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In this study, we showed proof-of-principle experiments to demonstrate a printed organic
inverter-circuit-based enzyme sensor with an extended-gate electrode with a lactate oxidase
(LOx) and Prussian Blue carbon-graphite ink active area for the first time to inform users of
an L-lactate overlimit concentration via a simple integrated electrophoretic display. The two-
stage organic inverter circuit exhibited an abrupt shift in output voltage depending on the
potentiometric sensor signal imposed on the constant input voltage of the inverter circuit,
resulting in a distinct color change of the display connected to the output line of the inverter
circuit. The L-lactate concentration limit was tuned by changing the input voltage of the inverter
circuit. This new type of wearable biosensor, notifying the user of an overlimit condition, can
arbitrarily be tuned by professionals such as medical doctors or sports trainers and would be
helpful for users who do not have sufficient knowledge about the detected biomarkers.

1. Introduction

The recent development of wearable chemical sensor devices has enabled the daily
monitoring of biomarkers from external bodily fluids such as tears, saliva, urine, and sweat.7®)
However, it is difficult for people with insufficient knowledge about biomarkers to understand
their physical conditions from the detected signal. This is one of the issues to be addressed in
realizing effective personal healthcare. Wearable sensors that can inform the users of only the
overlimit signal arbitrarily tuned by a professional such as a medical doctor or a trainer could
be beneficial for users in understanding their physical conditions.”"® These sensors require a
display that can convert the overlimit signal into a user-readable form. Some wearable sensors
have been combined with a user-readable display such as an electrochromic!®'® or LED-
based display,(m’ls) which exhibits subtle color changes depending on the analyte concentration.
It is crucial for a display to show a distinct signal change at the concentration limit of the
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analyte. An inverter circuit is a logical gate that outputs reversed logic “zero” or logic “1”
against the input of logic “1” (equivalent to the supply voltage Vpp) or logic “0” (equivalent to
0 V), respectively.'®1” We considered that, if the input voltage of the inverter circuit can be
controlled by the potentiometric output of the enzyme-based biosensor depending on the analyte
concentration, the inverter circuit will exhibit steep switching of the output voltage at the
threshold concentration of the analyte to induce a clear change in display signage. Recently, we
have developed a printed organic transistor-based inverter circuit with low operating voltage.>%>"
The printing technology has emerged as a low-cost, environment-friendly mass manufacturing
technology for the fabrication of next-generation printed wearable flexible devices based on
thin-film transistors.?>~27)

In the present study, we developed a unique organic inverter-circuit-based enzyme biosensor
with tunable limit detection. The biosensing cell was composed of a carbon-based extended-
gate electrode that is modified by an enzyme and the reference electrode was connected to the
input line of the inverter circuit, and the output line of the circuit was connected to a simple
electrophoretic display that shows a distinct color change. An L-lactate biosensing system was

fabricated to demonstrate the operating mechanisms of the sensor device.

2 Experimental Procedure
2.1 Device fabrication

The fabrication process for the sensor device was similar to that in our previous report.?® In
short, silver nanoparticle ink in a hydrocarbon-based solution (Harima Chemicals, NPS-JL) was
printed on a glass slide or a polyethylene naphthalate (PEN) film substrate (125 pm thickness)
as a gate electrode using an inkjet printer (Fujifilm, Dimatix DMP2831). After sintering silver
nanoparticles for 30 min at 120 °C in air ambient, a 150-nm-thick parylene (KISCO, diX-SR)
gate dielectric layer was formed by chemical vapor deposition. Then, the silver nanoparticle
ink-based source and drain electrodes were subsequently printed. A bank layer (200 nm thick)
composed of fluoropolymer (1 wt%, DuPont, Teflon AF1600) in fluorinert (3M, FC-43) was
then printed using a dispenser system (MUSASHI Engineering, Image Master 350 PC). After
the treatment of the device with 30 mM pentafluorobenzenethiol (Tokyo Chemical Industry)
dissolved in 2-propanol for 5 min at room temperature, a toluene-based organic semiconductor
(OSC) mixture containing 0.9 wt% p-type OSC DTBDT-Cg [Fig. Al(a), Tosoh Corporation] and
polystyrene (0.3 wt%, Sigma-Aldrich, MW =~ 280,000)?%?) was printed onto the area defined
by the bank layer using the dispenser system. The resulting channel width and length were 780
and 18 pum, respectively. Finally, a parylene encapsulation layer (250 nm thick) was formed by
chemical vapor deposition. The electrical characteristics of the fabricated organic transistor
were evaluated immediately before use as shown in Supporting Figs. Al(b) and Al(c). The gate
voltage (V) of the device was swept from 5 to —6 V while keeping the source-drain voltage (Vsp)
at —2 V using the source meter (Keithley). All measurements were carried out in air ambient.
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2.2 Fabrication of the enzyme/PB-modified extended-gate electrode

The fabrication process for the electrode was similar to our previous report.?® In summary,
a Au electrode pattern composed of an active area (3 X 5 mmz) connected to a narrow lead
line pattern (1 mm width, 3 cm length) was fabricated by thermal evaporation on a PEN film
substrate (125 pm thickness) through a stencil mask. The active area was modified with carbon-
graphite ink including a redox compound of Prussian blue (PB-carbon) (C2070424P2, Gwent
Inc.) and 10 pL of a mixture solution composed of 1 U uL™! lactate oxidase (LOx, TOYOBO
Co., Ltd.) in 100 mM phosphate buffer (pH 6.8, Nakalai Tesque) and 0.1 wt% chitosan (Junsei
Chemical) in 50 mM HCI (pH 5.4) at the ratio 1.4 : 10. The resulting electrode was washed in
stirred Dulbecco’s phosphate buffered saline (DPBS) solution (pH 7.4, Sigma Aldrich) for 1 h to
remove the LOx loosely bound to the chitosan gel.

2.3 Potentiometric measurement using the extended-gate electrode with LOx/PB active
area

The LOx/PB-modified extended-gate electrode and the Ag/AgCl reference electrode were
immersed in the DPBS solution. The potential difference between the electrodes was monitored
using an electrochemical analyzer (ALS model 602E, BAS Inc.) operated in an open-circuit
potential mode (input impedance: 1 x 1012 Q). During the potentiometric measurement, the
concentrated L-lactate dissolved in the DPBS solution was injected into the measurement
solution and stirred at 350 rpm to induce an enzymatic reaction at the active area of the
extended-gate electrode. The temperature of the measurement solution was maintained at 30 °C
using a hot plate.

2.4 Detecting threshold concentration of L-lactate using the extended-gate electrode
connected to the organic inverter circuit with a display unit

The LOx/PB-modified extended-gate and Ag/AgCl reference electrodes were immersed in
the DPBS solution, and their terminals were connected to the gate and source electrodes of the
first inverter, respectively. An electrophoretic display unit purchased from E Ink Corporation
(SC001221, operating voltages of 5-15 V) was connected to the output line of the second
inverter in parallel to the external resistor 2 (Rgy»). Real-time monitoring of Voyry with
successive injections of a concentrated L-lactate solution into the DPBS solution was performed
while applying constant voltages of V1 (5.35 V) and Vpp (6 V).

3. Results and Discussion

Figure 1 shows a photograph of the printed biosensor device with the display unit [Fig. 1(a)]
and its configuration [Fig. 1(b)]. The device is composed of three basic components: the
biosensing cell, which consists of the extended-gate electrode modified with LOx/PB and
the Ag/AgCl reference electrode [Fig. 1(c)], a two-stage organic inverter circuit employing
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Fig. 1. (Color online) (a) Photograph of the printed organic inverter-circuit-based biosensor prototype device with
the display unit and (b) its configuration, composed of three components, namely, (c) a biosensing cell composed of
the extended-gate and Ag/AgCl reference electrodes, (d) a two-stage organic transistor-based inverter circuit with a
p-type semiconductor, and (e) a display unit.

a p-type semiconductor [Fig. 1(d)], and the display unit [Fig. 1(e)]. The extended-gate and
reference electrodes were connected to the gate and source electrodes of the first inverter,
respectively. In this configuration, the input voltage V;y was applied to the gate electrode of
the first inverter, creating an electrical potential at the biosensing cell. L-lactate was oxidized
by LOx while generating hydrogen peroxide, followed by the irreversible oxidation of PB from
divalent to trivalent with hydrogen peroxide [Fig. 1(c)].?>*? As a result, the electric potential
of the extended-gate electrode changes (A} 4c) according to the Nernst equation. AVygc.r
for the concentration limit of L-lactate was calculated from the titration curve of the electrode
with LOx/PB. The two-stage inverter was designed to exhibit a steep change in the output
voltage Vour» with the same polarity as Vjy within the narrow transition width V,—V} as
shown in Fig. 1(d). If the input voltage applied to the inverter via the biosensing cell was set to
Vint = Vo — AViac.r (NVp4c.r should be more than the transition width), the output voltage of
the inverter Vpyrs steeply increased from 0 V to Vpp after the injection of L-lactate overlimit
concentration [Fig. 1(d)] followed by the color change of the display unit from white to black
[Fig. 1(e)]. In this study, an electrophoretic display was used as an indicator because it is
bistable and operates at relatively low voltages. Arbitrarily setting V;y; depending on AV 4c.r
enables the tuning of the L-lactate concentration limit detected by the sensor device.

Figures 2(a) and 2(b) show the photograph (a) and circuit diagram (b) of the two-stage
organic inverter circuit. The transfer and output curves of the single organic transistor are
shown in Figs. Al(b) and Al(c). The field-effect mobility of the OSC in the saturation region
was estimated to be 0.44 cm?/Vs and the on/off current ratio was ~10%. The resistivities of
the external resistors 1 and 2 [referred to as Rgy; and Rgyx» in Fig. 2(b), respectively] were
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Fig. 2. (Color online) (a) Photograph and (b) circuit diagram of the two-stage organic inverter circuit. (c) Output
voltages (Vouri and Voyrs) and gain as functions of input voltage (V7y). (d and e) Circuit diagram of the two-stage
organic inverter circuit, where, as in the text, the electrophoretic display was inserted in parallel to Rgy> (c), and its
output voltage Voyr2 as a function of Vyy (e).

determined from the transfer characteristics of the device. Figure 2(c) shows the output voltages
(Vour: and Vour for the first and second stages of inverters, respectively) and gain as functions
of input voltage (Vin). Vour: switches from a value near Vpp to zero at the first stage of the
inverter during the linear increase in Vyy from zero to the same value as Vpp. As a result,
Vour exhibited steeper switching from zero to a value near Vpp owing to the sharp change in
Vour: applied to the gate electrode of the second stage of the inverter. These characteristics of
the two-stage inverter circuit were confirmed quantitatively from the gain curve derived from
the |0Vour/0Vin| of the output voltage curve. In the following study, Vpp was set to 6 V to
operate the display that showed distinct color switching at more than 6 V. Figures 2(d) and 2(e)
show the circuit diagram [Fig. 2(d)] of the two-stage organic inverter circuit, where the display
was inserted in parallel to Rgx», and its output voltage Voyr as a function of Vyy [Fig. 2(e)].
When Vv was increased to more than about 5.45 V, Voyr increased sharply, and Voyr =6 V
at Vyy=5.65 V was achieved with a transition width of about 0.2 V. The photographs inserted
in Fig. 2(e) represent the colors of the display at input voltages of less than 5.45 V (white color)
and more than 5.65 V (black color). The display became uniformly black at more than 5.65 V,
which is the value defined below as V.

The potentiometric response of the electrode modified with LOx/PB for various L-lactate
concentrations was evaluated using the setup in Fig. 3(a). The extended-gate and Ag/AgCl
reference electrodes were immersed in the DPBS solution. The difference in electrical potential
between these electrodes was monitored using a digital voltmeter. This difference increased
linearly with time after the injection of L-lactate [representative data are shown in the graph
inserted within Fig. 4(b)] because the electrode connected to a high-input impedance digital
voltmeter in series induces the irreversible oxidation of PB.?® Figure 3(b) shows the change
in electrical potential difference AVz,c as a function of L-lactate concentration. The y-axis
represents AV 4c obtained over 5 min after injecting L-lactate. The electrode exhibited a typical
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Fig. 3.  (Color online) (a) Setup for the potentiometric measurement as in the text using the LOx/PB-modified
electrode. (b) Changes in potential difference between the LOx/PB-modified electrode and the Ag/AgCl reference
electrode for various L-lactate concentrations in DPBS.
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Fig. 4.  (Color online) (a) Setup for the L-lactate sensor using the extended-gate-type L-lactate sensor based
on an organic inverter with the E Ink display. (b) Time dependence of the output voltage Vouyrz of the device vs
L-lactate concentration. The concentration limit for L-lactate was 2.0 mM. The arrows represent the times when a
concentrated L-lactate solution was injected (also indicated were final L-lactate concentrations).

enzymatic response to the L-lactate concentration. From this curve, AV 4c.7 was calculated as
0.2, 0.25, and 0.3 V when the L-lactate concentration limit was defined as 0.2, 0.7, and 2.0 mM,
respectively. However, the reproducibility of potentiometric response among different LOx/
PB electrodes was relatively low in the present stage owing to the irreversible redox cycling
of PB as described above. Therefore, we used the same LOx/PB electrode of Fig. 3(b) for the
following Fig. 4(b) experiments to demonstrate the basic operational principle of the present
sensor device.
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Figure 4 shows the setup for the L-lactate sensor. The electrical characteristics of the
inverter circuit connected to the electrophoretic display were evaluated immediately before
use, as shown in Fig. 2(e). The extended-gate and reference electrodes were immersed in
the DPBS solution, and their terminal ends were connected to the gate and source electrodes
of the first stage of the inverter, respectively. Vv and Vpp were controlled by using a
commercially available two-channel source meter. Vyy; was defined as follows: Viy, =
V,(5.65 V) — AVrsc.r. To set the L-lactate concentration limit to 2.0 mM, V;y was calculated as
follows: Viy1 =5.65V —0.3 V [AV4c.r for 2.0 mM L-lactate calculated from Fig. 3(b)] or 5.35 V.
Figure 4(b) shows the time dependence of Voyr after successive injections of a concentrated
L-lactate solution at 5 min intervals. Vpyr gradually increased after the injection of 0.2 and
0.7 mM L-lactate with slopes depending on the L-lactate concentration, as shown in the inset in
Fig. 4(b), while Vo attained 5 min after the injection of L-lactate was much smaller than the
concentration-limit voltage ¥,. When the L-lactate concentration was increased to 2.0 mM, the
sensor exhibited a steep increase in Voyr to 6 V, followed by a change in display color. The
L-lactate concentration limit could be tuned to 0.2 and 0.7 mM when V;y; was set to 545 V
(V,—02V)and 54 V (V,— 0.25 V), respectively (Fig. A2). To our knowledge, this is the first
report on a tunable limit-detecting biosensor using an organic inverter circuit.

The detectable minimum L-lactate overlimit concentration depends on the transition width
of the organic inverter circuit and the potentiometric response of the LOx/PB electrode as
described above. As the transition width of the organic inverter circuit used in Fig. 4 was
about 0.2 V, the detectable minimum L-lactate overlimit concentration was 0.2 mM roughly
estimated from the potentiometric response in Fig. 3(b). A narrower transition width can be
achieved by increasing the number of inverter stages. However, as the reproducibility of the
electrical characteristics of not only a LOx/PB modified electrode but also an organic inverter
circuit is relatively low, the minimum detectable L-lactate overlimit concentration could not be
determined quantitatively at the present stage. The reproducible fabrication of the “printed”
organic inverter-circuit-based biosensor with the same electrical characteristics is a challenging
issue to be solved in the printed electronics field. We are now developing an advanced printed
organic inverter-circuit-based enzyme sensor that exhibits a reproducible and quantitative
response for future applications.

4. Conclusions

In this study, we developed a printed organic inverter-circuit-based enzyme sensor with a
tunable detection limit. Steep amplification characteristics of the inverter circuit at the limit
voltage with a small transition width enabled the distinct detection of an overlimit signal as a
color change in an E Ink electrophoretic display. However, the potentiometric response for the
LOx/PB-modified electrode with an irreversible redox reaction of PB makes monitoring of the
analyte overlimit concentration more challenging. In our previous study, we developed another
type of extended-gate-type organic transistor-based enzyme sensor that exhibits a stepwise,
stable, and reversible response to the analyte.?® The enzyme/PB-modified extended-gate and
Ag/AgCl reference electrodes were short-circuited via an external resistor, allowing a reversible
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redox reaction of PB. We are now developing an organic inverter-circuit-based enzyme sensor
that exhibits a reversible and quantitative response for wearable chemical devices using excreted
bodily fluids such as tears, urine, saliva, and sweat.
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Fig. Al. (Color online) (a) Structure of the fabricated organic transistor. (b) Transfer and (c) output curves of a
single organic transistor.
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Fig. A2. (Color online) Time dependence of the output voltage Vpyr: for a device with L-lactate concentration
limits of (a) 0.2 and (b) 0.7 mM.
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