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ABSTRACT 
 

Carbon nanotubes (CNTs) are remarkable novel 
synthetic nanomaterials with unique properties such as high 
surface area, hollow cavities, and excellent mechanical and 
electrical properties. Interfacing carbon nanotubes with 
biological materials could enable significant advances in 
biomedical applications such as disease diagnosis and 
treatment. In addition, the bioconjugated nanotubes 
combine with the sensitive nanotube-based electronic 
devices would enable sensitive biosensors toward medical 
diagnostics. This paper presents electronic sensing of 
antibodies that are specific to IGF-IR surface receptors in 
cancer cells with nanotube field effect transistor devices. 
This paper also presents antibody functionalization of 
carbon nanotubes and its potential applications for cancer 
diagnostics.  
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1 INTRODUCTION 
 
Since the discovery of carbon nanotubes by Ijiima in 

1991 [1], researchers have been exploring their applications 
as building blocks for nanodevices such as probes [2], 
electron-field emission sources [3], chemical sensors [4], 
and transistors [5]. Furthermore, novel biological devices 
have been fabricated by integrating nanotubes with organic 
molecules. For example, covalently functionalized carbon 
nanotube probes have been found to be chemically sensitive 
to be used as the scanning probe microscopy mapping of 
biofunctional receptors [6]. 

The research for the development of carbon nanotube 
based nanoscale biosensors has been intensified by the 
successful immobilization of the biological materials such 
as proteins and enzymes in the interior cavity and on the 
surface of nanotubes without any drastic conformational or 
bioactivity change [7, 8]. Converting nanotubes into 
electronic devices for biosensor applications have received 
significant attention in recent years. The reason for such an 
approach is to be able to combine nanotechnological 
interfaces to CMOS, MEMS and biotechnology that can 
lead to creation of compact and batch fabricated biosensors 

with hundreds to thousands of sensors in a single chip. This 
would be a powerful approach for simultaneously detecting 
and screening various types of disease. An example to such 
device is a nanoscale field effect transistor with carbon 
nanotubes acting as the conducting channel for detection of 
various biomolecules. Carbon nanotube based field effect 
transistor (CNTFET) has first been fabricated in 1998 [5], 
and extensively studied [9]. The active detection area of the 
nanotube-based devices can be sized for individual 
biomolecules. Further, their response to different species 
can be varied in a controlled way using chemical and 
biological functionalization. 

Advances in the fabrication of the nanotube based field 
effect transistor devices have raised the expectations for the 
utilization of carbon nanotubes as superior biosensor 
materials. Star et al [10] used CNTFET devices to detect 
protein binding. Biotin/streptavidin binding has been 
detected by changes in the device characteristics. Chen et al 
[11] investigated carbon nanotube protein binding to 
develop highly specific electronic biosensors. They 
demonstrated highly sensitive nanotube sensors for the 
electronic detection of proteins. Here, we have investigated 
interaction of antibodies with carbon nanotubes, and how 
the resulting understanding enables highly selective fast 
nanotube sensors for the electronic sensing of biologically 
very important molecules, antibodies. Arrays of these 
nanotube devices could potentially replace or complement 
current medical diagnostic methods. 
 
2 ANTIBODY FUNCTIONALIZATION OF 

CARBON NANOTUBES 
 
The lack of solubility of carbon nanotubes in water has 

been a significant obstacle for biomedical applications of 
them. One of the widely accepted methods to separate and 
disperse carbon nanotubes in water is surfactant assisted 
dispersion. This method enables separation of carbon 
nanotubes in water without the formation of chemical 
bonds, thereby preserving the inherent properties of carbon 
nanotubes. 

Single wall carbon nanotube solution was prepared in 
DI water by agitating the SWNTs for 24 hours after adding 
a surfactant, sodium dodecyl benzene sulfonate (NaDDBS). 
The surfactant has the ability to break up the CNT bundles 
into individual nanotubes without the formation of chemical 
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bonds. The nanotubes were then labeled with 
dihexyloxacarbocyanine iodide (DiOC6), a dye that 
fluoresces at 488 nm to observe by fluorescence confocal 
microscopy. Confocal microscopy is a widely used tool for 
fluorescent imaging of biological objects. Confocal 
microscope is an enhanced fluorescent microscope where 
out of focus fluorescent light is eliminated by using a 
confocal aperture (pinhole). It provides observation of 
spatially extended areas as well as high-resolution analysis. 
Furthermore, confocal microscopy provides statistical 
evaluation of the co-localization of the complex samples by 
combining high-resolution sampling with observation over 
extended areas. 

Although it may be possible to image the larger CNT 
bundles with phase or differential interference contrast 
imaging with the help of video enhancement, fluoresecence 
labeling allows individual small CNTs and attached 
molecules to be imaged with confocal microscopy. 
Following labeling, the CNTs were functionalized by pre-
labeled antibody solution. Figure 1 is an overlap confocal 
image of CNTs (green) and antibodies (red). Regions where 
antibodies overlap the CNTs are yellow due the 
interference between red and green colors (see Fig. 1).  

 
 

 
 

Figure 1. Dual color confocal image of carbon 
nanotubes labeled with DiOC6 and coated with 

antibodies. The green color represents the carbon 
nanotubes and the red color is the antibody. 

 
 

To quantify the co-localization of antibodies to 
nanotubes, weighted co-localization coefficients (WCC) 
were used. WCC is defined as the ratio of the intensity of 
co-localized area of a particular channel (color) to the 
intensity of total area above threshold intensity of that 
channel (color). It is well known that the co-localization 
coefficients can provide quantitative information in dual-

color images [12]. The degree of binding of antibodies on 
CNTs was found to be over 80% by confocal microscopy. 
The key to such high WCC is due to the separation of 
carbon nanotubes using a surfactant. 
 
3 CARBON NANOTUBE FIELD EFFECT 

TRANSISTORS FOR ANTIBODY 
SENSING 

Carbon nanotube based field effect transistor (CNTFET) 
devices have been fabricated on a doped silicon wafer that 
is coated with silicon dioxide. First, metal electrodes were 
patterned using microfabrication techniques such as 
photolithography, metal evaporation, and lift-off. The 
electrodes consist of 10 nm titanium and 100 nm gold with 
a spacing of 1-4 µm between source and drain. Following 
that the nanotubes were integrated between the electrodes 
by electrophoretic self-assembly technique. This process 
has been carried out using AC electrophoresis with a 
frequency of 10 MHz and voltages of 0.2 to 6 V peak to 
peak. Figure 2 is an SEM image of the nanotube FET 
device.  

 

 
 

Figure 2. SEM image of the nanotube FET. The 
nanotubes were integrated between the electrodes by 

electrophoretic self-assembly technique. 
 

Following the electrophoretic self-assembly, the devices 
were dried, and electrical measurements were performed 
using a probe station attached to a semiconductor parameter 
analyzer. The silicon substrate was used as back gate. After 
the measurements, the devices were annealed at 180oC for 
15 minutes to reduce contact resistance between nanotube 
and the electrodes. In fact, the resistance of the device 
dropped from 289 kΩ to 84 kΩ. Following annealing, 2 µl 
of monoclonal antibody solution prepared in Phosphate 
Buffered Saline (PBS) and deionized (DI) water was 
dropped on the surface of the nanotube. The nanotube and 
antibodies were allowed to incubate for an hour. Figure 3 is 
a schematic of a carbon nanotube FET.  

The sample was then thoroughly rinsed with DI water. 
Figure 4 compares the output characteristics I–VSD of 
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CNTFET device after annealing and antibody incubation at 
zero gate voltage. Furthermore, the devices exhibited 
significant gate effect as determined by I-VG measurements 
(Figure 5). The source-drain current of the devices 
decreased with increasing gate voltage indicating that the 
dominant conduction process is due to hole transport.  

 
 

 
 

Figure 3 A schematic of a carbon nanotube FET with 
antibodies. 

 
It should be emphasized that a significant loss of 

source-drain current was observed upon exposure to 
antibody (see figure 4, the current decreased from 5.94 µA 
to 1.43 µA).  
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Figure 4. Change in device characteristic I-VSD at VG = 
0. Incubation with antibody for an hour. The source-
drain current was significantly reduced by antibody 

incubation. 
 

This decrease in current results from the electron donating 
property of the NH2 groups of the antibodies to nanotubes 
similar to the previous reports in literature [13, 14-16]. The 
measurements have exhibited that 0.04 electrons per 
adsorbed amine are donated to nanotubes [14-15]. Thus, 
this electron donating effect will result in a reduction in the 
number of majority carriers (holes) in semiconducting 
nanotube, thereby reducing the source-drain current.  
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Figure 5. CNTFET device characteristics I-VG at VSD = 100 

mV showing gate effect. 
 
These preliminary studies suggest that nanotube based FET 
devices can be utilized for electronic sensing of antibodies 
that could be used as probes against diseases. 

 
4 CONCLUSIONS 

 
We have successfully demonstrated electronic sensing of 
antibodies using carbon nanotube field effect transistor 
devices in which nanotube acts as the conducting channel. 
A significant loss of source-drain current was observed 
upon exposure to antibody. This could be attributed to the 
electron donating characteristics of the NH2 groups of the 
antibodies to nanotubes. We have also presented antibody 
functionalization of CNTs. In fact, very high degree of 
binding and co-localization has been observed by confocal 
microscopy. These studies suggest that nanotube based FET 
devices can be used for electronic sensing of antibodies that 
could be used as probes against diseases. 
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