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Abstract

An easy calibration method based on the Langmuir adsorption theory is proposed for a carbon
nanotube field-effect transistor (NTFET) biosensor. This method was applied to three NTFET
biosensors that had approximately the same structure but exhibited different characteristics.
After calibration, their experimentally determined characteristics exhibited a good agreement
with the calibration curve. The reason why the observed characteristics of these NTFET
biosensors differed among the devices was that the carbon nanotube (CNT) that formed the
channel was not uniform. Although the controlled growth of a CNT is difficult, it is shown that
an NTFET biosensor can be easy calibrated using the proposed calibration method, regardless

of the CNT channel structures.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Biosensors represent one of the important applications
of nanostructured carbon materials [1-9] such as carbon
nanotubes (CNTs) [10-13], carbon nanowires [14], and carbon
nanohorns [15, 16]. The carbon nanotube field-effect transistor
(NTFET) biosensor [17-19] can be easily prepared by using
a conventional device fabrication process. In an NTFET
biosensor, the CNT functions as the channel of the field-effect
transistor (FET). NTFET biosensors sense the electric charge
of living molecules such as proteins [20, 21], glucose [22],
and DNAs [23, 24]. For example, in an antigen sensor, a
specific target protein (antigen) is adsorbed on the antibodies
that are fixed on the gate of an NTFET by an antigen—antibody
reaction. Since the target protein carries a charge, it changes
the drain current after adsorption because its electric charges
modulate the CNT channel.
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For NTFET biosensors, the most important challenge that
should be overcome is developing a precise technique for
controlling the CNT growth; this is because the characteristics
of an NTFET are determined by the CNT channel. In order to
produce devices with uniform characteristics, it is essential to
control the growth of the CNT in terms of chirality, location,
number, and direction; however, these controls are difficult to
achieve.

Although many researchers have attempted to achieve the
control of chirality, location, number, and direction [25-27],
limited results have been reported; furthermore, these methods
were unsuitable for the mass production of CNTs.

Our aim is not to achieve a precisely controlled growth
of CNTs but to propose an easy calibration method for
NTFET biosensors. By using the proposed method, we
can quantitatively detect living molecules using any NTFET
biosensor without precise control of the CNT growth.

In our previous research, we found that the adsorption
behaviour of an antigen on the antibodies fixed on a gate

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic of an NTFET biosensor

electrode of a CNT obeyed the Langmuir adsorption
mechanism [18]. Hence, in this study, we will show that
an NTFET biosensor can be calibrated using the Langmuir
adsorption equation.

2. Experimental set-up

For this study, we used three n-type NTFET biosensors of
the same structure, as illustrated in figure 1. The details
of the fabrication process and device structure have been
given in a previous article [18]. We attached an antibody
to the top gate of NTFETs and converted them into antigen

sensors. A pig serum albumin (PSA) and an anti-PSA (a-PSA)
were selected as the antigen and antibody, respectively. By
physical adsorption, a-PSA was attached to the top gate of the
NTFET.

Because the isoelectric point of the PSA molecule is
pH 4.8, it carries a negative charge above this pH. Then, the
pH of the PSA solutions was adjusted to 8.0 using a buffer
solution. Thus, the PSA adsorbed on the top gate lowered the
source—drain current.

For measurements using the antigen sensor, the environ-
mental conditions are important. For precise measurements,
static electricity must be removed because it gives rise to a
marginal error in the results. The temperature and humidity
in the measurement field were maintained at 25 °C and at least
more than 60%, respectively. For these purposes, a manual
prober (705B-6, Micronics Japan) and a precision semiconduc-
tor parameter analyser (4156A, Hewlett-Packard) were set up
in an electrically sealed room.

The measurement system of the PSA sensor is shown in
figures 2(a) and (b). A silicone rubber wall was set around the
top gate. A PSA solution was poured onto the top gate of the
NTFET. A gate voltage was applied to the top gate from an
Ag/AgCl reference electrode. The drain current was measured
as a function of the gate voltage for several concentrations
of the PSA solution. The occurrence of the PSA/a-PSA
reaction was detected by a decrease in the drain current from
its original value corresponding to the nonoccurrence of the
reaction. The detailed experimental procedures were reported
previously [18].
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Figure 2. Experimental set-up of PSA sensing: (a) schematic and (b) photographic image.
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3. Calibration method

Because the interaction between a macromolecule such
as a protein and a solid surface is always strong, these
adsorption isotherms are classified as type L of the Giles
classification [28] (or type I of the [UPAC classification [29]).
In many cases, these type-L adsorption isotherms follow
the Langmuir equation without depending on the adsorption
mechanism [30, 31]. Thus, a calibration method which
uses the Langmuir equation is highly versatile. In addition,
the adsorption of a PSA molecule on the a-PSA fixed on
the top gate of an NTFET is considered to follow the
Langmuir adsorption mechanism because the assumptions of
this mechanism are satisfied; that is, the PSA molecule adsorbs
1:1 at an adsorption site, resulting in a monomolecular layer
adsorption.

If the interactant molecule adsorbs on ligands fixed on the
top gate of an NTFET following the Langmuir equation, the
NTFET biosensor can be easily calibrated. The reason is that
the Langmuir adsorption equation can be described by only
two parameters—A I and K. Here, Al is the change in the
drain current when the adsorption of the interactant molecules
reaches saturation, and K. is the equilibrium constant of
adsorption for the interactant molecules. When interactant
molecules adsorb on specific ligands that are fixed on the
sensor head, the Langmuir equation for the FET derived in [18]
is given by

C/AI = C/Al4+ 1/AIKeg, (1)

where C is the concentration of the interactant solution at
equilibrium and AT is the change in the drain current. In these
experiments, the interactant and ligand are PSA and a-PSA
molecules, respectively.

K.q is indicated as the strength of interaction between the
interactant and the ligand because it is related to the Gibbs free
energy. Hence, for the same pair of interactant and ligand,
Keq can be considered to remain constant. Thus, K¢, can be
replaced with its expected value ((K¢q)). Here, we define the
normalized drain current change 6 as 6 = AI/Alg, and the
calibrated Langmuir equation is then given by

C/0=C+1/(Ke), 2

where A can be easily determined experimentally.

4. Results and discussion

The sensing results of the PSA molecules are shown in figure 3.
In all the measurements, both the top gate and drain voltages
were set at +1 V. Although the same concentration of the PSA
solution was used, the values of Al significantly differed for
the three devices. For example, when 1.0 x 10* nM of the PSA
solution was measured using devices B and C, AT observed for
device B was approximately 3.3 times larger than that observed
for device C.

The reason why the observed values of A/ differed among
the devices is that the CNT that forms the channel is not
uniform. In other words, the chirality of the CNT which
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Figure 3. Characteristic curves of relationship between A/ and

equilibrium concentration of PSA. (e), (H), and (A) denote devices
A, B, and C, respectively.

Table 1. Characterization of NTFET biosensor for PSA sensing.

Device gnm (nS) Al (nA) 1/K

A 344 11.8 1.6 x 1078
B 164 31.0 8.1 x107°
C 62.0 9.26 1.2 x 1078

formed the channel differed among the devices. In fact, the
values of transconductance (gn,) significantly differed among
the devices (see table 1). Though devices A and B have
the same structure, they have significantly different values
of gm. This implies that the control of CNT growth is
impossible. Furthermore, the experimental values of Al
also differed among the devices. On the other hand, it was
confirmed that the variation in 1/K.q among the devices was
small since the reaction with the same pair of interactant and
ligand was measured. The value of K., obtained agreed
well with that obtained by other measurement methods such
as surface plasmon resonance [32] and infrared absorption
spectrometry [33].

We then calibrated these devices using the above-
mentioned method. Figure 4 shows the calibrated plots of
figure 3; that is, Al is normalized by 6. The solid curve in
figure 4 was calculated using equation (2). 1/(Kq) is regarded
as the mean value of 1/K.4 of the three devices: A, B, and C.

The experimental results obtained from the three devices
were in good agreement with the solid curve. The low-
concentration region of figure 4 is enlarged in figure 5. The
experimental values and solid curve also coincided well in this
region. Therefore, it was shown that an NTFET biosensor can
be calibrated by using the Langmuir adsorption equation.

5. Conclusion

The usefulness of the method of calibrating NTFET biosensors
using the Langmuir adsorption equation was demonstrated.
This result demonstrates the possibility of developing a
practical NTFET biosensor, even if the precisely controlled
growth of a CNT with regard to its chirality, location, number,
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Figure 4. Normalized characteristic curves denoting the relationship
between Al and the equilibrium concentration of PSA. (e), (H), and

(A) denote devices A, B, and C, respectively. The solid curve
represents the calibration curve calculated using equation (2).
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Figure 5. Low-concentration region of normalized characteristic
curves denoting the relationship between A/ and the equilibrium
concentration of PSA. (e), (l), and (A) denote devices A, B, and C,
respectively. The solid curve represents the calibration curve
calculated using equation (2).

and direction cannot be achieved due to technical difficulties.

Hence, the present calibration method is useful practically.

References

[1] Frackowiak E and Beguin F 2001 Carbon 39 937-50
[2] Yoshitake T et al 2002 Physica B 323 124-6
[3] Murata K, Hashimoto A, Yudasaka M, Kasuya D,
Kenako K and lijima S 2004 Adv. Mater. 16 1520-2
[4] Murata K, Yudasaka M and lijima S 2006 Carbon 44 818-20

(5]
(6]
(71
(8]
(9]
[10]
[11]
[12]
[13]
[14]

[15]

[16]
[17]
(18]
[19]

(20]

[21]
[22]
23]
[24]
[25]
[26]
27]
(28]

(29]

[30]

[31]

(32]
[33]

Ding R G, Lu G Q, Yan Z F and Wilson M A 2001 J. Nanosci.
Nanotechnol. 1 7-29

Hirscher M and Becher M 2003 J. Nanosci. Nanotechnol.
33-17

Endo M, Koyama S, Matsuda Y, Hayashi T and Kim Y-A 2005
Nano Lett. 5 101-5

Ajima K, Maigne A, Yudasaka M and lijima S 2006 J. Phys.
Chem. B 110 19097-9

Miyawaki J, Yudasaka M, Imai H, Yorimitsu H, Isobe H,
Nakamura E and Iijima S 2006 Adv. Mater. 18 1010

Iijima S 1991 Nature 354 56-8

Iijima S and Ichihashi T 1993 Nature 363 603-5

Bandaru Prabhakar R 2007 J. Nanosci. Nanotechnol.
7 1239-67

Wei W, Sethuraman A, Jin C, Monteriro-Riviere N A and
Narayan R J 2007 J. Nanosci. Nanotechnol. 7 1284-97

Tang Y H, Wang N, Zhang Y F, Lee C S, Bellol and Lee S T
1999 Appl. Phys. Lett. 75 2921-3

Iijima S, Yudasaka M, Yamada R, Bandow S, Suenaga K,
Kokai F and Takahashi K 1999 Chem. Phys. Lett.
309 165-70

Murata K, Kaneko K, Kokai F, Takahashi K, Yudasaka M and
Iijima S 2000 Chem. Phys. Lett. 331 14-20

Maehashi K, Katsura T, Kerman K, Takamura Y,
Matsumoto K and Tamiya E 2007 Anal. Chem. 79 7827

Abe M, Murata K, Kojima A, Ifuku Y, Shimizu M, Ataka T and
Matsumoto K 2007 J. Phys. Chem. C 111 8667-70

Allen B L, Kichambare P D and Star A 2007 Adv. Mater.
19 1439-51

Chen R J, Bangsaruntip S, Drouvalakis K A, Kam N W S,
Shim M, Li Y, Kim W, Utz P J and Dai H 2003 Proc. Natl
Acad. Sci. USA 100 4984-9

SoHM, Won K, KimY H, KimB K, RyuBH,NaP S,
Kim H and Lee J O 2005 J. Am. Chem. Soc. 127 11906-7

Besteman K, Lee J O, Wiertz F G M, Heering H A and
Dekker C 2003 Nano Lett. 3 727-30

Tang X, Bangsaruntip S, Nakayama N, Yenilmez E,
Chang Y I and Wang Q 2006 Nano Lett. 6 1632-6

Star A, Tu E, Niemann J, Gabriel J-C P, Joiner C S and
Valcke C 2006 Proc. Natl Acad. Sci. USA 103 921-6

Ago H, Nakamura K, Ikeda K, Uehara N, Ishigami N and
Tsuji M 2005 Chem. Phys. Lett. 408 433-8

Maeda M, Hyon C K, Kamimura T, Kojima A, Sakamoto K and
Matsumoto K 2005 Japan. J. Appl. Phys. 1 44 1585-7

Maeda M, Kamimura T and Matsumoto K 2007 Appl. Phys.
Lett. 90 043119

Giles C H, Smith D and Huitson A 1974 J. Colloid Interface
Sci. 47 755-65

Sing K S W, Everett D H, Haul R A W, Moscou L,
Pierotti R A, Rouquerol J and Siemieniewska T 1985 Pure
Appl. Chem. 57 603-19

Rouquerol F, Rouquerol J and Sing K S W 1999 Adsorption by
Powders and Porous Solids (London: Academic)

Fleer G J and Lyklema 1983 Adsorption from Solution at the
Solid/Liquid Interface ed G D Parfitt and
C H Rocherster (London: Academic)

Oda M and Azuma T 2000 Mol. Immunol. 37 1111-22

Kitano H, Iwai S, Okubo T and Ise N 1987 J. Am. Chem. Soc.
109 7608-12


http://dx.doi.org/10.1016/S0008-6223(00)00183-4
http://dx.doi.org/10.1016/S0921-4526(02)00871-2
http://dx.doi.org/10.1002/adma.200400240
http://dx.doi.org/10.1016/j.carbon.2005.10.034
http://dx.doi.org/10.1166/jnn.2001.012
http://dx.doi.org/10.1166/jnn.2003.172
http://dx.doi.org/10.1021/nl0482635
http://dx.doi.org/10.1021/jp064915x
http://dx.doi.org/10.1002/adma.200502174
http://dx.doi.org/10.1038/354056a0
http://dx.doi.org/10.1038/363603a0
http://dx.doi.org/10.1166/jnn.2007.307
http://dx.doi.org/10.1166/jnn.2007.655
http://dx.doi.org/10.1063/1.125190
http://dx.doi.org/10.1016/S0009-2614(99)00642-9
http://dx.doi.org/10.1016/S0009-2614(00)01152-0
http://dx.doi.org/10.1021/ac060830g
http://dx.doi.org/10.1021/jp071420e
http://dx.doi.org/10.1002/adma.200602043
http://dx.doi.org/10.1073/pnas.0837064100
http://dx.doi.org/10.1021/ja053094r
http://dx.doi.org/10.1021/nl034139u
http://dx.doi.org/10.1021/nl060613v
http://dx.doi.org/10.1073/pnas.0504146103
http://dx.doi.org/10.1016/j.cplett.2005.04.054
http://dx.doi.org/10.1143/JJAP.44.1585
http://dx.doi.org/10.1063/1.2432227
http://dx.doi.org/10.1016/0021-9797(74)90252-5
http://dx.doi.org/10.1351/pac198557040603
http://dx.doi.org/10.1016/S0161-5890(01)00028-1
http://dx.doi.org/10.1021/ja00259a004

	1. Introduction
	2. Experimental set-up
	3. Calibration method
	4. Results and discussion
	5. Conclusion
	References

