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 In recent years, label-free detections of biomolecules have attracted great attention in 
many fi elds of life science such as genomics, clinical diagnosis, and practical pharmacy.  
In this article, we review electrochemical amperometric biosensors based on carbon 
nanotube (CNT) electrodes.  In electrochemical detections, CNT electrodes promote 
electron transfer reactions on CNT surfaces.  Since CNTs have a large specifi c surface 
area, the direct synthesization of CNTs on electrodes in amperometric biosensors is 
expected to signifi cantly enhance electroactive surface area.  In this review, we discuss 
the technology and performance of the electrochemical biosensors based on CNT 
electrodes and describe microfl udic chips with multibiosensors based on CNT electrodes 
for commercialization.

1. Introduction

 Biosensors for the detection of biomolecules such as DNA and proteins have 
attracted great attention in many areas of life science such as practical pharmacy, 
genomics, and clinical diagnosis for health care.(1–4)  In particular, label-free monitoring 
of biorecognition events provides a promising platform, which is simpler, less expensive, 
and requires less energy.  Thus, it is very suitable for minimization of biosensors.  Rapid 
testing of different proteins is also required in various applications.
 Electrochemical amperometric biosensors are one of the promising tools for label-
free monitoring of biomolecules.(5)  In electrochemical amperometric sensing, in general, 
three types of electrode are arranged: working, reference, and counter electrodes.  On the 
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working-electrode surfaces, electroactive biomolecules are oxidized or reduced, and then 
electron transfer reactions occur.  Therefore, choosing appropriate materials of working 
electrodes is fundamental to the success of electrochemical measurements.  Recently, 
gold, platinum, and glassy carbon have been utilized as working electrodes.  However, 
such conventional working electrodes do not have suffi cient sensitivity when they are 
downsized to the micrometer size for hand-held multibiosensors.
 Carbon nanotubes (CNTs) are one of the most promising materials for the 
development of nanodevices, owing to their unique electrical and mechanical properties 
and nanoscale size.(6–8)  CNTs are also utilized as a channel of CNT fi eld-effect transistors 
(CNTFETs) for label-free potentiometric biosensors.(9–11)  Biomolecules such as DNA 
and proteins were detected using CNTFETs.(12–18)  CNTs are also reported to have a 
higher ability to promote electron transfer reactions than conventional metal electrodes 
for electrochemical measurements.(19)  When CNTs have a high aspect ratio, the total 
surface area of working electrodes becomes larger when CNTs are modifi ed on the 
surface of electrodes.  As a result, highly sensitive detection of biomolecules is expected 
using CNT-modifi ed electrodes for electrochemical analysis.  Recently, CNT-modifi ed 
electrodes have been fabricated by scattering CNTs on the metal surfaces.(20–22)  However, 
they are considered to have high contact resistance between CNTs and metal electrodes.  
Moreover, it seems diffi cult to integrate the working electrodes using this method.
 In this article, we review electrochemical amperometric biosensors based on CNT-
modifi ed electrodes, with special reference to related works carried out in our laboratory.  
Since CNTs are directly synthesized on the surface of bare metal electrodes, the total 
surface area of working electrodes is estimated to be approximately a thousand times 
larger on the same site than that of a bare metal electrode, as shown in Fig. 1.  As a result, 
the sensitivity in detection of biomolecules will be improved and the CNT working 
electrodes can be integrated into multibiosensors.  In this review, we focus on the 
technology, characteristics, and developments for commercialization of electrochemical 
amperometric biosensors based on CNT-modifi ed electrodes.

Fig. 1. Schematic illustration of working electrodes in electrochemical detection: (a) conventional 
metal and (b) CNT electrodes.

(a) (b)
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2. Biosensors Based on CNT Electrodes

 The development of CNT-arrayed electrode chips is reviewed in this section.  CNT-
arrayed electrodes were directly synthesized on Pt surfaces by thermal chemical vapor 
deposition,(23) and were also arrayed on a chip,(24) as shown in Fig. 2(a).  Figure 2(b) 
shows an optical microscope image of the three-electrode system that was applied in 
electrochemical measurements.  CNT-arrayed electrodes, a Pt wire, and Ag/AgCl were 
used as the working, counter, and reference electrodes, respectively.  The working 
electrodes were surrounded by a silicone chamber attached to the substrate, as shown 
in Fig. 2(b).  The electrochemical characteristics of the devices were investigated using 
K3[Fe(CN)6] and electroactive amino acids: L-tyrosine, L-cysteine, and L-tryptophan.  A 
low oxidation potential for amino acids was obtained compared with Pt disc electrodes.(25)  
The electrochemical measurements using K3[Fe(CN)6] and amino acids revealed that the 
peak current intensities using the CNT-arrayed electrodes were about 100-fold higher 
than those using bare Pt electrodes.  The results indicated that the biosensors based on 
CNT-arrayed electrodes showed a high sensitivity suitable to detect biomolecules.
 Next, to selectively detect a cancer marker, prostate-specifi c antigen (PSA), using 
the CNT electrodes, monoclonal antibodies against prostate-specifi c antigen (PSA-mAb) 
were covalently anchored onto the CNTs using 1-pyrenebutanoic acid succinimidyl ester 
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Fig. 2.  (a) Schematic illustration of electrochemical biosensor based on CNT-arrayed electrodes. A 
scanning electron microscopy (SEM) image of a CNT electrode is shown in the inset. (b) Optical 
image of experimental setup of electrochemical biosensor based on CNT-arrayed electrodes. 
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(Linker), as shown in Fig. 3(a).  Figure 3(b) shows the electrochemical signals of CNT-
modifi ed electrodes recorded using differential pulse voltammetry (DPV).(26)  The peak 
current signal was obtained at +0.5 V from only PSA-mAb, as indicated by the dotted 
line in Fig. 3(b).  After the introduction of 1 ng/mL PSA on the PSA-mAb-modifi ed CNT 
electrodes, the electrochemical current signal signifi cantly increased, as shown by the 
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Fig. 3. (a) Schematic illustration of label-free electrochemical immunosensor. PSA-mAb was 
covalently immobilized on the CNTs using linkers. (b) Electrochemical signals of CNT-modifi ed 
electrodes recorded using DPV. The dotted and solid lines correspond to the electrochemical 
signals from PSA-mAb and after introduction of 1 ng/mL PSA, respectivity.
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solid line in Fig. 3(b), indicating that the antigen-antibody complex was formed.  The 
selectivity of the biosensor was also observed in a study using bovine serum albumin as 
the nontarget protein.  PSA in the range of 0.25–1 ng/mL was effectively detected using 
the CNT electrodes.  Since the cutoff limit of PSA for distinguishing between prostate 
hyperplasia and cancer is 4 ng/mL, the performance of the label-free electrochemical 
immunosensor seems promising for further clinical applications.  Furthermore, the 
nanoscale features by semiconductor processing made it possible to fabricate arrays with 
extremely high density and compatibility for further integration.

3. Microfl uidic Chips with Multibiosensors Based on CNT Electrodes

 In this section, microfl uidic chips based on CNT electrodes are reviewed.  The micro-
total analysis system (μTAS) has attracted attention worldwide.(27–29)  In this system, 
the units of measurement are integrated using semiconducting fi ne processes, and all 
analytical processes are automatically carried out on one chip.  It has the dual benefi ts 
of consumption of only a very small amount of reagents for analysis and of a markedly 
reduced analysis time.  Signifi cant research and development efforts have been devoted 
to producing microfl uidic chips for the realization of μTAS.  Our group fabricated 
microfl uidic chips using the combination of amperometric biosensors based on CNT-
arrayed electrodes and microchannels with pneumatic micropumps.
 Figure 4(a) shows a schematic image of microfl uidic chips based on CNT-arrayed 
electrodes.(30)  One chip has two liquid inlets, two pumps, and one liquid outlet.  The 
pneumatic micropumps were composed of three poly(dimethylsiloxane) (PDMS) 
layers: an air layer, an intermediate membrane, and a liquid layer, as shown in Fig. 
4(b).  The experimental setup of a microfl uidic chip is shown in Fig. 4(c).  The air 
layers of the pneumatic micropumps were connected to the air pressure control.  By 
pulling the air layers of the drive section, the reagents were sucked from inlets to the 
valve.  Subsequently, by pushing them, the reagents were pushed out to the electrodes.  
By repeatedly pulling and pushing them, the reagents were constantly introduced to 
microchannels.  The check valves prevented unexpected reverse fl ow and diffusion.
 In the chip, phosphate buffer solution (PBS) and K3[Fe(CN)6] were introduced into 
the CNT electrodes using two pneumatic micropumps.(30)  Electrochemical measurements 
indicated that the chips can automatically exchange reagents on the CNT electrodes 
and clearly detect molecules.  Moreover, by modifying the CNT electrodes with the 
enzyme glucose oxidase, as shown in Fig. 5(a), glucose molecules were detected by 
chronoamperometry (CA).  Figure 5(b) shows the time dependence of electrochemical 
signals determined by CA at an applied potential of 450 mV vs Ag/AgCl.  Glucose 
samples at three concentrations and PBS were alternately introduced into CNT electrodes 
from different inlets using two pumps.  In Fig. 5(b), the amperometric response to 
glucose at each concentration is clearly observed.  In addition, after PBS was introduced, 
the signals of glucose disappeared, indicating that PBS can rinse glucose out of the 
surfaces of the CNT electrodes.  This result clearly revealed a linear response to glucose 
concentration within the range from 5 to 20 mg/mL.  These results indicate that glucose 
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can be quantifi ed using the CNT electrodes modifi ed with glucose oxidase, and PBS 
washes the glucose out of the CNT electrodes in the system.
 Furthermore, for hand-held biochips, microfluidic multi-immunosensors were 
fabricated.(31)  A schematic view of the microfl uidic amperometric chip based on CNT 
electrodes is shown in Fig. 6(a).  Four liquid inlets, six pumps, one liquid outlet, and 
three channels were integrated in the chip.  Twelve CNT working electrodes, three Pt 
counter electrodes, and three Ag/AgCl reference electrodes were also arrayed on the 
substrate, as shown in Fig. 6(b).  In the microfl uidic systems, four types of reagent were 
transported from each liquid inlet to arrayed microelectrodes using integrated pumps 
without unexpected reverse fl ow and diffusion.  Simultaneous detection of two types 
of cancer marker, PSA and human chorionic gonadotropin (hCG), using the chip was 
reported.  First, two types of antibody, PSA-mAb and hCG antibody, were automatically 
immobilized onto different CNT electrodes using the microfl uidic systems.  Next, PSA 
and hCG were injected into corresponding CNT electrodes.  Finally, after rinsing all 
electrodes with blank PBS, PSA and hCG were simultaneously detected by DPV.
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Fig. 4. (a) Schematic illustration of microfl uidic chip based on CNT electrodes. A SEM image 
of a CNT electrode is shown in the inset. Optical image of (b) a pneumatic micropump and (c) 
experimental setup of microfl uidic chip based on CNT electrodes.
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Fig. 5. (a) Schematic illustration of detection of glucose molecules. Glucose oxidase was 
covalently immobilized on the CNTs using linkers. (b) Time dependence of electrochemical signals 
determined by CA at an applied potential of 450 mV vs Ag/AgCl. Glucose samples at 5, 10, and 
20 mg/mL in PBS and PBS were alternately introduced into CNT electrodes from different inlets 
using two pumps.
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4. Conclusions

 In this review, we provide an introduction to electrochemical amperometric biosensors 
based on CNT electrodes, which were directly synthesized on metal surfaces.  The 
electrochemical measurements indicated that the CNT electrodes have a much higher 
sensitivity than conventional electrodes.  Moreover, PSA in the range of 0.25–1 ng/mL 
can be effectively detected using the CNT electrodes, indicating that the label-free 
electrochemical biosensors are useful for the clinical diagnosis of prostate cancer.  
Microfl uidic chips based on the CNT electrodes were also reviewed.  The chip consisted 
of amperometric biosensors based on CNT-arrayed electrodes and microchannels 
with pneumatic micropumps.  The reagents were introduced to arrayed electrodes 
without unexpected reverse flow and diffusion, and were automatically exchanged 
on the CNT electrodes.  In this system, two types of cancer marker, PSA and hCG, 
were simultaneously detected by DPV.  It is concluded that microfl uidic chips with 
CNT-arrayed electrodes are promising candidates for the development of hand-held 
electrochemical multiplex biosensors.
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