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ABSTRACT

Carbon nanotube based biosensor for high sensitivity

and dual mode measurement

Jeseung Oh

Graduate program for
Nanomedical Science
The Graduate school

Yonsei university

We have fabricated carbon nanotube (CNT)-based biosensors on transparent
quartz substrates, which can detect biomolecules by measuring the conductance
change and the surface plasmon resonance (SPR). The device has a metal
semiconductor field effect transistor (MESFET) structure with a metal (Au) top
gate between source and drain electrodes. Since this Au topgate acts as a Schottky
metal gate, the conductance of the device is controlled by the metal gate. In order
to see whether it is possible to detect biomolecules adsorbed on the Au topgate

using the CNT-MESFET, thiol-modified single strand DNA molecules are

XVi



immobilized on the Au top gate and then DNA molecules with the complementary
base sequence are added. When DNA hybridization occurs, the CNT conductance
is observed to decrease, suggesting that biomolecules adsorbed on the Au top gate
can be detected by measuring the conductance change. In addition, the Au top gate
is also able to be utilized for SPR measurements, which detects the change in
refractive index induced by binding of biomolecules on the metal surface. Indeed,
we have demonstrated that DNA hybridization can be detected using the CNT-
MESFET by measuring the SPR angle shift. Since the sensitivity of biosensors
measuring the conductance change is higher than SPR biosensors, whereas the
reproducibility and the reliability are better in SPR biosensors. Therefore, this dual
mode CNT biosensor is expected to provide high sensitivity reinforced with more
reliability.

We compared the sensitivity of CNT-MESFET sensor and CNT-FET sensor
using measuring the electrical conductance. CNT-MESFET showed higher
sensitivity than the CNT-FET sensor due to the high gate capacitance in aqueous

environment and the merit of immobilization biomolecules at Au surface.

Keywords: carbon nanotube, biosensor, field-effect transistor, metal-semiconductor
field-effect transistor, dual mode, electrical conductance, surface plasmon

resonance, DNA hybridization, hepatitis B
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Chapter |

Introduction

1.1. Carbon nanotubes

1.1.1. Carbon nanotube structure

Carbon nanotubes (CNTs), discovered by lijima, S [1], can be explained as a
graphene rolled up into a nanoscale diameter tube. Many investigators have since
reported remarkable physical and mechanical properties for new material of carbon.
From extraordinary electronic property, thermal conductivity and mechanical
property (stiffness, strength and resilience exceeds any current material). Carbon

nanotubes offer enormous opportunities for the development of new material.



In addition to the superior mechanical properties of the carbon nanotubes, they also
posses exceptional thermal and electric properties: thermally stable up to 2800 °C
in vacuum, thermal conductivity about twice as high as diamond, electrical current
carrying capacity 1000 times higher than copper wires [2]. These excellent electric
properties of carbon nanotubes have been investigated for devices such as field-
emission display [3], scanning probe microscopy tips [4], and microelectronic
devices [5, 6].

An ideal carbon nanotube can be viewed as a hexagonal network of carbon
atoms rolled up to form a hollow cylinder. A single-walled carbon nanotube
(SWNT) is single rolled up graphene, whereas a multi-walled carbon nanotube
(MWNT) consists of several homocentric cylinders of SWNTs. SWNTs have only
a few nanometers in diameter and can grow to be several centimeters long. Such
dimensions give rise to aspect ratios (length/diameter) of over ten million. SWNTs
can be either metallic or semiconducting. Fig. 1 shows the single-walled carbon
nanotube (SWNT), double-walled carbon nanotube (DWNT) and multi-walled
carbon nanotube (MWNT).

The properties of nanotubes depend on atomic arrangement, the diameter and
length of the tubes, and the morphology or structure. The atomic structure of
nanotubes is described the nanotube chirality which is defined by the chiral vector
(Cy) and the chiral angle (6). The chiral vector is defined on the hexagonal lattice
as C;, = na; + ma,, where a; and a, are unit vectors, n and m are integers. The chiral
vector C, uniquely defines a particular (n, m) tube, as well as its chiral angle (6),

which is the angle between C), and a; (Fig. 2 (a)).
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Figurel. A schematic representation of the carbon nanotubes

It can vary between 0 and 30°, which allow obtaining three configurations of
CNTs (Fig. 2). Armchair nanotubes formed when n = m and the chiral angle is 30°.
Zigzag nanotubes formed when either # or m is zero and the chiral angle is 0°. All
other nanotubes, with chiral angles intermediate between 0° and 30°, are known as
chiral nanotubes. The difference in zig-zag, armchair and chiral nanotube structure
is shown in Fig. 2 (b).

The chirality of the carbon nanotube has significant implications on the
material properties. In particular, tube chirality is known to have a strong impact on
the electronic properties of carbon nanotubes. Graphite is considered to be a semi-
metal, but it has been shown that nanotubes can be either metallic or

semiconducting, depending on tube chirality [9].



KOO8 NAdAd i

b ‘tu N, 4 K Sy
\ () \ rPTwss &)

s o< Y { [\ ya !

5 N ma, sxows LLLLY RSK
& 3 Ahgle Y\ ’ 7

Figure 2. Structure of typical carbon nanotube (a) A Schematic diagram showing how a
hexagonal sheet of graphite is rolled to form a carbon nanotube [7]. (b) Illustrations of the

atomic structure of an armchair, zig-zag and chiral nanotube [8].

1.1.2. Electrical property

The graphene can be characterized as a zero bandgap semiconductor or a
metal, since the density of states (DOS) is zero at the Fermi energy (£r), and
imparts those properties to a nanotube. Carbon nanotube depends on the
conducting properties on the nature of chirality and the diameter (SWNTs have
diameters in the range 0.4 nm-2 nm) [10]. Carbon nanotube contains sp2-
hybridized carbon atoms. Three out of the four outer shell electrons of these
carbons participate in bonding with neighbor carbons while the fourth electron is in

a p-orbital perpendicular to the hexagonal lattice. In a graphene sheet, these p-
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orbital electrons are distributed in the valence (m) and conduction (m*) bands,
providing a semi-metallic character owing to their theoretically zero bandgap.

According to the energy band model, carbon nanotube is possible to
distinguish between metallic, semiconductor and insulator by considering whether
conductivity and valence band are separated by a bandgap. An electron is required
the energy to move from the valence band to the conduction band. In the case of
insulator materials energy gap (E,) is higher than ~5 eV. Semiconducting nanotubes
energy band gap is lower than ~ 5 eV but has a dependence on the diameter. In the
case of smaller diameter carbon nanotubes have larger band gaps. An occasion of
metallic nanotubes there is no gap between the valence band and the conduction
band. To classify of CNTs in metallic and semiconducting, another important
parameter is the position of the Fermi energy with respect to the charge neutrality
point (CNP). For an undoped CNT the Er coincides with the CNP (Er = 0).
Electron or hole doping cause shift of the Fermi energy up or downwards in the
energy gap. If the doping induced Fermi level shifts are larger than the energy
separation between the one-dimensional sub-bands, a semiconducting CNT is
turned into a metallic one.

Mintmire [11], Hamada [12], and Saito [13] predicted through tight binding
of electronic structure calculations that the relationship between the coefficients (n;
and n,) of the chiral vector (C, = nja; + nya,) determines the conducting properties
(Fig. 2). When 2n; + n, is an integer multiple of three, the CNT exhibits metallic
behavior. If all values of the chiral vectors were equally probable, it would be

expected that 1/3 of the total SWNTs would be metallic while the remaining 2/3

-5-



would be semiconducting, which is indeed what is found in synthesis [10].
The Fermi level crossing for zig-zag (n;, 0) tubes, which can be metallic or

semiconducting, is at the center of the Brillouin zone (k = 0). However, for
. . 2
armchair (n;, n;) tubes, the level crossings are at k = + ﬁ and they are always

metallic. It has also been found that for all metallic nanotubes, the Er intersects two
bands of the one dimensional band structure. (This contributes a kinetic inductance
to the nanotube, which has implications in the high frequency electronic properties
of nanotubes [14]).

As can be seen from Fig. 2, the nanotube diameter (d,), dictated through Cj,

also affects the electron dispersion and it was derived [15] in a semiconducting

nanotube (£, = ?TV:). The influence of the band structure topology (£)) on the

conduction is manifested through the relationship for the Fermi velocity (vr = i’

'Ac Ey). The above translates numerically [16] to E, = % eV, with a vy ~ 10°

m/s. The electronic structure, as represented through a density of states (DOS)

diagram is found to exhibit characteristic (E "

) van Hove type singularities -
typical of a one dimensional system, was well manifested in electrical [17] and
optical measurements. In the case of metallic nanotubes have the zero DOS.
However, the DOS of semiconducting nanotube is finite.

For semiconducting SWNTs the Fermi energy (Er) is taken to be at a
reference value of zero. However, for a realistic graphene based carbon nanotube

doping is inevitable due to the presence of adsorption material from the ambient

environment, which would cause charge transfer. In that case, the Er is either <0
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(for hole doping, electron transfer from the nanotube - p type) or >0 (for electron
doping, electron transfer to the nanotube - n type). The effects of temperature also
have to be taken into consideration i.e., (i) kgT > Er or (ii) kgT < Er. Case (i),
suitable for high temperatures, corresponds to low doping while low temperatures
(case (i1)) are typify strong doping conditions.

When connected to external contacts, semiconducting SWNTs are usually
measured p-type characteristics. This characteristic could be induced by the higher
work function of the contact material [18] whereby holes could be generated in the
nanotube due to electron transfer from the nanotube to the contact. However, in
top-gate device with a field effect transistor (FET), that device can show ambipolar
characteristics [19] with large drive currents. The device characteristics are then
determined by the relative heights of the Schottky barrier for electron-hole
injection at the metal-CNT interface. It was also determined that the annealing in
vacuum [20] which results in a shift in the Fermi energy from the valence band to
mid-gap. Exposure to oxygen resulted in reversion to p-type characteristics.
Evidence for charge transfer in doped carbon nanotubes exposed to electron donor
(K, Rb) and electron acceptor (Br, I) atoms was also seen through Raman
spectroscopy investigations through a vibration mode shift [21].

It is seen that intrinsic nanotubes cannot be produced whenever there is
exposure to oxygen ambient. The effect of oxygen on nanotubes is plausibly not
just due to doping, as is conventionally understood but could be related more to the

effects on the contacts.
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Figure 3. Schematic energy band diagram in the region of the metal-nanotube contact at Vpg
= 0. (a) the doping is p-type due to the higher work function of the metal and extrinsic
oxygen doping, (b) When oxygen is driven out through an annealing treatment, the
transistor behavior mimics a n-doped device in that electron injection is allowed (c) n-type
behavior is only obtained through alkali element doping, (d) At higher doping levels,

electron tunneling occurs through a thin barrier [19].

Also, the absorption [22] of the oxygen with CNTs is weak and is unlikely to

result in charge transfer. A phenomenological model was advanced to explain the p-



to n-conversion (Fig. 3), where the concentration of oxygen is proportional to, and
determines the position of, the Er at the metal-CNT interface. Such an effect
changes the line-up of the bands at the interface but does not involve the bulk of
the CNT.

When Er at the junction is close to the center of the band gap, the barrier
allows tunneling and ambipolar transport is observed. With Au contacts in air, only
holes can be injected into the device, while removal of oxygen results in only
electrons being injected due to the high hole injection barriers (Fig. 3 (b)).
Subsequently, exposing the CNTs to nitrogen [23] and alkali metal dopants [20]
resulted in n-doping. However, in the latter case the strong oxidizing characteristics
of the dopant are undesirable and stable doping can instead be obtained through

functionalization by amine-rich polymers [24] such as polyethyleneimine (PEI).

1.1.3. Synthesis of carbon nanotubes

Primary synthesis methods for single and multi-walled carbon nanotubes
include arc discharge [25], gas-phase catalytic growth from carbon monoxide [26],
and chemical vapor deposition (CVD) from hydrocarbons [27-29], laser ablation

[30] methods.



- Arc discharge

The arc discharge method was the first technique used to produce carbon
nanotubes. The arc discharge method was the same method to synthesize fullerene
molecules. In Fig. 4 is the illustration of the arc discharge apparatus, the arc
discharge technique generally involves the use of two high purity graphite rods as
the anode and cathode. The principle of this technique is to vaporize carbon in the
presence of catalysts under reduced atmosphere of inert gas (argon or helium).
After the triggering of the arc between the anode and cathode, a plasma is formed
consisting of the mixture of carbon vapor, the rare gas (helium or argon) and the
vapors of catalysts. The exact process variables depend on the size of the graphite
rods. As the anode is consumed, a constant gap between the anode and cathode is

maintained by adjusting the position of the anode.

]

linear motion
- cathode anode feedthrough
n— R "
:ﬁJ growing
nanotubes
electrode J L electrode
connection connection
|

Figure 4. A schematic illustration of the arc-discharge technique system [7]
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The vaporization is the consequence of the energy transfer from the arc to the
anode made of graphite doped with catalysts. The anode erosion rate is more or
less important depending on the power of the arc and also on the other
experimental conditions. It is notable that high anode erosion does not necessarily
lead to a high of carbon nanotube production. It consists of a cylinder of about 30
cm diameter and about 1m height, equipped with diametrically opposed sapphire
windows located so that they face the plasma zone in view of observing the arc.
The reactor possesses two valves, one for carrying out the primary evacuation
(0.1Pa) of the chamber, the other permitting it to fill with a rare gas up to the
desired working pressure. In the arc discharge method, a DC bias of 20-30 V is
applied between two carbon electrodes in a helium atmosphere. Carbon atoms are
ejected from the anode, and accumulate in the form of nanotubes on the cathode.
The electrodes are typically 5-20 mm diameter. To achieve single walled
nanotubes, the electrodes are doped with a small amount of metallic catalyst
particles (iron, nickel, cobalt, yttrium, boron, gadolinium, and so forth) [31-34].
MWNTs do not need a catalyst for growth. MWNTs can be obtained by controlling
the pressure of inert gas in the discharge chamber and the arcing current.The by-
products are polyhedron shaped multi-layered graphitic particles in case of
MWNTs. As- grown carbon nanotube's quantity and quality, such as lengths,
diameters, purity and etc. of the nanotubes obtained depend on various parameters
such as the metal concentration, inert gas pressure, type of gas, plasma arc,

temperature, the current and system geometry.
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- Laser ablation

Laser ablation was first used for the initial synthesis of fullerenes. The laser
ablation technique has been improved to allow the production of single-walled
nanotubes [35, 36]. In this technique, a laser is used to vaporize a graphite target
held in a controlled at temperatures near 1200 °C. The general system for laser
ablation is shown in Fig. 5. During laser vaporization, a graphite target is placed in
the middle of a quartz tube mounted in a furnace. To produce SWNTs, the graphite
target was doped with cobalt and nickel catalyst [37]. The condense material is

then collected on a water-cooled target.

Furnace at 1,200°C water-
) cooled
collector

Argon
gas

Nanotube
felt

Graphite
/ target
Nd-YAG laser

Figure 5. A scheme of the laser-ablation set-up [36]

Nanotubes develop on the cooler surfaces of the reactor as the vaporized
carbon condenses. A water cooled surface may be included in the system to collect

the nanotubes. The laser ablation method yields around 70% and produces single-
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walled carbon nanotubes with a controllable diameter determined by the reaction
temperature. However, it is more expensive than either arc discharge or chemical
vapor deposition.

Both the arc-discharge and the laser-ablation techniques are limited in the
volume of sample they can produce in relation to the size of the carbon source (arc
discharge: anode and laser ablation: target). In addition, subsequent purification

steps are necessary to separate the tubes from undesirable by-products.

- Chemical vapor deposition (CVD)

In the CVD method, carbon nanotubes are formed by the decomposition of a
carbon containing gas. The gas phase techniques are conformable to continuous
processes since the carbon source is continually replaced by gas flow. In addition,
the final purity of the as-produced nanotubes can be high, minimizing subsequent
purification steps.

CVD method employs a carbon source (carbon monoxide, acetylene,
methane, etc) which is decomposed in a furnace by heating at temperatures in the
range of 500 to 1100 °C. The carbon released by the decomposition of the gas,
carbon is deposited onto the surface of the catalyst particles (usually Ni, Fe and Co)
which act as seeds to nucleate the growth of CNT.

Depending on the operating conditions (temperature, catalyst, flow rate of
gases, size of the particles) single-walled nanotubes (SWNTs) or multi-walled
carbon nanotubes (MWNTSs) can be obtained [38-41]. SWNTs are synthesized at

higher temperatures (800 - 1100 °C) than MWNTs. One unique aspect of CVD
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techniques is its ability to synthesize aligned arrays of carbon nanotubes with

controlled diameter and length.

WECUUT  Cae inlel Substrane halder '%Es-a;-l!-ﬂet
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Figure 6. Scheme of the thermal chemical vapor deposition set-up [37]

The synthesis of straight carbon nanotubes on a variety of substrates has
been accomplished by the use of plasma enhanced chemical vapor deposition
(PECVD) where the plasma is excited by a DC source [27, 28] or a microwave

source [42-46].

Figure 7. SEM images showing the straightness of MWCNTs grown via PECVD [28§]
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Fig. 8 shows the ability to grow straight carbon nanotubes over a large area
with uniformity in diameter, length, straightness, and density. Adjusting the

thickness of the catalyst layer controls the diameter of the tubes, shown in Fig.8.

Figure 8. SEM images showing control over the nanotube diameter: (a) 40—50 nm and (b)

200-300 nm aligned carbon nanotubes [28]
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1.2. Biosensor

1.2.1. Principle of biosensor

Biosensor technology has grown at such a rapid rate that several new sensors
used to interrogate the human body have been developed and today are in high
demand. Overall, this situation has created a rapidly rising demand for new
noninvasive and in vitro sensor technologies to speed up testing.

A biosensor is an analytic device which is used for the detection of an
analyte (i.e. a chemical substance being measured in an analytical procedure) by
using a biological material. The analyte combines a biological material with a
physicochemical detector component. Biosensors consist of three basic
components as shown in Fig. 9, a bioreceptor, a transducer or the detector element
and a biosensor reader for data display or acquisition of the results in a user-
friendly way.

First, biological element, i.e. biorepector, are the key of the biosensor
selectivity, because this part is designed for recognizing the target materials, such
as nucleic acid, antibodies, microorganisms, cell receptors, enzymes, and tissue. It
is the sensitive part of the bio molecules or analyte interact at this part. Second is a
transducer or detector element. This part converts the recognition event into a

measurable signal. The transducer or detector element transforms the signal
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resulting from the interaction of the analyte with the biological element into
another signal that can be more easily measured and quantified. The transducer or
detector element parts are mainly concerned with the sensitivity of the biosensor. It
works in a physicochemical signal (optical, piezoelectric, electrochemical,

thermometric or magnetic).

y ":'r'
Bioreceptor Transducer Electronic device

Electrode (Electro-active substance)
Thermistor (Heat)
Photon counter (Light )
Piezoelectric device (Mass change)

ete

Figure 9. Basic structure of biosensor

The last part of the biosensor is the associated electronics or signal
processors that are primarily responsible for the display of the results. Real-time
monitoring is necessary on the biosensor measurement step. For the real-time
monitoring, associated electronics or signal processors collect and analyze the
measured data. The appropriate choice of the electronic device and signal processor

can generate an easy display for the real-time monitoring.
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1.2.2. Carbon nanotue based FET biosensor

Most biological sensing techniques rely largely on optical detection
principles. These techniques are highly sensitive and specific but are inherently
complex, for they involve multiple steps between the actual engagement of the
analyte and the generation of a signal. These techniques require multiple reagents,
preparative steps, signal amplification, and complex data analysis. Electronic
detection, utilizing nanoscale devices, offers advantages for two reasons. The first
is size compatibility. Recent advances in nanoscale materials, we are now able to
construct electronic devices in which the component parts are comparable in size to
biological entities, thus ensuring appropriate size compatibility between the
detector and the detected species. Some length scales in Fig. 10 illustrate this
observation (single cells are approximately 1 um, viruses are approximately 100
nm, proteins are on the order of 10 nm, and the diameter of the DNA duplex is
approximately Inm). The diameter of single-wall carbon nanotubes is in the 1 nm
range, the diameter of the DNA duplex.

The second advantage is developed electronic detection scheme. Most
biological processes (electrostatic interaction and charge transfer) allow electronic
detection. This biological process can be merging of biology and electronics.
Because of the rich potential of biosensors [47] and bioelectronics [48], recent
research has focused on the interactions between biomolecules and inorganic

systems. The integration of biological processes and molecules with fabricated
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structures also offers both electronic control and sensing of biological systems and

bioelectronically-driven nanoassembly.

Bacteria 1

1 \

Current CMOS Technology
h

Virus
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Proteins
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1nm ~_
DNA Nanotube

Figure 10. The dimensions of wires used in conventional CMOS technology, together with
as-grown nanowires and carbon nanotubes. While the cross-section of nanofibers and
inorganic nanowires is comparable to the size of typical proteins, single wall carbon

nanotubes have a diameter comparable to DNA

Field effect transistors (FETs) with single carbon nanotube conducting

channels and with nanotube network conducting channels have been fabricated and

-19 -



their electronic characteristics examined. The devices respond to changes in the
environment, effects have been examined using gas molecules with specific
properties [49-54]. CNT based electronic device eventually integrate biology and
electronics into a common platform suitable for electronic control and biological
sensing as well as bio electronically driven assembly [55]. Carbon nanotubes have
been functionalized to be biocompatible and to be capable of recognizing proteins
[56-58]. Often this functionalization has involved noncovalent binding between a
bifunctional molecule and a carbon nanotube in order to anchor a bioreceptor
molecule with a high degree of control and specificity. The unique geometry of
carbon nanotubes has also been used to modify carbon nanotube-protein binding.
The conformational compatibility, driven both by steric and hydrophobic effects,
between proteins and carbon nanotubes has been examined using streptavidin and
other proteins. For example, streptavidin has been crystallized in a helical
conformation around multi-walled carbon nanotubes [59]. The tendency of
biological materials to self-organize has been used to direct the assembly of
carbon nanotube structures [60].

Several different detection method can be employed for biomolecule sensing
applications. The presence of an immobilized biomolecule, or the reaction between
biomolecules can be followed by examining the change in the device
characteristics after the interaction. The DC is measured in a conventional
configuration applying the bottom gate. Fig. 11 shows the measurement scheme

adapted bottom gate.
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Figure 11. A Schematic of a single nanotube field effect transistor (FET) using bottom gate

Most of the biological interactions take place in an appropriate buffer
environment. Real time signal acquisition and analysis may have significant impact
on the biological sciences for several reasons. First, the time scales for biological
processes may be measured directly. The time taken for a protein to undergo
conformational changes or DNA duplex formation and its complement to form a
duplex could be measured directly. Second, the electronic data may produce
electronic signatures specific to a biological process. For example, if each binding
of a different antigen to an antibody results in a particular electronic signature, then
the different antigens may be distinguished from each other. This could
dramatically alter the landscape of biological sensing, and aid the development of
practical biosensors by solving the problems of poor -cross-sensitivities.
Biomolecules undergo a variety of fluctuations and conformational changes that
span several orders of magnitude.

Pico-second time scales characterize intra molecular vibrations [61], with

anharmonic relaxations [62] on the order of nano-seconds. Protein collapse occurs
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at milli-seconds to seconds [63—69].
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Figure 12. Schematic illustration of liquid gating. The gating is accomplished by immersing
a Pt electrode in the conducting liquid that surrounds the network and the source and drain

electrodes.

In the Fig. 12, an electrode is applied to the liquid and Isp is measured as
function of the voltage on the electrode. Electrochemical reaction occur at large
gate voltages. These can be identified and avoided by monitoring the current
between the gate and the conducting channel. The source and drain electrodes and
all the conducting leads must be isolated from the buffer in order to avoid non-
desirable reactions. A typical DC for both ‘‘liquid gating’” and ‘‘bottom gating’’ is

shown in Fig. 13 (a).
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Figure 13. Real time monitoring for both liquid gate and bottom gate (a) Device
characteristics (upper figure) and the so-called leakage current (measured between the Pt
electrode and the S/D electrodes). The finite leakage current indicates the onset of
electrochemical reactions. (b) Shift in the DC versus time during incubation with
streptavidin. The slope (tilt) of the DC is not affected by the presence of streptavidin,

indicating charge transfer between the biomolecule and the nanotube channel.

The two configurations result in a similar DC if an appropriate scaling of the
x-axis is performed. This scaling is due to the different dielectric layers in the two
cases: an oxide insulating layer for bottom gating and a hydration layer in the case
of “‘liquid gating’’. In Fig. 13 (b), real time measurement of the change in the DC
versus time allows real-time monitoring of the attachment of the protein to the
device. Carbon nanotube based devices can use to monitor a variety of
biologically-significant reactions. This is possible because most of these reactions
involve local electric fields and charge rearrangement. Real time monitoring
specific interactions between biomolecules is the most important objectives of

biomolecule sensing [70-72].
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Figure 14. Carbon nanotube based biosensor detection principle of antibody-antigen
specific binding. Left column: Schematic illustration show ab-ag binding process on the

CNT-FET. Right column: CNT-FET electrical conductance change for ab/ag binding.

A carbon nanotube based biosensor detection principle that involves
electronic detection is shown in Fig. 14. The next step in this direction is to
examine device operation in a serum and to explore the sensitivity and specificity

issues that arise in application areas such as early diagnosis applications.
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1.2.3. Surface Plasmon Resonance (SPR) sensor

Surface Plasmon Resonance (SPR) sensors are extensively used as optical
sensors for the detection of biological and chemical analytes. Due to this, SPR
biosensors hold a great potential in fields such as food-safety, environmental
protection and medicine [73]. SPR biosensors are also used in the analysis of
biomolecular interactions. Hence SPR biosensors are also used in real-time
monitoring of biomolecules binding to target molecules on the sensor.

A surface plasmon wave is an electromagnetic wave that propagates along
the interface of metals and a dielectric. Metals such as gold, silver and copper
exhibit negative real permittivity at optical wavelengths. However gold is the most
widely used metal for SPR based sensor because of its chemical stability and
abundant surface functionalization techniques [74].

The principle behind total internal reflection is that light incident at the
interface between materials of refractive indices nl and n2 (where nl > n2) is
completely reflected beyond a critical angle theta (6). Surface plasmon resonance
occurs when these two conditions are satisfied:

1. The incident angle must be greater than the critical angle
2. The component of incident light’s that is parallel to sensor surface matches with
the wave vector of surface plasmon wave.

When this happens, the energy of the incident photon is transferred to

surface plasmon wave. Fig. 15 shows the prism coupler configuration for exciting
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surface plasmon waves. The prism is used to couple some light to SP wave and
reflect some light to an optical photo detector. Since an evanescent electric field
extends away from the metal surface into the surrounding dielectric, changes in the
optical properties of the dielectric will cause the resonance to shift to a different
wavelength. Surface plasmon waves can also be excited by two other systems,
grating-couplers and optical waveguides.

Concept of surface plasmon resonance biosensing: Surface plasmon waves are
sensitive to changes in the refractive index of dielectric. This is the principle
behind SPR biosensors - i.e. binding of a target analyte to immobilzed
biomolecular recognition element produces a local increase in refractive index at

the sensor surface.
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Figure 15. Typical set-up for a SPR biosensor
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The operation of SPR sensor details demonstrated in Fig. 15. SPR detects
changes in the refractive index in the immediate vicinity of the surface layer of a
sensor chip. SPR is observed as a sharp shadow in the reflected light from the
surface at an angle that is dependent on the mass of material at the surface. The
SPR angle shifts (from I to II in the lower left-hand diagram) when biomolecules
bind to the surface and change the mass of the surface layer. This change in
resonant angle can be monitored non-invasively in real time as a plot of resonance

signal (proportional to mass change) versus time. [75].
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Chapter 11

CNT-based biosensor for detection hepatitis B

2.1. CNT-FET biosensor

2.1.1. Fabrication of CNT-FET

The CNT biosensor was fabricated base on a field effect transistor (FET)
structure, Fig. 16 depict the fabrication process of carbon nanotubes field effect
transistor (CNT-FET). The single-wall carbon nanotubes (SWNTs) were grown by
the patterned catalyst growth technique [76]. For catalysts, square patterns of 3 x 3
pum’ were made using electron beam lithography and were deposited on silicon
substrate with a 200 nm thick silicon oxide layer. Catalyst (Fe (NOs);-9H,0, MoO,

(acac), and alumina nanoparticles) was dissolved in the ethanol solution and
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dropped the catalyst solution on the patterned Si/SiO, substrate. After forming the
catalyst pattern, substrate was soaked in the acetone for lift-off (Fig. 16). For
thermal chemical vapor deposition (CVD) growth, the catalyst deposited substrate
is heated in a furnace to reach 900 °C in an argon atmosphere. After argon flow,
methane was flowed at a flow rate of 500 sccm. The methane flow is maintained
for 5 min at 900 °C. Methane was used carbon source during growing the carbon
nanotube. After methane flow, argon flowed until the furnace cools to room

temperature.

Ly

Catalyst patterning

Electrode fabrication CNT growth (thermal CVD) Catalyst deposition & Lift-off

Figure 16. Schematic diagram of the carbon nanotube-field effect transistor (CNT-FET)

fabrication process

Fig. 17 (a) shows the scanning electron beam microscope (SEM) of grown
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carbon nanotube and Fe/Mo catalyst square. CNT was connected between the two
catalyst pattern and straight line. Fig. 17 (b) is the atomic force microscope (AFM)
image of as-grown CNT. By the AFM measurement, the diameter of CNT was
about 1.5 nm. Source (S) and drain (D) electrical contacts to the CNT were made
via electron beam lithography and thermal evaporation technique. Electrodes were
made by depositing Cr/Au (5 nm /50 nm) and using a lift-off technique, followed
by rapid thermal annealing (RTA) at 450 °C for 30 s in hydrogen circumstance to

form ohmic contacts.

Figure 17. SEM image of the Carbon nanotube-field effect transistor(CNT-FET) (a) SEM
image of after CNT growth using thermal CVD (b) AFM image of as-grown CNT (c) SEM

image of after source and drain electrode fabrication

Fig. 17 (c) is the SEM image of CNT-FET after source and drain electrode
definition. After electrodes definition, we measured electrical characteristics of the
CNT-FET device. Fig. 18 (a) and (b) show the source-drain current (/ps)-voltage

(Vps) and the source-drain current (/ps)-gate voltage (Vpg) curves measured in the
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ambient condition for the bare CNT-FET, where a heavily doped Si substrate was
used as a bottom gate electrode. In the Fig 18 (a), the linear /ps-Vps curve confirms
of ohmic contact. The CNT-FET bottom gate voltage dependence curve (Fig. 18 (b))

indicates fabricated CNT was a p-type semiconductor.
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Figure 18. Electrical characteristics of single CNT-FET (a) The typical Ips-Vps curve of the

CNT-FET device (b) The typical Ips-Vpg curve measured at Vpg =1V

2.1.2. PDMS micro fluidic channel fabrication

Most biomolecules interaction occurs in an aqueous condition. So, we PDMS
micro fluidic channel was mounted onto the CNT-FET biosensor. We injected and
controlled the flow rate of solution the solution using syringe pump to assemble the

biomolecules at the CNT surface [77, 78].
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First, we fabricated the mold of micro fluidic channel using SU-8 & photo-
lithography. SU-8 2150 resist (negative photo resist) was spin coated on the Si
wafer (1st step 500 rpm for 10 sec with acceleration of 100rpm/sec, 2nd step 2000
rpm for 30 sec with acceleration of 300 rpm/sec.), prebaked at 65 °C for 7 min and
at 95°C for 60 min. After prebaking step, followed UV (350nm) exposure for 90 s
(exposure energy: 350~370 ml/cm®). After UV exposure, post-baking was
conducted at 65°C for 10 min and at 95°C for 20 min. Develop times was 20 min
in SU-8 developer, after develop washing with isopropyl alcohol & N, dry. After
development process, the SU-8 pattern (channel) was formed with 250 pm
thickness and 300 pm width (Fig. 19 (c)).

PDMS is the mixture of PDMS and curing agent (hardener) (10:1). The
mixture of PDMS was poured onto the mold and the air bubble was extracted by
vacuum pump. After eliminating the air bubble, PDMS was hardened at 80°C in an
oven for 4 h (Fig.19 (d)). PDMS micro fluidic channel was attached with CNT-FET
device as follows process. First, PDMS & toluene mixture (volume ratio 10:1) was
spin-coated on the slide glass at 3000 rpm for 30 sec and baked at 70°C for 15 min
then PDMS micro fluidic channel was positioned onto the slide glass. After 1
minute PDMS micro fluidic channel was detached from the slide glass and PDMS
channel was attached to the device with well alignment, and then it was baked in

oven (80°C) for 2 h.

-32-



(a) (b)

SuU-g

s

Cleaned substrate Spin-coating SU-8

(c)

PDMS pouring & hardening UV-exposure & development

o

PDMS micro
fluidic channel

‘ |

Detachment PDMS micro fluidic channel

Figure 19. Schematic diagram of PDMS micro fluidic channel fabrication

2.1.3. Experimental process

The CNT-metal contacts were passivated using SiO, to minimize the contact
effect. Before immobilizing hepatitis B antibody onto the CNT surface, the CNT

was incubated in 1 mM pyrenebutyric acid N—hydroxylsuccinimide ester (chemical
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linker) in methanol to introduce the amino-active succinimide ester, resulting in the
binding of the pyrene residue to the sidewalls of the SWNT [79, 80]. Fig. 20 is
depict the function of chemical linker.

Then, hepatitis B antibody was immobilized on the CNT surface by injecting
5 pg/ml antibody solution into the micro fluidic channel and leaving for 1 h.
Before hepatitis B antigen injection, we injected phosphate buffered saline (PBS,

pH 7.4) solution and measured electrical conductance.

NH,

ool —NH,

HEREHEREERI

Figure 20. pyrenebutyric acid N-hydroxylsuccinimide ester irreversibly adsorbing onto the
sidewall of a SWNT via n-Stacking. Amine groups on a protein react with the anchored

succinimidyl ester [79].

After electrical conductance saturation, we introduced the hepatitis B antigen.

The electrical conductance was measured as a function of time while hepatitis B
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antigen was added into the micro fluidic channel. All chemical modification and
binding events between antibodies and antigens occurred inside micro fluidic
channels [81].

Fig. 21 shows the process of sensor preparation, linker assembly, protein

assembly and real time measurement process.

SiO, passivation Micro fluidic channel

Antibody assembly Linker functionalization
Antigen injection (1-Pyrenebutyric acid
& measurement N-hydroxysuccinimide ester)

Figure 21. Schematic diagram of assemble and real time measurement process using CNT

FET sensor.
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2.2. Results and Discussion

2.2.1. Detection of Hepatitis B antibody-antigen binding

At first, to test the specificity of the CNT biosensor, we measured the
conductance as a function of time while 1 pg/ml bovine serum albumin (BSA)
solution was injected into the hepatitis B antibody assembled CNT-FET sensor. As
shown in Fig. 22 (a), no current change was found, suggesting that BSA was not
bound to hepatitis B antibody. Subsequently, 3 pg/ml hepatitis B antigen was
injected into the micro fluidic channel and the conductance was observed to
increase and then be nearly constant within 10 min. This result indicates that
specific binding between hepatitis B antibody and antigen was successfully
conducted at the CNT surface. Fig. 22 (b) shows the Ips — Vps curves measured
before and after adding hepatitis B antigen.

The introduction of hepatitis B antigen led to increase the current and shift
the threshold voltage to the positive voltage [82, 83]. These results are consistent

with the results shown in Fig. 22 (a).
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Figure 22. Electrical characteristics of CNT-FET sensor after hepatitis B antigen injection.
(a) Real time detection of electrical conductance measured at Vpg= 0.5V, Vs = 0 V while
BSA solution and 3pug/ml of hepatitis B antigen was added. (b) Ips-V3s curves measured at

Vps = 1V before and after adding hepatitis B antigen.

2.2.2. Real-time detection of hepatitis B antigen

We also investigated the concentration dependence of hepatitis B antigen on
the conductance. As shown in Fig. 23 (a), the current increased with increasing the
concentration of hepatitis B antigen. In Fig. 23 (b), the plot of the current versus
the antigen concentration is presented. The current increased almost linearly to the
concentration in the semi-logarithm scale. Compared with the ELISA method, a
CNT biosensor has a several advantage. It can be used for real time monitoring

application, label free detection and a very small sample volume is needed [84, 85].
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Figure 23. Hepatitis B ag concentration dependence of CNT-FET sensor. (a) Response to
various concentrations of hepatitis B antigen. Arrows indicate when hepatitis B antigen was
added. (b) The normalized conductance versus the concentration of hepatitis B antigen in

semi-logarithm scale.

After electrical measurements of the hepatitis B antibody and antigen
binding, the CNT channel was examined using an atomic force microscope (AFM)
to confirm the binding of hepatitis B antigen to antibody. In order to see whether
hepatitis B antigen was really bound to hepatitis B antibody immobilized on the
CNT surface, the CNT biosensor was examined using the AFM after detecting
hepatitis B antigen. As shown in Fig. 24 (a) and (b), the CNT biosensor used to
detect hepatitis B antigen exhibited a higher height and a wider width than the bare
CNT. This finding confirms that the measured conductance change was caused by

binding between hepatitis B antibody and antigen.
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Figure 24. (a) AFM image of the bare CNT. (b) AFM image of the CNT after binding

hepatitis B antibody and antigen.
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Chapter Il

Carbon Nanotube - based dual mode biosensor

3.1 Experimental details

3.1.1. What is dual-mode carbon nanotube sensor?

CNT-FET sensors are several problems to be solved for real applications,
such as sensor-to-sensor variation, unspecific binding, etc. To overcome the above
problems, we have proposed a dual mode biosensor that enables the detection of
biological events by simultaneously measuring both changes in electrical

conductance and surface plasmon resonance (SPR).

- 40 -



Fig. 25 is the dual mode biosensor has the structure of a CNT metal
semiconductor field effect transistor (CNT-MESFET). We fabricated CNT-

MESFET sensor using long CNT, transparent quartz and SiSiO, substrate.

Electrical signal
measurement

Optical signal
measurement

Figure 25. Schematic diagram of a dual mode CNT-MESFET biosensor. Dual mode

biosensor is composed of electrical and optical measurement parts.

The Schottky barrier forms at an interface between the Au strip and the CNT;
thus, the Au strip plays the role of a top gate. As a result, charged biomolecules,
which bind to receptors immobilized on the surface of the Au strip, may be
detected by measuring the change in the electrical conductance of the CNT. In
addition, the transparent substrate allows the CNT-MESFET to detect SPR
occurring at the interface between the Au top gate and the transparent substrate
when an incident beam of polarized light of a given wavelength is directed onto the
surface at a given angle through a prism (Fig. 25). Biological events can be

detected and quantified by measuring the changes in SPR.
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Compared with CNT-FET biosensors, SPR sensors provide better reliability,
although their sensitivity is relatively low [86, 87]. On the other hand, the CNT-
FET biosensors offer ultra-high sensitivity, although their performances are
dependent on the sensor. For the dual mode biosensor, SPR and conductance
measurements may complement each other, so that both high sensitivity and
reliability may be obtained together. Furthermore, the chemical modification of the
Au surface utilized in the SPR biosensors is well known, so unspecific binding
would be more easily inhibited in the dual mode biosensor compared to the CNT-
FET biosensors. In this paper, we have fabricated dual mode biosensors on quartz
substrates and we demonstrated that DNA hybridization can be detected by

measuring the change in electrical conductance and SPR at the same time.

3.1.2. Fabrication of CNT-MESFET

We fabricated the CNT-MESFETSs on Si0,/Si substrates to test the electrical
characteristics of them. CNT-MESFET device fabrication process was noted in Fig.
26. First, we fabricated Single-walled CNTs (SWNTSs) FET device as described at

the chapter 2.1.1.
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Topgate deposition Electrode deposition

Figure 26. Schematic diagram of CNT-MESFET fabrication

To determine whether the CNT connected between source and drain
electrodes was metallic or semiconducting, the source-drain current (Isp) was
measured as a function of the bottom gate voltage (V3¢) for all devices. The heavily
doped Si substrate was used as the bottom gate and electrical measurements were
carried out using a semiconductor parameter analyzer. The top gate was fabricated
by electron lithography and thermal deposition (Cr/Au (2 nm / 25 nm)) and lift-off
technique. Top gate was defined only on the middle of the semiconducting CNT, as

shown in Fig. 27 (b).
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Figure 27. (a) A schematic diagram of a CNT-MESFET device. (b) SEM image of a CNT-

MESFET on Si/SiO; substrate.

3.1.3. Electrical characteristics of CNT-MESFET

We characterized the electrical properties using three electrodes, source (S),
drain (D), and top gate (TG) electrodes, /-V curves were measured under ambient
conditions (Fig. 28 (a)). The Isp-Vsp curve measured between the source and drain
electrodes was linear, whereas the Is76 - Vsrg and Iprg - Vprg curves exhibited
diode-like behaviors, where Is7g (or Iprg) stands for the current measured between
the source (or drain) and top gate electrodes. These results suggest that the
Schottky contacts formed between the top gate electrode and the CNT, while
ohmic contacts formed between the source-drain electrodes and the CNT owing to

the heat treatments.
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Figure 28. Electrical characteristics of CNT-MESFET (a) I-V curves measured using source
(S), drain (D), and top gate electrodes (TG). (b) I-Vps curves measured at V=1 V. Igp is the
current measured between the source and drain electrodes, Isr; is the current measured
between the source and top gate electrodes, and Ip7¢ is the current measured between the

drain and top gate electrodes.

Fig. 28 (b) shows the Isp-Vag, Istc-Vas, and Iprg—Vpe transfer curves
measured at =1 V. As expected from the measured /-V curves in Fig. 20 (a), lsr¢
and Iprg were lower than Isp. However, all curves exhibited p-type semiconducting
behaviors with nearly identical threshold voltages, Vy, although V;, was found at
the higher Vs compared to the Isp-Vpe curve measured before depositing the top
gate. From these results, we concluded that the semiconducting properties of the
CNT were not significantly affected by depositing the top gate.

Most biological interactions occur under aqueous conditions, so biosensors
usually operate in an aqueous environment. To investigate the effects of a liquid

gate voltage (V) on the electrical properties of the CNT-MESFET, we passivated
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the source-drain electrodes and the CNT regions uncovered by the top gate by
depositing a SiO;, thin film, leaving only the Au top gate exposed to the solution,
and then mounted a polydimethylsiloxane (PDMS) well over the CNT-MESFET

(Fig. 29).

| o
:
E

Figure 29. (a) A schematic diagram of a CNT-MESFET with a PDMS well. (b) SEM image

of a CNT-MESFET passivated by depositing a SiO, thin film

Subsequently, we filled the PDMS well with a 10 mM solution of the
phosphate buffered saline (PBS, pH 7.4) and inserted an Ag/AgCl reference
electrode used as the liquid gate (LG). Fig. 30 depicts the Isp-V;c curve measured
at Vsp=10 mV and the leakage current (/s;s) between the source and the liquid gate.
The p-type semiconducting behaviors were clearly observed with negligible /g .
This result indicated that /g of the CNT-MESFET could be modulated by applying

V. in spite of the shielding effect from the Au top gate.
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Figure 30. Isp-V; ¢ and Is -V curves measured at Vgp=10 mV for the CNT-MESFET.

For comparison, we also measured the Isp- Vi curve at Vgp= 10 mV for the
CNT-FET without the top gate (Fig. 31). A clear difference was seen in a
subthreshold swing defined as S = dV,s/d(loglsp) [88]. The values of S were
estimated to be approximately 0.1 and 0.23 V/decade for the CNT-MESFET and
the CNT-FET, respectively, which were smaller than S = 1.7 V/decade estimated
from the Isp-Vpc curves for both devices (Fig. 28 (b)). These findings implied that
the CNT-MESFET and CNT-FET had different values of liquid gate capacitance,

whereas their bottom gate capacitance was nearly identical.
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Figure 31. Isp-V, curves measured at Vgp=10 mV for the CNT-FET and CNT-MESFET.
The inset shows a schematic diagram of the CNT-FET with the PDMS well. The inset

shows a schematic diagram of the CNT-FET with the PDMS well.

In the case of the liquid gate, the gate capacitance was approximately given
by the double layer capacitance, Cy= €A/xonp, Where ¢ is the dielectric constant of
the electrolyte, 4 is the area of the surface exposed to the electrolyte, and xppp is
the distance to the outer Helmholtz plane [89, 90]. Since the CNT-MESFET might
have a larger 4 than the CNT-FET, the steeper transition of /sy or the smaller S
observed for the CNT-MESFET may possibly be ascribed to the larger liquid gate
capacitance of the CNT-MESFET.

In order to more clarify the effects of gate capacitance on the Isp-V;s transfer

curves, we also fabricated a CNT-MOSFET (metal oxide semiconductor field
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effect transistor) with a 50 nm-thick Al,O3 dielectric between the CNT channel and
the Au top gate (inset of Fig. 33 (a)). Fig. 33 (a) shows the Isp-V; curve of the

CNT-MOSFET measured at Vsp=10 mV using the Ag/AgCl reference electrode.

Liquid

= @ ] @ & outer Helmholtz plane
&

inner Helmholtz plane

Figure 32. Schematic illustration of electrical double layer. The first layer of absorbed ions
is referred to as the inner Helmholtz plane. Next is a layer of non-specifically absorbed,

hydrated counter ions which represent an outer Helmholtz plane.

As V¢ increased, Isp of the CNT-MOSFET decreased more slowly than Isp
of the CNT-MESFET or the CNT-FET. The plot of disp/dV;¢ versus Vs for three
devices, CNT-MESFET, CNT-FET, and CNT-MOSFET, showed clear differences
(Fig. 33 (b)).

Since the liquid gate capacitance of the CNT-MOSFET was smaller than that
of the CNT-MESFET or the CNT-FET due to the capacitance of the Al,O;
dielectric layer connected in series, this result supported the idea that the larger

gate capacitance induced a more rapid decrease of /5, with increasing V.
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Figure 33. Liquid gate voltage dependence of CNT devices (a) Isp-V; curves measured at
Vsp=10 mV for the CNT-MOSFET, CNT-FET, and CNT-MESFET. The inset shows a
schematic diagram of the CNT-MOSFET with the PDMS well. (b) dlsp/dV; - V;c curves

for CNT-MESFET, CNT-FET, and CNT-MOSFET.

We thus obtained dual gates, the liquid and bottom gates, so we measured
the Isp-Vpe curves at Vsp = 0.1 V for different V. As shown in Fig. 34 (a), the Isp-
Ve curves of the CNT-MESFET were significantly altered by applying V.. As
Vic increased, Ispat Vze= 0 V was reduced and V,, was shifted to the lower V.
We also carried out similar measurements for the CNT-FET (Fig. 34 (b)). As in the
CNT-MESFET, V,, was shifted to the lower Vs with increasing V; ;. However,
compared with the Isp-Vpe curve of the CNT-MESFET, the Isp-Vpg curve of the
CNT-FET was less effectively modulated by Vs, which was in accordance with

results in Fig. 33.
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Figure 34. Dual gate voltage dependence of CNT-FET and CNT-MESFET (a) Isp-Vie
curves of the CNT-MESFET measured at V,=0.1 V for different liquid gate voltages (V.
=0.15, 0.1, 0.05, 0, -0.05, -0.1, and -0.15 V). (b) Isp-V3; curves of the CNT-FET measured

at Vgp=10 mV for different liquid gate voltages (V= 0.1, 0, -0.1 V).

-51 -



3.2. Experimental details

3.2.1. MMP-9 antigen detection

To detect MMP-9 using the CNT-FET biosensor, anti-MMP-9 was
immobilized on the surface of CNTs using 1-pyrenebutanoic acid succinimidyl
ester (Aldrich) as a linking molecule. A 1 mM solution of 1-pyrenebutanoic acid
succinimidyl ester in methanol was introduced into the PDMS channel and left for
1 h. After washing with methanol, 1 pg/ml anti-MMP-9 solution was injected into
the micro fluidic channel and left for 2 h to allow immobilization. To activate anti-
MMP-9, the CNT-FET was incubated for 20 min at 37 °C in a mixture of 10 pl
MMP-9 monomer, 70 pl activation buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 5 mM CacCl,), and 20 pl trypsin (0.5 mg TPCK-trypsin/l1 ml activation
buffer), and then trypsin was inhibited by adding a 10 ul aprotinin solution.
Thereafter, the MMP-9 solution was added into the micro fludic channel and /gy of
the CNT-FET was measured in real time while MMP-9 was interacting with anti-
MMP-9 immobilized on the CNT surface. For CNT-MESFET biosensor, cyc3-
protein G, which is genetically engineered to contain three cysteine residues at the

N-terminus, was used as a linker to immobilize anti-MMP-9 on the surface of Au
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top gate. A 20 ug /ml cys3-protein G solution was flowed into the micro fluidic
channel and left for about 30 minutes. Then, 1 pg/ml anti-MMP-9 solution was
injected into the micro fluidic channel and left for 2 hours to allow immobilization.
Next, anti-MMP-9 was activated as described above and Igp of the CNT-MESFET

was recorded in real time during addition of MMP-9.

3.2.2. DNA hybridization detection

To monitor DNA hybridization in real time, the CNT-MESFET was covered
with a PDMS micro fluidic channel instead of the PDMS well (Fig. 35).

Then, probe single stranded DNA (ssDNA) molecules with thiol groups at
one end were immobilized on the surface of the Au top gate. Immobilization was
achieved via Au-S bonds by introducing a 1 uM solution of 30-mer probe ssDNA
molecules (5'-SH-AAGTCAGTTATACGCGTCTAGTACCGTTTG-3', purchased
from M. Biotech Inc.) in PBS into the micro fluidic channel. Following
immobilization, the CNT-MESFET was washed thoroughly by flowing PBS into
the channel to remove the excess probe DNA. For hybridization experiments, a
solution of 30-mer target ssDNA (5’CAAACGGTACTAGACGCGTATAACTGA

CTT-3’), which was completely complementary to the probe ssDNA, was added
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into the micro fluidic channel. While solutions of complementary target ssDNA
molecules with different concentrations were flowed into the micro fluidic channel,

source and drain current of the CNT-MESFET was recorded as a function of time.

CNT-MESFET sensor i -
Microfluidic channel
attachment

Target DNA injection
& measurement

Probe DNA assembly

Figure 35. Schematic diagram of DNA assembly and measurement using CNT-MESFET

sensor
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3.3. Results and Discussion

3.3.1. Electrical signal measurement of DNA hybridization

While solutions of complementary target ssDNA molecules with different
concentrations were flowed into the micro fluidic channel, /sp of the CNT-

MESFET was recorded at V3 =0 V as a function of time (Fig. 36).

110 pM

0 10 20 30 40 50 60 70
Time (min)

Figure 36. Real time monitoring of Isp at Vgp=0.1 V during DNA hybridization in PBS.
Arrows indicate the injection time of target ssDNA solutions with different concentrations.
The inset shows the schematic diagram of the CNT-MESFET covered with a PDMS micro

fluidic channel.
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As reported for the CNT-FET biosensors [91, 92], Isp decreased after DNA
hybridization and further decreased with increasing concentrations of target ssDNA.
To investigate the origin of decreased conductance, the Isp-V;¢ and Isp-Vps curves

were measured before and after DNA hybridization, as shown in Fig. 37.

Before hybridizationzation
After hy bridization

80

60

40

l__ (nA)

20

Figure 37. Isp—Vps curves of CNT-MESFET biosensor measured after DNA
immobilization and hybridization. The inset shows the Isp-V; curves measured at Vgp=50

mV before and after DNA hybridization.

DNA hybridization led to the shift in ¥} to the lower Vpsor Vic and the
decrease in Isp at Vg or V6= 0 V. The decrease in Isp may possibly be understood

in terms of the energy band diagrams shown in Fig. 38.
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Figure 38. Energy band diagrams for the CNT-MESFET after DNA immobilization

(dashed curve) and hybridization (solid curve)

DNA hybridization occurring on the Au surface is known to decrease the
effective work function of Au [93, 94]. After hybridization, the potential of the
CNT channel covered with the Au top gate is lowered, while the potential of the
uncovered CNT portion is unchanged. As a result, we can imagine the band
diagram of Fig. 38; the hybridization-induced depletion (as indicated by the arrows)
draws a large channel resistance, causing the decrease in /gy and the shift in V.

When we plotted the measured conductance normalized by the conductance
before hybridization (G/G,) as a function of the target ssDNA concentration (Fig.
39 (a)), we observed a linear relationship between G/G, and the logarithm of target
ssDNA concentration. For comparison, we also have displayed the data reported
for the CNT network FET [92] in Fig. 39 (a). The CNT-MESFET exhibited a
higher sensitivity and a wider detection range as compared to the CNT network
FET. In addition to DNA hybridization, we also detected matrix metallopeptidase-9
(MMP-9) using both CNT-MESFET and CNT-FET, and compared their sensitivity,

where anti-MMP-9 were used as a receptor of MMP-9 (Fig. 39 (b)).
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Figure 39. Normalized conductance of DNA hybrization and MMP-9 (a) G/G, versus the
concentration of target ssDNA molecules for the CNT-MESFET (rectangular symbols) and
CNT- FET (circular symbols). (b) G/G, versus the concentration of MMP-9 for the CNT-

MESFET and CNT- FET.

As in DNA hybridization, /sp decreased upon the binding of MMP-9 to anti-
MMP-9 immobilized on the top gate or on the CNT surface. Fig. 39 (b) shows the
plots of G/G, versus the logarithm of MMP-9 concentration measured for CNT-
MESFET and CNT-FET. The CNT-MESFET exhibited a steeper slope, supporting
that the CNT-MESFET biosensor offers higher sensitivity than the CNT-FET. This
higher sensitivity was probably attributed to the band bending in the bulk CNT, as
illustrated in Fig. 38.

To determine whether it is possible to discriminate between hybridization
with complementary and one-base mismatch DNA using the CNT-MESFET, we
measured the conductance as a function of time while one-base mismatch DNA

(5'- CAAACGGTACGAGACGCGTATAACTGACTT-3") was added.
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Figure 40. Single nucleotide polymorphism measurement using CNT-MESFET
sensor (a) Real time monitoring of Isp at Vsp=0.1 V while a 1 uM solution of one-base

mismatch DNA solution was added and then followed by introduction of a 1 uM solution
of complementary DNA solution. (b) Real time monitoring of Isp at Vp=0.1 V while a 1
UM solution of one-base mismatch DNA solution was added and then followed by

introduction of a 1 uM solution of complementary DNA solution.

Unlike the completely complementary target ssDNA, the addition of one-
mismatch DNA did not lead to the decrease in Isp. Depending on the sensor, Isp
was restored nearly to the initial value (Fig. 40 (a)) or slightly increased (Fig. 40
(b)). However, the subsequent introduction of complementary DNA molecules
resulted in the decrease in Isp (Fig. 40 (b)), demonstrating that DNA hybridization

could be detected even with single nucleotide polymorphism sensitivity.
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3.3.2. Dual-mode measurement of DNA hybridization

The CNT-MESFET was fabricated on the quartz substrate for a dual mode
biosensor (Fig. 33). Since the large top gate was necessary for SPR measurements,
ultra-long SWNTs (> 18 mm) were grown on the quartz substrate by thermal CVD.
Briefly, 10 mM of FeCl; solution was deposited on the edge of quartz substrate by
micro-contact printing or dipping. The quartz substrate was placed in the middle of
a 1 inch quartz tube and gradually heated to 950 °C in an argon/hydrogen gas
atmosphere (200 sccm/60 sccm), followed by leaving at 950 °C for 10 min to form
Fe nanoparticles. Then, a flow of methane (100 sccm) and hydrogen gas (60 sccm)
at 950 °C for 1 h led to the growth of ultra-long SWNTSs [95-97]. For electrical
measurements, Au/Cr electrodes were prepared and rapid thermal annealing was
performed at 450 °C for 30 s under vacuum. Subsequently, the Au top gate of 2 x
21 mm’ was fabricated in the middle of the CNTs by photolithography and lift-off

techniques.

Top Gate (TG)

Figure 41. SEM image of the CNT-MESFET fabricated on the quartz substrate.
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The Isp — Vsp curves measured after DNA immobilization and hybridization
are shown in Fig. 42 (a). As expected from the data in Fig. 36, the conductance was
reduced by immobilization of target ssDNA molecules on the surface of the top
gate even though several CNTs were connected between the source and drain

electrodes.

(2) W (b)

012 F
E
0.08 F 0.4r
o
0.04 | O 0.3f o
o = E
3 .00 F (] .-
A < 0.2t s
== oml o L
0.1k = Devicel
-0.08 E L u e Devicell
Before hybridization| & Devicelll
! 0o ® ]

-1.0 -(;.5 DjO 0j5 1.0 0,‘01 0:1 'I! 1‘0
Vos (V) Concentration (nM)

Figure 42. I-V curve change and normalized conductance of the CNT-MESFET sensor (a)
Isp-Vsp curves measured for the CNT-MESFET on the quartz substrate as-prepared, after
DNA immobilization and hybridization. (b) |AG|/G, versus the concentration of target

ssDNA solution for three different CNT-MESFETSs on SiO,/Si substrates.

Fig. 41 (b) depicts the plots of G/G, versus the logarithm of target ssDNA
concentration obtained from three different CNT-MESFETSs on Si1/SiO,i1 substrates.
For three different sensors, we observed nearly parallel lines, although their

intercepts were different. These findings suggest that sensor-to-sensor variation
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might be calibrated if a complementary property, independent of the sensor, is
measured concurrently, and the sensor-dependent intercept can be determined.

We therefore measured SPR characteristics using a custom optical set-up
based on an angle-scanning scheme and implemented with dual concentric
motorized rotation stages (URS75PP, Newport, Irvine, CA). Light from a He-Ne
laser (36 mW, A = 632.8 nm, Melles-Griot, Carlsbad, CA) is TM polarized and
intensity-modulated by an optical chopper. The light is then incident through an
SF10 prism substrate on the sample surface that is index-matched to the prism. The
reflected light is detected by a photodiode (818-UV, Newport, Irvine, CA). The
angular resolution of the rotation stage is 0.0002° (nominal). The measured signal
is taken by a low noise lock-in amplifier (Model SR830, Stanford Research
Systems, Sunnyvale, CA). The detection procedure is automated by LabView™
(National Instruments, Austin, TX).

The SPR curves, which were simultaneously measured with the Isp-Vsp
curves are presented in Fig. 43 (a). Immobilization of probe ssDNA molecules on
the Au top gate led to an angle displacement of 0.12° in SPR reflectance minimum.
After DNA hybridization caused by the addition of a 1 uM solution of target
ssDNA molecules, the SPR angle was further shifted by 0.10°, although the SPR
angle was unchanged by adding a 1 uM solution of non-complementary ssDNA

molecules. These results are similar to the results reported by others [87, 98].
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Figure 43. SPR signal of the CNT-MESFET on the quartz substrate (a) SPR curves
measured for the CNT-MESFET on the quartz substrate as-prepared, after DNA
immobilization and hybridization. The inset is an expanded view of SPR minima. (b) SPR
curves measured for two different CNT-MESFETs on the quartz substrate as-prepared

(black curves), after DNA immobilization (red curves) and hybridization (blue curves).

To evaluate whether different sensors yield the same displacement of SPR
angle for a given concentration, we measured the SPR curves for another sensor
prepared similarly (Fig. 43 (b)). After a 1 uM solution of target ssDNA molecules
was added to induce DNA hybridization, the SPR angle was shifted by
approximately 0.10°, indicating that the SPR measurements provided reproducible
data independently of the sensor.

Fig. 44 displays the real-time response of conductance and SPR reflectance
measured simultaneously while the DNA molecules were hybridized. From these

simultaneously measured conductance and SPR reflectance, the value of the
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sensor-dependent intercept (Fig. 43 (b)) is possibly estimated, which is necessary

to calibrate the sensor-to-sensor variation.
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Figure 44. Real-time response of |AG|/GO and normalized reflectance simultaneously

measured during DNA hybridization. The SPR reflectance was measured at 38°.
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Chapter IV

CNT-MESFET biosensor using CNT thin film

4.1. CNT thin film

4.1.1. Fabrication of CNT thin film

We fabricate CNT-MESFET biosensor using separated semiconducting single-
walled nanotube (SC-SWNTs) thin film. Separated SC-SWNTs were prepared

magnetic particle assisted separation method and purchased at Nanointigris
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[99,100]. We used 3-AminopropyltriethoxySilane (APTES) assisted self assemble
method SC-CNTs thin film [101-103]. Fabrication procedure of the APTES-
assisted SC-SWNTs film deposition is shown in Fig. 45. We used silicon substrate
with 200 nm oxide layers (Si/SiO,) as substrate and Si substrate was treated by
piranha solution (a mixture of sulfuric acid (H,SO,) and hydrogen peroxide (H,0,),
3:1 volume ratio) for 30 min at 80°C. Piranha treatment is modification of —OH
group at the surface of SiO,. Piranha treatment, the SiO, surface has hydrophilic
surface. After piranha treated wafer was thoroughly washed with deionized water

and dried by blowing N».

SC-CNT solution
Washine drop( 100 pg/ml)

& dry

Figure 45. Fabrication procedure of semiconducting nanotube thin film

After wafer drying, cleaned wafers were dipped into an 3-Aminopropyl-

triethoxySilane (APTES, 1%, volume ratio with IPA) to form amine terminated
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self assemble monolayer (SAM) for 30 min. Wafer was thoroughly washed with 2-
propanol and N, blown dried. 100 pg/ml of 99 % semiconducting nanotube
solution was dropped onto the APTES modified wafer and left for CNT adsorption
for 1 hour. After excess nanotube solution was washed with DI water and wafer
was N, blown and dried. Fig. 46 shows SEM images of the deposited nanotubes
film on the Si wafer. The SEM images indicate high density, uniform CNTs film.
Acquisition of uniform CNTs film is most important issues concerning the

integration of CNTs device.

Figure 46. SEM image of the deposited semiconducting SWNTs on the Si/SiO, wafer using

APTES-assisted deposition.
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4.1.2. CNT-FETs array fabrication and Characteristics

Following the nanotube deposition is the device fabrication process.
Thermally grown SiO, (200 nm) is used back-gate dielectric. The source and drain
electrodes are patterned by photolithography, and Cr (30 A) and Au (500 A) are
deposited using thermal evaporation followed by a lift-off process. Finally, we
removed the possible leakage in the devices and precise definition of CNTs
channel length/width since the separated nanotube thin film cover the entire
substrate. We needed one more step of electron beam lithography for the masking
of the CNT channel. By using O, plasma, we removed the nanotubes outside the

device channel region.

SWNT Film Electrode deposition  CNT Channel definition TG deposition&
Si0, Passivation

Figure 47. SEM image of CNT-TFTs array fabrication process
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Fig. 47 (c) is a SEM image of CNT-TFTs (thin film transistors) array using
CNTs thin film. CNT-TFTs are made with channel width (W) of 10 um, and
channel length (L) of 6 um. Prevention of the unspecific binding of biomolecules at
exposed CNTs, we passivated on the exposed CNTs region by SiO, using electron
beam deposition and lithography (Fig. 47 (d)).

We carried out a study of the electrical performance of the CNT-TFTs. Due
to uniform and the high density of CNT nature of the separated semiconducting
nanotube thin-film deposited on Si/SiO, substrates with APTES functionalization,
the CNT-FETs array are also expected to behave uniformly. Fig. 48 is the back
gate voltage dependence of (/ps-V»s) characteristics of a typical CNT-FETs array
(channel length = 6 um, and width = 10 um) of 10 devices. All devices show a
typical p-type semiconductor characteristic and obvious on/off state. Moreover Ips-
Ve curves are similar to each other. These mean semiconducting CNTs film forms
the uniform semiconducting nanotubes network, high density of devices with good

performance.

Ips (WA}

Voo V)

Figure 48. The transfer (I/ps-V3s) characteristics of representative 10 devices at the same

substrate with Vpg=1V.
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The uniformity of the devices is illustrated in Fig. 49, which shows the
on/off ratio and threshold voltage (V) of 10 representative CNT-TFTs. The on/off
ratio exceeds 2 x 10* and the threshold voltage is within the range about 1.5 V with

10 representative CNT-TFTs.
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Figure 49. Electronic properties of CNT-FETs array using back gate. (a) Threshold voltage
(V) and (b) on/off ratio of 10 representative CNT-TFTs showing the uniformity of devices.

The dashed line represents the average value.

CVD grown nanotube thin-films with mixed nanotubes had also been used to
demonstrate TFTs and flexible devices [104-106]. However, the major problem of
using CVD grown nanotube networks is the coexistence of metallic and
semiconducting nanotubes with approximate 33% nanotubes being metallic
characteristic. On the basis of separated nanotubes with 99% semiconducting
nanotubes, we have achieved solution-based assembly of separated semiconducting

nanotube uniform thin films on large scale substrate. Device fabrication using
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APTES assisted self assemble method are achieved high yield, small distribution
threshold voltage, high on/off ratios (> 2 x 10*. This approach can be easily
application to fabrication of CNT-FETs array for large scale substrate and reduce

the sensor-to-sensor variation.

4.1.3. Experimental details of CNT-MESFET

We studied the specific binding of HRP antibody and antigen using the CNT-
MESFET sensor. Before HRP antibody immobilization on the Au top gate, Cys-3
protein G and Z domain of protein A expressed E.Coli outer membrane were

modified on the top gate of the CNT-MESFET.

> F ¥ 3 & © &
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_! _\
Protein Protein Protein
G G G
(Cys); (Cys); (Cys)s
Au

Figure 50. Schematic of self-oriented antibody by protein G
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Protein G has been widely used to immobilize various immune system
related protein called immunoglobulins because of self-oriented antibody
immobilization. The schematic of self-oriented antibody by protein G is displayed
in Fig. 50. Each antibody consists of four polypeptides. Two heavy and two light
chains joined to form a “Y” shaped molecule (Fig. 51). Light chains are called F,,
(fragment antigen binding) and heavy chains are called F, (fragment crystallizable).
To achieve a stable and orientated attachment of immunoglobulin molecules on a
solid surface without disrupting biological function (enhance the selectivity and
specificity), it is allows to immobilize only the F. region of the immunoglobulin

leaving the F,;, domain available to attach the antigen.

Antigen
binding sites

Hinge region .
L8
. 8 Light chain
5-§

Ec
domain

‘L;QZ\k

Carbohydrate Carbohydrate

Figure 51. Schematic representation of the immunoglobulin G (IgG)

An approach to find out a well-defined antibody surface is the use of

protein G. Therefore, antigen binding domains of antibodies oriented
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immobilization is one of the key issues in the development of immunosensors.
Protein G allows increasing the density of binding sites available for the antigen
and therefore the sensitivity of the biosensors devices. In addition, we used
cysteine tagged protein G. Cystein (abbreviated as Cys) is an a-amino acid with the
chemical formula HO,CCH(NH,)CH,SH. The side chain on cysteine is thiol which
can be covalent bind to gold.

Protein A has been used for immunoaffinity layer because of its strong
affinity to F. region of antibodies and F. region captured antibodies expose F,,
region to show higher sensitivity. Z domain of protein A with [gG-binding activity
was expressed on the outer membrane of E.coli as a fusion protein of AIDA-1 by
using auto display method [107, 108], and the outer membrane with auto displayed
Z-domain was applied for the antibody immobilization of the CNT-MESFET

biosensor. The outer membrane of E.coli with Z-domain was coated to the gold top

gate surface CNT-MESFET sensor (Fig. 52).

!’J'Lt

@
€&— Antibody

E.Coli outer
membrane

Figure 52. Schematic of outer membrane of E.coli coated on Au surface and after antibody

immobilization.
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We immobilized HRP antibody at the CNT-MESFET using protein G and
E.coli outer membrane (linker). After modification of HRP antibody (5 pg/ml in
PBS), various concentration of HRP antigen was injected into the micro fluidic

channel. Real-time conductance measurement was conducted at room temperature.

- 74 -



4.2. Results and Discussion

4.2.1. HRP antigen detection using CNT-FET

Horseradish peroxidase (HRP) antigen and antibody specific binding was

detected by CNT-FET biosensor based CNT thin film.
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Figure 53. CNT-FET based HRP antigen detection in PBS (a) Real-time response to
various concentrations of HRP antigen concentration dependence. Arrow is the points of
introduction of HRP antigen (1 pg/ml, 10 pg/ml, 100 pg/ml, and 1 ng/ml). (b) Ips-Vps curve
of the CNT-MESFET at the Vsp = 0.2 V (Black line is before and red line is after injection

HRP antigen).
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In this experiment, real-time measurement was conducted during HRP
antibody and antigen specific binding in PBS. CNT surface modification details
were explained at chapter 2.2.1. After chemical linker incubation, in order to
immobilize HRP antibody on the CNT channels, the device was exposed to the 5
pg/ml HRP antibody in PBS for 1 hour at room temperature. After rinsing with
PBS, pure PBS was injected into the micro fluidic channel for electrical
measurements.

The electrical properties of the CNT-FETs were measured in real-time at
room temperature. Fig. 53 (a) shows the real time dependence of after
introduction of HRP antigen at various concentrations. Adding the antigen caused a
sharp increase in the source and drain current and then a gradual saturation at
higher values. After injection of higher concentration of HRP antigen, electrical
conductance was increased higher value.

CNT-FET sensor characteristics such as Ips—Vpg transfer curves are known
to be sensitive to changes in environment around carbon nanotubes, including
molecular presence [109]. Transfer characteristics of bare CNT-FET devices are
well described in the literature and consistent with p-type with positive threshold
voltages [110]. Specific binding of HRP antibody and antigen on the CNT-FET
sensor results in a shift of /ps—V3s curve toward more positive gate voltage values

(Fig. 53 (b)).
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4.2.2. HRP antigen detection using CNT-MESFET

First, we used protein G linker to immobilize the HRP antibody. Fig. 54 (a)
is the normalized conductance of the CNT-MESFET after introduction of HRP
antigen. Similar to CNT-FET sensor, real-time measurement was conducted during

HRP antibody and antigen specific binding in PBS.
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Figure 54. Electrical measurement of CNT-MESFET sensor (a) Real-time dependence of
normalized conductance using the CNT-MESFET after injection of various concentration
of HRP antigen (linker: protein G, Arrows indicate HRP antigen introduction points of
concentrations. 1 pg/ml, 10 pg/ml, 100 pg/ml and 1 ng/ml). (b) Ips-Vsc curve of the CNT-

MESFET at Vps= 0.3 V (Black line is before and red line is after injection HRP antigen).

HRP antigen injection was caused increase the conductance of the CNT-
MESFET. After injection of higher concentration of HRP antigen, electrical

conductance was increased higher value. Ips—Vpg transfer curve is similar to CNT-
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FET. Specific binding of HRP antibody and antigen to the sensor results in a shift
of Ips—Vpe curve toward more positive gate voltage values (Fig. 54 (b)).

Second, we used the E. coli outer membrane with Z-domain for HRP
antibody linker to the CNT-MESFET gold top gate surface. Fig. 55 shows the

electrical characteristics of the E.coli outer membrane linker used CNT-MESFET.
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Figure 55. Electrical characteristics of the E. coli outer membrane used CNT-MESFET
sensor (a) Real-time monitoring of the CNT-MESFET after the injection of HRP antigen
with various concentrations. (Antibody was immobilized using Z-domain expressed E.Coli
outer membrane. Arrows indicate the points of introduction of HRP antigen with various
concentrations of 1 pg/ml, 10 pg/ml, 100 pg/ml, and 1 ng/ml). (b) Ips-Vpc curve of the
CNT-MESFET at Vg = 0.5 V (Black line is before and red line is after injection HRP

antigen).

In the case of E.coli OM with Z-domain modified CNT-MESFET sensor,
HRP antigen injection caused increase the conductance of CNT-MESFET at real-

time measurement. Ips—Vpe transfer curves also similar to chemical linker used
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CNT-FET and protein G modified CNT-MESFET.

We have studied CNT-MESFET biosensors and compared with CNT-FET
biosensors. HRP antibody was immobilized on the surface of CNT at CNT-FET
biosensors using a chemical linker. The gold top gate surface of CNT-MESFET
biosensors was used protein G and outer membrane of E.coli with Z-domain as
linker of HRP antibody. Based on the measured data, we calculated the sensitivity

base on the 3 kinds of CNT sensors.
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Figure 56. Sensitivity comparison of CNT-FET and CNT-MESFET. Black dashed line
represent the CNT-FET sensor using chemical linker, red and blue dashed line indicate the
CNT-MESFET sensor using protein G and Z-domain expressed E. coli outer membrane,

respectively.
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CNT-FET and CMT-MESFET biosensor shows a linear relationship to the
HRP antigen concentration and conductance change. In the Fig. 48, CNT-MESFET
biosensors provided higher sensitivity than the CNT-FET biosensors. Moreover,
higher sensitivity was found with Z-domain expressed E. coli outer membrane
linker sensor than the protein G linker sensor.

We compared Au particle number for study the different sensitivity of 3
kinds of sensor using 20 nm diameter Au nanoparticle conjugated secondary

antibody.

Figure 57. Schematic representation of Au nanoparticle conjugated secondary antibody
assembly at the sensor. (a) Au nanoparticle conjugated secondary antibody was
immobilized at the surface of CNT at CNT-FET sensor using chemical linker. (b) Au
nanoparticle conjugated secondary antibody was immobilized at the surface of gold top
gate at CNT-MESFET sensor using protein G and Z-domain expressed E. coli outer

membrane linker.

- 80 -



Au nanoparticle conjugated secondary antibody assemble process is as
follow. Linker materials were modified at the surface CNT or Au top gate for 1
hour. Anti-goat protein (2 pg/ml, PBS) was introduced for 1 hour at room
temperature. After Anti-goat protein assembly, rinsed with blank PBS for remove
the unspecific binding protein. Then Au nanoparticle conjugated secondary antibody
was assembled for 1 hour at room temperature. For SEM measurement, sample was

thoroughly rinsed with PBS and dried with N,.

Figure 58. SEM image of 20 nm Au nanoparticles at the (a) immobilized at CNT surface
using chemical linker, (b) immobilized at Au top gate surface using protein G and (c)
immobilized at Au top gate surface Z-domain expressed E.coli outer membrane. Bright dot

is Au nanoparticles.

Fig. 58 is the SEM images of 20 nm Au nanoparticles modified at the CNT
surface (by chemical linker) and Au top gate surface (by protein G and E.coli outer
membrane with Z-domain). Based on the SEM image, we measured the number of
Au particle with same area to 3 cases of linker. In the Fig. 59, chemical linker used

CNT-FET sensor show the smallest number of Au nanoparticles.
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This is due to the protein G and Z-domain an excellent binding specialty to
the F. region of an IgG antibody and therefore provides proper orientation of the
bound antibody, resulting in the antigen binding sites optimally exposed to the

assay solution. But chemical linker is random adsorption of the antibody on a

surface of CNT.
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Figure 59. Au particle number comparison of chemical linker, protein G and E.coli

outermembrane linker used CNT based sensor

In addition, we have also tested these sensors for HRP antigen spiked in
serum to study the feasibility of clinical applications. CNT-MESFET was used for
higher sensitivity than CNT-FET. In order to produce selective biosensors, it is
necessary to avoid the non-specific binding of possible interferences present in the

real samples [111]. Protein assemble process is similar to previous experiment but
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bovine serum albumin (BSA) was blocked after HRP antibody assembly. BSA was

used to block the nonspecific binding of proteins with the sensing element.
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Figure 60. HRP antigen detection of CNT-MESFET in serum (a) Real-time detection of the
HRP antigens spiked in serum at various concentrations using CNT-MESFET. HRP
antibody was anchored by protein G. Arrows indicate the points of introduction of HRP
antigen (1 pg/ml, 10 pg/ml, 100 pg/ml, and 1 ng/ml) (b) Ips-Vps curve of the CNT-
MESFET at Vps= 0.5 V (Black line is before and red line is after injection HRP antigen). (c)
Real-time detection of the HRP antigens spiked in serum at various concentrations using
CNT-MESFET. HRP antibody was immobilized using Z-domain expressed E.Coli outer

membrane. Arrows indicate the points of introduction of HRP antigen (1 pg/ml, 10 pg/ml,
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100 pg/ml, and 1 ng/ml). (d) Ips-Vsc curve of the CNT-MESFET at Vg = 0.5 V (Black line

is before and red line is after injection HRP antigen).

In this experiment, HRP antigen was diluted in serum. After BSA assembly,
serum was injected into the micro fluidic channel for the acquisition of stable
electrical signal. After electrical signal saturation in serum environment, HRP
antigen spiked in serum was subsequently injected into the micro fluidic channel.

CNT-MESFET sensor at Fig. 60 (a) and (b) was immobilized HRP antibody
using protein G. Fig. 60 (¢) and (d) was immobilized the HRP antibody using Z-
domain expressed E.Coli outer membrane. Fig. 60 (a) and (c) are the real-time
monitoring of electrical conductance after HRP antigen spiked in serum. The
introduction of antigen caused the conductance increase. This is also similar to the
PBS based CNT-MESFET trend. After the injection of higher concentration of
HRP antigen, electrical conductance was increased higher value. /ps—Vpg transfer
curves also similar to CNT-MESFET in PBS condition. This means HRP antibody
and antigen specific binding occur in the serum environment. Specific binding of
HRP antibody and antigen, results in a shift of Ips—Vps curve the positive gate
voltage region (Fig. 60 (b), (d)).

Fig. 61 is summarized sensitivity of CNT-MESFET biosensors using Z-
domain expressed E. coli outer membrane sensor and protein G sensor in serum
base. E.coli OM with Z-domain linker used CNT-MESFET sensor shows the
higher sensitivity than protein G used sensor in serum base. This is due to the

strong affinity Z-domain to the mouse origin HRP antigen than the protein G [112]
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and E.coli outer membrane is negatively charged, this charged membrane

efficiently prevent the unspecific binding of proteins in serum.
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Figure 61. Sensitivity comparison of protein G linker used CNT-MESFET sensor and
E.Coli outer membrane with Z-domain linker used CNT-MESFET sensor. Blue dashed line
indicate the CNT-MESFET sensor using Z-domain expressed E. coli outer membrane, and

red dashed line is protein G linker assembled sensor.
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V. Summary

Carbon Nanotube - Based Biosensor for Detection Hepatitis B

We have fabricated CNT biosensors with the FET structure and detected
hepatitis B. The metal electrodes were passivated using SiO, or SiNx to minimize
the contact effects and the micro fluidic channel was mounted on the biosensor.
When hepatitis B antigen was introduced into the micro fluidic channel, in which
the CNT biosensor with hepatitis B antibody immobilized was mounted, the
conductance increase was observed, whereas when BSA was added, no
conductance change was found. This result indicates the specificity of the CNT—
FET biosensor. We also investigated the concentration dependence of hepatitis B
antigen on the conductance and found the linear relationship between the

conductance and the concentration in the logarithm scale.

Carbon Nanotube - based dual mode biosensor

We have fabricated a CNT-based biosensor with a MESFET structure to develop
a dual-mode biosensor for electrical and SPR measurements. The Au strip, which
was deposited on the middle of the CNT channel, acted as the top gate because of

the Schottky contact between the Au strip and the CNT. For comparison, we
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measured the Isp-V transfer curves for CNT-MESFET, CNT-FET, and CNT-
MOSFET. The CNT-MESFET exhibited the steepest transition of /sp because it
had the largest liquid gate capacitance among the three devices. DNA hybridization
occurring on the Au top gate of CNT-MESFET decreased the /sp of the CNT-
MESFET, which can probably be attributed to the change in the effective work
function of Au, leading to band bending in the bulk CNT. To measure /SD and
SPR at the same time, CNT-MESFET with ultra-long CNTs was fabricated on a

quartz substrate. DNA hybridization on the Au top gate resulted in a shift in the

SPR reflectance minimum as well as the decrease in the Igp. Since SPR
measurements provided reproducible results independently of the sensor, these
results demonstrated that the sensor-to-sensor variation of conductance

measurements might be calibrated using the SPR data.

CNT-MESFET biosensor using CNT thin film

We have developed CNT-MESFET biosensors and compared with CNT-FET
biosensors. Horseradish peroxidase (HRP) antibodies were immobilized on the
CNT-FET biosensors using a chemical linker, and on the CNT-MESFET biosensors
protein G or protein A. Then, HRP antigens were detected by measuring the
conductance change in real time. For both CNT-FET and CMT-MESFET
biosensors a linear relationship was observed between the antigen concentration

and the conductance change in semi-logarithmic scales. However, CNT-MESFET
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biosensors provided higher sensitivity than the CNT-FET biosensors. Moreover,
higher sensitivity was found with protein A than with protein G. In addition, we
have also tested these sensors for HRP antigens spiked in serum to study the

feasibility of clinical applications.
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