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The carbon nanotube-based
nanobiosensor: a key component for
ubiquitous real-time bioscreening system?

<«

...a carbon nanotube-based nanobiosensor can be a possible solution to overcome
the limitations of conventional biosensors and to enable a paradigm-sh,ifting
biosensor technology such as ubiquitous real-time nanobiosensors.
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e ubiquitous biodetection system

Various biosensors have been utilized to
detect specific biological molecules for quite
versatile applications such as disease diagnos-
tics, drug screening and bioterrorism preven-
tion. One example is a glucose sensor that
diabetes patients routinely utilize to check
the glucose level in their blood. A common
glucose sensor is comprised of electrochemi-
cal electrodes coated with glucose oxidase
enzyme [1]. When the electrode is exposed to
a patient’s blood, the glucose oxidase enzyme
oxidizes the glucose in the blood. The oxi-
dation process generates electrons, which
enables the current to flow through the elec-
trode. Thus, by simply measuring the cur-
rent levels, one can estimate the glucose level
in the patient’s blood [2]. Other examples of
common biosensors might be strip-type bio-
sensors for pregnancy tests and ELISA chips
for an immune assay. Typical biosensors are
comprised of three key components: a tar-
get, a sensing matrix and a sensor transducer.
Here, the sensing matrix molecules selectively
react with specific target molecules. Then, a
sensor transducer device measures the reac-
tion and generates electrical or optical sensor
signals. In case of a glucose sensor, glucose,
glucose oxidase enzyme and electrodes cor-
respond to a target, a sensing matrix and a
sensor transducer, respectively. The pres-
ent biosensor market size is approximately
US$13,000 million. A glucose sensor covers
85% out of the total biosensor market [3].
Recently, dramatic advances in nano-
technology and information technology
have allowed one to envision new types of
advanced biosensors, which could lead to a

paradigm shift in modern biomedical indus-
tries. For example, one may be able to build
a nanoscale real-time biosensor and combine
it with a wireless communication device to
build a ubiquitous real-time nanobiosensor.
In this case, the nanobiosensor detects specific
target biomolecules in real time and sends
the sensing results immediately via wireless
networks. Such real-time nanobiosensors
with wireless communication can be utilized
for various clinical and biomedical applica-
tions. For example, nanobiosensors can be
utilized to build a convenient portable device
for quick disease diagnostics and bioscreen-
ing, which may help to extend medical ser-
vices into undeveloped rural areas. Another
potential application could be implantable
nanoscale biosensors that are implanted in
a patient’s body who suffers from a chronic
disease and utilized to monitor the patient’s
health conditions in real time.

However, due to several fundamental limi-
tations of conventional biosensor technology,
it has been extremely difficult to realize such
ubiquitous real-time nanobiosensors. For
example, most of conventional biosensors
require a labeling step, which is often time-
consuming. In addition, the size scalability
of conventional biosensors can be a problem.
In the case of conventional biosensors, the
reduction of the sensor size often results in a
reduced sensor signal and, thus, a poor sensi-
tivity. For example, glucose sensors with small
electrodes can extract only a small amount
of current signals because the measured cur-
rents are proportional to the electrode area.
On the other hand, for some applications
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such as implantable health monitoring systems, one
needs to use the same biosensor device repeatedly for
a rather long time period. However, conventional bio-
sensors are only meant for single usage, and they are
not reusable. This is partly due to contamination from
solution-based samples such as human blood or urine.
In case of immunosensors based on antibody—antigen
bindings, it is usually very difficult to remove antigen
bound to antibody, which limits the repeated use of
conventional biosensors.

“Although carbon nanotubes or nanowire-
based biosensors show great promise, it is also
worth mentioning the major difficglties for their

practical applications.

As a possible solution to overcome such limitations
of conventional biosensors, we have been working on
carbon nanotube-based biosensors. Carbon nanotubes
(CNTs) are tube-like structures comprised of carbon
atoms. The diameter of single-walled carbon nano-
tubes is a few nanometers, and its length can be as
large as a few millimeters. Some carbon nanotubes can
have a semiconducting property, and, thus, its electri-
cal conductivities may be altered by external electrical
fields. CNTs with semiconducting properties can be
utilized as a sensor transducer device. For example, one
can build electrical channels of CNTs between two
electrodes and coat the carbon nanotube channels with
the receptors for acetylcholine, a neurotransmitter, to
build an acetylcholine sensor [4]. Here, when acetyl-
choline molecules bind to the receptor molecules on
the CNTs, it changes the charging states of the acetyl-
choline-receptor molecule complex. Such change alters
the electrical fields around the CNTs, resulting in an
electrical current change in the CNT channels. Thus,
simply by monitoring the current levels in the CNT
channels, one can detect the acetylcholine. In this sen-
sor, CNT channels between two electrodes work as
a sensor transducer. Acetylcholine and acetylcholine
receptor are a target and a sensor matrix, respectively.
Significantly, the sensor responds to target molecules
in real time without any labeling step. Such acetylcho-
line sensors may be interfaced with living tissue and
utilized to selectively monitor acetylcholine generated
by neural activities. Various biosensors can be built
simply by coating CNT channels with different recep-
tors. Examples include bioelectronic noses and tongues
(5-8]. Due to the small diameter of a CNT, only a small
amount of biomolecule can significantly alter the con-
ductance of the CNT channels, and thus the biosen-
sors based on CNTs can have a very high sensitivity.
Such highly sensitive real-time nanobiosensors can also
be built using nanowires instead of CN'Ts [9].

CNT-based nanobiosensors have an important
advantage over conventional biosensors. First, since it
is a label-free sensor, it can enable a real-time detec-
tion of specific biomolecules. Furthermore, CNT-
based nanobiosensors can be scaled down without
losing their signal size. The signal of a CNT-based
biosensor is the electrical current between two elec-
trodes through the CNT channel [10-12]. When the
size of the sensor is reduced, both the width and
length of the channels are reduced and, thus, the
electrical current in the CNT channel remains the
same. Note that conventional electrochemical biosen-
sors such as glucose sensors exhibited reduced signals
if the electrode size is reduced. We recently demon-
strated CN'T-based nanobiosensors even smaller than
an individual cell [12]. The sensor has been inserted
inside a Human Embryonic Kidney 293 cell (HEK-
293 cell) and utilized to monitor the calcium ion
concentration inside the cell. Similar semiconducting
channel-based sensors can be built using nanowires
and utilized for monitoring the response of individual
cells [13].

On the other hand, there are also extensive efforts to
develop reusable nanobiosensors. Duan ez /. utilized
supramolecular chemistry to build reusable nanobio-
sensors [9]. Here, silicon nanowire-based channels were
functionalized with B-cyclodextrin (B-CD), to which
receptor moieties can be attached with an orthogo-
nal supramolecular linker. The devices were used to
detect biotin—streptavidin interactions through small,
orthogonal, multivalent linker molecules. After the
first sensing, the bounded streptavidin and the link-
ers can be removed through competitive desorp-
tion with concentrated $-CD and a new B-CD layer
was bound onto the nanowire surfaces, enabling the
repeated application of sensors. Such a reusable biosen-
sor may be one of the key technologies to enable vari-
ous ubiquitous real-time nanobiosensor systems such
as implantable health monitoring systems.

Although CNTs or nanowire-based biosensors show
great promise, it is also worth mentioning the major
difficulties for their practical applications. One of the
most challenging problems of CNT-based biosensor
technology has been its reliability. When CNTs are
first synthesized, they are usually comprised of one-
third metallic CNTs and two-thirds semiconducting
CNTs. The properties of synthesized CNTs vary from
a batch to batch. Thus, the characteristics of nano-
biosensors based on such CNT materials can vary
significantly, often resulting in unreliable sensor sig-
nals. Recently, significant progress has been made in
improving the reliability of CN'T-based biosensors. For
example, Hersam et al. developed a method to purify
CNTs and obtain only pure semiconducting CNTs
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(14]. Furthermore, we reported a method to calibrate
CNT-based sensor signals to obtain reliable sensing
results [15].

In summary, a CNT-based nanobiosensor can be a
possible solution to overcome the limitations of con-
ventional biosensors and to enable a paradigm-shifting
biosensor technology such as ubiquitous real-time
nanobiosensors. It also shows us a new paradigm in the
future biosensor research activities. Until now, most
biosensor research has mainly focused on improving its
sensitivity. However, for a new paradigm-shifting bio-
sensor technology, one should pay attention to different
aspects of CN'T-based nanobiosensors such as sensing
speed, scalability and reusability. Our group’s research

References

»1  Guilbault GG, Lubrano GJ. An enzyme electrode for the
amperometric determination of glucose. Anal. Chim. Acta.

64(3), 439-455 (1973).

P2 DeganiY, Heller A. Direct electrical communication
between chemically modified enzymes and metal electrodes.
I. Electron transfer from glucose oxidase to metal electrodes
via electron relays, bound covalently to the enzyme. /. Phys.

Chem. 91(6), 1285-1289 (1987).

»3  Turner APF. Biosensors: sense and sensibility. Chem. Soc.
Rev. 42(8), 3184-3196 (2013).

»4  Bycongju K, Hyun Seok S, Hye Jun J er al. Highly
selective and sensitive detection of neurotransmitters using
receptor-modified single-walled carbon nanotube sensors.

Nanotechnology 24(28), 285501 (2013).

»s Kim TH, Song HS, Jin HJ ¢z al. ‘Bioelectronic super-taster’
device based on taste receptor—carbon nanotube hybrid
structures. Lab Chip 11(13), 22622267 (2011).

| 49 Kim TH, Lee SH, Lee J ez al. Single-carbon-atomic-
resolution detection of odorant molecules using a human
olfactory receptor-based bioelectronic nose. Adv. Mater.
21(1), 91-94 (2009).

»7  Park], Lim JH, Jin HJ ez al. A bioelectronic sensor based
on canine olfactory nanovesicle-carbon nanotube hybrid
structures for the fast assessment of food quality. Analyst
137(14), 3249-3254 (2012).

»s  Jin HJ, Lee SH, Kim TH ez a/. Nanovesicle-based

bioelectronic nose platform mimicking human olfactory

will also focus on these aspects of nanobiosensors and
explore the new area of biosensor technologies.

Financial & competing interests disclosure
The authors acknowledge support from the Converging Re-
search Center Program (grant no. 2013K000369) and an NRF
grant (grant no. 2009-0079103). S Hong acknowledges sup-
port from the MSIP (2013078813, H-GUARD_2013M3A6B2).
The authors have no other relevant affiliations or financial in-
volvement with any organization or entity with a financial inter-
est in or financial conflict with the subject matter or materials
discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of this
manuscript.

signal transduction. Biosens. Bioelectron. 35(1), 335-341
(2012).

»9  Duan X, Rajan NK, Routenberg DA, Huskens J, Reed MA.
Regenerative electronic biosensors using supramolecular

approaches. ACS Nano 7(5), 4014—4021 (2013).
»10 Choi YK, Moody IS, Sims PC ¢t al. Single-molecule

lysozyme dynamics monitored by an electronic circuit.

Science 335(6066), 319-324 (2012).

> 11 Sorgenfrei S, Chiu CY, Gonzalez RL ez al. Label-free single-
molecule detection of DNA-hybridization kinetics with a
carbon nanotube field-effect transistor. Naz. Nanotechnol.
6(2), 125-131 (2011).

» 12 Son D, Park SY, Kim B ¢# a/. Nanoneedle transistor-based

sensors for the selective detection of intracellular calcium

ions. ACS Nano 5(5), 3888-3895 (2011).

P13 Patolsky F, Timko BP, Yu G ez al. Detection, stimulation,
and inhibition of neuronal signals with high-density
nanowire transistor arrays. Science 313(5790), 1100-1104
(20006).

» 14 Arnold MS, Green AA, Hulvat JF, Stupp SI, Hersam MC.
Sorting carbon nanotubes by electronic structure using
density differentiation. Nat. Nanotechnol. 1(1), 60—65
(20006).

P15 Lee BY, Sung MG, Lee J ez al. Universal parameters for

carbon nanotube network-based sensors: can nanotube

sensors be reproducible? ACS Nano 5(6), 4373-4379 (2011).

Editorial

future science group

www.futuremedicine.com

567


http://www.futuremedicine.com/action/showLinks?pmid=22497005&crossref=10.1039%2Fc2an16274a&coi=1%3ACAS%3A528%3ADC%252BC38Xos1Ort7c%253D
http://www.futuremedicine.com/action/showLinks?crossref=10.1038%2Fnnano.2010.275
http://www.futuremedicine.com/action/showLinks?crossref=10.1021%2Fj100290a001&coi=1%3ACAS%3A528%3ADyaL2sXhtlCltrs%253D
http://www.futuremedicine.com/action/showLinks?pmid=23566420&crossref=10.1021%2Fnn306034f&coi=1%3ACAS%3A528%3ADC%252BC3sXltVOnt70%253D
http://www.futuremedicine.com/action/showLinks?pmid=16931757&crossref=10.1126%2Fscience.1128640&coi=1%3ACAS%3A528%3ADC%252BD28XotlCgtL8%253D
http://www.futuremedicine.com/action/showLinks?pmid=23792421&crossref=10.1088%2F0957-4484%2F24%2F28%2F285501
http://www.futuremedicine.com/action/showLinks?pmid=21615164&crossref=10.1021%2Fnn103056s&coi=1%3ACAS%3A528%3ADC%252BC3MXmslOmt7g%253D
http://www.futuremedicine.com/action/showLinks?crossref=10.1002%2Fadma.200801435&coi=1%3ACAS%3A528%3ADC%252BD1MXhtlChtL8%253D
http://www.futuremedicine.com/action/showLinks?pmid=22267809&crossref=10.1126%2Fscience.1214824&coi=1%3ACAS%3A528%3ADC%252BC38XntlGitA%253D%253D
http://www.futuremedicine.com/action/showLinks?pmid=4701057&crossref=10.1016%2FS0003-2670%2801%2982476-4&coi=1%3ACAS%3A528%3ADyaE3sXkt12gurc%253D
http://www.futuremedicine.com/action/showLinks?pmid=22475887&crossref=10.1016%2Fj.bios.2012.03.012&coi=1%3ACAS%3A528%3ADC%252BC38XltVKgsr0%253D
http://www.futuremedicine.com/action/showLinks?pmid=21495678&crossref=10.1021%2Fnn200262u&coi=1%3ACAS%3A528%3ADC%252BC3MXkvVSnu7Y%253D
http://www.futuremedicine.com/action/showLinks?pmid=23420144&crossref=10.1039%2Fc3cs35528d&coi=1%3ACAS%3A528%3ADC%252BC3sXksFemsLk%253D
http://www.futuremedicine.com/action/showLinks?pmid=18654143&crossref=10.1038%2Fnnano.2006.52&coi=1%3ACAS%3A528%3ADC%252BD28XhtFCisrvF
http://www.futuremedicine.com/action/showLinks?pmid=21547310&crossref=10.1039%2Fc0lc00648c&coi=1%3ACAS%3A528%3ADC%252BC3MXnsV2itr4%253D

