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A Printed Organic Amplification 
System for Wearable Potentiometric 
Electrochemical Sensors
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Electrochemical sensor systems with integrated amplifier circuits play an important role in measuring 
physiological signals via in situ human perspiration analysis. Signal processing circuitry based on 
organic thin-film transistors (OTFTs) have significant potential in realizing wearable sensor devices 
due to their superior mechanical flexibility and biocompatibility. Here, we demonstrate a novel 
potentiometric electrochemical sensing system comprised of a potassium ion (K+) sensor and amplifier 
circuits employing OTFT-based pseudo-CMOS inverters, which have a highly controllable switching 
voltage and closed-loop gain. The ion concentration sensitivity of the fabricated K+ sensor was 34 mV/
dec, which was amplified to 160 mV/dec (by a factor of 4.6) with high linearity. The developed system is 
expected to help further the realization of ultra-thin and flexible wearable sensor devices for healthcare 
applications.

Wearable sensor systems that enable in situ monitoring of biological data from the human body have been 
expected as promising devices for healthcare and medical purposes1,2. Specifically, electrochemical sensors can 
be utilized to detect a variety of biological markers in bodily fluids such as perspiration, saliva, urine and blood3,4. 
Perspiration from the human body, for example, contains biomarkers such as glucose, lactate, sodium ions, potas-
sium ions, and chloride ions5. Glucose and lactate levels in bodily fluids are usually measured using an ampero-
metric measurement method where enzyme-based sensors produce electric current caused by a redox reaction. 
On the other hand, sodium, potassium, and chloride ions in aqueous solutions are usually measured using a 
potentiometric measurement method with ion-sensitive membranes. Since the signal levels from potentiometric 
sensors are typically very low (a few hundreds mV), they should be read by an integrated sensing system equipped 
with amplifiers having a high input impedance6,7. This system plays an important role in in situ human perspira-
tion analysis.

Signal processing circuits using organic thin-film transistors (OTFTs) have the potential for realizing 
extremely thin, lightweight, and flexible wearable sensor devices because they can be processed directly on plas-
tic films possessing a small Young’s modulus and provide a high degree of biocompatibility2,8,9. Printability is 
also a benefit of OTFTs because organic materials can be dissolved in organic solvents, which enables low-cost 
roll-to-roll manufacture of large-area devices on flexible substrates10,11. By utilizing these features, sensor devices 
that combine OTFTs and physical sensors, such as pressure sensors12 and temperature sensors13 have been 
reported, which demonstrated the compatibility and usability of OTFTs for sensor applications. In addition to 
physical sensors, chemical sensors including pH sensors14–16, ion sensors17–19, enzymatic sensors20, and protein 
sensors21,22 can be implemented with extended-gate OTFT sensors. Organic electrochemical transistors (OECTs) 
have also been demonstrated.

Few applications of OTFT-based common-source circuits for amplifying small signals from sensors have been 
reported to date23–26. However, without a feedback loop, these amplifiers have drawbacks in low gain control-
lability, nonlinearity in their amplification characteristics, and difficulty in tuning the input signal to a narrow 
input-voltage window.
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Here, we demonstrate a novel potentiometric electrochemical sensing system employing two OTFT-based 
negative-feedback inverters. The first inverter connects to the potentiometric sensor electrode amplifies the signal 
with a tunable gain of 3.1–8.3 and a high linearity. The second inverter connects with the reference electrode and 
is used for the self-adjustment of the offset voltage. A potassium ion sensor with ion-sensitive membrane was 
used as a potentiometric sensor. The ion concentration sensitivity of the sensor was 34 mV/dec, which was ampli-
fied to 160 mV/dec (by a factor of 4.6) with the developed amplification system. The inverters were fabricated 
using OTFTs employing a blend of a small molecular p-type semiconductor, 2,7-dihexyl-dithieno[2,3-d;2′,3′-d′]
benzo[1,2-b;4,5-b′]dithiophene (DTBDT-C6), and polystyrene (PS) for the active layer that we have previously 
reported. A pseudo-CMOS logic design was chosen for the inverters to obtain high gain and rail-to-rail oper-
ation, and was adapted to the proposed system because it provided controllability of the switching voltage and 
closed-loop gain.

Result and Discussion
Amplification System Based on Organic Inverter Circuits. Figure 1 Shows the configuration of the 
developed system for potentiometric sensing, which consists of three components: an ion sensor, an amplification 
unit, and a reference unit. The potassium ion (K+) sensor has a membrane on its surface to selectively detect K+. 
The voltage between the ion-sensitive electrode (ISE) and the reference electrode (Ag/AgCl), E, varies with the 
activity (or concentration for a dilute solution) of K+, +aK  (or [K+]), according to the Nernst equation: 

= + +E E a( )lnRT
F0 K , where E0 is the standard potential, R is the ideal gas constant, T is the temperature, and F is 

the Faraday constant. Hence, the sensitivity is usually evaluated by dE
d(log [K ])+

 in units of V/dec. The amplification 
unit is comprised of an inverter and two resistors, and amplifies the voltage E by a predefined gain. Assuming that 
the open-loop gain of the inverter is sufficiently high, the output voltage of the amplification unit is given by:
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Here, VOUT and VIN are the output and input voltage of the amplification unit, respectively, and VM is the 
switching voltage of the inverter. In Eq. 1, the input and output voltages have a common offset of VM, which 
means that the VIN must be close enough to the VM for the VOUT not to saturate. For this reason, a reference unit 
was used to set the voltage of the reference electrode at VM. Finally, the output voltage is given by VOUT = VM−
(R2/R1) E. Either CMOS, PMOS or NMOS inverters can be used for this system as long as they exhibit a high 
open-loop gain and small variations in VM. In this work, we employed the PMOS inverters that have a high gain, 
small VM variations, and low operation voltages.

Fabrication and Characterization of Potassium Ion Sensors. A photograph and schematic show-
ing the structure of the K+-sensitive electrode in the sensor assembly are shown in Fig. 2a,b. After vacuum 
depositing the gold (Au) electrode, a fluoropolymer bank layer was formed at a periphery of the electrode to 
define the sensing area. The interconnection area of the Au film was also encapsulated by a fluoropolymer. Poly
(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) was drop-casted onto the sensing region to 
increase the effective area of the ion-sensitive membrane/electrode interface and suppress drift of the interfa-
cial potential27. The K+-sensitive membrane, which was formed on a PEDOT:PSS layer, contains valinomycin 
as a potassium ionophore, potassium tetrakis(4-chlorophenyl)borate as anion excluder, poly(vinyl chloride) and 
bis(2-ethylehexyl)sebacate as plasticizers. Valinomycin is known as a K+-selective carrier and inherently has a 
permeability specific to K+28, enabling the selective detection of K+ by the membrane.

Figure 1. A gain-tunable amplification system for potentiometric sensors. The system is composed of two 
inverters, two resistors and a potentiometric sensor (e.g. ion sensor).
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The response of the ISE in potentiometric measurements was first tested using a commercial potentiostat 
(Fig. 2c). When a concentrated KCl aqueous solution was added, the potential of the ISE changed stepwise over 
several seconds as shown in Fig. 2d. The potential at the respective concentrations was stable at a constant value, 
which enabled the quantitative measurement of K+ levels. Figure 2e shows the potential of the ISE as a function 
of K+ concentration, extracted from Fig. 2d. The total potential change was 90 mV when [K+] changed from 1 
to 512 mM, which results in the sensitivity of 34 mV/dec. Since the obtained sensitivity was smaller than the 
theoretical value of 59 mV/dec, further optimization of the fabrication processes for the ISE may be required in 
the future3.

Structure and Electrical Properties of OTFT Devices. Figure 3a shows a schematic illustration of the 
fabricated OTFT devices. All layers except for the gate dielectric were formed using printing processes at process 
temperatures below 120 °C. The electrodes were fabricated by inkjet printing of silver nanoparticle ink (average 
particle size is 5 nm). The fluoropolymer bank layer, semiconducting layer, and encapsulation layer were each 
printed using a dispenser system. A 150-nm-thick parylene gate dielectric layer was then formed by chemical 
vapor deposition, which exhibited a root-mean-square (RMS) roughness of 2.0 nm. In the same manner as the 
ion-sensitive electrodes, the OTFT devices could be fabricated on flexible poly(ethylene naphthalate) (PEN) films 
as shown in Fig. 3b, because of their low processing temperatures. Figure 3c shows a magnified optical image 
of the OTFT channel. A fluoropolymer bank layer was used to precisely define the channel width and also to 
control the crystal growth of organic semiconductor, which leads to uniform morphology. By employing the 
above-mentioned printing processes, the standard deviation of the channel width (W) and length (L) were ±8 µm 
and ±2 µm, respectively. A semiconductor blend of 2,7-dihexyl-dithieno[2,3-d;2′,3′-d′]benzo[1,2-b;4,5-b′]dithi-
ophene (DTBDT-C6)24,29 and polystyrene (PS) was chosen as the active layer material to obtain high mobility and 
uniform electrical performances30. As a result of optimizing of the formulation of the semiconductor-blend ink, 
controlling the crystal growth direction, and annealing of the semiconductor layers, the standard deviation of the 
onset voltage and threshold voltage were less than 0.03 V31.

Figure 3d shows the transfer characteristics of the OTFT in the saturation region. The dielectric capacitance 
per unit area was 24.3 nF/cm2 at 100 Hz (Figure S1). A mobility of 1.1 cm2/Vs, threshold voltage of −0.26 V, and 
subthreshold slope of 100 mV/dec were obtained at a low supply voltage of 2 V. The gate-source leakage current 
(IGS) was less than 3 pA. According to the output curve in the linear region shown in Fig. 3e, the semiconductor/
electrode contacts exhibited ohmic rather than Schottky behavior. The on-current and threshold voltage were 
stable under positive and negative gate-bias stress for an hour (Figure S2).

Organic Inverter Circuits with Negative Feedback Inverter circuits used in the amplification system were 
successfully fabricated by employing the printed OTFTs. Figure 3f,g shows a photograph of the circuit diagram 

Figure 2. Schematic structure and characteristics of the K+ sensor. (a) Photograph of the fabricated K+ 
sensitive electrode. The sensing area was 14.3 mm2. Schematic diagram of (b) K+ sensitive electrode and 
(c) potentiometric measurement. (d) The open circuit potential responses of the K+ sensor in KCl aqueous 
solution. The inset values are the concentration of K+ in the solution. The arrows highlight the times at which 
concentrated KCl aqueous solutions was added to the solution. (e) Potential plots extracted from (d) as a 
function of KCl concentration from 1 to 512 mM.
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for the fabricated inverter. The inverter design was a pseudo-CMOS design32 configured only with p-type OTFTs, 
enabling high open-loop gain and rail-to-rail input and output signals. The first and second stage are a depletion 
load inverter33 and a level shifter, respectively. Figure 3 h shows the output voltage (VOUT) and open-loop gain as 
functions of input voltage (VIN). The rail-to-rail inverter characteristics were observed, such that VOUT switches 
from VDD to zero as VIN was swept from zero to VDD. Rail-to-rail operation is an essential requirement for ampli-
fiers in order to obtain an operating voltage range as large as the supply voltage.

The switching voltage (VM) was defined as the crossing point of the static input-output characteristics of the 
inverter and the VIN = VOUT line. The VM value was close to 2 V at supply voltages of VDD = VC = −VSS = 2 V, while 
a VM value near VDD/2 was more desirable. Precise control of VM was enabled by tuning the first-stage supply 
voltage (VC). As shown in Figure 3 h, the VM value varied linearly with VC, without significant reduction of the 
open-loop gain of greater than 70.

The closed-loop gain of the inverter was controlled by a negative feedback using two resistors, as shown 
in Fig. 3i. Assuming that the input-output characteristics of the inverter in the vicinity of VM is expressed as 
VOUT = VM−Aopen(VIN−VM), the relation between VOUT and VIN with the negative feedback is represented by the 
following equation:

= −
+

−+V V R

R
V V( )

(2)
R R

A

OUT M
2

1
IN M1 2

open

(see Figure S3 for details). Consequently, the closed-loop gain is given by:
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where Aopen is the open-loop gain of the inverter. In the case of an adequately high open-loop gain, Aopen ≫ 
(R1 + R2)/R1, the closed-loop gain is given by R2/R1. These formula indicate that the closed-loop gain can be 
simply controlled by the two resistors if the open-loop gain is sufficiently high. Figure 3j shows VOUT and the 
closed-loop gain as a function of the VIN. The closed-loop gain could be controlled from 3.1 to 8.6 by changing 

Figure 3. Printed organic semiconductor devices on plastic substrates. (a) Schematic structure of the OTFTs 
and chemical structures of DTBDT-C6 and polystyrene (PS). (b) Photograph of the devices. (c) Cross-polarized 
optical microscope image of the OTFT channel. (d) Transfer curves and (e) output curves of the OTFT. (f) 
Optical microscope image and (g) circuit diagram of the pseudo-CMOS inverter. (h) Static input-output 
characteristics of the inverter. Output voltage (VOUT) and small-signal gain (|dVOUT/dVIN|) as a function of input 
voltage (VIN) at control voltages (VC) from 2 to 1.3 V in 0.1 V step. (i) Circuit diagram of the amplification unit 
with negative feedback. (j) VOUT and gain as a function of VIN with and without feedback. For the feedback, R2 is 
fixed at 1 GΩ, and R1 is varied from 100 to 300 MΩ.
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the resistance ratio (R2/R1) from 3.3 to 10 (R2 is kept at 1 GΩ). Thus, high controllability of the closed-loop gain 
was obtained as a result of negative feedback and the high open-loop gain of the inverter (Aopen > 70). Figure S4 
shows the dependence of the closed-loop gain on the ratio of R2/R1. Although the experimental closed-loop gain 
deviated from R2/R1 by up to 14%, it fit well with the Eq. 3. This deviation can be reduced further by increasing 
the open-loop gain of the inverters. Figure 3j also indicates that the closed-loop gain at each R2/R1 value is nearly 
constant over a wide VIN range, unless VOUT is saturated, which means the fabricated amplifiers possessed high 
linearity.

Here, we compare the above characteristics with those of the common-source amplifiers without feedback. 
The gain of a resistor-load common-source amplifiers, for example, is given by R C V V( )W

Li IN THμ− − , which 
includes several parameters, such as the load resistance R, the mobility μ, the capacitance per unit area Ci, the 
channel width W, the channel length L, and the threshold voltage VTH. Therefore, each of the parameters must be 
precisely controlled to reproducibly set the resulting gain. By contrast, the gain of the present feedback system 
depends only on the two resistances, R1 and R2, enabling the high degree of gain control. Another disadvantage of 
feedback-less amplifiers is that their gain depends on the input voltage VIN, which means that the amplifiers are 
inherently nonlinear. Based on these considerations, pseudo-CMOS inverters with negative feedback are suitable 
for the amplification of quantitative measurements because of the high degree of gain controllability and high 
linearity.

Application of Organic Inverter-based Amplification System to Ion Sensors. The potassium 
ion (K+) sensing system was fabricated with printed organic pseudo-CMOS inverters, as shown in Fig. 4a,b. 
According to the amplification characteristics shown in Fig. 3j, the electrical potential of the K+-sensitive elec-
trode has to be tuned to a point close to VM. Therefore, the reference electrode potential should be set to VM. To 
generate the voltage VM, the input and output terminals of the reference inverter were connected to each other, 
as shown in Fig. 4c.

Here, a key requirement is that the difference in VM between the inverter for the reference unit and that for 
the amplification unit is as small as possible, because a uniform and reproducible VM results in a reduction of 

Figure 4. Amplification of small signals from a K+ sensor using the printed organic circuits. (a) Photograph 
and (b) optical microscope image of the reference and amplification units. (c) Entire system for K+ sensing. 
Supply voltage (VDD = −VSS) and control voltage (VC) of both reference inverter and amplification inverter 
was set to 3 V and 2 V, respectively. (d) Raw and (e) zero-adjusted input (VIN) and output voltage (VOUT) of the 
amplifier system. Concentration of KCl aqueous solution was from 1 to 64 mM. (f) Absolute values of VOUT 
change (|ΔVOUT|) vs. those of VIN change (|ΔVIN|) extracted from (e). The slope from least squares fitting 
(ΔVOUT/ΔVIN) corresponds to the amplification factor of the amplifier.
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the offset level and the realization of a high amplification factor. However, a major issue in solution-processed 
or printed OTFTs is the relatively large variations in their electrical properties10,11. Therefore, in the fabrication 
of an amplification system based on printed OTFTs, reductions in these variations should be one of the more 
important requirements. In this work, the maximum difference in VM was 150 mV, as enabled by our previous 
work31, which optimized the formation process of the blended DTBDT-C6:PS active layer. One inverter pair was 
randomly chosen from those fabricated and was used for the amplification system. The difference in VM for the 
chosen inverter pair was 40 mV (Figure S5), indicating acceptable uniformity for its application to analog circuits. 
In order to insure uniformity of the printed OTFT devices, we continue to study ways to reduce variations in its 
electrical characteristics.

Figure 4c shows the circuit diagram of the entire amplification system. The supply voltages for both the refer-
ence inverter and amplification inverter were set to VDD = −VSS = 3 V and VC = 2 V. The R2/R1 was 
1 GΩ/200 MΩ = 5. The K+ concentration was increased stepwise from 1 mM to 64 mM, and the input voltage 
(VIN) and output voltage (VOUT) of the amplification unit were measured simultaneously (Fig. 4d). The VIN exhib-
ited the sensitivity of 39 mV/dec to the K+ concentration, which is consistent with the sensitivity in Fig. 2e. The 
total changes in VIN and VOUT were 70 mV and 320 mV, respectively. Figure 4e shows the shifts in VIN and VOUT 
relative to both voltages at 1 mM, showing that the system undoubtedly functioned as an amplifier. Figure 4f 
shows the change of VOUT as a function of the change of VIN extracted from Fig. 4e. The slope of the line (dVOUT/
dVIN) was estimated to be 4.6, corresponding to the predefined amplification factor, a value that was very consist-
ent with the gain in Fig. 3j. Thus, an amplification system based on printed organic inverter circuits successfully 
demonstrated their potential application to the potentiometric electrochemical sensors. We note that, without the 
presence of the PEDOT:PSS layer in the ISE, non-negligible potential drifts were observed using the present 
amplification system (see Figures S6 and S7). This is because the current of −

+
V V
R R

IN OUT

1 2
 flowed at the ISE and 

changed the distribution of ions near the electrode. The PEDOT:PSS layer helps to reduce the potential drift by 
increasing the effective area of the ion-sensitive membrane/electrode interface27.

In summary, a novel potentiometric electrochemical sensing system based on organic thin-film transistors was 
developed for realizing ultra-thin and flexible wearable device applications. The K+ sensitive electrode exhibited 
the distinct changes of the potential depending on the concentration of K+ in aqueous solution, which enabled the 
quantification of K+ concentration levels. Inverters using a pseudo-CMOS logic configuration were formed using 
TFT devices based on a DTBDT-C6:PS blend whose fabrication processes were optimized. The pseudo-CMOS 
inverters exhibited high open-loop gain (>70), rail-to-rail operation, and uniform switching voltage. Negative 
feedback was adapted to the amplification system owing to the high controllability of the closed-loop gain and a 
high linearity. The sensitivity of the K+ sensor was amplified by the developed sensing system from 34 mV/dec to 
160 mV/dec (a factor of 4.6). These results show the potential for realizing potentiometric electrochemical sensor 
devices based on printed organic circuits. By combining the advanced features of organic electronics and biosen-
sors, a smart wearable biosensor device, which is flexible, lightweight and low cost, as well as highly sensitive, can 
be realized for potential healthcare applications.

Methods
Fabrication of the Potassium Ion Sensors. 2 mg of valinomycin (Wako Pure Chemical Industries), 
0.5 mg of potassium tetrakis(4-chlorophynyl)borate (Sigma-Aldrich), 32.7 mg of poly(vinyl chloride) (Sigma-
Aldrich), 64.7 mg of bis(2-ethylehexyl)sebacate (Tokyo Chemical Industry) were dissolved in 350 µL of tetrahy-
drofuran. The ion-sensitive solutions were sealed and stored at 4 °C. 125-µm-thick polyethylene naphthalate 
(PEN) films (Teonex, Teijin) were used as substrates without cleaning process. A 50-nm-thick Au layer was 
deposited by thermal evaporation. In order to define the sensing area, a fluoropolymer (5 wt%, Teflon AF1600, 
DuPont) in Fluorinert (FC-43, 3 M) bank layer was formed onto the substrate except the sensing area, followed by 
an annealing process of 60 °C for 15 min. in an air ambient. 2 µL of PEDOT:PSS (Clevious P Jet700, Heraeus) as 
the ion-electron transducer to minimize the potential drift of the sensors was drop-casted onto the area defined 
by the bank layer, followed by an annealing process of 120 °C for 15 min. in an air ambient. Next, 10 µL of the 
potassium ion-sensitive solution was drop-casted onto the PEDOT:PSS film, followed by a drying process of 30 °C 
in an air ambient overnight.

Fabrication of the Organic Semiconductor Devices. 125-µm-thick polyethylene naphthalate (PEN) 
films (Teonex, Teijin) were used as substrates without cleaning process. A silver nanoparticle ink (average particle 
size is 5 nm) in hydrocarbon-based solution (NPS-JL, Harima Chemicals) was printed as gate electrodes using 
an inkjet printer (Dimatix DMP2831, Fujifilm) with 10 pL nozzles. During the inkjet printing process, the sub-
strates and cartridge were kept at 50 and 35 °C, respectively. The substrates were then heated at 120 °C for 30 min. 
in an air ambient to sinter the silver nanoparticles. The RMS roughness of the resulting electrode was 6.3 nm. A 
150-nm-thick parylene (KISCO, diX-SR) gate dielectric layer was then formed by chemical vapor deposition. 
The RMS roughness of the resulting parylene film was 2.0 nm. Source and drain electrodes were subsequently 
printed and sintered in the same manner as the gate electrodes. Fluoropolymer (1 wt%, Teflon AF1600, DuPont) 
in Fluorinert (FC-43, 3 M) bank layers (200 nm thick) were then printed using a dispenser system (Image Master 
350 PC, MUSASHI Engineering) at a pattering speed of 20 mm s−1 and with a discharge pressure of 6 kPa. During 
the dispensing process, the plate and nozzle temperatures were kept at 60 and 30 °C, respectively. To apply a 
self-assembled monolayer (SAM) treatment to source and drain electrodes, the substrates were immersed in a 
3 × 10−2 mol/L 2-propanol solution of pentafluorobenzenethiol (Tokyo Chemical Industry) for 5 min. at room 
temperature and rinsed with pure 2-propanol. The SAM treatment changed the work function of the printed sil-
ver electrodes from 4.7 to 5.4 eV, which reduces the contact resistance. A solution of DTBDT-C6 (0.9 wt%, Tosoh) 
and polystyrene (0.3 wt%, MW ≈ 280,000, Sigma-Aldrich) in toluene was then printed onto the area defined by 
the bank layer by the dispenser system at a patterning speed of 20 mm s−1 and discharge pressure of 1 kPa, while 
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keeping the stage and nozzle temperatures at 30 °C, followed by an anneal at 100 °C in an air ambient for 15 min. 
to remove the solvent. Finally, an encapsulation layer of Teflon was printed by the dispenser system at 30 °C, with 
a pattering speed of 8 mm s−1 with a discharge pressure of 6 kPa. The substrates were stored at room temperature 
in an air ambient for three hours to remove the solvent.

Characterization of the Potassium Ion sensor. The K+ sensors were dipped in 10 mM KCl aqueous 
solution for 1 hour before potentiometric measurements. The potentiometric measurements were carried out 
using an electrochemical analyzer (ALS612E, BAS). During the measurements, the subject solution was stirred 
at 400 rpm.

Characterization of the Organic Semiconductor Devices. The capacitance of the dielectric and CV 
characteristics of the OTFTs were measured using an LCR meter (ZM2376, NF). The electrical characteristics 
of the OTFTs and inverter circuits were measured using a semiconductor parameter analyzer (4200A-SCS, 
Keithley). All electrical measurements were carried out in an air ambient. Optical microscope images of the 
devices were obtained using a digital microscope (VHX-5000, Keyence).

Amplification of Small Signals from the Potassium Ion Sensor Using the Organic Semiconductor 
Devices. Voltage supply and measurements were carried out using a semiconductor parameter analyzer 
(4200A-SCS, Keithley). The inverters were connected using commercial resistors, a reference electrode, and the 
K+ sensor via coaxial cables. The amplification system was biased (VDD = −VSS = 3 V, VC = 2 V) for 5 min. before 
the measurements to stabilize their operation.
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