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論文の内容の要旨 

 

Background: 
Field-effect transistor (FET)-based biosensors offer many advantages such as real-time, 
label-free, fast response, portability, and high density integration in addition to its high 
sensitivity. Among FET-based biosensors, single-walled carbon nanotube field-effect 
transistor (SWCNT-FET)-based biosensor manifests a promising candidate thanking to 
its quasi-one dimensional SWCNT channel. Every atom is located onto the surface of 
SWCNT; therefore it is extremely sensitive to small change of surrounding environment. 
However, FET-based biosensors in general and SWCNT-FET-based biosensor in 
particular face a critical issue of the Debye shield (physical length of approximately 1 
nm induced by counterions in physiological environment) which limits the selection of 
probe molecules. Besides, conventional probe molecule such as antibody – a product of in 
vivo biological protocol, which is large in size (10 – 12 nm) and suffered from batch to 
batch activity variation, critical storage condition and high cost, is not suitable for 
FET-based biosensors. To overcome this problem, the small probe molecule is utilized to 
bring the binding event to the vicinity of sensing surface of FET in order to enhance the 
field effect from charged biomolecule target, hence improving the sensitivity of the 
sensor. In the previous study, small fragment of antibody (such as Fab’2 fragment, Fab 
fragment) and DNA aptamer were used as small probe molecules integrated into 
SWCNT-FET biosensor. As a result, the sensitivity of SWCNT-FET sensor could be 
improved remarkably. In this study, we demonstrated the utilization of small probe 
molecules such as peptide aptamer and glutamate-binding protein (GBP) integrated 
with SWCNT-FET. The peptide aptamer is in vitro chemically synthesized. Therefore, 



its activities are uniform regardless of batch with extended storage time; synthesis is 
quicker and inexpensive; especially it can be flexibly modified to approach wide variety 
of target while antibody is limited. Compared with DNA aptamer which is made by a 
combination of 4 nucleic acids, peptide aptamer is a mimic form of a variable loop of 
antibody, hence peptide aptamer possesses higher specific affinity. The GBP exhibits 
rapid recognition to transient Glutamate (Glu) – a key neurotransmitter in a central 
nervous system. Since the current methods for Glu detection are suffered from temporal 
and spatial resolutions, therefore GBP is a promising candidate to integrate with 
SWCNT-FET for studying fast process of Glu transmission. 
Aim: In this study, we demonstrated the utilization of small probe molecules such as 
peptide aptamer and GBP integrated with SWCNT-FET (Figure 1). The peptide 
aptamer was integrated with SWCNT-FET to develop highly selective and sensitive 
biosensor. The GBP was combined with network SWCNT-FET to develop a sensor for 
real-time monitoring of transient Glu, aiming for neuroscience application. 

 

Figure 1: The integration of small probe molecules with SWCNT-based FET. 
Experimental: 
1. Peptide aptamer-modified CVD-type SWCNT-FET biosensor 
First, SWCNT-FETs were fabricated on the Si/SO2 substrate by growing SWCNTs on Co 
catalyst using catalytic alcohol chemical vapour deposition (CVD). We call this 
CVD-type SWCNT-FET. The novel peptide aptamer that specifically recognizes 
Cathepsin E (CatE) – a useful prognostic biomarker for cancer diagnosis, was utilized as 
probe molecule. The peptide aptamer was immobilized onto the SWCNT channel via 
1-pyrenebutanoic acid succinimidyl ester (PBASE) linker, following by blocking the 
unreacted PBASE linker with ethanolamine (Figure 2). The fabricated peptide 
aptamer-modified CVD-type SWCNT-FET sensors were subjected to each CatE 
concentrations in 1X PBS pH 10 and 10-times diluted human serum, respectively, 
followed by rinsing thoroughly with 0.0005X PBS pH 4, and then dried with nitrogen 



gas. Finally, a Parafilm cavity was attached to the device to contain the 0.0005X PBS 
pH 4 during electrical measurements. To check the selectivity, the fabricated sensors 
were exposed to the interference molecules such as bovine serum albumin (BSA) and 
Cathepsin K (CatK). 

 
Figure 2: The immobilization of peptide aptamer onto the surface of SWCNT and the 
operating setup of liquid-gated CVD-type SWCNT-FET device for CatE detection. 
2. GBP-modified network SWCNT-FET biosensor 
To simplify the process of device fabrication and improve the reproducibility, a 
semiconducting SWCNT solution was used for the deposition of random network 
SWCNT channel. This technique is simple and fast, allowing a direct control of network 
density of SWCNT channel and hence the transistor characteristics. We call this 
network SWCNT-FET. Then the network SWCNT was functionalized by immobilization 
of the GBP probe molecule using PBASE linker. Then a Parafilm cavity was attached to 
the device to contain 0.01X PBS pH 7.5. The fabricated GBP-modified network 
SWCNT-FET sensor was subjected to various Glu concentrations for real-time 
measurement. To check the selectivity, the fabricated sensor was exposed to 
interference molecule such as Dopamine – another neurotransmitter.  
Results and discussion: 
1. Peptide aptamer-modified CVD-type SWCNT-FET biosensor 
Figure 3 (a) shows the response of fabricated peptide aptamer-modified CVD-type 
SWCNT-FET sensor to CatE in 1X PBS buffer pH 10. The conductance of SWCNT 
channel decreased with increasing CatE concentrations from 0.1 to 0.6 ng/mL. This 
decrease in conductance is due to the positive charge of CatE at pH 4 which induces the 
decrease of hole carrier density inside SWCNT channel by field effect. There was no 
change in conductance for the CatE concentration above 0.6 ng/mL because all peptide 
aptamer probe molecules were occupied. There was no significant response of the 



CVD-type SWCNT-FET device, which was modified with PBASE linker, followed by 
blocking with ethanolamine, to 1 ng/mL CatE (Figure 3 (b)). This result indicated that 
the nonspecific binding between CatE and SWCNT was suppressed. Figure 3 (c) shows 
the comparison between the responses of the fabricated sensors to CatE, CatK and BSA. 
The result indicates that the fabricated sensors strongly respond to CatE, but negligibly 
respond to CatK and BSA, exhibiting the specificity of fabricated sensor. 

 

Figure 3: The electrical characteristics of CVD-type SWCNT-FET modified with (a) and 
without peptide aptamer probe molecule (b) responding to CatE; and (c) the response of 
peptide aptamer-modified CVD-type SWCNT-FET to CatE, CatK and BSA. 
Using the fabricated sensor, we proceed to detect CatE in 10-times diluted human 
serum. As a result, the sensor responds to CatE from 10 to 100 ng/mL (Figure 4 (a)). In 
the calibration curve in Figure 4 (b), the intensity of response signals increased with 
increasing CatE concentration from 10 to 60 ng/mL because of the positive charge of 
CatE. The lowest detectable CatE of 10 ng/mL in human serum is three time of 
magnitude lower than that of a conventional ELISA system using a similar peptide 
aptamer [1]. These results indicated that the use of small peptide aptamer is an 
effective strategy for realizing highly sensitive and selective FET-based biosensors. Our 
demonstrated sensor could be a promising platform for near-patient testing and 
point-of-care testing applications. 

 

Figure 4: Quantitative detection of CatE in 10-times diluted human serum. 



2. GBP-modified network SWCNT-FET biosensor 
Figure 5 (a) shows the response of network SWCNT-FET with GBP probe molecule to 
Glu from 10 to 50 µM (black line) whereas the network SWCNT-FET without GBP 
shows no significant response to this range of Glu concentrations (red line). This result 
indicated the nonspecific binding between Glu and network SWCNT was suppressed 
and the increase in drain current was originated from the binding between GBP and 
Glu. The increase in drain current is due to the negative charge of Glu and the 
conformational change of GBP which induces the increase in hole carrier density inside 
network SWCNT channel. The sharp decrease in drain current at 100 µM is due to the 
decreased pH by excessive Glu. The fabricated GBP-modified network SWCNT-FET 
exhibited no significant response to Dopamine (Figure 5 (b)), indicating the high 
selectivity property of fabricated sensor. These results indicated that our sensor could 
be a promising candidate for real-time monitoring of Glu at micromolar range which is 
sufficient for studying Glu signalling. 

 
Figure 5: (a) Response of network SWCNT-FET with (black line) and without (red line) 
GBP to Glu; and (b) Response of GBP-modified network SWCNT-FET to Dopamine. 
Conclusion: 
We have successfully demonstrated, for the first time, the integration of small probe 
molecules (peptide aptamer and GBP) into SWCNT-based FETs. The integration of 
peptide aptamer with CVD-type SWCNT-FET could achive highly sensitive and specific 
detection of CatE. The integration of GBP with network SWCNT-FET could monitor Glu 
at micromolar range in real-time. The proposed platforms are promising for clinical 
application as well as neuroscience study, and be applicable for various target 
biomarkers. 
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論文審査の結果の要旨 

 
本論文は、Single-walled carbon nanotube (SWCNT) をチャネル材料に用いた電界効果トラ

ンジスタ（FET）において、デバイ遮蔽と低再現性という原理的に大きな問題に向き合い、よ

り実用的なセンサデバイスを目指すための具体的手法の確立を試みたものである。

SWCNT-FET 型のバイオセンサは、その微小性、高速応答性から、生体分子のダイナミックな

応答を計測できるセンサとして注目されていたが、電荷応答型のセンサのため、電解質溶液内で

はデバイ遮蔽により感度が低下する。これを避けるには、より小さなプローブ分子を用いること

が有効である。本研究では、ペプチドアプタマをプローブに用い、癌マーカであるカテプシン E
の高感度な検出系を構築しその有効性の実証を試みた。また CNT はカイラリティの多様性から

原理的に再現性が低い。そこで予め作成された半導体型の CNT のみを塗布したネットワーク型

の FET を用い、その高速応答性を活して、神経伝達物質である Glutamate の計測系の構築を

目指した。 
第 1 章では、SWCNT-FET を用いたバイオセンサの現状と問題点についてまとめ、本研究の

課題を明確化した。 
第 2 章では、バイオセンサに組み込むのことができる SWCNT-FET の設計と、作成、その特

性の評価を行った。ここでは、より高感度な測定が期待できる、従来型の化学気相成長(CVD)
法で作成する SWCNT-FET に加え、より高再現性が期待できる市販の半導体 SWCNT を塗布し

て作成するネットワーク型の SWCNT-FET を作成し、期待通りの基礎特性を確認した。 
第 3 章では、CVD 作成型 SWCNT-FET に、ペプチドアプタマをプローブとして初めて組み

合わせ、カテプシン E の計測系を構築した。従来の抗体を用いた測定系と比べ、3~4 桁の高感

度化を達成し、また同じペプチドアプタマを用いた ELISA と比べても 3 桁の高感度化を達成し

た。 
第 4 章では、ネットワーク型の SWCNT-FET と Glutamate binding protein (GBP)を用い、

Glutamate の測定系を構築した。10-50µM の範囲で、選択的な Glutamate のリアルタイム計

測に成功した。 
以上、本論文は、SWCNT-FET を用いたバイオセンサにおいて、大きな問題点であったデバ

イ遮蔽と定再現性の問題を扱い、ペプチドアプタマや GBP を初めて組み合わせることで、カテ

プシン E や Glutamate という具体的な測定系においてその有用性を実証したものであり、学術

的に貢献するところが大きい。よって博士（マテリアルサイエンス）の学位論文として十分価値

あるものと認めた。 


