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 1 

 Abstract 2 

 3 

A novel flexible lactate sensor based on organic field-effect transistors (OFETs) is demonstrated. 4 

Because lactate is known as a biomarker for assessing our physical performance, wearable 5 

lactate sensors could contribute the monitoring of human health conditions. The flexible and 6 

low-voltage operatable OFET possesses an extended-gate modified with enzymes and an 7 

osmium-redox polymer for the lactate detection, meaning that the continuous measurement of 8 

lactate levels (0–10 mM) has been successfully achieved. We believe that insight obtained open 9 

up opportunities for applying OFETs in wearable biosensors. 10 

 11 

Keywords: Organic transistors, flexible biosensors, lactate, enzymes, redox polymers. 12 
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Introduction 1

Biosensor devices for healthcare applications have received significant attention because they 2

enable to analyze biomolecules1 which exist in body fluid such as blood, saliva, urine and sweat. 3

For example, biosensors modified with glucose oxidase or glucose dehydrogenase are some of 4

the notable healthcare tools for diabetics.2 Recently, exploratory research of healthcare devices 5

has focused on the real-time monitoring of our health conditions.3 If continuous measurements 6

of biomarkers in human body become possible, more efficient healthcare can be achieved in 7

daily life. However, conventional biosensors based on quartz crystal microbalance (QCM),4 8

surface plasmon resonance (SPR),5 or electrochemical (EC) detectors6 have limited to use in 9

stationary measurement because these methods generally require large-size and expensive 10

equipment. Needless to say, the biosensor devices for continuous monitoring of our health 11

conditions should be disposable and wearable. 12

Because of their flexibility and low-cost processability, organic field-effect transistors7 13

(OFETs) have been widely researched for the development of flexible electronic devices such as 14

rollable displays8 and low-cost radio frequency identification (RFID) tags.9 Solution-processed 15

OFETs can be achieved flexible, large-area, and low-cost electronics,10,11 suggesting that they 16

are some of more promising devices for wearable sensors. Although some demonstrations of 17

OFETs for sensing application have been carried out by a couple of groups,12 the research 18

domain of the development of bio/chemical sensors is still in its infancy. Toward this end, we 19

have successfully demonstrated biosensors based on extended-gate type OFETs modified with 20

antibodies13–15
 or enzymes.16,17 From the viewpoint of analytical chemistry, OFET-based 21

biosensors should be carefully designed for the accurate detection of biomolecules in aqueous 22

media. 23

In this Note, we demonstrate a flexible biosensor based on an OFET for the lactate detection. 24

Lactate is one of the important biomolecules of metabolism in human body.18 In addition, the 25
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lactate level in sweat or blood is well known as a parameter for assessing physical performance 1 

of human in the field of healthcare (e.g. sport science).19,20 The continuous measurement of 2 

lactate is required for the practical exercise management, which could be achieved by wearable 3 

biosensors. For instance, Wang et al. reported a wearable biosensor based on an EC method for 4 

the real-time monitoring of lactate in sweat.21 We also recently developed an OFET on a glass 5 

plate connected to an extended-gate electrode modified with a lactate oxidase (LOX) on a 6 

plastic film toward the lactate detection.22 Herein, we describe a flexible OFET biosensor, and 7 

demonstrate the continuous lactate detection in water. 8 

 9 

Experimental 10 

Experimental details are summarized in the Supporting Information. To achieve 11 

low-voltage and stabilized operation for chemical sensing, the OFET device for the flexible 12 

biosensor was designed by employing an extended-gate structure with reliable OFET materials 13 

(Fig. 1).23–26 In addition, the LOX and a horseradish peroxidase (HRP)/osmium redox polymer 14 

complex were utilized as the sensing membrane on the extended-gate. 15 

 16 

Results and Discussion 17 

The fabricated flexible OFET must work in aqueous media, meaning that the device 18 

should be operated under low voltage. In addition, stable repeated-characteristics is necessary to 19 

detect biomolecules with high-accuracy and reproducibility. Accordingly, we investigated the 20 

basic characteristics (such as the field-effect mobility and the drain current, etc.) and carried out 21 

electrical bias and cycle tests of the fabricated OFET under ambient conditions. With that in 22 

mind, each electric parameter of the OFET was estimated by the following equation:27 23 

 24 

IDS = (W/2L)μC(VGS−VTH)2    (1) 25 
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where IDS is the drain current, W and L are the channel width and the length (1000 and 50 μm, 2 

respectively), μ is the field-effect mobility, C is the capacitance of the gate dielectric, VGS is the 3 

gate voltage, and VTH is the threshold voltage, respectively. The VGS was swept from 0 to -3 V 4 

while the source-drain voltage (VDS) was kept at -1 V. 5 

As illustrated in the basic characteristics (Fig. S1), the field-effect mobility in the 6 

saturation region was estimated to be 0.10 cm2/Vs and the on/off current ratio was ~1000. More 7 

importantly, no hysteresis was observed in the transfer (Fig. S1a) and the output curves (Fig. 8 

S1b), indicating that there are no trap states (i.e. physical or chemical issues for unstable 9 

operation of the OFET) at the interface between the semiconductor and the dielectric. To 10 

evaluate the device stability of the fabricated OFET, we performed DC bias stress and cycle 11 

tests. Judging from the observed results of the DC bias stress test on the OFET (Fig. 2a), we 12 

concluded that the fabricated device has an excellent stability against continuous measurements. 13 

Furthermore, the fabricated OFET showed the good stability in the cycle tests (ΔIDS ~ -0.8% 14 

after 60 cycles, Fig. 2b). It seems that the excellent chemical stability of component materials 15 

(DNTT and FDPA) in the OFET endowed us with the above-mentioned stable 16 

electric-characteristics. The results obtained here suggest that the fabricated device could be 17 

applied in the real-time monitoring of lactate in aqueous media. 18 

To investigate the biosensing ability of the fabricated OFET, we attempted the 19 

real-time electrical detection of lactate levels in aqueous media. The gate voltage was applied 20 

through a pseudo reference electrode (=Ag/AgCl). The stable operation was observed in the 21 

absence of lactate, while Figure 4 shows the current response of the OFET biosensor to 22 

continuous changes in the lactate level (0–10 mM) in the PBS solution. The observed 23 

continuous changes in the drain current mean that the field-effect phenomenon in the fabricated 24 

OFET device is affected by the addition of lactate. In other words, the enzymatic reaction (vide 25 



Analytical Sciences
Advance Publication by J-STAGE
Received June 25, 2018; Accepted August 13, 2018; 
Published online on August 24, 2018
DOI: 10.2116/analsci.18SDN02

6 

infra) on the extended-gate caused such changes. 1

2

Lactate + H2O + O2 → Pyruvate + H2O2 (2) 3

H2O2 + 2H+ + 2OsII → 2H2O + 2OsIII (3) 4

5

The first reaction catalyzed by the lactate oxidase generates pyruvate and hydrogen 6

peroxide from lactate and oxygen in water. The HRP subsequently reacts with hydrogen 7

peroxide and produces water, followed by the valence changes of the osmium ion in the redox 8

polymer (OsII → OsIII). The above redox reactions result in decreasing of the channel 9

conductance of the OFET through the extended-gate.28,29 This is because the channel 10

conductance of the OFET strongly depends on the surface potential on the gate electrode. 11

Importantly, the fabricated device would selectively respond to lactate in biological fluids such 12

as sweat, because no electrical responses to interferent analytes (=MgCl2, CaCl, NaCl, p-cresol, 13

urea, and glucose, which contain in sweat) were observed in the LOX-modified OFET in our 14

previous report.22 Moreover, the continuous response range (0–10 mM) was covered within a 15

typical lactate level in sweat (1–100 mM),30,31 meaning that the fabricated OFET has sufficient 16

sensitivity for the non-invasive monitoring of lactate. Note that, the response range of the 17

fabricated device was higher than that of the previous report (100–1000 nM), because the 18

sensing area for the extended-gate electrode was miniaturized from 15 mm2 to 1.65 mm2.22 19

Overall, we can conclude that the fabricated OFET is one of the best candidates for flexible and 20

enzymatic biosensors. 21

22

Conclusions 23

In conclusion, we have successfully demonstrated an enzymatic detection of lactate 24

using a flexible OFET device. In the response to the addition of lactate, changes in the output 25
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current of the OFET were observed. This stemmed from the electrochemical reaction of by the 1 

enzymes on the extended-gate electrode. Notably, the OFET device has several advantages to 2 

utilize as a biosensor platform. For example, the OFET device integrated with amplification 3 

circuits can improve the sensitivity of biosensors32,33 in comparison with that of conventional 4 

electrochemical-based biosensors.34,35 Furthermore, sensing data can be wirelessly sent through 5 

OFET-based data transmission circuits.36 Hence, we believe that the flexible OFET could pave 6 

the way to novel healthcare applications. Our preliminary results suggest that modifications of 7 

the flexible OFET and the use of different enzymes could yield various wearable biosensors. 8 

Further development of OFET-based biosensing systems is thus underway in our laboratory. 9 
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Figure Captions 1 

 2 

Fig. 1 (a) Schematic structure of the fabricated OFET biosensor device. (b) Details of the 3 

detection part. (c) A photograph of the fabricated device. 4 

 5 

Fig. 2 (a) Transfer characteristics of the fabricated OFET device taken before and after applying 6 

a constant bias voltage (VGS=VDS= –1.0 V) for 3600 s. (b) Changes in the drain current (IDS) of 7 

the fabricated OFET device by the cycle test (VGS=VDS= –1.0 V). 8 

 9 

Fig. 3 Time course change of the drain current (IDS) with increasing the concentration of lactate 10 

(VDS=VGS=−1.0 V). 11 
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Fig. 1. (a) Schematic structure of the fabricated OFET biosensor device. (b) Details of the 3 

detection part. (c) A photograph of the fabricated device. 4 
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1

2

Fig. 2. (a) Transfer characteristics of the fabricated OFET device taken before and after applying 3

a constant bias voltage (VGS=VDS= –1.0 V) for 3600 s. (b) Changes in the drain current (IDS) of 4

the fabricated OFET device by the cycle test (VGS=VDS= –1.0 V).  5

6

7
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 2 

Fig. 3. Time course change of the drain current (IDS) with increasing the concentration of lactate 3 

(VDS=VGS=−1.0 V). 4 
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