
  

 

Printed Organic Transistors-based Impedance Biosensor 

Qi Huang 1,†, Kai Jin 1,† , Yukun Huang 2, Zhe Liu 3, Linrun Feng 3, Xiaojun Guo 2 and Hanbin Ma 1,* 

1 CAS Key Laboratory of Bio-Medical Diagnostics, Suzhou Institute of Biomedical Engineering and 

Technology, Chinese Academy of Sciences, Suzhou, 215163, China; E-mail: huangqi@sibet.ac.cn (Q.H.); 

kj902@acxel.com.cn (K.J.) 
2 Department of Electronic Engineering, Shanghai Jiao Tong University, Shanghai, China; 

x.guo@sjtu.edu.cn (X.G.); wjh1056@sjtu.edu.cn (Y.H.) 
3 Hangzhou LinkZill Technology Co., Ltd., Hangzhou, China; linrun.feng@linkzill.com (L.F.);  

zhe.liu@linkzill.com (Z.L.)  

 

† These authors contributed equally to this work.  

 
* Author to whom correspondence should be addressed; E-mail: mahb@sibet.ac.cn; Tel.: +86-512-6958-8081; 

Fax: +86-512-6958-8081. 

Abstract: Electrochemical impedance biosensors measure the impedance varies of the solution 

during the biochemical process, so it can realize label-free biological detection. However, the 

biological signal to be detected is very weak, thus requiring signal amplification circuit. Printed 

organic thin film transistor (OTFT) has many advantages such as low cost, flexible bending, 

biocompatibility, which is suitable for biological detection. This work built up amplification circuit 

for electrochemical impedance test based on OTFT, different concentrations of phosphate buffer 

solution (PBS) used as test samples were measured with the above circuit. The results show that 

OTFT-based circuit has a good implementation of signal amplification, which lay a foundation for 

the application of printed OTFT in the electrochemical impedance biosensors. 
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1. Introduction 

With the development of biological detection technology, biosensors like bioluminescent sensor 

are towards the trend of high sensitivity, selective and stability[1], and this fluorescent-based 

biosensors can be specifically designed to accommodate various applications like clinical medicine , 

food safety and environmental testing. However, in the fast diagnostic and point of care (PoC) 

applications, the low cost and user-friendly control characteristics of the sensors may take more into 

consideration as long as they meet the basic detection requirement. Meanwhile, due to the complexity 

and cumbersome operation of the existing optical immunosensor system, it is difficult to meet the 

convenient and rapid detection demand in the daily detection field (food bacteria, pesticide residues, 

etc.) to achieve specific applications[2]. It is an urgent problem to reduce the volume and operation 

complicity of the sensing system. 

Electrochemical impedance testing is a method to analyze the electrode process dynamics, 

double layer and diffusion by measuring the impedance changes with the sine wave frequency. When 

applied as a biosensor, the characteristics of biological sample can be directly judged by the change 

trend and degree of the interface structure between biological electrodes and biological samples[3]. 

Electrochemical biosensor has the features of simple structure and label-free analysis, thus receiving 

more and more attention in the biological detection field worldwide[4-7]. The researchers 

respectively proposed and realized the application of impedance test in the major biological detection 

fields such as cell[8], protein[9,10], and nucleic acid[11]. However, mainstream bioimpedance test 

work is done by large desktop electrochemical analyzers or impedance test board with metal 
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electrodes. The measured signal needs to go through a long wire and different types of connection 

interfaces before it can be imported into the signal amplifier and the back-end impedance analysis 

circuit. The parasitic noise brought by this transmission line greatly affects the accuracy and 

repeatability of biological test. Therefore, more and more teams are focusing on the miniaturization 

and integration of impedance biosensors. The Andreas Demosthenous team of University College 

London realized the design of programmable wide-band impedance sensor chip with the high 

integration of complementary metal oxide semiconductor (CMOS) [12], Arjang Hassibi’s team of the 

University of Texas at Austin integrated a biological functionalization electrode array into a CMOS 

impedance chip and realized DNA sequencing using an impedance test array[13]. However, CMOS 

integrated biochip is unable to meet the market expectations for the manufacturing cost and detection 

throughput of biosensors like immunosensor. As the metal suitable for traditional CMOS process are 

mainly non-biological materials such as aluminum and copper, and it needs to be reprocessed to 

integrate gold and other biological functionalization electrodes into CMOS chips, the process is 

complex and the cost is greatly increased. Meanwhile, the main advantage of CMOS technology is 

high integration, which can save chip size and cost. However, the electrochemical electrode needs to 

meet a certain size to ensure the success and fault tolerance rate of electrode biological 

functionalization. In practical application, it is often hoped to increase the number of electrodes to 

carry out multi-channel, high-throughput array detection. These are contrary to the traditional 

concept of making CMOS integrated circuit (IC) smaller and more precise. 

Thin film electronic devices have been widely used in large area flat panel display, 

photovoltaic[14], flexible and wearable electronics[15,16] and other fields. Printing film electronic is 

a method of making different materials on substrate and forming electronic devices by using printing 

technology. As an important branch of large area electronic circuits, it has attracted attention in 

various fields due to its ultra-low preparation threshold and low cost. In recent years, the 

performance of printed electronic devices has developed rapidly, especially the stability and 

functionality of inkjet thin film transistors[17]. They have the ability to further integrate and realize 

the system functions. In 2016, the team of TSE Nga Ng at the University of California, San Diego 

successfully prepared the reading circuit of memory capacitance by using the printed organic thin 

film transistor[18]. Also in 2016, the Sungjune Jung team of POSCO University of Science and 

Technology in South Korea and the Shizuo Tokito team of Yamagata University in Japan jointly 

reported the circuit composed of nine 3D NAND gates integrated by inkjet printing film electronic 

devices[19]. And specific sensors and systems based on printed OTFT have been reported in recent 

years[20-22]. 

To sum up, with the purpose of achieving portable test for the biosensor, this work applied the 

printed OTFT in the electrochemical impedance biosensor, considering that the complexity of the 

structure of fluorescent-based biosensor is greatly reduced by the unmarked electrochemical 

impedance method, and the preparation difficulty of impedance sensor can be reduced at the same 

time by combining the manufacturing technology of large area electronic circuit based on printed 

film device. Amplification circuit was built for electrochemical impedance test based on OTFT, PBS 

solution was used as test samples, the results show that OTFT-based amplification circuit could hence 

the detection sensitivity. Meanwhile, the impedance inferred from the circuit was compared with the 

electrochemical workstation, the consistence between them proved the stability of the sensor. This 

work lays a foundation for the application of printed OTFT in the electrochemical impedance 

biosensors. 

2. Materials and Methods 

2.1. Impedance biosensor 

A system diagram of the reported impedance biosensing system is shown in Figure 1a. The 

impedance sensor is composed of thin electrode electrodes and printed OTFT-based circuit. The   

biological sample under test was placed on the electrodes, and sensing signal was amplified by the 
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OTFT-based circuit directly. A function generator is used here to generate sinusoidal signal at various 

frequencies, and the amplified sensing output was recorded by an oscilloscope.  

 

Figure 1. Composition of the impedance sensor: (a) System schematic; (b) Photo of electrode chip; (c) 

Photo of the OTFTs chip; (d) Dimension of the electrode chip; (e) Microscopic photo of an OTFT. 

Electrodes were designed for test. Figure 1b shows a real photo of the electrode chip. The 

electrode chip consists of gold electrodes and a polymethylmethacrylate (PMMA) reservoir. After the 

slide was passed the standard cleaning procedure, a 50 nm layer of gold was grown on the surface of 

the slide using magnetron sputtering. PMMA sheet whose thickness is 2 mm was purchased from 

Mitsubishi of Japan. In this paper, we used a carbon dioxide laser to cut gold-plated glass slide to 

prepare electrodes, and cut PMMA to prepare a reservoir. Electrode size and acrylic shape size were 

designed through AutoCAD software, as shown in Figure 1d. The completed drawing was imported 

into the carbon dioxide laser control software. In order to process the metal electrodes, following 

parameters were adjusted: the distance between the laser head and the sample was 7mm; the power 

of the laser was 8 W; the speed of the laser was set to 15 mm/s. After that, in order to cut the PMMA 

to obtain the reservoir, only the power needs to be changed to 20 W. After the laser processing was 

completed, the gold electrodes and the cut PMMA were bonded together by ultraviolet (UV) glue.  

Figure 1c shows the OTFTs used in the OTFT amplifier. The gate, source and drain are led out 

by contact pads respectively, so that extern electronic component can be connected to the OTFT to 

form an amplifier. Figure 1e is a microscopic enlargement photo of the OTFT. 

OTFTs were prepared on large area by high throughput coating techniques. The fabricated OFET 

dies were cut from the large area of substrate. Since the cost per unit area of OFET technology is much 

lower, a relatively large contact pads can be designed in order to facilitate external connection. The 

OFET die and sensing electrodes can then be connected to the carrier substrate through pre- 

fabricated contacts and interconnects. Blend solution of small molecule organic semiconductor and 

polymer binder was deposited on photolith patterned fine resolution electrodes by a soft contact 

coating technique at a fast rate of 20 mm/s. Highly uniform crystalline channels were obtained with 
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low sub-gap density of states over large area with well controlled contact induced crystallization. The 

OTFT device exhibits low voltage electrical characteristics, excellent bias stress stability and good 

uniformity for more than 100 devices[23]. 

2.2 OTFT device and circuit parameters 

The transfer and output characteristics curves of the printed OTFT used in the amplification 

circuit are presented in Figure 2a,b, respectively. It can be seen that the OTFT can be operated at a 

low operation voltage (< 3 V) with an ON/OFF ratio over six orders of magnitude.  

A printed OTFT-based common source amplifier is shown in Figure2c. 𝐶1 is used for filtering 

the direct current (DC) bias from the input signal. The input is biased by a DC pre-set stage which is 

composed of two resistors, naming 𝑅1 and 𝑅2. It is used to define the DC working points of the 

amplifier. The resistor 𝑅3 is used as the load of the common source amplifier for achieving a better 

gain. The capacitor 𝐶2 is used to remove the DC component of the output signal, thus extracting the 

alternating current (AC) signal. The resistor 𝑅4  is a divider resistance. The parameters of the 

component used in the amplifier are listed in Table 1.  

Figure 2d shows the frequency response of the amplification circuit. At lower frequencies, the 

gain of the circuit is around 13 dB, which can be further increased by setting the quiescent DC 

operating point. The gain decreases at higher frequencies, which is caused by the parasitic overlap 

capacitance between drain, source and gate of the OTFT. The 3 dB bandwidth of the printed OTFT 

based amplification circuit is 1 KHz.  

 

Figure 2. Characteristics of tested OTFT and circuit: (a) Transfer characteristics curve of the OTFT; (b) 

Output characteristics curve of the OTFT; (c) OTFT amplification circuit; (d) Frequency characteristics 

curve of the OTFT based amplification circuit. 
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Table 1. Parameters of components used in the amplification circuit on Figure2b. 

Component  𝑹𝟏 𝑹𝟐 𝑹𝟑 𝑪𝟏 𝑪𝟐 𝑽𝑪𝑪 𝑽𝑫𝑫 

Value  200 KΩ 200 KΩ 3000 KΩ 10 μF 10 μF -10 V -30 V 

3. Results and Discussion 

3.1. OTFT sensor sensitivity curve and measured results 

 

Figure 3. Characteristics of PBS impedance sensor: (a) Bode plot of different PBS samples using 

electrochemical workstation; (b) Nyquist plot of different PBS samples using electrochemical 

workstation; (c) The sensitivity histogram of OTFT impedance sensor to different concentrations of 

PBS solution; (d) The output voltage signal of measured samples, with and without amplification.  

The electrodes were tested with five different concentrations of PBS solution. Figure 3a shows 

the bode plot of different concentration PBS samples, Figure 3b shows the Nyquist plot of the 

measurement result. The impedance value of PBS solution decreases with frequency in the lower 

band, while retain constant in high frequency band. It indicates that the solution impedance shows 

capacitor characteristic in low frequency band, and pure electrical resistance characteristic in high 

frequency band. The tested samples show high impedance recognition in the high frequency region 

(10 KHz-1 MHz), however, the gain of amplifier in the above frequency region is relatively low. The 

frequency of excitation signal by the function generator should be selected considering both amplifier 

gain and impedance discrimination degree. This will be further discussed in the following paragraph.  

As mentioned above, the signal frequency selection of the function generator is vital in the 

system design. Sensitivity should combine gain of the circuit and impedance difference of the PBS 

solution under different frequencies. The voltage generated by the signal generator divided by the 

PBS impedance is defined as the unamplified coefficient, while the unamplified coefficient multiply 

by the gain of the amplifier is defined as the amplified coefficient. The difference of the slope between 
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the amplified coefficient and the unamplified coefficient curves under different concentrations at the 

specific measured frequency is calculated as the sensitivity difference. The sensitivity difference at 

the five measured frequencies are calculated therefore. Figure 3c shows the sensitivity difference 

value with and without amplification. 1 KHz was chosen as the measured frequency for its maximum 

sensitivity difference, meanwhile, it fell into the 3 dB bandwidth of the amplifier. The value of divider 

resistance 𝑅4 is chosen as the average value between the maximum and minimum of tested samples 

impedance at 1 KHz. 

Figure3d compares the unamplified output voltage signal with amplified signal. It indicates the 

amplifier can boost the sensitivity for PBS concentration measurement. 

3.2 Calculation of tested samples impedance 

The samples impedance can be obtained by electrochemical workstation. It can be regarded as a 

standard value for the accuracy guarantee of the instrument. The solution impedance can also be 

deduced from the circuit and data in the experiment. The calculation of tested samples impedance 

based on the experiment circuit and data is illustrated in this part. 

Figure 4 shows the small-signal equivalent circuit of the common source amplifier in this work. 

The symbol 𝑍𝑡  represents the tested samples impedance, 𝑔𝑚  is the transconductance, 𝑅𝑑𝑠  is 

channel-length modulation resistor. Actually, the AC impedance between gate and source should be 

considered, as the capacitance effect becomes obvious in the high frequency region. The impedance 

between gate and source is represented by 𝑍𝑔𝑠 in the circuit. Frequency characteristics of 𝑍𝑔𝑠 by 

using electrochemical workstation were measured, while the bias voltage of 𝑉𝑔𝑠  is -5 V. The 

corresponding AC impedance of 𝑍𝑔𝑠 at different frequencies can be obtained as a result (see Figure 

S1 in the Supplementary).    

 

Figure 4. Small-signal equivalent circuit of the experimental circuit. 

The tested samples impedance calculation process is as follows: 

                               𝑉𝑖̇ = 𝑉𝑍𝑡
̇ + 𝑉𝑔𝑠

̇ ,                                    (1) 

where 𝑉𝑖̇  is the voltage of the signal by the function generator, 𝑉𝑍𝑡
̇  is the voltage across the 

electrodes contained with PBS solution, 𝑉𝑔𝑠
̇  is the voltage across the parallel resistances of 𝑅4,  𝑅1, 

 𝑅2, 𝑍𝑔𝑠. 𝑉𝑔𝑠
̇  can be obtained by: 

                               𝑉𝑔𝑠
̇  = 𝑉𝑜̇ / 𝐴𝑣̇,                                     (2) 

where 𝑉𝑜̇ is the output voltage recorded by the oscilloscope, 𝐴𝑣̇ is the gain of the amplifier. The 

current through 𝑍𝑡 is equal to the total current through 𝑅4,  𝑅1,  𝑅2 and 𝑍𝑔𝑠, then the following 

equation is established: 

                         𝑉𝑍𝑡
̇  / 𝑍𝑡 = 𝑉𝑔𝑠 ̇ / (𝑅4 // 𝑅1 // 𝑅2 // 𝑍𝑔𝑠),                      (3) 

by simultaneous Eq. (1), (2) and (3), the tested samples impedance can be deduced: 

                    |𝑍𝑡| =  |𝑉𝑖̇ − 𝑉𝑜 / ̇ 𝐴𝑣̇| / |𝑉𝑜 / ̇ 𝐴𝑣̇|  ∗  (𝑅4 // 𝑅1 // 𝑅2 // 𝑍𝑔𝑠).                 (4) 
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Meanwhile, the voltage on the resistance of 𝑅4  under different tested sample was directly 

recorded by the oscilloscope on the condition that the amplification circuit was not used. The 

impedance of 𝑍𝑡 can be deduced as Eq. (5) based on that the current through 𝑍𝑡 is equal to the 

current through 𝑅4. 

   |𝑍𝑡| =  |𝑉𝑖̇ − 𝑉𝑜̇| / |𝑉𝑜̇|  ∗  𝑅4,                             (5) 

where 𝑉𝑜̇ is the voltage on the resistance of 𝑅4 recorded by the oscilloscope. 

The impedance of the tested samples with and without amplification circuit was obtained based 

on the experimental data and the above equations. Figure 5 shows the impedance measurement 

results with, without amplification circuit and using electrochemical workstation. It can be seen there 

are relatively good consistency measurement results by these three methods, which indicate a good 

stability of the PBS solution impedance system. 

 

Figure 5. Impedance measurement results with, without amplification and using electrochemical 

workstation. 

4. Conclusions 

A printed organic transistors-based impedance biosensor using printed OTFT-based 

amplification circuit was established in this work. Different concentrations of PBS solution used as 

tested samples were measured using the amplifier, the results show that OTFT-based amplification 

circuit can enhance the sensitivity of tested samples concentration measurement. Calculation of tested 

samples impedance with experiment circuit and data was conducted in the following work, the result 

indicates the system has a good impedance measurement stability. A common source amplifier based 

on printed OTFT was built in this work, further work needs to be done to apply the OTFT 

amplification impedance sensor in biological applications like electrochemical impedance 

immunosensors, considering the good features of printed OTFT.  

Supplementary Materials: The following is available online, Figure S1: Frequency characteristics of 𝑍𝑔𝑠  by 

using electrochemical workstation, while the bias voltage of |𝑉𝑔𝑠
̇ | is -5 V.  
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