an
OFET device equipped with a GOx- or POx-PB electrode. The monosaccharides could be detected by
potentiometric measurements in the concentration range of 1 mM or more. Further improvements are
required for measurements of such monosaccharides/biomarkers in actual samples. We believe that
plastic-film biosensors based on an OFET, which can be obtained inexpensively through the printing
process, will enable the measurements of the biomarkers of not only diabetes but also various other
diseases at home, for healthcare purposes.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /2227-7080/6/3/77 /51,
Figure S1: Fundamental transfer characteristic curves of the OFET biosensor in the V range of 1 to —2 V.
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