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Abstract 

Wearable biosensing technologies could serve as a useful tool for personalized 

healthcare management and have a massive market in the future. However, 

conventional electrochemical sensors have rarely been used in wearable applications 

due to relatively high detection limit and low sensitivity. Organic electrochemical 

transistors (OECTs) have emerged as a versatile sensing platform for different 

wearable applications due to its intrinsic amplification function and ion-to-electron 

transducing ability. 

In this thesis, the fabrication of a highly sensitive OECT sensor on a flexible fiber is 

firstly presented. The fiber-based sensor can provide in situ amplification of 

detection signal with high sensitivity. It shows very stable performance during 

bending tests, which is critical to applying this device into wearable electronics. The 

detection limit of the functionalized sensor to the target analyte can be down to 10 

nM. The sensor response to the specific analyte is about two orders magnitude higher 

than that to other interferences, indicating the device’s good selectivity. The 

fiber-based sensor is then woven together with cotton yarns, resulting in a flexible 

and stretchable fabric device. The fabric device can be integrated into a diaper and 

remotely operated by using a mobile device with a custom-made app. The fabric 

device integrated into a diaper is suitable for wearable biosensing because of its 

light-weight and compactness. Due to the advantages of wearability and high 

sensitivity, the fabric sensor can offer a unique platform for convenient wearable 

healthcare monitoring. 

Secondly, a quick response OECT senor is thoroughly investigated. The channel 

dimension of the OECT is finely tuned to realize quick stabilization of the channel 



THE HONG KONG POLYTECHNIC UNIVERSITY           Abstract 

YANG Anneng II 

current. The dual gate design of the sensor can eliminate certain interfering species 

(such as uric acid, ascorbic acid) in body fluids from detection of target analytes. 

After gate modification, numerous elements in body fluid can be quickly and 

selectively detected by the sensor. In order to efficiently perform wearable sweat 

sensing, a sweat absorption layer is assembled onto the sensor, resulting in a quick 

sampling of body fluids. The device conformably worn on a fingertip can quickly 

collect enough sweat in several minutes and perform sweat glucose test. The glucose 

level in sweat can be wirelessly monitored by a portable meter via a mobile phone, 

which can provide a non-invasive way for quick detection of various physiological 

signals of human body. 

Lastly, a flexible OECT device is fabricated and used for wearable electrocardiogram 

(ECG) recording. In order to increase the device response speed, the channel length 

of the device is decreased to about 2 m. The response time can be as short as tens of 

microseconds, which is sufficient for ECG signal recording. The channel and gate of 

the OECT can be mounted on different parts of human body to record ECG signal. 

By optimizing the distance between the channel and gate of the device, high-quality 

recording of ECG signal is achieved. The wearable monitoring of ECG signal is 

further demonstrated. The proposed ECG recording device can be integrated into the 

wearable electronic system for monitoring multiple clinical signals. 

In summary, fabric OECT sensors have been successfully fabricated and used for 

sensitive and selective detections of target analytes. Wearable and quick detections 

can be realized by using a dual gate OECT, and its operation mechanism is 

comprehensively investigated. The short-channel OECT with fast response speed is 

fabricated and used for ECG recording. By combing the merits of the above sensing 

techniques, the wearable OECT sensors could revolutionize the current wearable 

technologies in diagnostics and physiological monitoring. 
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Chapter 1 Introduction 

1.1 Background 

The rise of wearable bioelectronics has attracted much attention from different 

research disciplines due to its vital role in personalized healthcare management, 

predictive clinical diagnostics, physiological and chronic disease monitoring, and 

treatment.
1,2

 The analytical instruments, such as 12-lead electrocardiograph machine, 

Sysmex XE-2100 complete blood count machine, and blood specific protein 

analyzer are usually bulky and not available for personal use, which will accelerate 

the medial burden of government. Furthermore, the bulky instruments are maintained 

at a high cost because of their complex structure. In some cases, the test and analysis 

of the instruments are time-consuming because of their operation at full load. As 

shown in Figure 1.1 and 1.2, the wearable techniques usually use novel portable 

sensors to detect various physical signals (skin temperature, electrocardiography, 

pulse, electrooculography, electromyography, electroencephalography, respiratory 

rate, etc.) of human body and biochemical signals (sodium ion, potassium ion, pH, 

glucose, uric acid, ascorbic acid, hemoglobin, lactic acid, etc.) of human body fluids 

to provide some useful clinical information. For physiological and/or clinical 

investigations,
3-6

 body fluids including interstitial fluid, sweat, tear, saliva, urine, etc. 

contain many key analytes that can be regarded as indicators of human health 

state.
7-9

 

Due to the progress of silicon-based semiconductor and related micro-fabrication 

techniques, the physical signals produced by organ/tissue electrical activities have 

been detected by commercial chips and circuits. Therefore, the wearable sensors are 

firstly devoted to the monitoring of physical signals, such as temperature, pulses, and 
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respiration rate, due to good signal stability and sensor reliability. Some wearable 

products, such as apple watch®, Fitbit watch®, iRhythm Ziopatch®, google glass®, 

Nike
+®, etc., have been internationally popularized and successfully used for 

different physical signal recordings.
10

 

 

Figure 1.1. The illustration of wearable sensors used for the detection of various 

human physical signals. 

 

Figure 1.2. The illustration of wearable sensors used for biochemical signal 

detections of human body fluids. 
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The conventional electrochemical techniques have been used for wearable 

biosensing for several decades, in which amperometry and potentiometry are two 

standard techniques to determine the levels of target analytes in body fluids (Upper 

parts of Figure 1.3). Some biochemical molecules, such as Na
+
, K

+
, glucose, uric 

acid, are detected by wearable biosensors, which are mainly based on the above two 

electrochemical transducing mechanisms.
11,12

 Some advances have been achieved 

recently to boost the development of wearable biosensors and further investigation of 

various body fluids.
13

 The significant efforts have been made to improve the 

sensitivity and selectivity of wearable sensors. The surface functionalization of the 

sensor is one of the main directions.
14

 The wearability of the sensor has also been 

improved by optimizing substrate flexibility and integration of wireless detection 

system.
15,16

 The detection limit of amperometric and potentiometric sensors can be 

down to micromole level during wearable applications.
12

 Besides, optical methods 

are also commonly used in wearable electronics, such as colorimetry and 

fluorometry (Lower part of Figure 1.3).
17,18

 With the advancement of fabrication and 

integration technology, the advanced wearable device tends to be an integrated 

system of various types of sensors and modules, such as ECG sensor, temperature 

sensor, pH sensor, glucose sensor, and uric acid sensor together with readout module, 

wireless transmission module, and visualization module, to realize precise, wireless, 

and real-time physiological state monitoring of human body.  

The portable glucose meter is a classic and vital representative of wearable 

biosensors, by which glucose level in blood can be invasively detected by puncturing 

a fingertip and dropping blood to the sensing area.
19,20

 However, the trace element in 

body fluids cannot be well discriminated by the conventional electrochemical 

sensors and optical sensors. At the same time, the wearable sensors can still find 

more room to improve their wearability and conformability during wearable 
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applications without sacrificing their sensitivity and selectivity. Moreover, 

noninvasive detections of the target analytes in body fluids is also a prevailing trend 

in wearable technique development because of its painless operation.
12,21,22

 

 

Figure 1.3. Conventional electrochemical techniques used for wearable detections: 

amperometry/voltammetry, potentiometry, as well as optical methods: colorimetry, 

and fluorometry. 

Recently, organic electrochemical transistor (OECT), one kind of organic thin-film 

transistors, has been used for different biosensing applications due to its high 

sensitivity and excellent biocompatibility.
2,23

 Since it was discovered by Wrighton et 

al in 1984, OECT is quickly exploited as an outstanding candidate of sensors. As 

shown in Figure 1.4, a typical OECT consists of a gate, a channel (organic 

semiconductor), and electrolyte which connects the gate and channel and acts as a 

dielectric layer during OECT operation. The ions in the electrolyte can be expelled 



THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 1 

YANG Anneng 5 

into/out the channel after applying a gate voltage and to dope/de-dope the channel, 

thus changing the channel conductance and corresponding current that flows through 

the channel. A subtle change of effective gate voltage can cause a cascade channel 

current change which can be easily captured by a source meter. 

Based on the working mechanism of the as-mentioned OECT, it shows below 

advantages in sensing: i) In situ amplification capability. The OECT can be used for 

noninvasive detection of trace elements in the electrolyte that cannot be 

discriminated by conventional detection techniques. ii) Ion-to-electron interface. The 

interface between the OECT and detected target in the electrolyte makes it an ideal 

candidate of the biology interfaces for different physiological activity monitoring. iii) 

Low operation voltage. The device operating under 1 V has no harm to human body, 

which is useful for in situ detections during wearable applications.
24

 The wearable 

techniques integrated with OECT are still rare and will be the focus of this thesis. 

 

Figure 1.4. Schematic of a typical OECT-based biosensor. 
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1.2 Objectives of research 

The wearable electronics is a multi-disciplinary research project which requires a 

combination of materials science & engineering, biology, chemistry, and electrical 

engineering. Since the invention of the first wearable device (eyeglass) in the 13
th

 

century, it undergoes substantial progress in its wearability, comfortability, accuracy, 

sensitivity, efficacy, and multifunctionality. The current techniques enable wearable 

devices to simultaneously monitor major physical signals, such as skin temperature, 

pulses, blood oxygenation, as well as some analytes with a high concentration in body 

fluids, such as glucose in blood, lactic acid, Na
+
, and K

+
 in sweat. However, a highly 

sensitive and efficient device used for noninvasive and trace element detections in 

body fluids is still urgently needed in wearable applications.  

The first objective of the thesis is to develop a highly sensitive fiber-based OECT 

device for wearable biosensing applications. The fiber-based device can be readily 

integrated into textiles and conforms to different body posture to perform reliable and 

efficient wearable sensing. The investigation of gate modification strategies paves a 

better route for highly sensitive sensor design. The second objective of the thesis is to 

develop a quick response OECT biosensor to obviate the existed issues of long waiting 

time and slow response speed of OECT sensing. Through the analysis between 

response time and channel dimension, the study would provide a better understanding 

during device design and wearable sensing. Furthermore, the dual gate design is 

utilized in the device fabrication so that the interference effect of different kinds of 

analytes in body fluids can be substantially decreased during wearable sensing, thus 

increasing sensor detection selectivity. The last objective of the thesis is to develop a 

wearable electrocardiograph (ECG) sensor, in which OECT device is regarded as a 

high gain amplifier to record high-quality ECG signals. 
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1.3 Outline of thesis 

The organization of the thesis is as follows: 

Chapter 1: Introduction. The background and evolution of wearable electronics are 

briefly introduced. Then the OECT-based sensor and its potential in wearable 

applications are addressed. The objectives and outline of the thesis are further 

presented. 

Chapter 2: Literature review. The techniques used in wearable biosensing are 

introduced. The three primary wearable sensing techniques are detailed as follows. 

The conventional electrochemical techniques are firstly detailed. Then optical 

techniques are briefly addressed. The transistor-based techniques for wearable 

applications are finally reviewed.  

Chapter 3: Fabric OECT for biosensors. Fiber-based OECTs are fabricated, in 

which multi-layer structure is introduced to improve their bending stability during 

the fabrication of fiber-based devices. Then they are used for sensitive and selective 

metabolite detections. By using its conformability and flexibility, the fiber-based 

device is woven into textiles and integrated into a diaper for wireless and wearable 

glucose detection in artificial urine. 

Chapter 4: Dual gate OECT for quick wearable biosensing. The flexible dual gate 

OECT sensor is fabricated through photolithographic techniques. In order to realize 

quick stabilization and response as well as efficient wearable functionalities, the 

channel dimension, gate modification strategy, sweat collection layer design, mobile 

meter, and corresponding visualization design are thoroughly investigated. Finally, 

the wearable detection of sweat glucose levels is demonstrated. 
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Chapter 5: OECT for highly sensitive ECG recording. The short channel (2 m) 

OECT sensor is fabricated and its transient response time can be down to several 

tens of microseconds which guarantees precise recording of ECG signal. The 

home-made circuit and the sensor recording site for high-quality ECG monitoring is 

further investigated  

Chapter 6: Conclusions and Perspectives. The summary of the work in the thesis is 

presented, and further challenges and opportunities are proposed. 



THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 2 

YANG Anneng 9 

Chapter 2 Literature review 

2.1 Introduction 

The sensor is a kind of analytical device which can be used for sensing one particular 

physiological parameter. Considering the excellent mechanical properties, flexible 

sensors are emerging for wearable and conformable applications. Because of their 

high sensitivity and specificity, electrochemical biosensors have been fully developed 

for several decades since the first concept of biosensor proposed by Leyland C. Clark 

in 1962.
25

 There are large amounts of electrochemical biosensors for different 

healthcare applications nowadays, such as glucose sensor, lactate sensor, 

catecholamines sensor, and uric acid sensor. The fundamental operating principle of a 

biosensor is based on the reaction of enzyme and/or antibody with target analyte. 

Recently, flexible biosensors have attracted much attention because of the prosperous 

future in wearable applications.
26

 Normally, an analyte can be detected and analysed 

by various electrochemical approaches, such as amperometric, potentiometric 

techniques, impedance method, and conductometry, which exhibit electrical signals at 

functionalized electrodes and transduce the target analyte concentrations to readable 

signals (Figure 2.1).
14,27

 The colorimetric method is also exploited for biosensing 

applications, in which the active layer would undergo different extent of color change 

when the transducer was exposed to different concentrations of specific analyte.
28

 

More recently, the transistor-based platform has become popular in biosensing area as 

it can achieve higher sensitivity and lower detection limit than that of conventional 

electrochemical techniques.
29

 Because the physical parameters can be monitored by 

the commercial products, it will not be detailed in this chapter. 

Flexible polymers, such as polyethylene terephthalate (PET), polydimethylsiloxane 
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(PDMS), polyimide (PI), nylon fiber and poly (methyl methacrylate) (PMMA), papers 

and textile have become popular substrates for the fabrication of various wearable 

sensors.
30

 By using the flexible substrates, different configurations of wearable 

sensors have been prepared, such as test strip,
12

 skin patch/tattoo,
31

 textile,
32

 etc. 

Non-invasive wearable biosensors have been developed for different sensing 

scenarios, which can be conveniently used and harmless to patients and athletes. 

Besides blood, body fluids, such as sweat,
33

 tears,
34

 and saliva
35

 can also provide 

useful information for physiologically relevant molecules and biomarkers in the 

human body.
21

 The levels of electrolytes (pH, Na
+
, K

+
, NH4

+
, Ca

2+
) and metabolites 

(glucose, lactate, uric acid, ascorbic acid, urea) can be analyzed by the sensors, which 

are valuable information for our further healthcare action. Furthermore, the sensors 

can provide excellent flexibility and conformability during wearable sensing 

circumstances.  

 

Figure 2.1. Schematic of electrochemical biosensor for wearable electronics. 
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Some reports focusing on different areas of biosensor have been 

reviewed.
4,14,20,27,29,36-41

 Ronkainen et al. reviewed enzymatic and affinity 

electrochemical biosensors preparations and presented some example applications.
14

 

Turner summarized up to date development of biosensors, such as noninvasive sensors, 

implantable sensors, and emerging technologies for biosensing applications.
20,27

 The 

introduction of nanotechnologies in biosensors, such as the modification of carbon 

nanotubes and quantum dots, can efficiently increase the reactivity between sensing 

element and analyte and enhance transducing efficiency, leading to increased 

sensitivity of the devices. The wearable applications of biosensors were also reviewed 

4,36,37
 because they can afford conformability to human skin and provide the possibility 

of long-term and real-time monitoring of individual health state, such as blood glucose 

level, ions concentrations, heart rate, etc. Transistor-based biosensors have been 

reviewed by many publications ranging from materials selection, device preparation 

and characterization to different biosensing scenarios.
29,39,40

 Economou et al. 

summarized different flexible substrates (plastic, paper, and textile, respectively) 

which can be used for different biosensing applications.
38

 However, a comprehensive 

review of wearable biosensors according to different detection techniques which 

include conventional electrochemical, colorimetric, optical, and transistor-based 

detection techniques has not yet been included. In this chapter, the conventional 

electrochemical techniques for different flexible biosensing applications will be 

reviewed, and we will focus on two major biosensing techniques: amperometry and 

potentiometry. Other techniques, such as impedance, conductometry, voltammetry, 

colorimetric and optical biosensing techniques will also be briefly introduced. Then 

wearable biosensors that are based on field effect transistor (FET) and OECT will be 

thoroughly reviewed. The merits of OECT in biosensing applications will be 

detailed. 
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2.2 Amperometric/potentiometric wearable 

biosensors 

2.2.1 Introduction 

The electrochemical biosensor is considered as one of the most critical wearable 

biosensors in which amperometric and potentiometric biosensors have been widely 

used in research and clinical applications as it has simple structure and acceptable 

detection limit. For the amperometric method, a potential is applied between the 

working electrode and reference electrode of an electrochemical cell and the current 

which flows through the working electrode is recorded as an indicator of a specific 

reaction. The current changes produced by electrochemical redox of working 

electrode with the target molecules in electrolyte are recorded along time while the 

constant potential (electrochemical oxidation or reduction peak voltage) is maintained 

between the working electrode and reference electrode. The amperometric biosensor 

is commonly used for biosensing applications (both biocatalytic and affinity sensors) 

because of its simple configuration and relatively low detection limit. The 

potentiometric biosensor is used to measure the potential change between working 

electrode and/or reference electrode with negligible current variance.  By modifying 

the working electrode (usually with ion-selective membrane) with biological 

recognition element (such as enzyme) and other novel materials (such as graphene, 

carbon nanotube), the target molecules in electrolyte can be transduced to the potential 

change by enzyme and ion-selective membrane and are further detected by a meter.  

Currently, there are two significant methods to modify working electrodes to improve 

the sensitivity and selectivity of the above-mentioned flexible biosensors. The enzyme 

is one of the most useful substances to modify the working electrodes and increase the 
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responsivity and specificity of the devices that are called biocatalytic sensors. 

Antibody (Ab)/Aptamer is another biomaterial used for the working electrode 

modification which can bind to the specific molecules (antigen) and cause the 

readable signal output. 

2.2.2 Amperometric biosensors 

Amperometric electrochemical biosensors hold a vast potential market in wearable 

and healthcare products, especially for daily diabetic management because of its 

simple structure and user-friendly.
21

 Nowadays, most commercial invasive blood 

glucose meters are based on the amperometric technique. The test strip substrates are 

mostly made by polymer and the flexible test strip can be easily used to collect the 

blood sample and inserted to the glucose meter for further blood glucose level 

detection. It is crucial for diabetic diagnosis and further diabetic management because 

diabetes can cause many complications, such as cardiovascular disease, neuropathy, 

nephropathy, retinopathy. The diabetic population has reached 422 million in 2014 

(for those over 18-year-old) according to World Health Organization (WHO) report, 

and glucose sensor accounts for about 85% of the total biosensor market (more than 

US$13 billion market size at an annual turnover).
42

 As invasive glucose sensors based 

on blood assay via finger pricking and a subcutaneous needle can provide more 

accurate blood sugar level detection, it is still widely used in diabetic management and 

continuous glucose monitoring.
42

 

Different flexible configurations have also been designed to meet different biosensing 

requirements. Lee et al. 
33

 fabricated a multi-layer flexible biosensor patch and used 

for sweat glucose detection (Figure 2.2(a)). In this patch, silicone is used as the 

flexible substrate that can well adhere to the skin with excellent conformability. 

Besides, the glucose patch can be integrated with pH sensors, humidity sensors, and 
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temperature sensors. In order to increase the sweat rate and sweat collection efficiency, 

a sweat absorption layer was placed between the skin and patch and a water-proof 

band was used to adhere the patch on the skin firmly. The authors claimed that this 

path could be reused multiple times to decrease the fabrication cost. As this patch 

contains multiple biosensors, the glucose sensor can be dynamically calibrated 

according to the skin temperature and sweat pH detected by the embedded sensors. So 

the accuracy of glucose sensors can be increased, which will promote the wearable 

glucose biosensing toward practical applications. The glucose concentrations 

measured by the glucose patch range from 10 M to 1 mM. The working electrode of 

the flexible biosensor was modified with glucose oxidase, Prussian blue, and nafion, 

so the device can specifically react with glucose in sweat and work as a glucose sensor. 

However, the accuracy of this glucose sensor is not confirmed because sweat rate is a 

crucial factor to influence the glucose concentration in sweat and this influence may 

lead to an unexpected correlation between sweat glucose level and blood glucose 

level.  

In order to increase the accuracy of sweat biosensors, Chen et al. 
43

 used iontophoresis 

method to extract interstitial fluid (ISF) from subcutaneous tissue to the skin surface. 

The glucose in extracted ISF can be detected by the patch adhered to the skin of 

extracted tissue (Figure 2.2(b)). This ultrathin biosensor using PMMA or PI as the 

substrate could provide good adherence and flexibility. As the glucose level in ISF 

was much more correlative with blood glucose level than that in sweat, they confirmed 

that a correlation coefficient of more than 0.9 for glucose level was obtained by this 

continual glucose sensing technique in comparison with the data from clinical blood 

detection. As shown in Figure 2.3, this flexible biosensor showed good selectivity and 

sensitivity when the working electrode was carefully modified. Bionic ROSE transfer 

printing technique was used in this work to transform functional devices from wafer 
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intact. And a paper battery can be used to power the device and realize the signal 

transmission. It can be regarded as a significant step towards clinical application 

because it enabled real-time comparison between in vivo blood glucose level and in 

vitro ISF glucose level. 

Besides non-invasive sweat biosensors, flexible tattoo-based amperometric biosensors 

were used for metabolite composition detections in saliva.
35

 Kim et al. tried to adhere 

tattoo-like flexible biosensor on the mouthguard to realize real-time monitoring of 

lactate levels (Figure 2.2(c)). Flexible PET substrate was used in the devices, and the 

lactate oxidase enzyme and poly(o-phenylenediamine) were modified on the flexible 

working electrode of the device. Amperometric measurements showed that saliva 

lactate levels in the region of 0.1-1.0 mM could be detected, which correlates with 

blood lactate level.
44

 The flexible lactate sensor is the first attempt to detect 

metabolites in saliva, noninvasively. The lactate sensor was also used for perspiration 

 

Figure 2.2. The designs of different amperometric flexible biosensors. (a) 

Flexible sweat patches with multiple biosensing functionalities (glucose, 

temperature, humidity, and pH). (b) Sweat glucose patch with iontophoresis 

module. (c) Saliva lactate biosensor mounted on the mouthguard. (d) Sweat 

glucose sensor integrated with ECG electrode. (e) Free-standing graphene paper 

based hydrogen peroxide sensor. (f) Flexible alcohol biosensor. 
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metabolite detection by Imani et al.
11

 A shown in Figure 2(d), the flexible lactate 

sensor was fabricated on the thin polyester sheet (only 50 um thickness). 

Furthermore, an ECG sensor was also integrated into the lactate sensor to perform 

multiple signal recordings. The three-electrode configuration was printed as 

amperometric sensor electrodes, and two bigger outer electrodes were printed as ECG 

recording electrodes in this design. This enzymatic-based lactate sensor together with 

ECG recording electrodes can be worn on the chest and perform continual and 

real-time monitoring of sweat lactate level and ECG signal. On-skin tests confirmed 

that this hybrid system could measure both physiochemical and electrophysiological 

signal simultaneously and less cross-talk between these two signals was realized by 

printing hydrophobic Ecoflex layer to separate the amperometric lactate sensor from 

the ECG electrodes. The hybrid sensors verified that this flexible lactate sensor 

showed good selectivity to lactate when compared with the control sensor (Lactate 

oxidase free sensor). However, other factors such as local sweat pH and skin 

temperature that may influence the enzyme activity and transducing efficiency of the 

device have not been studied. So, the reliability of the device needs to be confirmed 

especially in practical applications. Since the sensor utilized a wireless platform to 

record and transmit signals to a personal computer, it can be integrated into wearable 

electronic scenarios. Notably, a button battery can be continuously used for nearly two 

days according to the power consumption of this wearable device. 

Another impressive H2O2 sensor reported by Xiao et al. is based on a flexible reduced 

graphene oxide paper (rGOP).
45

 Platinum nanoparticles were deposited on the 

free-standing rGOP to increase the catalytic activity of the film which was also 

modified with MnO2 nanowires at the same time (Figure 2.2(e)). The amperometric 

measurement showed that this device had a H2O2 linear responsitivity from 2.0 μM to 

13.33 mM. Extracellular H2O2 secreted by cancer cells was successfully detected by 
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this device. Although it is a primary result of the flexible H2O2 sensor, the flexible 

sensor is useful in a lab on a chip system for cell metabolites detection.
46,47

 Besides 

common molecules in body fluids, such as glucose and lactate that can be detected by 

amperometric methods, alcohol can also be analyzed by this approach.
7,48

 In this 

tattoo-based flexible sensor (Figure 2.2(f)), alcohol oxidase was used to modify the 

working electrode and alcohol secreted from sweat can be detected by the 

amperometric sensor. The iontophoresis method was used to increase the sweat rate 

which is commonly used in in situ sweat detection.
43

 The alcohol sensor displayed 

highly selective and sensitive response to ethanol. Furthermore, the flexible readout 

circuit was designed to increase the wearability. The Bluetooth wireless transmission 

platform was utilized to perform real-time data collection and analysis. This flexible 

alcohol sensor can find some applications in our highways for those driving under the 

influence or some crime scenes with un-normal alcohol concentration.  

Overall, the flexible amperometric biosensor can be used in enzyme-based sensing 

circumstances, such as wearable sweat, saliva, and tear sensor. The detection process 

is convenient, and the target analyte concentration can be easily converted to a current 

 

Figure 2.3. The selectivity of sweat glucose sensor patch. 
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signal. There are plenty of flexible biosensors using enzymatic-based working 

electrodes for different analyte detections.
49

 However, enzymes cannot be stored for a 

long time, and their activity may degrade sharply depending on the local environment. 

So, further calibration is needed in practical applications. 

2.2.3 Potentiometric biosensors 

The potentiometric sensor is used to measure the potential difference between the 

sensing electrode (working electrode) and the reference electrode, which is correlated 

with the detected ion concentration. So, this method is ideal for charged ion detection. 

Notably, an ion-selective membrane should be carefully designed to increase the 

sensor’s selectivity. Due to its simple structure and acceptable sensing performance, 

the potentiometric sensor is widely used for ion and gas detections. 

One of the most famous potentiometric sensors should be the ―smart wristband‖ 

(Figure 2.4(a)).
12

 The wristband was consist of a flexible sensor array (on the flexible 

PET film), a flexible printed circuit board and a portable battery. It is a multifunctional 

flexible biosensor that can detect glucose, lactate, Na
+
, K

+
 concentrations in sweat, 

and skin temperature (Figure 2.4(b)). The glucose and lactate sensors of wristband 

utilized the amperometric technique to measure the working electrode current which 

can be regarded as the indicator of the analyte concentration. The Na
+
 and K

+
 sensors 

of wristband utilized the potentiometric technique to measure the ion concentration in 

sweat. The Na
+
 and K

+
 selective membranes were designed and coated on the working 

electrodes to increase the sensors’ sensitivity and selectivity. As shown in Figure 2.4(c) 

and (d), the ion sensors showed good sensitivity when different concentrations of Na
+
 

and K
+
 solutions were added. The linear relationship between the potential of working 

electrode and logarithmic ion concentration can be found in the insets of Figure 2.4(c) 

and (d). Its selectivity of the devices was examined, and the result showed an 
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acceptable detection range. The response rate is less than several seconds according to 

Figure 2.4(c) and (d), which is rather fast. In order to increase the accuracy of the ion 

sensors, a temperature sensor was employed to calibrate the glucose and lactate 

sensors. The wristband can be worn on the forehead (acted as headband) to perform 

continuous monitoring of sweat components secreted by forehead skin. 

Furthermore, a concept called ―cloud data‖ was proposed, and the data collected by 

the wearable sensor can be wirelessly uploaded to a cloud server. The massive data 

sets can be collected through large numbers of volunteer participation. By using 

data-mining techniques, the collected sensing data can be further analyzed and used to 

predict the health state of individuals and clinical needs of society.  

 

Figure 2.4. The smart wristband for wireless multi-analytes detections. (a) The 

photo of the flexible wristband. (b) The multifunctional flexible sensor array can 

be used for different analyte detections. (c)–(d) The potentiometric Na
+
 and K

+
 

sensor can be used for Na
+
 and K

+
 detection, respectively. 
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Rose et al fabricated a Na
+
 sensor on the flexible PI substrate. 

50
 As shown in Figure 

2.5(a), radio-frequency identification (RFID) circuit was integrated into the flexible 

ion sensor, resulting in a battery-free patch that can be powered up by about 10–20 

loops of the coiled antenna under RFID communication through mobile phone. The 

ion concentration in sweat can be detected by the sensor through a mobile phone. In 

order to increase the detection accuracy and wearability of the flexible sensor, the 

iontophoresis method was introduced to extract sweat from the skin for robust 

sensing.
51

 The device is wearable and conformable with good design (Figure 2.5(b)). 

The Na
+
 and Cl

-
 can be selectively detected by this wearable sensor. The biosensing 

electrodes were surrounded by iontophoresis electrodes as they can extract enough 

sweat extracting for sensing applications (Figure 2.5(c)). The detection range of the 

 

Figure 2.5. The wearable potentiometric biosensors. (a) The wearable Na
+ 

biosensor with radio-frequency identification function. (b)-(c) Wireless ion 

sensor integrated with glucose sensor and iontophoresis electrodes. (d) The 

multi-sensing patch with microfluidic design and wireless readout circuit. 
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ion sensor was from 10 mM to 160 mM. The sensitivities for Na
+
 and Cl

-
 were 63.2 

and 55.1 mV per decade of concentration, respectively. By using similar device design, 

Ca
2+

 concentration and pH of sweat were detected successfully.
52

 Another impressive 

flexible sweat sensor on thin-film PMMA substrate was also used for ion detection. 

The microfluidic patch and wireless readout circuit were integrated into the sensor, 

and it can increase both the sampling efficiency and portability of sensor. 

Potentiometric measurement of Na
+
 and pH concentrations, amperometric 

measurement of lactate concentration, humidity, and temperature sensing were 

integrated for multi-sensing applications in sweat. 

Fiber-based biosensors were designed for wearable applications.
53

 The different 

working electrodes (sensing fibers), such as  Na
+
, K

+
, Ca

2+
, pH sensing fibers and 

reference fibers were weaved together with yarn and used for different sweat analyte 

detections (Figure 2.6(a)). As shown in Figure 2.6(b), the fabric Na
+
 sensor showed 

good sensitivity and selectivity. The bending and twisting stability was excellent 

according to the tests. The fabric biosensors integrated into garment were used for 

continual monitoring of target analytes in sweat during medium exercise. The ion 

concentrations measured by the fabric biosensor were comparable to that measured by 

inductively coupled plasma-atomic emission spectrometry. So it would be promising 

 

Figure 2.6. The fiber-based potentiometric biosensor. (a) The illustration of  

multi-sensing fabric biosensor. (b) The Na
+
 selectivity of fabric 

potentiometric sensor. 
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for wearable electronic applications. 

2.2.4 Other conventional wearable biosensors 

There are some electrochemical techniques, such as cyclic voltammetry (CV), square 

wave voltammetry (SWV), differential pulse voltammetry (DPV), and 

electrochemical impedance spectroscopy (EIS) that can be used to detect target 

analytes in body fluids. CV measurement is widely used for some preliminary 

characterization of sensors.
54

  

The colorimetric method can be used to detect the concentration of glucose in urine.
17

 

A patterned paper was modified with enzymes, iodide, and enzymatic oxidation of 

iodide, which resulted in a color change from clear to brown. The color change could 

 

Figure 2.7. Other conventional optical/electrochemical wearable biosensors. 

(a) Paper-based colorimetric glucose biosensor. (b) Smart contact lenses used 

for glucose detection in tears. (c) Flexible and stretchable glove biosensor for 

on-site organophosphorus detection by SWV method. (d) The graphene 

nanosensor embedded on the tooth enamel was used for bacterial detection in 

saliva by resistance method. 
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be used as an indicator of glucose concentration (Figure 2.7(a)). Based on a similar 

mechanism, protein concentration in urine can be read out from the color change of the 

test strip. The glucose sensor showed a response to the glucose concentrations ranging 

from 0 to 500 mM. Although it is cheap and can be used without any other external 

device (color change can be easily discriminated), its accuracy and response speed still 

needs to be further optimized. 

By using the microfluidic technique, colorimetric biosensor integrated with flexible 

sweat extracting layer was developed.
55

 Smart contact lenses were developed by Prak 

et al and used for real-time and wireless monitoring of glucose concentration in 

tears.
34

 As shown in Figure 2.7(b), the lenses were soft, stretchable, and transparent, 

which are suitable for wearable biosensing. By using SWV techniques, a flexible and 

stretchable glove-based biosensor was developed to detect organophosphate which is 

useful in wearable food safety applications.
56

 As shown in Figure 2.7(c), the 

glove-based biosensor can well conform according to the finger shape. This 

―lab-on-a-glove‖ can be used in the rapid screening of organophosphate in vegetables 

and fruits. The bacteria graphene nanosensor was used for single bacteria detection.
57

 

The graphene nanosensor was fabricated on a water-soluble silk substrate and then 

transferred to the tooth enamel which enabled intimate transfer of graphene to the 

tooth (Figure 2.7(d)). The sensor was modified with antimicrobial peptide and the 

resistance of the sensor will change when bacteria in saliva were bonded on the sensor. 

Besides, EIS and DPV are useful methods in biosensing area, but they require much 

more complicated post processing of the sensing signals and may cause the deviation 

of the output singals.
58,59
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2.3 Transistor-based wearable biosensors 

2.3.1 Introduction 

Field-effect transistor (FET) and organic electrochemical transistor (OECT) have been 

used for biosensing applications.
1,23,26,29,30,39,40,60-65

 A good biosensor should have high 

selectivity to the targeted analyte, high sensitivity, low detection limit, good stability, 

and fast response speed. 
8
 Compared with conventional electrochemical biosensing 

techniques; the transistor-based biosensors can realize in situ amplification of detected 

signals. So, the high sensitivity and low detection limit can be easily achieved.  

The FET-based biosensor has a similar device structure to a traditional FET or a thin 

film transistor (TFT), which contains three terminals (drain, source, and gate 

electrodes, respectively), a channel (the connection between source and drain 

electrode), and a dielectric layer.
66

 For the OECT-based biosensor, the solid dielectric 

layer was replaced with an electrolyte that forms two electric double layers (EDLs) on 

the surface of the gate and channel. Under a gate bias (ON state), carriers (holes or 

electrons) are accumulated/depleted in the semiconductor channel, resulting in 

electrical conduction change between source and drain electrodes. Because the 

channel conductance is very sensitive to the effective gate bias change, a small voltage 

applied on the gate can cause a prominent channel current response of the device, 

which is called transconductance of the transistor. 
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For biosensing applications, FETs operate in aqueous solutions (electrolytes) because 

biomolecules are usually dissolved in solutions. When the dielectric layer of a FET is 

replaced with an electrolyte, the device is also called the electrolyte-gated transistor. 

The semiconductor channel is non-permeable to the electrolyte, and an EDL can only 

be established between the interfaces of gate/electrolyte and electrolyte/channel 

surface (Figure 2.8(a)). For an OECT biosensor, the semiconductor channel is 

permeable to the electrolyte, and ions can be injected into the whole bulk of the 

channel to form a sufficient doping/de-doping of the organic semiconductor (Figure 

2.8(b)), leading to a high bulk capacitance.
60,62

 Consequently, the OECT shows a high 

 

Figure 2.8. The structure of electrolyte gated field effect transistor (left) and 

electrochemical transistor (right). 



THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 2 

YANG Anneng 26 

transconductance, which is closely related to the sensitivity of a transistor-based 

biosensor.
23,65

 In order to increase the selectivity of the transistor-based biosensor, the 

gate or channel is modified with biomaterials such as protein, antibody, and enzyme, 

and the target analytes in electrolyte will specifically react or bind with the 

biomaterials on the sensor. 

Owing to their high sensitivity, transistor-based biosensors have demonstrated their 

wide applications in different sensing areas, such as glucose, uric acid, ascorbic acid, 

lactic acid and protein detections in blood, sweat, urine, saliva, tears and other body 

fluids.
1,29,30,40,61,63

. Flexible transistor-based biosensors can provide non-invasive and 

continuous monitoring of targeted analytes in body fluids due to their excellent 

flexibility and conformability, which is useful for both inpatient and individual 

diagnostics and healthcare management.
67,68,69,70

 In this section, wearable FET-based 

and OECT-based biosensors used for the detection of different biomolecules will be 

introduced. The wearable applications and point-of-care metabolites monitoring will 

also be reviewed. 

2.3.2 Field-effect transistor biosensors 

Flexible FETs can be realized based on inorganic semiconductors due to its 

outstanding bending and twisting performance, which is useful for further wearable 

applications. Indium oxide-based flexible FETs were fabricated and used for wearable 

glucose monitoring.
71

 The mobility of the device can reach ∼22 cm
2
V

−1
s

−1
 with a high 

on-off ratio (>10
5
) and excellent mechanical robustness. The drain and source 

electrodes were modified with glucose oxidase, chitosan, and single-wall carbon 

nanotubes (Figure 2.9(a)). As shown in Figure 2.9(b) and (c), the device showed 

excellent flexibility and conformability to the curved surface of human skin or an 

eyeball. The detection limit of the device can be down to 10 nM with a response time 
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within several minutes, which can be potentially used in wearable tears glucose 

detection. Silicone-based FET biosensors have been developed on the tip of a pipette 

for pH and sodium ion detections.
72

 This tip-based FET multi-ion sensors can be 

integrated into the wearable system and used to monitor the ion concentration of 

human body fluids.  

Another novel material, graphene (single layer graphite), has been widely used in FET 

applications in recent years because it is susceptible to local electric field and charges 

with high chemical robustness.
68,73-75

 Moreover, graphene has very high carrier 

mobility (up to 2×10
5
cm

2
V

−1
s

−1
), which is more than two orders of magnitude higher 

than that of the conventional semiconductor silicon.
76

 Xiang et al. prepared flexible 

graphene FETs on Kapton substrates by inkjet printing to detect the virus in infectious 

 

Figure 2.9. The wearable In2O3 nanoribbon FET used for glucose detection 

with a detection limit down to 10 nM. 



THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 2 

YANG Anneng 28 

organisms (Figure 2.10(a)). The antibody was modified on the graphene layer after 

finishing the printing process to increase the sensitivity and selectivity of the device. 

As shown in Figure 2.10(b), a flexible microfluidic setup was built on the top of the 

device. The flexible sensor showed a linear response to the target pathogen between 

0.1 ug/mL to 100ug/mL with a detection limit down to 0.1 ug/mL (Figure 2.10(c)). 

PET substrates are used in wearable graphene FET fabrications. 
68,77,78

 A 

―bioelectronic nose‖ based on a graphene FET was prepared by Park et al,
68

 which 

showed excellent long-term stability and bending durability. Human olfactory 

receptors were integrated into the device to detect the specific odorant amyl butyrate 

which mimics the nose function of humans. The detection limit of the ―bioelectronic 

 

Figure 2.10. The wearable graphene FET fabricated on the PI substrate (a-c), 

and PET substrate (d-g) substrate, respectively. 
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nose‖ to specific odorant molecules can be down to 0.04 fM (Fig. 10(f)).  

Graphene nanomesh was also prepared by a chemical vapor deposition method and 

used to fabricate flexible FETs (Figure 2.10(d)). The graphene sensor was modified 

with an antibody (aptamer) and used to detect human epidermal growth factor receptor 

2 which is a cancer marker in cancer diagnostics (Figure2. 10(e)). The on-off ratio of 

the graphene FET is about 1000 at room temperature, and the detection limit of the 

device can be down to 0.6 ×10
−15

 M. Besides, the graphene device served as a 

label-free biosensor used for in vitro detection of human epidermal growth factor 

receptor 2 secreted by cancer cells. So the flexible biosensor can be developed as the 

core part of high-performance sensing chips for advanced cancer diagnostic systems. 

The graphene FETs have also been developed as a flexible glucose sensor for wearable 

 

Figure 2.11. The flexible nanorod FETs for high performance glucose 

detections (a). MoS2-based FET for protein and pH sensing (b-c). 
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applications.
77

 As shown in Figure 10(f), the device was fabricated on a flexible PET 

substrate, and glucose oxidase was modified on the graphene channel area. The sensor 

can be operated in the detection range of 3.3–10.9 mM, which covers the 

physiological levels of blood glucose.  

Zinc oxide nanorods had been prepared and used as channel materials of various FET 

biosensors for glucose sensing.
79

 The nanorods were modified with glucose oxidase 

and nafion. Owing to the large specific area of nanorods, the enzyme loading capacity 

of the device can be increased, which is critical to the improvement of the sensing 

performance. As shown in Figure 2.11(a), the FET biosensor exhibited good 

flexibility and bending stability. A good selectivity was confirmed by calibrating 

glucose concentration at the addition of different interferences.  

 

Figure 2.12. The wearable organic FET fabricated on the resorbable 

substrate. 
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Recently, two-dimensional materials, such as molybdenum disulfide (MoS2), tungsten 

disulfide (WS2), and molybdenum diselenide (MoSe2), have emerged as promising 

channel materials of FETs for biosensing applications. Sarkar et al fabricated a MoS2 

FET biosensor, which provided rapid, inexpensive, and label-free biomolecular 

detections (Figure 2.11(b) and (c)).
80

 The protein detection limit can be down to 10
-13

 

M. More importantly, the resorbable FET biosensor can find many plantable and 

wearable biosensing applications, such as ex vivo and in vivo glucose level 

monitoring for better diabetic management (Figure 12). 

2.3.3 Organic electrochemical transistor biosensors 

OECT is another type of thin-film transistor that can be used for biosensing because it 

can be operated in aqueous solutions.
81

 Wearable OECTs have been prepared on the 

flexible substrates and used for continuous and/or non-invasive monitoring of 

biomolecules and ions in body fluids, such as glucose in blood or tears, lactic acid, Na
+
, 

K
+
  in sweat, and specific DNA or protein in serum.

82
 Owing to the high sensitivity of 

the OECTs, a trace amount of analyte in body fluids can be easily identified, which 

will be useful for early diagnosis of diseases. 

As shown in Figure 2.13(a), the flexible OECTs were fabricated and used for highly 

sensitive detection of various biomolecules.
85

 The source, drain, and gate electrodes 

of the device were deposited by using the magnetron sputtering method. PEDOT:PSS 

was used as the active layer of the channel. The platinum gate electrode of the device 

was modified with glucose oxidase, graphene oxide, polyaniline, nafion, and graphene 

to increase the selectivity of the glucose sensor. The flexible device can be perfectly 

attached to the skin surface and showed good bending stability even after 1000-time 

bending tests. The detection limit to glucose and uric acid can be down to 30 nM, 

which is sensitive enough for the detections of the glucose and uric acid levels in 
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saliva. In order to realize non-invasive detections, saliva samples were collected and 

measured by using glucose and uric acid sensors (Figure 2.13(b) and (c)). So the 

flexible devices can be used as test strips for noninvasive and wearable glucose 

detection.  

Flexible DNA sensors integrated with microfluidic systems were investigated (Figure 

2.13(d)).
86

 DNA probes were immobilized on the gate of an OECT and 

complementary target single-stranded DNA (ssDNA) can specifically bind to the 

DNA probes. As shown in Figure 2.13(e), the effective gate voltage was changed 

when ssDNA was bonded to the DNA probes and resulted in a right shift of the transfer 

curve to a positive gate voltage. The flexible DNA sensor can be used for continuous 

sampling and detection of ssDNA. The detection limit of the DNA sensor was about 1 

nM, which can be further decreased to about 10 pM after a voltage pulse was applied 

on the gate voltage to enhance DNA hybridization (Figure 2.13(f)).
87

 Highly sensitive 

protein sensors can be realized based on the similar method.
88,89

 By using the sensing 

technique, the target DNA in body fluids can be detected. 

 
Figure 2.13. The flexible OECT biosensor fabricated on the PET substrates 

(a-c), and microfluidic platform (d-f) for artificial urine, saliva, and DNA 

detections. 
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A wearable sweat biosensor for protein (e.g. cortisol) detection has been developed by 

Parlak et al..
70

 The sensor was designed to be a patch that can be readily attached to 

any part of human body. As shown in Figure 2.14(a), the cortisol sensor consisted of 

top flexible elastomer as the substrate, a PEDOT:PSS channel, three electrodes, a 

sample reservoir layer to store sweat, a molecularly selective membrane for cortisol 

screening, and a bottom polydimethylsiloxane layer with laser-patterned 

microcapillary channel arrays. The molecularly selective membrane can selectively 

choose cortisol in the sensing region. The microcapillary channel arrays were 

patterned in the top layer of the sensor, which can promote the sweat extraction to the 

sensing area of the patch. The device showed good flexibility and can conform on the 

skin surface (Figure 2.14(b)). The sensor was used for cortisol detection in volunteers’ 

sweat. The detection results by this patch were correlated with those obtained by the 

enzyme-linked immunosorbent assay method, a standard method to determine the 

 

Figure 2.14. The wearable OECT sensor used for sweat cortisol detection 

(a-c) and bacteria detections (d-e), respectively. 
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concentration of cortisol (Figure 2.14(c)). Although the detection limit of this patch 

for cortisol was only about 1 uM, it presented a non-enzymatic biosensing technique 

for wearable detections of various biochemical elements.  

Flexible OECTs can be printed layer-by-layer on flexible substrates, which is suitable 

for mass production.
90

 As shown in Figure 2.14(d), the OECT biosensor was 

screen-printed on the PET substrate by using carbon paste and showed good flexibility. 

The antibody, poly (3-aminophenylboronic acid, 3-ABA), was deposited on the gate 

electrode of the device for cancer cell identification. The device showed a moderate 

response to the additions of Hela cells with different concentrations (Figure 2.14(e)). 

This printing technique can be further used for large-scale and inexpensive fabrication 

of wearable OECTs.
91,92

 For different sensing applications, the gates can be further 

printed with different modification layers.  

In order to realize wearable applications, much effort has been devoted to the study of 

flexible OECTs which show good stretchability and conformability.
93-95

 Flexible 

devices on polydimethylsiloxane substrates can work under stretching status and used 

 

Figure 2.15. The wearable OECT biosensors fabricated on the PDMS (a-b), 

and parylene substrate (c-e) for different sensing applications. 
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for some bioelectric applications (Figure 2.15(a) and (b)). Parylene thin films show 

good conformability and can be used as substrates of OECTs prepared by the 

photolithography process. The OECTs on thin parylene films have been used as 

probes for neural interfaces (Figure 2.15(c) and (d)).
96,97

 More recently, OECTs were 

integrated with solar cells and showed a huge potential for self-powered wearable 

electronics. 
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Chapter 3 Fabric organic electrochemical 

transistors for biosensors 

3.1 Introduction 

Robust, flexible, and wearable electronics have attracted much attention in recent 

years.
12,93,98,99

 Motivated by huge potential markets, several conceptual products as 

the state-of-the-art technologies are expected to step into our normal life, ranging 

from curved and foldable Samsung smartphone, wearable Google glass to smart 

clothing for monitoring real-time body state. Ideal smart clothing should be based on 

flexible electronics devices woven together with textiles, which are difficult to be 

achieved by using conventional electronic devices with planar structures. Therefore, 

electronic devices assembled on flexible fibers, such as fiber-based solar cells,
100

 

electrochemical supercapacitors,
101

 thin-film transistors (TFTs)
102-104

 and 

self-powered energy conversion devices,
105

 have evoked the growing interests of 

researchers. The flexible and lightweight fiber-based devices could be integrated into 

smart clothes by weaving them with textile fibers to achieve desirable functions.
40

 

OTFTs have found a wide range of applications in flexible electronics particularly 

displays, memories, and sensors.
1,24,82,106-108

 OECTs, as one type of OTFTs, can 

operate in liquid electrolytes with low voltages (less than 1V) and are promising for 

chemical and biological sensing, such as the detections of ion,
109 

glucose,
24,110,111

 uric 

acid (UA),
85

 dopamine (DA),
112,113

 DNA,
86

 bacteria
114

 and cells,
115,116

 etc. To prepare 

high-performance fiber-based OECTs, not only the organic channels but also the 

metal electrodes of the devices should have good bending stability on the surface of 

thin fibers. The channel regions should be defined by patterning the source and drain 
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electrodes on the fibers, and the electrode material needs to have high enough 

conductivity to minimize the voltage drop on a long and thin electrode wire, which 

has not been tackled in fiber-based transistors reported before.
117,118

 

In this chapter, we report the fabrication and functionalization of OECTs on Nylon 

fibers and the integration of the devices in fabrics. Highly conductive multilayer 

films with the structure of Cr/Au/PEDOT:PSS were coated on the fibers and used as 

source/drain electrodes. The devices showed excellent bending stability and were 

successfully used for various chemical and biological sensing applications with high 

sensitivity and selectivity. The fiber-based devices were woven together with 

commercially available cotton fibers using a conventional weaving machine without 

detectable degradation of device performance after the weaving process. As a 

potential application, the flexible and stretchable fabric biosensors were integrated 

into diapers and used to detect the glucose concentrations of artificial urine by a 

mobile phone. Our results demonstrated the advantage of using fabric devices in 

wearable electronics. 

3.2 Experimental section 

3.2.1 Materials 

Nylon fibers (0.08mm, 0.15mm, 0.30mm, 0.50mm) were purchased from Nantong 

Jinda Chemical Fiber Co., Ltd. Glucose oxidase (GOx) (50 kU g
-1

) was purchased 

from Aladdin Reagent Database Inc. and stored at -20 ℃ for future use. Uricase (UOx) 

(>3U·mg
-1

) was purchased from Worthington Biochemical Corporation and stored at 

-20 °C. Hydrochloric acid, sodium chloride (NaCl), calcium chloride (CaCl2) and 

aluminum sulfate (Al2(SO4)3) were purchased from Sigma-Aldrich Co. Glucose, 

Dopamine (DA), Ascorbic acid (AA), Uric acid (UA), Polyaniline (PANI) (5 wt. 
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%,dispersion in xylene), Phosphate buffered saline (PBS) solution (pH 7.4), 

poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) aqueous 

dispersion (Clevios PH500) and Nafion (5%) aqueous solutions were all purchased 

from Sigma-Aldrich Co. and stored at 4 °C. Chitosan (CHIT) was purchased from 

Advanced Technology & Industrial Co., Ltd and used as received. Graphene flakes 

with an average size of several micrometers and graphene oxide (GO) were both 

prepared by the chemical methods.
119 

3.2.2 Device fabrication 

Figure 3.1(a) demonstrated the fabrication procedure of the OECT fiber sensors. 

Patterned Cr (~10nm)/Au(~100nm) source and drain electrodes were deposited on 

Nylon fiber by RF magnetron sputtering. The length of the channel was 0.4 mm. 

Before dip-coating PEDOT:PSS layer, the surface of the fiber was treated with oxygen 

plasma for 3 minutes. Then the fiber was coated with PEDOT:PSS layer and 

transferred to a glove box filled with high purity N2 for post-annealing at 100 C for 1 

hour. Then parylene layer (~2 μm) was deposited on the surface to serve as an 

encapsulation layer on the electrodes. The gate electrode (Ti (~10nm)/Pt(~100nm)) of 

a fiber OECT was fabricated by the similar process mentioned above. 
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To prepare high-performance biological sensors, the gate electrodes of OECTs should 

be modified with biocompatible polymers, graphene-based nanomaterials, and 

enzyme. For the preparation of CHIT/GOx/Pt gate electrodes of OECT glucose 

sensors, the fiber coated with Pt layer was firstly treated with 3 minutes oxygen 

 

Figure 3.1. (a) The design of core-shell conductive nylon fiber with 

Cr/Au/PEDOT:PSS/parylene coating. (b) SEM image of the cross-section of 

a core-shell conductive nylon fiber. (c) Resistance versus bending times of 

five kinds of conductive fibers, includes PEDOT:PSS, Pt, Pt/PEDOT:PSS, 

Cr/Au and Cr/Au/PEDOT:PSS -coated fibers; (d) Photos and (e) AFM 

images of Cr/Au and Cr/Au/PEDOT:PSS -coated fibers before and after 1000 

times bending tests, respectively. 
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plasma to improve the surface hydrophilibility, then immersed into the GOx stock 

PBS solution (10 mg mL
-1

) for 2 hours. The Pt fiber coated with the enzyme was dried 

at 4°C in a refrigerator. Then 10 μL CHIT acetic acid solution (CHIT ~5mg mL
-1

; 

acetic acid: 50 mM, pH: 5–6) was drop coated on the surface of the dried GOx/Pt fiber 

electrodes to immobilize GOx molecules. Before use, the modified fiber gate 

electrode was washed with PBS to remove the unanchored reagents. For the 

preparation of OECT UA sensor (fiber gate electrode: UOx-GO/PANI/ 

nafion-graphene/Pt) and OECT DA sensor (fiber gate electrode: nafion-graphene/Pt), 

the modification processes were similar to the preparation of glucose sensors. 

3.2.3 Device characterization 

The measurement system contains two Keithley source meters (Keithley 2400) 

controlled by a Labview program in a laptop. For the transfer characteristic (IDS vs 

VG), VDS was fixed at 0.01V, and the channel current was measured as a function of 

VG. For the real-time monitoring of the channel current of a sensor to additions of 

various analytes in PBS solutions, VDS was fixed at 0.01 V, VG was fixed at 0.6 V. 

Artificial urine (AU) was used to simulate the effect of normal human urine.
120 

The 

AU solution used in our diaper sensor test was 105.5 mM NaCl, 63.7 mM KCl, 36.3 

mM NH4Cl, 3.85 mM MgSO4, 16.95 mM Na2SO4, 32.3 mM NaH2PO4.
121

 The pH of 

AU was adjusted to be 6.0 by adding the hydrochloric acid solution. The diaper 

embedded with the glucose-sensitive textile sensor can be used to selectively detect 

glucose in AU. A remote and real-time test platform controlled by a mobile phone app 

was established to measure the current response of diaper sensor to the addition of 

different solution species in our setup. In the test, AU (~20 mL) was firstly added to 

the diaper to create a solution environment for the sensor. Then glucose dissolved in 

AU (~10 mL) was added to the diaper to a final concentration of about 3 mM which is 
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considered to be the abnormal level of glucosuria.
122

 Finally, the major interference 

UA dissolved in AU was added to the diaper to the final concentration of about 1 mM 

which is at the normal level of UA in human urine.
123

 After finishing the test, the data 

recorded by the mobile phone can be saved for further use. 

3.2.4 Design of wireless biosensing system 

The overall architecture of our wireless biosensing platform is finely designed and can 

be divided into three components, which include fiber OECT-based sensor, readout 

circuit, and user application program. For the design of readout circuit, Arduino Uno 

R3 board based on Atmel Atmega328 is selected as the microcontroller, with upgraded 

I/O pins by integrating with high performance 12-bit DAC (MCP4725, with built-in 

programmable gain amplifier (PGA)) and 16-bit ADC (ADS1115, with built-in 

voltage follower) modules via I2C communication. The circuit board is powered by 

four 1.5 V alkaline batteries. The wireless transmission of data between the circuit 

board and mobile phone is realized using Bluetooth and customized mobile app with a 

user-friendly interface. For the consideration of privacy, collected data is saved in the 

internal storage of the phone for future data analysis. 

3.3 Fabrication of highly durable and flexible 

fiber-based OECT 

For a fiber-based OECT, long electrode wires that can conduct current from the 

channel, which should have the conductance much higher than that of the channel. 

Although some conductive polymers show conductivities up to ~10
3 

S/m,
124

 metals, 

like silver, copper, and gold, exhibit the conductivities of ~10
7 

S/m that are four 

orders of magnitude higher than that of the former.
125

 So gold electrodes were used 
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in our devices as source and drain electrodes to meet the high conductivity 

requirement. To improve the bending stability of the gold electrodes, we prepared 

Cr/Au/PEDOT:PSS multilayer films on nylon fibers, where Cr is used as an adhesion 

layer for Au on the nylon surface. Figure 3.1(a) shows the design of a nylon fiber 

 

Figure 3.2 (a) The fabrication process of functionalized fiber-based channel 

and gate for an OECT. (b) Photo of fiber-based devices with different 

diameters: 0.08mm, 0.15mm, 0.30mm and 0.50mm. (c) Photos of a fiber 

channel before and after coating a PEDOT:PSS layer and hydrophilic 

property on its surface. (d) Photo of a fiber device with different bending 

statues. (e) Transfer characteristics of a fiber-based OECT with different 

bending radius. Fiber diameter is 0.30 mm and Vds = 0.01V. 
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that is coated with a Cr/Au (thicknesses: 10nm/100nm) layer and a highly 

conductive PEDOT:PSS layer (thickness: ~100nm) prepared by magnetron 

sputtering and dip coating, respectively. PEDOT:PSS aqueous dispersion was mixed 

with DMSO and glycerin (both with a volume ratio of 5%) to improve the 

conductivity of PEDOT:PSS layers.
126

 In addition, (3-Glycidyloxypropyl) 

trimethoxysilane (GOPS) cross-linker was added to the aqueous dispersion with a 

volume ratio of 1% to improve the stability of PEDOT:PSS. Then a layer of parylene 

of 2 µm was coated on the surface by vacuum deposition to passivate the conductive 

layer. Figure 3.1(b) shows a scanning electron microscopy (SEM) image of the 

cross-section of a fiber with a clear demonstration of each layer on the nylon surface. 

Figure 3.1(c) shows the resistances of three nylon fibers (diameter: 0.3cm) coated 

with Cr/Au, Cr/Au/PEDOT:PSS and PEDOT:PSS layers, respectively, before and 

after the bending tests for up to 5000 times. It is reasonable to find that the coating of 

PEDOT:PSS on the surface can decrease the resistance of the Nylon/Cr/Au fiber 

from 39 to 26 /cm. The resistance of the Cr/Au/PEDOT:PSS fiber is two orders of 

magnitude lower than that of a fiber with one layer of PEDOT:PSS only. Notably, the 

average resistance of the fibers coated with Cr/Au increase from 39 to 301 /cm 

during the bending tests while the resistance of the multilayer coating of 

Cr/Au/PEDOT:PSS shows a much smaller increase (from 26 to 51 /cm). The 

PEDOT:PSS layer shows very little relative change in its resistance during bending 

tests, which is consistent with our results reported before.
[24]

 To better understand the 

effect, we observed the surface of the fibers under optical microscopy and atomic 

force microscopy (AFM). As shown in Figure 3.1(d) and (e), we can find that Cr/Au 

films in both composite fibers crack after the bending tests. Consequently, the 

resistance of the fiber with Cr/Au increase. However, in the sample with 

Cr/Au/PEDOT:PSS multilayer film, the PEDOT:PSS layer coated on the surface of 
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Au can connect the separated Au fractions and lead to a more stable resistance of the 

fiber. A similar strategy was applied on the gate electrode with a Ti/Pt layer, where Ti 

is used as an adhesion layer for Pt on Nylon. After coating a thin layer of 

PEDOT:PSS film on Ti/Pt, the bending stability of the wire is dramatically improved, 

as shown in Figure 3.1(c). Although many papers reported micro-patterning of metal 

electrodes to improve their stability in flexible and stretchable electronics, it is rather 

challenging to pattern the electrodes on thin fibers.
127

 Therefore, the deposition of 

metal/PEDOT:PSS multilayer films can be a very convenient approach to prepare 

highly stable and flexible electrodes for fiber-based devices. 

Figure 3.2(a) shows the fabrication process of an OECT on a flexible Nylon fiber. 

Cr/Au source and drain electrodes were deposited on a Nylon fiber by magnetron 

sputtering with a narrow tape protected on the channel region. The channel length 

was controlled to be 0.4 mm, and the channel width was equal to D, where D is the 

diameter of the fiber. Then a thin PEDOT:PSS layer was coated on the surface of the 

whole fiber, including the channel region and the electrodes, by dip coating. To 

encapsulate the source and drain electrodes, a thin layer of parylene (~2m) was 

then deposited on the fiber surface except for the channel region. Gate electrode on 

another Nylon fiber was prepared with the same process. Since the gate electrode of 

an OCET does not need high conductivity,
1
 we find that a fiber coated with Ti/Pt is 

good enough for the gate. We used Pt layer as the gate of the device because Pt has 

high electrochemical activity and can be used for various types of biosensors. A Ti/Pt 

(thicknesses: 10nm/100nm) layer is deposited on the Nylon fiber by magnetron 

sputtering followed by the coating of a parylene layer on the surface except for the 

region of the gate electrode. Figure 3.2(b) and (c) show fiber devices with different 

diameters, which are hydrophilic on their surfaces. The devices are flexible, 

lightweight and show excellent stability in bending tests, as demonstrated in Figure 
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3.2(d).
128,129

 Then the devices were characterized in PBS solutions. The transfer 

characteristic (IDS vs VG) of an OECT with a diameter of 0.3 mm is presented in 

Figure 3.2(e), which shows very stable performance at different bending radius. 

The channel current of a fiber-based OECT (p-channel) is given by:
82 

 

  ,           (3.1) 

where IDS is the channel current, VG the gate voltage, L the channel length, q electron 

charge; µp the hole mobility, p0 the initial hole density in the active layer, t the 

thickness of the conducting layer, Vp and VG 
eff

 are the pinch-off voltage and the 

effective gate voltage, respectively; Voffset is an offset voltage due to potential drops 

at interfaces; Ci is the effective gate capacitance per unit area of the channel. To 

obtain stable device performance shown in Figure 3.2(e), the hole mobility and gate 

capacitance should be unchanged at different bending radius. 

Since the temperature of our surrounding environment changes with time, biosensors 

may show error signals in wearable applications if the devices are temperature 

sensitive.
130,131

 The fiber-based OECT was characterized in a PBS solution at 

temperatures from 0 to 80 C, which corresponds to the suitable temperature range 

for biological environments
132

 (Figure 3.3). The transfer curve of the device shifts 

slightly to a higher gate voltage with the increase of temperature, which can be 

attributed to the increased pinch-off voltage Vp of the device. Considering more holes 

can be activated to the conductive states at a higher temperature, it is reasonable to 

find the increase of pinch-off voltage with the increase of temperature.
133

 Notably, 

the transfer curve has little change in the shape and shifts for only about 80 mV in 
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the temperature range between 0 and 80 C, which can be easily calibrated in the 

data analysis of practical applications. 

3.4 Routes to highly sensitive and selective OECT 

biosensor 

Figure 3.4(a) shows the sensing mechanism of a fiber-based OECT used as a 

biosensor. The gate voltage is applied to the two electric double layers (EDLs) on the 

surfaces of channel and gate, respectively. The interaction of the analyte with the 

gate or channel will change the potential drop at an EDL and lead to the change of 

the effective gate voltage VG
eff

.
82,86 

In this chapter, we only demonstrate the detection 

of analytes (i.e. glucose, UA, and DA) that have interactions with gate electrodes. A 

similar effect can be observed if an analyte has an interaction with the channel of an 

OECT. 

First, the fiber-based OECTs are used as glucose sensors by modifying the Pt gate 

electrodes with the composite of enzyme glucose oxidase (GOx), chitosan (CHIT) 

 

Figure 3.3. Transfer characteristic (IDS vs. VG) of a fiber-based OECT 

measured at different temperatures (from 0 to 80 C). The VDS is 0.01 V. 
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and graphene flakes on their surfaces.
111

 Figure 3.4(b) shows the responses of a 

fiber-based glucose sensor (diameter: 0.3mm) to different glucose concentrations in a 

PBS solution. The channel current of the device decreases with the increase of 

glucose concentration and shows a detection limit as low as 30 nM. As shown in 

Figure 3.4(c), the sensor demonstrates a linear response of VG
eff

 (173 mV/decade) 

to the consecutive additions of glucose in a wide concentration range (C) from 30 

nM, which covers the physiological glucose levels in human body fluids, such as 

 

Figure 3.4. (a) Schematic of a fiber based OECT operated in an electrolyte 

with potential drops across two electric double layers (EDL). (b) Current 

responses and (c) the corresponding effective gate voltage changes of a 

fiber-based OECT to the additions of glucose (Glu) with different 

concentrations. Major interferences including uric acid (UA), dopamine (DA) 

and ascorbic acid (AA) were tested with the same device. VDS and VG were 

fixed at 0.01V and 0.6V, respectively. Inset: Transfer curve (Ids versus VG) of 

the OECT measured in PBS solution. 
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saliva, and thus holds great potential for no-invasive glucose sensing applications.
111

 

The glucose sensors were prepared on fibers with different diameters (D = 0.08mm, 

0.15mm and 0.50mm). It is reasonable to find that all devices showed similar 

detection limits to glucose concentrations (Figure 3.5). 

Selectivity is another essential parameter for biosensors in practical applications. In 

practical applications, the error signals caused by biological interferences in human 

body, such as UA, DA, and ascorbic acid (AA), should be much lower than the 

effective sensing signals. As shown in Figure 3.4(c), the detection limit to glucose is 

nearly two orders of magnitude lower than that to the three interferences and the 

 

Figure 3.5. Current responses of OECT glucose sensors assembled on fibers 

with diameters of (a) 0.08 mm; (b) 0.15 mm; (c) 0.30 mm, (d) 0.50 mm. The 

inset of each figure shows the transfer curve of the corresponding device. To 

maintain similar channel current, VDS presented in the insets increases with 

the decrease of fiber diameter. 
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device response (VG
eff

) to glucose is much higher than those to the interferences. 

Besides the effect of the enzyme GOx on the selectivity of the device, the modified 

polymer CHIT on the fiber gate electrode actually served as an effective blocking 

layer for interferences.
134

 The negatively charged CHIT layer in PBS could repel the 

interferences in anionic states, such as UA and AA, due to the electrostatic force.  

Based on similar multilayer modification strategies on gate electrodes, fiber-based 

OECTs could also be used for many different types of biosensors. A fiber-based 

OECT is used for high-performance UA detection. To simultaneously improve the 

sensitivity and selectivity of the device, the gate electrode was functionalized with a 

multilayer of Nafion-graphene / polyaniline (PANI) / uricase-graphene oxide 

(UOx-GO). Figure 3.6(a) and (b) shows the performance of a fiber-based OECT for 

UA sensing. The detection limit to UA is about 30 nM, which is similar to that of a 

planar device reported before.
85

 In addition, the device demonstrated a stable linear 

response to UA (91 mV/decade) in the concentration range from 30 nM to 300 µM. 

The modified Nafion-graphene/PANI double layers could effectively block the 

interferences and thus significantly reduce the error signals. The detection limit to 

UA is about two orders of magnitude lower than its biological interferences, 

including AA, DA, and glucose. Similarly, highly sensitive and selective DA sensors 

can be realized by modifying the Pt gate electrodes with Nafion/graphene on the 

surface. Graphene flakes can induce the electrochemical reaction of dopamine on the 

gate.
112,113

 As shown in Figure 3.6(c) and (d), the detection limit of the fiber device 

to DA is about 10 nM and a good selectivity is demonstrated. Therefore, OECTs 

fabricated on flexible fibers are a very promising platform for various biological 

sensing. 
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3.5 Integration of fabric biosensors and its wearable 

application 

Due to the excellent flexibility and bending stability of the fiber-based OECTs, we 

attempted to weave the devices with cotton yarns by using a typical weaving 

machine (Figure 3.7). We used the fiber devices as both warp and weft in the 

weaving process, as shown in Figure 3.8(a). The fabric devices will be rubbed by 

yarns very frequently during weaving process especially when they are used as warp, 

 
Figure 3.6. Flexible fiber-based OECTs used as a versatile sensing platform 

for the detection of uric acid (UA) and dopamine (DA) sensing. (a) Current 

responses and (b) corresponding effective gate voltage changes of a 

fiber-based OECT UA sensor with a UOx/PANI/Nafion-graphene/Pt fiber 

gate electrode to additions of UA with different concentrations. (c) Current 

responses and (d) corresponding effective gate voltage changes of the 

fiber-based OECT DA sensor with Nafion-graphene/Pt fiber gate electrode. 

The VDS and VG are equal to 0.01 V and 0.6 V, respectively. 
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which will inevitably degrade the device performance.
40

 To protect the devices 

during the weaving process, we wrapped a layer of water-soluble polyvinyl alcohol 

(PVA) yarns on the surface (Figure 3.8(b)), which can be easily dissolved by water 

after weaving. Figure 3.8(c) shows a 10 cm×10 cm fabric woven with two OECT 

sensors. The prepared fabric is extremely flexible, stretchable and fully recoverable 

after several hundred times of stretch.  

Figure 3.8(d) shows the device performance of an OECT before and after the 

weaving process. The two transfer curves of the device can be hardly discriminated, 

indicating that the device performance is very stable during the weaving process. 

The fabrics embedded with fiber-based OECT sensors were successfully used for the 

analysis of glucose levels in a PBS solution. The fabric device was placed in a PBS 

solution with additions of glucose of different concentrations. The channel current 

decreases with the increase of glucose concentration and an obvious current response 

can be observed at the concentration of 30 nM (Figure 3.8(e)), which is similar to 

the detection limit of the fiber-based device before weaving. Notably, the fabric 

 

Figure 3.7. (a) Picture of the braiding machine used to wrap up OECTs fiber 

device with PVA yarns. (b) Picture of e CCI tech automatic dobby sampling 

loom system used to weave the integrated fabrics.  
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glucose sensor shows a fast response to the addition of glucose, indicating that the 

aqueous solution can diffuse into the fabric very quickly. 

To demonstrate its practical application, we integrated a fabric OECT into a diaper 

and used it to detect artificial urine absorbed by the diaper (Figure 3.9(a)).
121

 Due to 

 
Figure 3.8. (a) Design of flexible fabric OECT sensors by weaving 

fiber-based devices with cotton yarns. (b) Photos of a fiber before and after 

weaving with PVA protecting layer. (c) Fabric devices before and after the 

removal of PVA protecting layer on fibers. (d) Transfer curve of an OECT 

glucose sensor before and after the weaving process. (e) Current responses of 

a fabric glucose sensor to additions of glucose with different concentrations. 

(f) Current responses of fabric glucose sensor integrated in a diaper to the 

additions of artificial urine, 3mM glucose solution and 1mM uric acid 

solution. 
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the flexibility and lightweight, the fabric OECT was hardly conceived in the diaper 

(Figure 3.9(b)). The device was characterized and controlled by a mobile phone via 

a Bluetooth-integrated circuitry. The signals from the fabric OECT can be 

conveniently recorded by the mobile. As shown in Figure 3.8(e), the device showed 

very stable performance before we added artificial urine. The channel current 

showed an obvious response when 20 mL artificial urine was dropped on the diaper, 

indicating that the gate voltage was applied on the channel via the solution in the 

 

Figure 3.9. Images of a fabric OECT glucose sensor with functionalized gate 

electrodes assembled into a kid’s diaper for glucose detection. (a) The picture 

of a typical kid diaper and the textile-based OECT glucose sensor (9 cm X 9 

cm) (b) The diaper with the embedded textile sensor and three connective 

wires. (c) The illustration of fabric glucose sensor controlled by a mobile 

phone through bluetooth. 
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diaper. Then 10 mL glucose solution was added on the diaper, which induced a 

noticeable decrease of the channel current of the device. The average glucose 

concentration in the diaper is estimated to be 3 mM, which is the threshold value for 

glucosuria.
122

 So the urine of diabetes patients can be conveniently monitored by 

using the fabric OECT glucose sensor. To show the selectivity of the device, we also 

added 1mM uric acid in artificial urine, which is a reasonable level in human 

urine.
123

 We can find that the addition of uric acid did not result in an apparent 

response of the device. So interferences in urine will not influence the signal from 

the glucose sensor. 

Considering the practical measurement conditions, we bent and stretched the diaper 

for many times during measurements and little influence on the device performance 

can be observed, indicating that the relative movements of the fibers in the diaper 

will not change the device performance. According to the device physics of OECTs, 

the performance of an OECT can be influenced by the double-layer and volumetric 

capacitances on its gate and channel, respectively, as well as the ionic conductance 

of the liquid between the gate and the channel.
133,135

 Here, the ionic conductance of 

the artificial urine (ion concentrations > 100 mM) is high enough if we compared it 

with our recent work on the effect of ion strength.
126

 Thus, stable device performance 

relies on the contact of the liquid with gate and channel regions. In the fabric device, 

because all fibers are hydrophilic, the liquid can be absorbed by the fabric due to a 

capillary effect and has full coverage on the OCET fibers, which is the primary 

reason for the stable performance of the fabric OECT even when relative movements 

of the fibers occur. On the contrary, a planar OCET integrated into a diaper cannot 

show stable performance during bending tests. For the planar device, the liquid can 

flow on its surface and may change the contact area on the channel and gate. On the 

other hand flowing liquid may induce a streaming potential between gate and 
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channel.
136

 Consequently, the device performance of the planar OCET becomes 

unstable during bending tests. Therefore, the fabric OCETs show a distinct advantage 

over planar devices in the analysis of dynamic aqueous solutions. Obviously, the 

fabric sensors can be conveniently used in the analysis of body fluids, like sweat, 

saliva, urine, and tears, in wearable electronic systems.  

3.6 Summary 

In summary, robust and flexible fiber-based OECT biosensors are fabricated on 

nylon fibers. By introducing a Cr/Au/PEDOT:PSS core-shell structure for the source 

and drain electrodes, the devices show excellent bending stability and are woven as 

both warp and weft by using a typical weaving machine with no change in the device 

performance before and after the weaving process. The fabric devices are flexible 

and stretchable and successfully used to detect the glucose level of artificial urine 

contained in a diaper. We notice that the fabric device is particularly suitable for 

wearable applications because aqueous solutions like body fluids can be absorbed by 

the fabric due to capillary action, which leads to stable performance of OECTs at 

different bending status. This work opens a window of using fiber-based OECTs in 

the analysis of body fluids via remote control and paves a way of integrating the 

multifunctional devices into a cutting-edge noninvasive wearable electronic system. 
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Chapter 4 Dual gate organic 

electrochemical transistors for 

wearable bioelectronics 

4.1 Introduction 

Wearable sensors have been widely used for monitoring of physical signals (heart rate, 

respiration rate, skin temperature, etc.) and biochemical/chemical elements (glucose, 

lactate, sodium ion, potassium ion, etc.).
11,12,33,51,137

 They can provide real-time 

monitoring of personal health state as well as physical fitness of athletes.
138

 Currently, 

most commercially available wearable products have been popularly used for physical 

signal monitoring. Although some chemical/biochemical sensing applications have 

been reported, the wearable sensor still needs long waiting time to reach test 

stabilization and get test result.
3
 Furthermore, the design of wearable sensors is 

complicated, and sensitivity and selectivity of the sensor are barely satisfied.
34

  

OECTs have gained much attention in wearable sensing technologies due to their 

intrinsic signal amplification ability and good interface between conductor and 

biology.
23

 A typical OECT consists of an organic semiconductor channel, which can 

be gated through electrolyte solution via a gate voltage.
81

 The ions in solution are 

pushed in/out the entire volume of the channel under the gate potential to 

dope/de-dope the channel, thereby modulating the channel conductivity. Therefore, 

the OECT can serve as an ion-to-electron converter with high gain at relatively low 

voltage (less than 1 V). The OECT has been widely used for different highly sensitive 

sensing applications, including physical signal sensing,
95,97

 chemical,
83,85

 ions,
109

 cell 

barrier,
115,116

 protein,
89

 DNA,
86,139

 and RNA sensing.
140
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The merits of high sensitivity and low detection limit of the OECT sensors can 

guarantee its superior biosensing performance in personalized and wearable 

healthcare management to decrease the cost and resource utilization of current 

centralized diagnostics.
24,141

 The detection limit of the OECT senor to glucose can be 

down to 30 nM, and non-invasive detection of glucose level in the saliva was 

realized.
85

 The fabric OECT device is also developed and used for wearable glucose 

detection in artificial urine. The trace element, cortisol, a hormone of human body, can 

be efficiently detected by wearable OECT senor integrated with microcapillary PDMS 

well and molecularly selective nanoporous membrane.
70

 The drawbacks of the OECT 

sensors used in current wearable applications are their long stabilization time and 

instability of the channel current after gating with gate voltage which could decrease 

the sensors detection accuracy and wearability.  

Measurement of sweat composition is a useful way to monitor the chemical and 

biological signals which can be used as an indicator of individual health state. Glucose 

is an essential component in sweat which is correlated with blood glucose level .
8
 By 

using a wearable sensor, the glucose level of the diabetics can be noninvasively 

monitored and managed, thus maintaining a better life quality than those with daily 

fingertip prick and blood collection. Furthermore, the real-time and non-invasive 

monitoring of glucose levels can provide predictive healthcare and help to manage the 

patient health status.
142

 Currently, sweating is usually induced under medium physical 

exercise or iontophoresis, and the induced sweat is collected and further detected by 

different wearable sensors.
12,43

 It is a grand challenge to realize wearable sweat 

detection in sedentary environment through a safe way due to low sweating rate and 

inefficient sweat collection strategies. 

Here, we present a wearable OECT-based biosensor that can realize quick 

stabilization of response signal and quick detection of target analyte at high 
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sensitivity. We found that the stabilization time of the channel current under certain 

gate voltage can be tuned by varying the channel dimensions. The dual gate 

configuration is utilized in the design of the sensor to increase sensor selectivity. After 

performing gate modification, the sensor is used for quick glucose detection with high 

sensitivity and selectivity. The efficient sweat collection strategy is reported by 

integrating super hydrophilic textile and thin PDMS well with the OECT device. The 

resulting sweat biosensor worn on a fingertip can collect enough sweat in several 

minutes for sweat analysis due to the super hydrophilicity of the textile. The glucose 

level in sweat can be real-time and wirelessly detected and analyzed by a mobile meter 

though the custom-made app on a mobile device. Therefore, the advantages of the 

dual gate OECT in quick and wearable sweat glucose detection can make it possible to 

use the device for versatile wearable applications in the future. 

4.2 Experimental section 

4.2.1 Materials 

The flexible PET film (thickness: 0.2 mm) was obtained from Servtek Materials 

Technology (Guangzhou) Co., Ltd. Dimethyl sulfoxide, glycerin, and 

dodecylbenzenesulfonic acid (DBSA) were all purchased from Sigma-Aldrich, Inc. 

and used as received. Lactic acid, urea, and ascorbic acid were purchased from J&K 

Scientific (Hong Kong) Ltd. AZ5214 and SU-8 2002 photoresists were purchased 

from MicroChem Corp. and kept away from direct light. Silicone elastomer kit 

(Sylgard 184) was purchased from Dow Corning, and the base elastomer and curing 

agent were mixed with a weight ratio of 10:1 and cured at 70 
o
C for 2 to 3 hours to 

form a solid PDMS for further use. 
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4.2.2 OECT device fabrication 

A typical OECT microfabrication process included the deposition of metal, 

PEDOT:PSS, and insulation layer, through multi-layer photolithography. PET film 

was annealed at 120 
o
C for 1 hour to promote polymer chain reorganization and 

decrease its deformation during further fabrication process. Then, the film was 

thoroughly washed by sonication with acetone, deionized water, and isopropyl alcohol, 

receptively, followed by blow-drying with high purity nitrogen. AZ5214 photoresist 

was coated on the film and exposed under ultraviolet by using Karl Suss MA6 Mask 

aligner. The exposed film was developed in AZ 300K developer to define the pattern 

of metal pads, interconnects, and source/drain contacts of the OECT. Then Cr (~10 

nm)/Au (~100 nm) electrodes were deposited on the defined pattern of the film by RF 

magnet sputtering and lift-off in acetone. The dual Pt gate electrodes (~90 nm) were 

patterned and deposited through a similar process. The channel area was then 

patterned through another photolithography process. The PEDOT:PSS aqueous 

solution supplemented with 5% dimethyl sulfoxide, 5% glycerin, and 0.25% DBSA, 

was coated on the patterned channel area of the film and annealed at 110 
o
C for 20 

minutes to form a thin PEDOT:PSS layer. The PEDOT:PSS pattern was subsequently 

defined through further lift-off process. Finally, the device was packed with SU-8 

2002 negative photoresist through photolithography process to expose the channel and 

dual gate area.  

4.2.3 Gates modification strategies 

The inner and outer gates of the OECT device were modified with functional 

polymers and functional polymers/enzyme, respectively, to fabricate the highly 

sensitive biosensor as previously.
83

 The details were as follows: The two gates were 
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first coated with one thin layer of nafion (5 mg/mL) to block interference of most 

negative molecules. Then polyaniline solution (10 mg/mL) was cast on the 

nafion-coated gates to increase the specific area of the gate electrodes to promote 

enzyme loading. The outer gate (enzymatic gate) of the device was coated with 

glucose oxidase (10 mg/mL) in PBS solution and dried in the humidified environment 

at 4 
o
C. The inner gate (control gate) of the same device was coated with PBS solution 

and dried in the humidified environment at 4 
o
C. Finally, the enzyme on the gate was 

immobilized by drop casting chitosan acetic solution (5 mg/mL; acetic acid: 50 mM). 

The modified device was stored in a humidified environment at 4 
o
C for further use. 

Before sensing measurements, the device was rinsed with PBS solution to remove the 

unanchored enzyme. 

4.2.4 Sweat absorption layer design and device assembly 

The sweat absorption layer consisted of a two-layer structure, one superhydrophilic 

textile layer, and one thin PDMS well layer. The superhydrophilic textile was 

purchased from CoolMax®. As shown in Figure 4.1(a), the textile was finely tailored 

to fit the area of the channel and two gates (about 0.5 cm
2
) and adhered to it by sealing 

the textile edge. Then the thin PDMS well with microfluidic channel was bond with 

the textile to form the sweat absorption layer (area: ~1.5 cm
2
). Finally, it is bonded to 

the OECT device by using the inherent adherence of PDMS. The as-prepared device 

was stored in 4 
o
C for further wearable applications. 

4.2.5 Device characterization 

The OECT devices with different channel length (10 m, 30 m, 60 m, and 100 m) 

were fabricated and checked under a Leica microscope (DM1750M). The ratio of 

width to length of the channel was fixed at 4 for all devices. The PEDOT:PSS film 
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thickness can be adjusted by changing the spin speed during the PEDOT spin coating 

process or changing the formulation of the PDDOT:PSS solution. The measurements 

of transfer curve and real-time channel current response (certain gate voltage) were 

performed by two source meters (Keithley 2400) controlled through a Labview 

program in a laptop. For the measurement of transfer curve of a device, drain-source 

voltage (VDS) was fixed at 0.05 V, and the channel current was measured with the 

sweeping of gate voltage (VG) from 0 to 1 V. For the real-time channel current 

response measurement, PBS solution was added on the channel area of the devices 

with different channel dimensions. For the glucose level measurements, the channel 

current response of the dual gate OECT device was first measured under control gate 

voltage during the addition of PBS with certain concentration of glucose solution, and 

then the gate voltage was switched to the enzymatic gate after the stabilization of the 

channel current. The current change was recorded after switching gate voltage from 

the control gate to the enzymatic gate and converted into effective gate voltage change 

(VG
eff

). The VG
eff 

can be regarded as the indicator of a particular concentration of 

glucose solution. By using this method, different concentrations of glucose solution 

can be measured as a function of VG
eff

. The interferences, lactic acid, urea, and 

ascorbic acid are also added in PBS solution during channel current response 

measurement to confirm the selectivity of the dual gate device. 

4.2.6 Mobile meter design and wearable measurements 

The portable meter consisted of four main modules: central microprocessor, analog 

to digital circuits (ADC), digital to analog circuits (DAC), and Bluetooth module. 

The integrated device connected to the portable meter was worn on the fingertip or 

forearm to perform wearable sweat glucose detection. The channel current response 

of the device on the skin was monitored by the custom app on a mobile device. 
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4.3 Response time vs channel dimension 

Figure 4.1(a) shows the basic illustration of a dual gate OECT based on PEDOT:PSS, 

one widely used p-type organic semiconductor,
143

 which can be gated by the outer gate 

and inner gate through electrolyte to realize the de-doping process.
126

 A voltage (VD) 

is applied between the drain and source electrodes (channel) on which PEDOT:PSS 

film is spin-coated and the channel current (ID) of the OECT is monitored. Two same 

voltages (VG1 and VG2) are applied on the two platinum gates, respectively. Two 

switches connected to the two gates are switched off during the initial state. Then the 

 

Figure 4.1. (a) The illustration of a dual gate OECT, showing the source, 

drain, two gates electrodes, and electrolyte. The effect of the channel 

thickness (b) and channel length (c) of OECT on the stabilization time of the 

channel current of OECT after adding PBS solution (the first dropping point 

of the curves) For Figure b, the devices have a channel length (L) 30 mm and 

channel width (W) of 60 mm. For Figure c, the channel thickness is fixed at 

30 nm. The VD (drain voltage) and VG (gate voltage) are fixed at 0.05 V and 

0.3 V, respectively. 
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inner gate voltage is turned on and electrolyte is dripped on the device to cover the 

sensing area of the device. The cations in electrolyte are injected into the entire 

volume of the channel which can compensate the counter ions (PSS
-
) in the 

PEDOT:PSS film and de-dope it, therefore decreasing the conductivity of the channel. 

In further biosensing experiment, the outer gate voltage is turned on and the inner 

gate voltage is turned off after the channel current gets stable. The channel current 

change after the gate voltage switching can be regarded as an indicator of a specific 

analyte level if the two gates are further modified with the functional polymers and 

corresponding enzyme. Details of the dual gate OECT advantages will be discussed 

later in this chapter. 

To study the effect of channel dimensions on the stabilization of channel current of 

devices after applying a gate voltage of 0.3 V, we choose four types of channel 

thickness: 30 nm, 80 nm, 200 nm, and 1 m, respectively. The channel length for the 

above four kinds of devices is 30 m and only one Pt gate is used during the 

characterization of the channel current response time to their dimension. The profile 

curves of PEDOT:PSS film at different fabrications conditions are shown in Figure 

4.2. It is noteworthy that the PEDOT:PSS films behave the coffee ring effect and this 

phenomenon is more prominent for thicker film because more solute needs to be 

deposited on the channel. Therefore, the thickness stated in the previous context is an 

estimative thickness at different spinning speed (6000 rpm, 1500 rpm * 2, 500 rpm * 2, 

and drop cast). The two response behaviors of the channel current for four kinds of 

devices can be observed in Figure 4.1(b). The gradual current decay for thicker 

channel devices and the spike-and-recovery channel current for thinner channel device 

are presented after applying gate voltage of 0.3 V. This is consistent with the previous 

report, and transient behavior of channel current can be determined by:
133
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𝐼(𝑡, 𝑉𝐺) = 𝐼𝐷(𝑉𝐺) + ∆𝐼𝐷 (1 − 𝑓
𝜏𝑒

𝜏𝑖
) exp(−

𝑡

𝜏𝑖
)               (4.1) 

ID is the channel current at steady-state and fixed gate voltage (VG) and ID = ID (VG = 

0) - ID (VG). f is geometric factor (it can be considered as ½ when VG >> VD). e and i 

are electronic and ionic transit time, respectively, where e = L
2
/VD (L is channel 

length, is the mobility of PEDOT:PSS film), i = Cd•Rs (Cd is the device capacitance, 

and Rs is the resistance of electrolyte). According to Equation 4.1, the transient 

channel current response to the applied voltage (VG = 0.3 V) can be a 

spike-and-recovery curve (fe > i) or be a monotonic decay curve (fe < i). The 

electronic transit time can be considered as a constant in this circumstance. The ionic 

transit time is proportional to the capacitance of the device. According to the 

capacitance equation: C = •A/d, the capacitance of channel increases with the 

increase of the film thickness since the area of the film increase substantially due to its 

thickness increase and porous structure. The geometric factor (f) is approximately ½ 

due to VG >> VD (VG = 0.3 V, VD = 0.05 V, respectively). We can find that the transient 

response of channel current shows a monotonic decay at a thinner thickness of the 

channel (30 nm). With the increase of the channel thickness, the transient response of 

channel current transforms from monotonic decay to spike-and-recovery behavior. As 

shown in Figure 4.1(b), the monotonic decay behaviors of the device with the channel 

thickness of 200 nm and 1 m show longer waiting time to reach a relatively stable 

state than that with channel thickness of 80 nm as well as the spike-and-recovery curve 

behavior of device with channel thickness of 30 nm. It can also be found that the 

device with the thinnest channel can quickly reach stable state after applying the gate 

voltage. It is also useful for quickly ion exchange of porous channel during volumetric 

doping and de-doping process.  
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Four types of channel length (10 m, 30 m, 60 m, and 100 m) are chosen to further 

check their effects on the stabilization of the channel current. The channel thickness 

for all devices is 30 nm since it can realize a quick response and stabilization of the 

channel current of a device. As shown in Figure 4.1(c), the spike-and-recovery 

response of channel current is observed in all kinds of devices. According to equation: 

e = L
2
/VD, e increases with the increase of the channel length, thus enabling much 

more significant spikes and longer stabilization time of the channel current response. 

It is consistent with Equation 4.1 that a larger e can induce a more significant 

spike-and-recovery response and therefore a longer stabilization time of the channel 

current after applying the gate voltage of 0.3 V. We can find that the stabilization time 

of the devices with the channel length of 10 m and 30 m is quite similar. So, an 

OECT device with 30 m channel length is enough for quick stabilization of channel 

current and used for quick detection. The smaller channel length of the device, the 

 

Figure 4.2. The profiles of PEDOT with different thickness: (a) 30 nm, (b) 

80 nm, (c) 180 nm, and (d) 1 m. 
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higher precision of the fabrication technique is required. In order to achieve the best 

cost-effective fabrication of the OECT device, the 30 m of channel length and the 30 

nm of channel thickness are chosen for further device fabrication unless otherwise 

stated. 

4.4 Dual gate OECT for quick detection 

As shown in Figure 4.3(a), the transfer curves of a dual gate device gated by its inner 

gate and its outer gate are nearly overlapped. It indicates that the uniformity of two 

gates of the device is successfully realized. The gate uniformity can guarantee less 

interference introduction from the device and its high accuracy by using the dual gate 

biosensing method. The good gate uniformity can be further confirmed by the current 

response of a dual gate OECT in Figure 4.3(b). The current change of the channel is 

negligible after switching gate voltage from the inner gate to the outer gate (as shown 

by the red arrow in Figure 4.3(b)). 

As mentioned above, the selectivity is a critical factor of wearable biosensor because 

its target analytes exist in the complex environment of human body fluids.
8
 The dual 

gate device with Pt gate electrodes is sensitive to H2O2 according to the anode reaction 

occurred on the gate:
85

 

𝐻2𝑂2
 𝑃𝑡 
→    2𝐻+ + 𝑂2 + 2𝑒      (4.2) 

The glucose oxidase on the gate can catalyze glucose conversion into gluconolactone 

and is reduced in the process. Theurther redox reaction reactivates the reduced enzyme 

and produces hydrogen peroxide. The above redox reactions are cycled and produce 

more hydrogen peroxide when enough glucose exists in the solution. The produced 

hydrogen peroxide is catalyzed by the Pt gate electrode and oxidized into oxygen 
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(Equation 4.2), thus inducing electron transfer into the gate electrode and 

subsequently affecting the channel current. Glucose can be sensed according to the 

above reaction mechanism, and its concentration is proportional to the production of 

hydrogen peroxide during enzymatic redox reaction and corresponding channel 

current change.
82

 

During the wearable applications, the flexible biosensors can be used for sensing 

different analytes, such as glucose, lactic acid, and uric acid in sweat, which can 

provide useful information for our physiological state. However, the Pt gates of the 

 

Figure 4.3.(a) Transfer characteristics of a dual-gate OECT gated by the Pt 

inner gate, Pt outer gate, and a Pt wire, respectively. (b) Current response of a 

dual-gate OECT after adding PBS solution and switching to Pt outer gate. (c) 

The dual-gate design of OECT and its dual-gate modification strategies used 

for a quick glucose detection. Polyaniline, chitosan, and glucose oxidase are 

abbreviated as PANI, CHIT, and GOx, respectively. Channel dimensions: W 

= 120 mm, L = 30 mm, and d = 30 nm. VD = 0.05 V and VG = 0.3 V. 
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device can react with other analytes, like ascorbic acid, lactic acid, and uric acid, 

which are commonly found in the sweat.
85

 The target analyte should be distinguished 

with minimal interference from other analytes in the analyte solution. In order to 

achieve specific sensing of one specific analyte, the selectivity of the wearable 

biosensor must be realized to perform effective biosensing in the complex body fluids. 

As stated previously,
83

 the enzyme modification is carried out on the one gate 

electrode to realize highly selective detection of an OECT biosensor. The detailed 

procedure for dual gate modification can be found in the experiment part and Figure 

4.3(c). Notably, the nafion film cast on the two gates of a dual gate OECT can block 

most negative species and larger molecules access to the surface of the Pt gates in the 

analyte solution. The chitosan film deposited on the two gates can provide anchors for 

glucose oxidase on the enzymatic gate to realize its long-term and reliable catalytic 

activity. Moreover, the glucose oxidase mixed with nano-materials, such as graphene, 

and carbon nanotube can substantially increase the catalytic activity of the anchored 

enzyme to increase the sensitivity of the dual gate OECT device. The control gate 

(without enzyme modification) of the dual gate OECT can be used to decrease the 

interference from other analytes in the electrolyte. 

4.5 Dual gate OECT for selective and sensitive 

biosensing 

As shown in Figure 4.4, the various interferences (ethanol, ascorbic acid, urea, uric 

acid, and lactic acid) are introduced in PBS solution to check the selectivity of the dual 

gate glucose sensor. We can find that the negligible channel current response is 

observed after adding a physiological level of interferences and switching the gate 

voltage to the enzymatic gate. It confirms that the selectivity of the device is 

successfully realized by multilayer modification strategies.  
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After modification to the gates, the dual gate glucose devices are used to perform 

calibration test, in which different concentrations of glucose in PBS solution are added 

on the channel and gates area of the device and the channel current change (ID) is 

recorded and converted to effective change of gate voltage (Vg
eff

) during the gate 

voltage (0.3 V) switching from the control gate to the enzymatic gate. As shown in 

Figure 4.5 and 4.6, calibration curves of glucose ranging from 1 nM to 100 M are 

characterized in PBS solution. The current response of the channel shows a 

 

Figure 4.4. The channel current response of dual gate OECTs (glucose 

biosensor) to the additions of physiological level of interferences (Ethanol, 

AA, Urea, UA, and LA). 
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spike-and-recovery behavior as expected in all the calibration curves. It is consistent 

with the previous current response shown in Figure 4.1(c) that thin channel OECT 

behaves a capacitive current. We can find that the channel current can quickly reach  

stabilization (less than 40 s) after adding PBS solution (black arrow in Figure 4.5(a)). 

The control test (no addition of glucose in the PBS solution) shows that there is no 

current response after switching to the enzymatic gate (red arrow in Figure 4.5(a)). 

The dual gate OECT begins to show an obvious response after addition of 100 nM 

glucose solution (Figure 4.5(d)). The channel current quickly drops and reaches 

stabilization after switching gate voltage to the enzymatic gate (red arrow in Figure 

4.5(d)). Due to the dual gate design, our device can realize the quick stabilization of 

channel current and quick response to the addition of target analyte solution. It solves 

the long waiting time of traditional single gate OECT detection technique before it 

 

Figure 4.5. The channel current response curves of the dual-gate OECT for 

glucose detections ranging from 1 nM to 1 M. The black arrows show the 

addition of glucose solution (gated through the control gate) and red arrows 

show the gate voltage switching from the control gate to the enzymatic gate. 
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reaches stabilization (it usually takes about several hundreds of seconds). 
83,85

 The 

merits of the quick stabilization and response of the device make it possible for 

wearable applications, such as quick detection and real-time monitoring of 

physiological and biochemical parameters. Also, the current response increases with 

the increase of glucose concentration and reaches saturation if glucose concentration 

is more than 100 M (Figure 4.5 and 4.6). According to Figure 4.6(d), the detection 

limit of the dual gate glucose sensor can be down to 100 nM with a sensitivity of 20.69 

mV/decade. 

 

 

Figure 4.6. (a)-(b) The channel current response curves of the dual-gate 

OECT for glucose detections ranging from 10 M to 100 M. The black 

arrows show the addition of glucose solution (gated through the control gate) 

and red arrows show the gate voltage switching from the control gate to the 

enzymatic gate. (c) The effective gate voltage changes of the dual gate OECT 

to the additions of different glucose concentrations.  
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4.6 Wearable sweat biosensing of flexible dual gate 

OECT 

The dual gate device can be worn on the wrist or fingertip as a wearable product and 

used for biochemical detection of sweat. However, the sweating rate is relatively slow 

if no external stimulus is applied to human subjects. Considering an average healthy 

human, sweating rate ranges from 1 to 100 nL/min per gland according to their 

physical state with a density of ~200 glands/cm
2
.
9,70

 The area of channel and its 

adjacent two gates of a device is about 10 mm
2
 and it can only collect 20~2000 nL 

sweat per minute when the device adheres on the surface of human skin. The collected 

sweat is insufficient to fully cover the gate and channel area of the device within 

dozens of minutes of collection time if a human is in a stationary state (more than half 

an hour, as shown in Figure 4.7(a)). In order to realize in situ efficient sweat collection 

and further biosensing applications, a sweat-absorbent layer should be developed to 

decrease the waiting time. As shown in Figure 4.8(a), the thin white textile is 

 

Figure 4.7. The on-body response time of the channel current of a bare dual 

gate device (a) and dual gate device integrated with sweat capture structure 

(b) to the secretion of sweat from human skin surface.  The red arrows show 

that enough sweat has been captured by the superhydrophilic cloth in the 

PDMS well. 
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superhydrophilic, and the other three kinds of commercial textile behave weak sweat 

absorption according to their contact angle against artificial sweat. The area of the 

channel and adjacent gates of the device is covered by the superhydrophilic textile. 

The remaining part of the device is covered by one thin PDMS well against skin 

surface. (Figure 4.8(b))  

As shown in Figure 4.7(b), the device with the sweat-absorption layer can quickly 

collect enough sweat on the textile and begin to perform biosensing (less than 10 

minutes). The superhydrophilic textile can quickly absorb secreted sweat by nearby 

glands and form sweat connection between the channel and gates underneath. 

Furthermore, the hydrophilic PDMS layer can repel the secreted sweat to its well 

through the microfluidic channel, which can accelerate the sweat collection into the 

 

Figure 4.8. (a) The photos and contact angles of four different kinds of 

commercial cloth. (b) The design of sweat capture structure by combining 

sweat absorption layer integrated with PDMS collection well to the dual gate 

biosensor. 
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superhydrophilic textile. The integrated device can well conform to the curved skin 

and allows quick and selective detection of a panel of metabolites in human 

perspiration (Figure 4.9(a)). The flexible substrate integrated with the PDMS layer 

can guarantee stable skin-sensor contact. The integrated superhydrophilic textile 

avoids the direct contact of human skin with the channel and modified gates of the 

devices and decreases the disturbance introduced by the friction between the sensor 

and curved skin.  

The portable meter that integrated with a microprocessor, control circuit, readout 

circuit, power management module, and wireless transmission module is connected to 

 
Figure 4.9. (a) The photo of an integrated dual gate device worn on a subject 

wrist, performing efficient sweat collection, quick and wireless detection of 

metabolites in human body fluids. (b) Schematic of the integrated dual gate 

biosensor which can be worn on the different parts of human body. The 

transfer curve (c) and on-body channel current response (b) of an integrated 

dual gate biosensor worn on the fingertip to the secretion of sweat. Inset: The 

deviation of sweat glucose concentration during three repeated tests. 
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the sensor through flexible cable and powered by a rechargeable lithium-ion battery 

(battery capacity: 340 mAh) at low power consumption (Figure 4.10). The meter can 

be remotely controlled by mobile phone and enable sensing data collected from the 

sensor transmission to the custom app with visualized interface and data logging. As 

shown in Figure 4.11, the portable meter can perform both transfer curve 

characterization and channel current response characterization, and the test results are 

hardly discriminated with those got from Keithley 2400 source meters. The accuracy 

and reliability of the portable meter guarantee its further integration with the dual gate 

OECTs.  

 

As shown in Figure 4.9(b), the wearable device can be worn on the various parts of 

the body, such as forearm, fingertip, forehead, chest, and abdomen. The portable meter 

connected to the sensor can be readily put in an armband or pocket. The real-time 

current response of the device worn on a volunteer’s fingertip is monitored by the 

 

Figure 4.10. Block diagram of wearable biosensing platform. 
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mobile meter and visualized on the mobile phone for the detection of sweat glucose 

(Figure 4.9(d)). It can be found that the gate voltage is not applied on the channel of 

the sensor in the first seven minutes as there is not enough sweat in the PDMS well to 

connect its channel and gates. At the time of about 420 s, the channel current decreases 

sharply because the superhydrophilic textile in the PDMS well has collected enough 

sweat and established its solution connection. Due to the novel device design, the 

channel current quickly reaches stabilization in a short period of time after the sharp 

decrease. The channel current undergoes another minor decrease after switching the 

gate voltage to the enzymatic gate, which can be regarded as the indicator of sweat 

glucose. The glucose concentration of the volunteer is about 77 M according to its 

Vg
eff

 (Figure 4.9(c)) and the calibration curve, which is in the range of healthy 

person sweat. As shown in the inset of Figure 4.9(d), the deviation of averaged 

glucose concentration is a little significant during the repeated test which may due to 

the variance of sweating rate. The wearable device can be used for sensing different 

metabolites, such as glucose, lactate acid, and uric acid in different human body fluids. 

 

Figure 4.11. Transfer characterization (a) and channel current responses (b) 

of a dual gate OECT by the commercial source meters and the portable 

meter. 
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4.7 Summary 

In summary, the dual gate OECT sensors enabling quick response and detection is 

successfully devised and used for in situ metabolite detections in human sweat. By 

finely tuning the dimension of the OECT channel, the channel current of the sensors 

can quickly reach stabilization after applying a gate voltage via electrolyte. The 

selectivity of the sensors to the target analytes can be increased by using the dual gate 

design. The dual gate biosensors can be used for selectively and sensitively detection 

of the target analyte in body fluids by further gates modification process. The glucose 

calibration curves are obtained with the detection limit of 100 nM and the detection 

sensitivity of 20.69 mV/decade. We can find that the dual gate sensors integrated with 

the sweat absorption layer and thin PDMS well can promote sweat collection during 

wearable applications and decrease the sensor standby time, which is particularly 

important in real-time detection of metabolites in body fluids. Furthermore, the 

integrated sensor connected to the portable meters and mobile phone enables in situ 

real-time and quick detection of glucose levels in sweat. By using a sensor array, the 

wearable and multiplex detections of human metabolites can be easily implemented in 

the future. The sensor array also paves the way for developing an efficient wearable 

system by using the quick response OECT sensor together with the fluid absorption 

structure and wireless module in quick and in situ analysis of metabolites in body 

fluids to facilitate noninvasive and personalized healthcare management and ongoing 

physiological and clinical investigations. 
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Chapter 5 Organic electrochemical 

transistors for ECG recording 

5.1 Introduction 

Wearable bioelectronics has already been emerging as a critical technique for personal 

healthcare systems.
1,3,10

 Electrophysiological activities have been recorded with low 

impedance electrodes and are further processed by conditioning circuits, such as noise 

filters and integrated amplifiers, to obtain high-quality signals.
2,95,144

 Among the 

electrophysiological activities, ECG signals can provide valuable information in the 

detection of heart-related diseases, such as arrhythmias, ischemia, and elderly heart 

failure.
4,11,145,146

 Currently, clinical ECG signals are acquired through a 12-lead ECG 

recorder. The instrument is usually used for centralized measurement under the 

operation of experienced specialists. It is also too bulky and complicated for personal 

use.
148

 The portable and wearable ECG devices are urgently needed in practical 

applications. Their long-term and wearable ECG monitoring can enhance predictive 

diagnostics and its potential in telehealth management.
144

 At the same time, heart 

malfunction treatment can be provided by implanted pacemakers to extend precious 

rescue time during individual ECG monitoring.
147

 Although some wearable ECG 

products, such as Zio® by iRhythm Technologies and Apple Watch® Series 4 by Apple 

Inc, have been used for wireless monitoring of ECG signals, the signal-to-noise ratio 

(SNR) and accuracy of the recorded signal still need to be increased. 

The Ag/AgCl electrode is the standard electrode for high-quality ECG signal 

recording because of its properties of low impedance and non-polarization.
11

 In order 

to establish good contact between human skin and recording electrodes, the ion gel, 
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one kind of solid electrolyte, is used to perform reliable cutaneous ECG 

monitoring.
148,149

 Some reports presented advanced ECG recording techniques that 

can be used for the long term and wearable monitoring of electrophysiological 

activities. Pani et al presented a textile electrode which can be used for wearable ECG 

monitoring. The PEDOT:PSS-based textile electrode is biocompatible to human skin, 

thus decreasing its allergic reaction when performing long-term tests. The acquired 

ECG signal quality (according to QRS detectability, broadband noise) is comparable 

to that recorded by the Ag/AgCl electrode. Due to the side effect of commercial ECG 

patches with ion gel to human skin and its high adhesion on exceptionally fragile 

neonatal, some efforts have been done to develop dry electrode to realize gel-free 

and/or less sticky ECG sensor.
144,148

 The ECG sensor tends to be integrated with other 

physical and/or biochemical sensors to perform multiplex sensing applications.
5,144

. 

By monitoring multiplex signals, such as skin temperature, breath rate, ECG signal, 

glucose level, etc., the device can provide more accurate healthcare management. 

12,33,138
 However, the two-electrode configuration is popularly exploited in the most 

ECG recording devices. The characteristic noise from the ambient environment 

compounded with a low amplitude of ECG signals poses doubts for high-quality 

signal recording. 

Recently, organic electrochemical transistors (OECT) are emerging as an outstanding 

tissue-electronics interface due to its ion-to-electron transducing and good 

biocompatibility.
23,24

 Furthermore, intrinsic amplification abilities of the OECTs make 

them possible for weak signal capture.
97,135,150-152

 The electrophysiological signals of 

human body can be transduced into electrical signals and accurately recorded by the 

OECT device. PEDOT:PSS is commonly used in the fabrication of the OECT device 

(gate electrode and channel), which provides a good interface between the electrode 

and skin and decreases the influence introduced from motion artifact.
153,154

 Campana 
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et al firstly demonstrated the OECT ability in ECG monitoring although high noise is 

observed in the recorded signal.
95

 After that, different OECT configurations were 

further developed and used for ECG recordings.
145,146,155-158

 The ultra-flexible and 

self-powered device was developed and used for cardiac signal recording, and a high 

signal-to-noise ratio was achieved due to the absence of power-line interference and 

high gain of the OECT device.
145

 However, the wearable ECG applications of the 

OECT devices are rarely reported. 

In this chapter, a flexible OECT device with a short channel is fabricated and used for 

wearable ECG signal monitoring. The response time of the device can be 

substantially decreased to tens of microseconds. The high-quality ECG signal can be 

achieved by optimizing the distance between the channel and the gate of the device 

on a skin surface. The wearable ECG sensor is finally demonstrated, and a prototype 

of the portable meter is designed for wearable ECG signal monitoring. 

5.2 Experimental section 

5.2.1 Materials and reagents 

Highly conductive PEDOT:PSS (Clevios PH 1000) was purchased from Heraeus Ltd. 

and filtered through a nylon filter (pore size: 0.43 m) before use. The flexible PEN 

film (thickness: 0.05 mm) was obtained from Teijin Limited. The other materials and 

reagents can be found in Section 4.2.1 

5.2.2 OECT device fabrication 

A short-channel OECT was fabricated through a microfabrication technique, which 

includes the deposition and patterning of metal electrodes, PEDOT:PSS, and 
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insulation encapsulation layers. The similar process in Section 4.2.2 can be referred 

during short channel OECT fabrication. 

5.2.3 Device characterization 

The transfer and output characteristics were tested with two similar source meters. 

The ion gel was used as solid electrolyte during tests. The thin PDMS layer was 

assembled onto the OECT device, so it can conformably adhere to the skin. The gate 

part and channel part of the device were placed on the different sites of human body to 

perform ECG monitoring. The on-body transient channel current response of the 

OECT was also investigated by applying a train of gate pulse voltages and response 

time of the channel current was recorded. For ECG recording, the transient channel 

current induced by cardiac potential through the gate electrode was first sent to a 

preamplifier (Stanford Research Systems, SR570) and then captured by an 

oscilloscope (Tektronix TDS2000C). The recorded signal was filtered through 

 

Figure 5.1. (a) The prototype of the portable meter for ECG monitoring. (b) 

The block diagram of portable meter design. 
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bandpass filters (2-40 Hz). 

5.2.4 Prototype design of portable monitoring platform 

The prototype of the portable meter was shown in Figure 5.1(a). The flow chart that 

was shown in Figure 5.1(b) illustrated the working mechanism of the portable meter. 

The microprocessor can output VD and VG through built-in ADC modules to 

functionalize the device. The channel current of the device was sent to a 

trans-impedance amplifier and a bandpass filter, and was then transformed to 

readable signal by DAC of the microprocessor. The digital signal bringing ECG 

information was transmitted to a visualization device through the microprocessor. 

5.3 Short channel OECT electrical performance 

As illustrated in Figure 5.2(a), the channel and gate of the OECT were fabricated 

simultaneously. In order to guarantee its flexibility and conformability, the device was 

fabricated on the thin and flexible PEN substrate. A thick layer of PEDOT:PSS gel 

was coated on the skin to improve the contact between the gate electrode and human 

skin. The microphotograph of the channel of the device is shown in Figure 5.2(b). The 

channel length and width of the device are about 2.5 m and 7.0 m, respectively. The 

channel is shorter than that reported by our group, thus increasing its response speed. 

The gate area is much larger than the channel (more than 1000 times) so that effective 

gating of the device can be achieved. The short channel device is then tested in PBS 

solution which is similar to the electrolyte of human body. According to the transfer 

curve for VD=0.05V, the ON/OFF ratio of the device is more than 100, and the 

corresponding max transconductance is 0.26 mS at VD=0.48V (Figure 5.2(c)). The 

leakage current is more than three orders of magnitude lower that the channel current 

during the transfer test. The output curves clearly show that the device is operated in 
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the depletion mode and firstly works in the linear regime and then reaches saturation 

regime with the increase of VD. 

Figure 5.3(a) shows the comparison of the transfer curves tested in ion gel by 

PEDOT:PSS-based electrode and Ag/AgCl electrode. We can find a horizontally left 

shift if we perform the transfer test by using Ag/AgCl electrode. This may be due to 

the intrinsic potential difference between the PEDOT:PSS-based gate electrode and 

the Ag/AgCl electrode. In order to confirm whether the response speed of the device 

can meet the requirement of ECG signal recording, the transient properties of the 

device are further characterized and shown in Figure 5.3(b)-(d). The electric pulses 

are applied on the channel through the gate electrode, and the channel current response 

is recorded accordingly. As shown in Figure 5.3(b), the 0.8 V pulse voltage is applied 

to turn off the device and long-term pulse applying (more than two hours) do not 

 

Figure 5.2. (a) The illustration of a short channel OECT with channel length 

of about 2 m. (b) Micrograph of channel part of the short channel OECT. (c) 

Transfer and output curves of the short channel OECT characterized in PBS 

solution. 
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substantially degrade the performance of the device (Figure 5.3(b) only shows a small 

portion of recording). The response times of on-to-off (ON) and off-to-on (OFF) which 

can be estimated through Figure 5.3(c)-(d) are about 60 s and 100 s, respectively. 

We can find that ON is only half of OFF due to the difference in the doping and 

de-doping process of the device which is consistent with previous reports about ion 

diffusion.
159,160

 Furthermore, due to the short channel effect, the response time of the 

device is much shorter than those of previously reported OECT used in 

electrophysiological signal monitoring.
95,97

 So, our device can be employed for 

recording ECG signals. 

5.4 ECG signal quality vs recording sites 

The ECG signals stem from the muscular tissue of a heart, where pacemaker cells can 

 

Figure 5.3. (a) Transfer curves of short channel OECT gated by PEDOT and 

Ag/AgCl gate electrodes. (b)-(d) The transient channel current response of 

short channel OECT. 
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spontaneously induce an influx of Ca
2+

 and further cause cell depolarization. This 

signal quickly spread to the whole heart area, thus causing rhythmic expansion and 

contraction, which is called the cardiac cycle. The macroscopic ion flux wave during 

the cardiac cycle leads to the tiny change of skin potential ranging from a millivolt to a 

few hundred microvolts. Due to its property of potential wave, the ECG signal can be 

recorded by a potentiometer through the low impedance electrodes.
161,162

 In order to 

demonstrate its ECG recording capabilities, the channel, and gate of the device was 

adhered on the forearm and heart area, respectively (Figure 5.4(a)). A safe gate 

voltage of 0.3 V was applied on the gate electrode of the device to realize its maximum 

transconductance and VD=0.05 V is applied on the channel of the device through drain 

electrode. The digital photo of the channel part of the device adhering on the 

volunteer’s forearm is shown in Figure 5.4(b), and the channel current is transmitted 

 

Figure 5.4. (a) The illustration of OECT device placing on human body for 

ECG recording. (b) The magnified picture of the device adhered on the 

forearm. (c) The external instruments under shielding for ECG signal 

capture.  
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to the external device through a cable. The sticky PDMS well is integrated on the top 

of the channel (inset of Figure 5.4(b)) to increase the contact of the device with skin. 

Due to the interference of ambient noise caused by AC power supply and other 

sources of radiofrequency, the volunteer and external device was shielded with a metal 

foil (Figure 5.4(c)) and its signal quality can be improved in comparison with the 

signal recorded in ambient environment.  

As shown in Figure 5.5(a), the recorded channel current bringing the ECG signal 

during an ECG test is first passed to the preamplifier to convert the transient current to 

a readable and amplified voltage signal. The readable signal then can be recorded 

directly through an oscilloscope. However, the recorded signal still brings large 

amounts of noise (Figure 5.5(b)). According to the frequency spectrum of the 

recorded signal, the most significant noise comes from the AC power supply. So, the 

recorded signal is sent to a bandpass filter (4-40 Hz) to remove the interference of the 

AC power supply. Although the signal begins to show the periodic pulse after passing 

through the bandpass filter (Figure 5.5(c)), the noise is still too large to show the 

 

Figure 5.5. (a) The flow chart demonstration of ECG wave processing. The 

original signal (b) and filtered signal (c) of captured ECG waves. 
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characteristic peaks of a typical ECG wave. 

The recording site of the channel part of the device is adjusted to study its effect on the 

recording quality of the ECG signal. As shown in Figure 5.6(a)-(c), the recorded 

signals with different distances between channel and gate (60cm, 30 cm, and 10 cm) 

are presented. We can find that the signal-to-noise ratio (SNR) of the ECG signal 

increases from 12 to 30 with the distance decrease from 60 cm to 10cm (Figure 

5.6(d)). However, its P and T peaks get weak when the distance decreased to 10 cm. 

The amplitude of the potential caused by the cardiac cycle decays when ECG signal 

spreads from heart to limbs. If we further decrease the distance between the gate and 

channel, the ECG signal disappears, indicating that the device has a distance too close 

to discriminate the underneath signal. Also, both the channel and gate are placed on 

 

Figure 5.6. (a)-(c) The effects of placing sites of the device channel to ECG 

signal quality. (d) The histogram of SNR to distances between channel and 

gate.  
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the heart area, which may cause signal cross-talk between the channel and gate of the 

device. According to the inset of Figure 5.6(d), the P, QRS, and T peaks are well 

duplicated in Figure 5.6(b), and its SNR can meet the requirements of functional ECG 

recording. So, our device can realize ECG monitoring with a high recording quality 

and peak detectability.  

5.5 Portable meter for wearable ECG monitoring 

The external recording instruments, such as preamplifier and oscilloscope, are 

usually bulky and not suitable for wearable use. We demonstrate a portable meter 

using for ECG monitoring (Figure 5.1(a)). The portable meter can be worn as an 

armlet. The real-time ECG monitoring can be realized by using the portable meter 

and short channel OECT. The portable meter can be further integrated and 

miniaturized to a small PCB board. After being filtered with a digital filter, the ECG 

wave can be recorded by using the portable meter (Figure 5.7(a)). After applying a 

two-stage low pass filter (<45Hz), the ECG wave can be observed in Figure 5.7(b). 

The QRS and T peaks can be extracted from the recorded signal. We can find that 

 

Figure 5.7. The portable meter used for ECG signal monitoring under no 

filter condition (a) and two-stage low pass filter condition (b). The red lines 

show ECG traces processed with digital band pass filter. 
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after using further digital band pass filter, some noise can be removed, and the 

characteristic peaks of the ECG wave are clearly recognized.  

5.6 Summary 

In summary, the short channel OECT is successfully prepared by microfabrication 

technique and used for high quality ECG signal monitoring. The channel length of the 

device is down to about 2 m. The ON/OFF ratio of the device is more than 100. The 

response time (ON) is as short as 60 s. The device is sufficiently fast to record the 

fine structure of different ECG waves and provide accurate information for clinical 

diagnostics. The recorded ECG signal quality is closely related to the recording site of 

the channel and gate of the device. When the distance between the channel and gate of 

the device is about 30 cm, the best ECG signal can be recorded. The excellent SNR 

and clearly characteristic peaks of the recorded ECG signal can be simultaneously 

achieved. Finally, a prototype of the portable meter used in wearable ECG monitoring 

is demonstrated, which may provide a new concept for wearable healthcare system 

design. 
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Chapter 6 Conclusions and perspectives 

6.1 Conclusions 

In this thesis, different wearable sensors employing the OECT platform, such as 

glucose sensor, uric acid sensor, ECG sensor, are systemically studied. Two kinds of 

device substrate, flexible film and flexible fiber, are used for device fabrication to 

increase its flexibility, conformability, and wearability during wearable sensing. The 

gate functionalization strategies and channel dimensions are thoroughly investigated 

to increase sensor sensitivity, selectivity, and response speed. The above device 

fabrication techniques can be easily integrated and used in quick and highly sensitive 

diagnostics, especially in some emergencies, which will lead to a promising trend in 

wearable bioelectronics. 

Firstly, the fiber-based OECT device is fabricated and used for biosensing. The 

multilayer design enables its excellent bending stability after even thousands of 

bending tests. The gate electrode of the device is modified with the functional 

polymers, nanomaterials, and specific enzyme, so its sensitivity and selectivity are 

markedly improved. The fiber-based glucose, dopamine, and uric sensors are 

successfully fabricated by the above modification method, and outstanding sensing 

performance is achieved. Their detection limit to the specific analyte can be down to 

10 nM with good selectivity (two orders of magnitude higher than interferences). 

Due to its good flexibility and conformability, the fiber-based glucose sensor is 

woven with textiles and forms a fabric sensor. The fabric sensor can be regarded as a 

wearable patch and used for noninvasively glucose detection. The wearable urine 

glucose detection by using the fabric glucose sensor integrated into a diaper is 

demonstrated. 
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In order to solve the issues of long waiting time and instability during the OECT 

detection, the dimension of the channel is finely optimized to realize its quick 

stabilization and detection. The dual gate OECT configuration is proposed to 

increase its sensing selectivity. The proposed technique can realize quick detection of 

glucose and total detection can be finished within 1 minute. The underlying 

mechanism of quick detection is analyzed. The sensitivity of the device can be down 

to 100 nM. The noninvasive detection of sweat glucose is efficiently realized by 

integrating the OECT senor with a superhydrophilic textile and microfluidic PDMS 

well. The on-body wearable detection of sweat glucose can be achieved within 

several minutes, which significantly reduced waiting time during wearable sweat 

detections. The techniques utilized here combined with optimum design of the 

device would shed light on the further development of noninvasive wearable 

biosensors. 

The flexible OECT is also exploited to perform ECG signal monitoring. The 

short-channel OECT device with the channel length of about 2 m is fabricated and 

its transient time (ON) is as low as 60 s, which can guarantee accurately recording 

of fine ECG waves. The high-quality ECG signal recording (the characteristic peaks 

of a typical ECG wave) can be realized by placing the channel part and gate part 

closely enough (not less than 10 cm), and the potential recording mechanism is 

analyzed in detail. The wearable monitoring of the ECG signal with good SNR is 

demonstrated. This monitoring technique could be further developed for better 

electrophysiological signal recording and management. 

6.2 Perspectives 

As mentioned above, the OECTs have been proven to be a promising platform for 

different biochemical and physical signal detections in versatile scenarios due to its 
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abilities of intrinsic amplification and ion-to-electron modulating. Furthermore, the 

biocompatibility of organic semiconductor employed in the OECT guarantees an 

excellent interface between biological tissue and the OECT device, which could shed 

light on the long term, nonirritating, and reliable healthcare monitoring in implanted 

and/or wearable applications. As discussed in the thesis, the device configuration, 

operation mechanism, fabrication process, and gate/channel functionalization 

strategies all play crucial roles in the performance of the OECTs and are the major 

concerns in further developing highly sensitive and wearable biochemical or 

electrophysiological OECT sensors.  

The gate or channel functionalization is essential to highly sensitive and selective 

OECT biosensors. The biochemical elements can be detected on the gate electrodes 

or organic semiconductor layer due to the potential drop at the interface between the 

electrolyte and the gate/channel. The modification strategies can substantially 

influence device performance. The sensitivity and selectivity can be improved by 

different functionalization strategies on the gate or channel of the device. However, 

the majority of the current biosensors are enzyme-based and its strict storage 

environment and short shelf time are far from satisfaction. So, the gate/channel 

functionalization strategies should be further developed to increase the device shelf 

life and air stability without sacrificing its sensitivity and selectivity. 

The device configurations, such as fabric device, quick response device, short 

channel device, can meet different sensing requirements, such as quick response, 

high transient property as well as outstanding flexibility, conformability, and 

wearability, in various detection situations. The different device configurations 

should be exploited according to their particular applications. The interaction 

between the analytes and gate/channel can facilitate the understanding of the 

working mechanism of the device. Some models that illustrated the redox and 
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doping/de-doping process during ion movement into/out from the organic 

semiconductor layer and encountering of modified gate/channel with biosensing 

elements. However, the underlying reactions at the micro-interface between the 

channel/gate and target analytes are yet to be deeply investigated. The advanced 

techniques used in OECT studies will promote the better understanding and design 

of high-performance OECT device. 

Although the wearable applications are presented in the thesis, the single 

analyte/signal is detected in each application, and its integration is needed to meet 

the requirements of practical application. The future efforts should be devoted to the 

miniaturization and integration of the wearable devices and external meter to realize 

multiplex detections and inexpensive production of the devices. We can find that the 

wearable application of the OECT device is an interdisciplinary project which 

requires the joint efforts of the material scientist, chemist, engineer, biologist, and 

clinician. It can be anticipated that the wearable bioelectronics employing the OECT 

platform will advance to a higher level under the mutual efforts of various research 

areas in the near future. 
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