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Abstract

The unique electronic and optical properties of carbon nanotubes, in conjunction with their size and
mechanically robust nature, make these nanomaterials crucial to the development of next-generation
biosensing platforms. In this Review, we present recent innovations in carbon nanotube-assisted
biosensing technologies, such as DNA-hybridization, protein-binding, antibody-antigen and
aptamers. Following a brief introduction on the diameter- and chirality-derived electronic
characteristics of single-walled carbon nanotubes, the discussion is focused on the two major schemes
for electronic biodetection, namely biotransistor- and electrochemistry-based sensors. Key
fabrication methodologies are contrasted in light of device operation and performance, along with
strategies for amplifying the signal while minimizing nonspecific binding. This Review is concluded
with a perspective on future optimization based on array integration as well as exercising a better
control in nanotube structure and biomolecular integration.

1. Introduction

The unique 1D quantum confinement properties of carbon nanotubes (CNTSs) have sparked
considerable interest in the scientific and technological community.[1-3] CNTSs have the
potential to revolutionize numerous applications where nano-sized metallic and/or
semiconducting components are required along with high strength,[4,5] large flexibility[6] and
superb chemical stability.[7,8] In particular, metallic (met-) nanotubes are highly suited for
nanoscale circuits,[9] ultrathin, flexible, and transparent conductors,[10] supercapacitors,[11]
field emitters,[12] actuators,[13] and nanosized electrochemical probes.[14] Semiconducting
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(sem-) CNTs on the other hand, are applicable for nanoscale sensors,[15,16] transistors,[17,
18] and photovoltaic devices.[19] With diameters similar to or smaller than those of individual
proteins, CNTs are expected to serve as high-performance electrical conduits for interfacing
with biological systems.[20] Thus, there is enormous interest in utilizing CNTs for biosensor
applications, where sensing motifs can be coupled to their optical[21,22] and electronic
properties.[23]

The incorporation of carbon nanotubes has the potential to address a variety of long-standing
issues with respect to biosensing. In particular, the high surface area of single-walled CNTs
(SWNTSs), estimated as high as 1600 m? g~1,[24] while maintaining electrical conductivity is
of particular interest to achieve high biomolecule densities suitable for device miniaturization.
This is further augmented by the ballistic transport of electrons or holes through SWNTSs, with
current densities as high as 10° A cm~2in the presence of oxygen,[18,25] along with prevention
of current-induced migration of metal contacts.[26] The facile electron transfer between
nanotubes and a variety of protein redox cofactors,[27] in conjunction with conductive
polymers[28,29] and nanoparticles[30] of metallic, semiconducting, and magnetic nature
provide the means to implement new biosensing schemes and enhance the sensitivity of current
methodologies.[27,30,31] CNTs can be readily dispersed as individual[32] and lightly bundled
nanotubes[33,34] and assembled,[35] screen-printed,[36] and potentially inkjet-printed to
produce device configurations with controlled transparency. This is further amplified by an
assortment of covalent and noncovalent functionalization strategies to link a variety of
biological entities onto CNTs.[23,37-40] The properties described above, along with excellent
potential for device miniaturization, can allow CNTSs to be key components of universal sensor
platforms, where their unique optical and electronic properties are coupled with biorecognition
and enzyme catalysis to enhance functionality.

This Review focuses on the use of CNTs for the electronic and electrochemical detection of
enzymes, proteins, and DNA in biosensor formats. First, the electronic and structural properties
of CNTs are introduced as they pertain to transistor-based and electrochemical device
configuration. Particular attention is given to SWNTSs having different metallicity, diameter,
and chirality. Next, following a description of various device architectures, this Review will
describe successful amplification methodologies for sensitivity enhancement. Future outlook
towards sensor miniaturization for array-based applications[41] is also discussed.

2. Carbon Nanotube Properties

The structure of carbon nanotubes can be visualized as the cylindrical roll-up of one or more
flat graphene sheets containing carbon atoms in a honeycomb arrangement (Fig. 1).[42] CNTs
are typically grown from nanosized metallic particles in the presence of a carbon source at
temperatures exceeding 600 °C.[43] Depending on the nature and size of the catalyst as well
as the temperature, carbon source, and a variety of processing conditions, nanotubes grow off
the metallic nanoparticles as single- or multi-walled carbon nanotubes (SWNTs or MWNTS,
respectively). For SWNTs and MWNTS, the diameter ranges from 0.4 to 3 nm and 2 to 100
nm, respectively. Lengths from tens of nanometers to several micrometers are possible by
controlling the CNT growth or applying oxidative shortening.[44,45]

The atomically monolayered nanotube surface 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. For
an infinite, flat graphene sheet, these p-orbital electrons organize in broad valence () and
conduction (z*) bands, providing a semi-metallic character owing to their theoretically zero
bandgap.[46] This is shown by the dotted lines in the density of states (DOS) versus energy
graph of Figure 2a and b. On the other hand, when the graphene sheet is rolled to the cylindrical
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structure of SWNT, the w and * electron clouds experience significant curvature, which causes
partial o—r hybridization.[47] This leads to a 1D quantum-confinement structure, where the
DOS shows strong dependence on nanotube diameter, chirality, and type (metallic versus
semiconducting), as shown in Figure 2.[48-51] As it will become apparent later on in the
discussion, the influence of nanotube type, diameter, and chirality plays an important role in
high performance electronic, chemo-, and bio-sensing devices.

Figure 1a illustrates the Hamada vector (Cp) with respect to the two graphene lattice unit
vectors, a; and ap, shown at the upper left corner. Each nanotube is produced by the
circumferential folding of the Cy, vector, expressed as the linear combination (C, = na; +
may) of the a; and a, unit vectors. The n and m integers are the characteristic pair values for
each SWNT.[52] Depending on the pair (n, m) values, SWNTs exhibit either zero bandgap
(i.e., metallic for n = m), small bandgap (ca. 10 meV, i.e., semimetallic for n — m = 3k, where
k is an integer), or large bandgap (0.6 eV and above, i.e., semiconducting for n — m # 3k).[49,
52] Typically, semimetallic tubes are treated as metallic owing to their minute bandgap in
relation to room temperature. According to the chirality map of Figure 1a, one third of SWNTSs
are metallic (light blue hexagons) and two thirds are semiconducting (white hexagons). One
thing that stands out from Figure 1a is the plurality of pair (n, m) structures for SWNTs of a
given diameter. This is due to the variation in chiral angle (6), which is defined by the (n, m)
pair values according to the following equation: 6 = tan-[3Y2m/(m + 2n)].[42] As the nanotube
diameter (d;) and diameter distribution increases, the number of different pair (n, m) structures
for SWNTSs also increases. A typical nanotube sample is a mixture of ca. 50 different (n, m)-
SWNTSs (i.e., HiP-co SWNTSs,[53] shown in Fig. 1a by the thick border enclosure), while the
narrowest d; samples contain ca. 20 different (n, m) nanotubes.[54-56]

Figure 2a and b show the DOS versus energy graphs for a representative metallic (7,7)- and
semiconducting (11,3)-SWNTs, as calculated from tight-binding theory.[57] The sharp spiked
features in both met- and sem-SWNTs DOS are called van Hove singularities. In the case of
met-SWNTS, the continuum bridges the valence band (VB, shaded) and conduction band (CB)
in the DOS. Sem-SWNTSs, on the other hand, exhibit a clear gap between the conduction and
valence bands. The van Hove singularities are numbered asi =1, 2, 3, ..., from the Fermi level
(typically in the middle of the valence and conduction bands) and the allowed optical/electronic
transitions involve symmetric singularities across the Fermi level (i.e., ME;; and SE;; for met-
and sem-SWNTs, respectively). As shown in Figure 2a and b, the first two semiconducting
transitions (SE1; and SEy») fall in between the first metallic transition (ME1;). In addition,
met-SWNTS in their pristine state contain more electrons near the Fermi-level, as opposed to
sem-SWNTSs, which renders them more reactive towards a variety of redox reagents.[58]

The simplistic tight-binding model neglects electron-hole or excitonic interactions, which are
important in the confined geometry of carbon nanotubes. Recent experimental[59] and
theoretical[48] studies have shown that such interactions cause significant differences in the
optical transition profiles of SWNTSs. Figure 2c¢ shows the calculated absorption profile of a
(3,3)-SWNT with and without electron—hole interaction.[48] In the excitonic picture, the
majority of the oscillator strength is transferred from the inter-band to the excitonic transitions
(sharp lower energy feature in Fig. 2c), which dominates both optical absorption and emission
spectra.[48,60] As it turns out, the excitonic effect in SWNTSs inflicts significant chirality
dependence to the electronic transitions of nanotubes, which imparts large deviations from the
1/d; dependence[61] shown in Figure 2e and f. While the near-arm-chair sem-SWNTSs (4 close
to 30°) conform to the 1/d; dependence, as the chiral angle gets smaller, a larger deviation from
the 1/d; dependence is observed (see Fig. 2d—f). All E;; transitions obey a family (2n + m =
constant) pattern (dotted lines) indicated as numbers in the squares in Figure 2d—f. Nanotube
modality, which is defined by the remaining integer, either 1 or 2, from the division of the n-
m value by 3, also plays an important role in the placement of these E;; transitions.[62,63] For
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the SEq; transitions, all mod-1 and mod-2 nanotubes are below and above the 1/d; parabolic
curves, respectively. This trend is inverse for the SE,, transitions, while for met-SWNTs, this
modality dependence is witnessed by the splitting in the van Hove singularities due to warping
effects.[57] These family and modality patterns render the electronic transitions of each
nanotube different from that of another, and have enabled the scientific community to
collectively assign and characterize individual (n, m)-SWNTSs via tunable laser resonance
Raman spectroscopy (RRS) and photoluminescence excitation (PLE).[56]

These electronic transition differences, however, make SWNT sample homogeneity a major
issue. For example, even if a SWNT sample has been separated according to type (met-versus
sem-) and dy,[64—70] different chirality and modality nanotubes will contribute significant
heterogeneity as the nanotube diameter gets smaller than 1.5—-2 nm. This is expected to play a
significant role in the reproducibility of advanced nanotube devices as the community
continues the refinement in coupling a variety of biological stimuli to SWNT electronic
transitions.

3. CNT Characterization

Resonance Raman spectroscopy has been a major tool for (n, m) characterization of SWNTs,
[50,71,72] as well as the degree of p- and n-doping[73] and side-wall defects.[74,75] Laser
polarization angle-dependent Raman intensity profiling is particularly suited to determine CNT
orientation with respect to underlying substrates or nanotube-containing matrices.[76—78]
Sem-SWNTSs, when dispersed individually with the help of surfactants or other biomolecules,
show weak photoluminescence resonant with their electronic transitions.[32,79]
Photoluminescence excitation mapping, in conjunction with reconstruction of near-infrared
absorption spectrum from the SEq; transition, have recently enabled us to evaluate the
semiconducting (n, m)-abundance in a narrow d; SWNT sample.[56,59] Charge-transfer or
environmentally induced doping progressively red-shifts and quenches the photoluminescence
of sem-SWNTSs.[80] Rayleigh scattering,[81] transmission electron microscopy, and electron
diffraction[82—84] have been also used for (n, m)-characterization of individualized SWNTs,
suspended over a trench to remove interference from the substrate. Scanning-probe microscopy
has played a key role for determining CNT length, diameter of nanotube bundles, and features
of aggregate organization along with CNT association with biological and nanostructured
materials.[85,86] Scanning tunneling microscopy from tip-gated transistor configurations has
provided fundamental understanding of the influence of electronic and phononic states to the
conductance characteristics of SWNTSs.[87,88]

4. Transistor Based Biosensors

Figure 3a and b depicts the two main categories of CNT-based biosensing schemes involving
transistor and electrochemical configurations along with device structure and signal-
amplification strategies. We begin in this section with nanotube transistor devices. The intrinsic
bandgap in the DOS of sem-SWNTSs enables them to be used as semiconducting nanosized
channels in field-effect transistors (FETs). For MWNTS, the large electronic (met- versus
sem-) variability of the concentrically nested nanotubes results in significantly lower
abundance of semiconducting-only species. Since the first demonstrations of SWNT-FETS by
Dekker[89] and Avouris,[90] where p-type semiconductor FET characteristics were observed
for carbon nanotubes, a number of nanotube configurations have emerged for efficient
detection of a variety of biomolecules, with detection limits down to picomolar (pw) range.
[23,91,92] FET-based biomolecular detection has been termed as “label-free” methodology
owing to the fact that it does not employ fluorescence, electrochemical, or magnetic tags.[23,
92,93] In reality, the SWNTSs in their FET configuration act as “channel modulation label” to
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sense changes in their immediate environment, as a result of specific interactions between
proteins,[23] DNA oligomers,[92] and aptamers.[94]

Figure 3a illustrates basic SWNT-FET structures with respect to the number of nanotubes
spanning the channel (a, and ag), gate configurations (a4 and as), and various amplification
strategies (ag—ag). Single-nanotube FETSs (Fig. 3ay) require the laborious screening of devices
incorporating sem-SWNTSs as opposed to met-SWNTSs. This requirement is removed for the
dispersed nanotube network configuration (Fig. 3a3), where the 2 to 1 ratio of sem- to met-
SWNTSs renders the likely chance of forming a continuous met-SWNT pathway between source
(S) and drain (D) improbable.[23,91] Drop casting,[95] dielectrophoresis,[96] and CVD
growth[23,91,92,94,97-99] have been employed for the fabrication of dispersed SWNT
networks, although the latter approach is gaining greater acceptance owing to the ease of
attaining bundle-free structures. Microlithography[92,94,98] and electron beam (e-beam)
lithography[97] are typically employed to pattern source and drain contacts, although shadow
mask metal evaporation is also used.[23,91]

Figure 3a4 and as illustrate the typical gate configurations for SWNT-FET biosensors.[20] The
bottom-gate configuration is usually operated under dry conditions following incubation and
specific binding of chemical or biological entities onto the transistor channel. The effects of
adsorbed biomolecules onto the SWNT-FETSs are typically monitored after the removal of
weakly bound species via one or more washing steps. Because the measured conductance
change is also affected by the non-specifically adsorbed biomolecules, the washing procedure
is of great importance. This is a common problem in nearly all binding assays, and termed as
“non-specific binding” (NSB).

In the liquid-gate transistor configuration the entire device is immersed and operated in buffer
solution, with the nearby Pt electrode held at the desired gate voltage (Vg) with respect to
source or drain (acting as working electrode). A standard reference electrode has also been
used to calibrate the gating potential.[97] For this configuration, interferences arising from the
co-existence of solvent media and non-target molecules need to be thoroughly taken into
consideration. In addition, the operating voltage regime for liquid-gate SWNT-FETS needs to
be confined away from any electrochemical side-reactions. For both gate configurations the
current—voltage (I-V) characteristics are typically measured for various gate voltages and
converted to conductance values. Alternatively, current changes at fixed gate voltage are
monitored and used as detection signal. Figure 4a illustrates a comparison of the source-drain
current (Igp) versus Vg for both bottom- and liquid-gate configurations.[100] While the general
trends are similar, the Vg scale for the liquid-gate is significantly narrower than that of bottom-
gate arrangement, owing to capacitive differences in these configurations.

The operation band diagram for a typical SWNT-FET is shown in Figure 4c and d.[101] Prior
to outfitting the SWNT with metallic source and drain contacts, the Fermi energies (Eg) of the
nanotube and that of the metals are not aligned. Following contact with source and drain, the
Fermi levels of the SWNT and their metal contacts become aligned. This causes bending of
the conduction and valence bands of the nanotube and forms Schottky barriers at the nanotube/
metal contacts.[101] Because hole (h*) transport is the dominant conduction pathway in these
devices,[90,101] both downward band-bending and the Schottky barrier impede conduction
based on the fact that holes prefer to move upwards. A negative Vg tends to shift both valence
and conduction bands of the SWNT channel upwards (Fig. 4d). This lowers the barrier for hole
conduction and results in a source-drain current (Igp) increase, as depicted in Figure 4a. A
positive Vg further increases band bending and results in a lower Isp. Exposure of the sem-
SWNT channel to amines, which typically decorate the outer surface of proteins, raises the

Fermi-level from EP to EZ, where “p” and “a” denote “pristine” and “amine-doped” SWNTs,
respectively. Upon contact with the metallic S and D contacts, the amine-exposed nanotube
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experiences greater downward band-bending as opposed to the pristine nanotube, thereby
requiring a more negative Vg for the SD channel to be switched on.[16,100] This is
schematically shown in Figure 4b, where the exposure of SWNTS to electron donors shifts the
threshold Vg to more negative values. Similarly, an increase in the Schottky barrier between
SWNT and SD contacts will also impart a negative shift to the Vg threshold value.[102] Such
Schottky barrier variations can originate from work-function fluctuations at the nanotube/metal
contacts.[102,103] It has been shown that single-stranded DNA and antibodies bound to the
nanotube/metal interface experience structural reorganization when hybridized with
complementary DNA and antigens, respectively. Such reorganization induces substantial
variations in molecular polarizability and induced dipole moments that tend to shift the work-
function of the metal,[102,103] as opposed to the work-function of the nanotube. On the other
hand, when the biomolecular adsorbents increase the scattering sites on the nanotubes, carrier
mobility decreases and the saturation source-drain current (Isp) values are lowered (see solid
blue curve in Fig. 4b).[20]

A typical SWNT-FET binding assay involves initial anchoring of a biological receptor, for
example, a nucleotide, aptamer, antibody, or cofactor. This provides recognition sites for target
analytes, for example, complementary DNA strand, protein, antigen, or apo-protein. The
current—voltage characteristics or conductance of the receptor-modified device are first
measured prior to the binding of analytes. In most cases, poly(ethylene glycol)-based
surfactants are introduced to minimize nonspecific binding of targets either by covalently
linking with receptors or incubating in the surfactant solution prior to the receptor-target
recognition step. Finally, the current—voltage characteristics or conductance of the SWNT-FET
device is measured following exposure to the analyte.

The observed changes in conductance at a given Vg have been attributed to two phenomena:
Schottky barrier modulation at the nanotube-metal contact[102,104] and chemical gating at
the nanotube channel.[100,105] Dai and Tang performed selective coverage of either SD
contacts or the SWNT with a variety of chemical passivating agents. These experiments, in
conjunction with quartz crystal microbalance (QCM) measurements, indicate that the majority
of source-drain current and conductance changes originate from Schottky barrier modulation
at the nanotube/metal contacts as opposed to chemical gating of SWNTs.[100,105] As
explained above, the specific binding of complementary DNA or antibody/antigen pairs
induces a change in the local dipole moment that raises or lowers the work-function of the
metal contacts with respect to the energy levels of the SWNTSs, which mostly remain
unchanged. This appears to have a profound effect on the Schottky barrier and has been used
as means of signal amplification,[91] as described below. This behavior, however, has to be
contrasted from small-molecule (such as NH3, NO,) SWNT-FETS sensors,[99] where the
intimate adsorption of these analytes onto the large nanotube surface area provides large shifts
inthe Fermi level of the SWNTSs, resulting in substantial valence and conduction band-bending.
These intimate interactions are questionable for large biomolecules binding on nanotubes,
where the number of functional groups (e.g., amine from lysine moiety) affecting the Fermi
level shift of SWNTSs is limited.

Typically, microlithographically defined source and drain contacts result in sharp interfaces
between the metal electrodes and the nanotubes. This interface is schematically illustrated as
a tapered zone in Figure 3ag and ag, where Schottky barrier modulation of SWNT-FETS takes
place.[104] Normally, adsorption of the biomolecular recognition moieties occurs not only
onto nanotube sidewalls but also on this tapered-thin metal-SWNT Schottky junction.[102,
104] Prior coverage of a Au/SWNT Schottky junction with thiol monolayers, which selectively
passivate only the Au surfaces and not the SWNT, prevented binding of the biomolecular
receptors from this tapered junction and resulted in minuscule changes in source-drain current
and conductance upon introduction of specific-binding targets.[102,104] Angled Au
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evaporation through a shadow mask produced wide-tapered Schottky junctions, which enabled
the immobilization of larger quantities of receptor moieties.[91] This resulted in 100-fold signal
amplification and corresponding improvement in target sensitivity (Fig. 3a;7). While such
amplification has only been demonstrated for two antibody/antigen systems,[91] Tang et al.
[102] have shown convincing evidence that this methodology can be extended to DNA
hybridization as well. However, one has to be aware that unlike double-stranded DNA,[102]
single-stranded DNA adheres strongly onto SWNTSs by wrapping around them.[65,106] This
renders DNA hybridization less favorable at the SWNT surface as compared to the metal/
nanotube Schottky junction,[102] which is schematically shown in Figure 3ag. The
introduction of divalent cations (i.e., Mg2*, Co%*, Ca2*, and Hg?*) screens the repulsion
between DNA chains and promotes greater adsorption of DNA-oligomers onto this junction.
[79] Star et al.[92] have shown that the use of divalent cations results in an increase in sensitivity
by three orders of magnitude for SWNT-FET DNA sensors, which is schematically illustrated
in Figure 3ag.

Table 1 summarizes recent breakthroughs in SWNT-FET biosensors with respect to their
receptor, target, device configuration, detection limit, and signal amplification. By integrating
divalent cations and large Schottky contact areas, pM detection limits for DNA hybridization
[92] and antibody—antigen binding[23,91] have been achieved. Aptamers (synthetic DNA or
RNA strands designed to recognize amino acids, drugs, and proteins) were utilized to detect
proteins, such as thrombin[94] and immunoglobulin E.[98] Their smaller size, as compared to
protein receptors, was proposed to enhance the band structure changes in SWNT channel or
Schottky barrier contact upon binding of analytes. A single sem-SWNT integrated FET was
also utilized for detecting the pH changes down to a resolution of 0.1.[97]

5. Amperometric and Voltammetric Biosensors

Bioelectrochemistry encompasses the fundamental study of biomolecule redox chemistry as
well as the development of electrochemical biosensors and bioarrays.[109] Over the past
decade, a variety of thin film technologies have been developed to facilitate direct electron
exchange between electrodes and redox proteins. However, for many important enzymes direct
electron transfer with conventional electrodes is not readily achieved or is too slow for sensor
applications. This latter class of enzymes includes glucose oxidase, which is used in blood
glucose sensors. In commercial glucose sensors, small-molecule or polymer mediators are used
to deliver electrons between electrodes and enzymes.[111] Carbon nanotubes can be used as
electrodes in conventional electrochemical cells, and can overcome the direct electron transfer
barrier for glucose oxidase.[27,112] This has propelled carbon nanotubes into novel and highly
sensitive bioamplification strategies.[30,31] Another area in which bioelectrochemistry has
made excellent progress is in DNA hybridization sensors for diagnosing genetic diseases.
[113-116] As shown below, carbon nanotubes were similarly used to advance this area as well.

There have been two types of approaches to electrochemical biosensors using carbon
nanotubes.[37,117,118] In the simplest approach, SWNTs or MWNTS are randomly deposited
onto conductive surfaces in a mat configuration (Fig. 3bs), or packed into a micropipette for
use as electrodes. The latter method was used by Hill et al. in the first report of nanotube
electrodes for bioelectrochemistry, where the reversible cyclic voltammetry (CV) of
cytochrome c (cyt ¢) and blue copper protein azurin adsorbed onto nanotubes was
demonstrated.[119] An alternative approach involves SWNT forests, as shown in Figure 3bs.
[35] In this configuration, shortened SWNTSs are standing vertically, with one end in contact
with the underlying electrode and the other end exposed in the electrolyte solution. A number
of fabrication methodologies have been developed to afford such SWNT forest configurations
using the carboxyl functionalities at the severed ends of nanotubes.[76,78,120,121] These
assemblies are realized by the combination of strong substrate—nanotube interactions either by
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electrostatic SWNT-COO/Fe3* interactions[78,122] or carbodiimide-assisted covalent
coupling of amine-functionalized substrates with carboxyl-terminated nanotubes.[76,120,
121] An important factor for SWNT forest stability is the lateral stabilization via hydrophobic
interactions between nanotube walls, forming thick bundles with diameters from 30 to 200 nm.
The electrostatic methodology permits, essentially, any flat surface to be functionalized with
a SWNT forest with nanotube height varying from 20—250 nm.[123] The assembly process
involves sequential substrate dipping in dilute Nafion and aqueous FeCl3 solutions, followed
by the slow dimethyl formamide (DMF)-assisted precipitation of the Nafion-adsorbed Fe3*
ions to produce thin FeO(OH)/FeOCI nanocrystals.[122] Subsequent immersion into a DMF
dispersed nanotube suspension produces the forest assembly shown in Figure 5a.[75] These
versatile, high surface area, patternable nanostructures are uniquely suited for sensitive size-
scalable biosensor arrays. Figure 5b shows an atomic force microscopy (AFM) image of a
forest with antibodies linked to the carboxyl-functionalized SWNT tips through standard
carbodiimide chemistry.

Table 2 summarizes the different vertically aligned CNT configurations utilized in biosensor
applications as a function of nanotube type, surface coverage, forest height, and hydrodynamic
stability. The Nafion-FeO(OH)/FeOCI assembled SWNT forests, reported from our group,
exhibits superior surface coverage and hydrodynamic stability. Carbodiimide-based covalent
linking of SWNTSs to amine-functionalized substrates appears to decrease the SWNT forest
coverage by one to two orders of magnitude as compared to the Fe3*-assisted electrostatic
assembly. Both methodologies have provided significant advances for electrochemical
biosensors through: i) Ease of fabrication using straightforward dipping and washing steps;
[78] ii) Flexible patterning schemes;[122] iii) Availability of carboxy-functionality for
convenient conjugation with a variety of biomolecules;[31,35,75,124] iv) Convenient SWNT
length-fractionation to tune forest height and its resistivity;[123] v) Efficient vectorial electron
transfer along the nanotube length with nearby cofactors of enzymes;[35,75] and vi) Excellent
hydrodynamic stability at spinning speeds in excess of several thousand rpm.[35] On the other
hand, the as-grown single- and multi-walled nanotubes, using chemical vapor deposition
(CVD), display much lower surface coverage (10’—10° tubes cm~2) and upon drying they may
collapse.[125] To overcome this, researchers have first impregnated the nanotube array with
either SiO,[125] or polymeric materials[28] and then exposed MWNT tips by electrochemical
etching or polishing (Fig. 3by).

Surface electrocatalysis can be defined as the promotion of electron transfer rates and
efficiencies at electrodes. Significant electrocatalysis has been attributed to carbon nanotubes
themselves used as electrodes in voltammetry.[37,117,118] The growing research literature on
the electrochemistry of small molecules and ions on nanotube electrodes reveals that the degree
of electrocatalysis depends on the way the nanotubes are oriented, how much they are
oxygenated, and possibly whether they are SWNTs or MWNTSs. A recent review by Gooding
[118] discusses strong evidence that enhancement of electron transfer rates depends on the
amount of surface oxides on the nanotubes that are presented to the reactant. For example, for
fast, reversible electron transfer the ideal separation between oxidation and reduction peaks at
25 °Cis 59/n mV, where n is the number of electrons per molecule. Such a value was obtained
for ferricyanide using SWNT forest electrodes, where the oxygen-functionalized carbon
nanotube tips are in direct contact with the solution. However, a much slower electron transfer
with oxidation—reduction separation on the order of 100 mV was observed when the shortened
SWNTSs were arranged in a disordered mat on the underlying electrode surface.[118] Such
disordered SWNT mat electrodes present mostly sidewalls, as opposed to oxygenated tips, to
the electroactive species. Similar results were obtained with ruthenium hexammine.[118]

Studies with MWNTSs have been performed predominantly with nanotubes in the non-oriented
mat format. With these electrodes, electrocatalysis was still attributed to the oxygenated tips
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of the nanotubes.[126] However, when the sidewalls of MWNTSs were mainly exposed to the
solution, their electrocatalytic activity was similar to that of graphite-based basal plane for
several small molecules and ions.[127] To our knowledge, electrocatalysis has not been
addressed systematically on MWNT forest electrodes, which present high concentrations of
oxygenated nanotube tips to the reactants in solution. We suspect that the disordered nanotube
configurations of Figure 3bs—b7 do not take full advantage of the electrocatalytic properties of
the oxygenated nanotube tips in the forest organization. Moreover, large inhomogeneities in
mat versus forest configurations are expected to also negatively impact current transport.

The above reasons focused our efforts on investigating peroxidases (i.e., myoglobin (Mb) and
horseradish peroxidase (HRP)) linked to SWNT forest arrays.[35] Denser SWNT forests
resulted in more efficient charge transport through the nanotubes, and nearly all the attached
HRP was electroactive.[75] Readily available, glucose oxidase (GOx) has been a popular target
for studies with carbon nanotubes because it is a stable enzyme that does not efficiently
exchange electrons with most conventional flat electrodes. In the absence of mediators, direct
electrochemical interaction with GOx redox cofactor (flavin adenine dinucleotide, FAD) is
extremely difficult, since FAD is deeply embedded within the GOx apo-protein.[128]
Guiseppi-Elie and co-workers were first to report direct electron exchange between adsorbed
GOx and FAD onto unoriented SWNT mats.[112] High temperature annealing (450 °C) of
SWNTSs was utilized to clean them from various surfactants and promote a more intimate
physisorption of GOx onto SWNTSs, achieving an electron transfer rate of 1.7 s~1.[112] The
covalent linking of GOx onto the tips of vertically aligned MWNT forests further enhanced
the electron turnover rate to 1500 s1.[129] In a more recent study, Willner et al.[27] were able
to further increase the electron turnover rate to 4100 s™1 by covalently linking the FAD
cofactors to the tips of a SWNT forest. Moreover, a linear correlation of electron transfer rate
versus the inverse of SWNT length (1/L) suggested that length-dependent back scattering and
nanotube resistance are directly coupled to biocatalysis.

Reversible voltammetry of a number of other redox proteins has been obtained on carbon
nanotube electrodes. Gooding et al. used SWNT forest arrays to obtain direct reversible
voltammetry of the iron heme protein fragment microperoxidase-11 attached to the ends of the
nanotubes.[45] CV of cytochrome c in solution was obtained on SWNT mat electrodes that
were electrochemically activated by scanning to extreme voltages.[110] However, peak
separations were larger than the reversible limit, and reversibility was inferior to other methods
of obtaining cyt c electrochemistry.[109] In another study, oligonucleotide-modified yeast cyt
c adsorbed strongly to SWNTS, and gave small reversible voltammograms after background
subtraction.[130] A number of other heme proteins have been shown to undergo direct electron
exchange with carbon MWNT mat electrodes.[37,117,118] However, except in a few special
cases (e.g., glucose oxidase), nanotube mat electrodes do not seem to provide significant
advantages in reversibility or signal-to-noise ratio compared to the best redox protein films on
conventional electrodes.[109]

Carbon nanotubes have also been used for sensitive bioelectrochemical detection of DNA
hybridization.[37,117,131] Examples include Wang's demonstration of zeptomolar detection
of DNA obtained by covalently linking thousands of copies of enzyme labels to CNT-
conjugated magnetic beads (Fig. 3b11).[30] An average of 9600 alkaline phosphatase (ALP)
enzyme moieties were linked on each nanotube and utilized to provide two stages of
amplification based on i) number of ALP/nanotube and ii) 20 min catalytic conversion of a-
naphthyl phosphate to a-naphthol by ALP. Two additional amplification stages were required
to reach such an ultra-sensitive detection limit (ca. 1 fg mL~1 for DNA oligomers) involving
iii) magnetic bead concentration of hybridized SWNT/ALPggog labels onto the working
electrode, and iv) the strong absorptive accumulation of the liberated a-naphthol onto MWNT
mat-covered working electrode. Here, it is important to stress that the SWNTs or MWNTS used
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to fabricate the CNT/ALP,, labels received extensive oxidation to render them soluble in
aqueous media. Besides providing a large number of carboxyl functionalities utilized to
immobilize ALP either by covalent linking (EDC coupling)[30] or layer-by-layer electrostatic
assembly,[132] this also prevents single-stranded (ss)DNA from wrapping around nanotubes.
The latter enables sSDNA, covalently linked to nanotubes, to further hybridize with
complementary DNA strands.

6. Amperometric Immunosensors Using SWNT Forests

Significant efforts have been directed toward the design of self-contained electrochemical
immunosensors.[133-135] Most of these approaches feature enzyme-linked immunosorbent
assay (ELISA) systems built on electrode surfaces. Primary antibodies (Abq) that capture the
antigen (i.e., the analyte) are attached to an electrode surface, so that antigen (Ag) binding,
washing, and enzyme label detection are all done on the same surface. Typical electrochemical
immunoassays involve competitive and sandwich configurations.

In competitive assays, one starts with an electroactive enzyme-tagged antigen (i.e., Ag-HRP)
bound to substrate-attached Abq receptors. With the electroactive enzyme tag (i.e., HRP or
ALP) catalyzing the redox conversion of a substrate (i.e., H,O, or a-naphthylphosphate,
respectively), the signal produced is proportional to the number of enzyme tags at a fixed
substrate concentration.[124] Assuming that the sensing antigen (Ag) has the same binding
constant with the electro-active Ag-HRP, the signal reduction from the displacement of Ag-
HRP by Ag will be proportional to the concentration of Ag.[134] Competitive assays inherently
lack good detection limits owing to the difficulty of accurately measuring the difference
between two large signals near the detection limit.

Sandwich immunoassays provide better selectivity and sensitivity.[136] In sandwich assays,
aprimary antibody (Ab), attached on the electrode surface first selectively captures the antigen
from the sample. Then, a secondary antibody (Ab,) labeled with a redox enzyme (i.e., Abo-
HRP) binds to the antigen (see Fig. 3by,). Sandwich immunoassays are applicable to proteins
and bacteria that have large surface areas capable of binding several antibodies at once.[136]
The specific binding of the secondary Ab,-HRP to the antigen on the sensor surface turns the
Ab1/Ag/Aby-HRP bioconjugate electro-active. Upon introduction of H,O5 the electroactive
bioconjugate will provide a signal proportional to the amount of bound antigen.[134]

Our group has evaluated a number of SWNT forest platforms for amperometric protein
immunoassays.[31,75] Figures 3by, and by3 illustrate single- and multilabel detection
strategies using HRP as electroactive label, where the electrode (shown as thick black line)
consists of SWNT forest array (Figs. 3bs). This method allows binding and detection on a
single surface, with straightforward washing and reagent addition (e.g., labeled antibody) steps
performed via dipping or flow modes. Based on this approach, sensitive immunosensors for
human serum albumin[75] and prostate specific antigen[31] have been developed, as described
below.

Our firstamperometric SWNT immunosensor was designed to detect biotin and utilized strong
adsorption of antibodies onto SWNT forest assemblies.[124] Using hydroquinone (H2Q) as a
soluble mediator, a detection limit of 2.5 pmol mL ™1 was reached for HRP-labeled biotin.
[124] NSB of biotin-HRP was blocked by washing the sensor with solutions of bovine serum
albumin and detergent. This initial study pointed out the importance of decreasing NSB and
of using mediators to obtain optimal sensitivity. While mediator-free electron transfer detection
of the HRP label was possible, only a fraction of the HRPs attached to biotin communicated
with the SWNT forest electrode, compromising sensitivity. This is understandable, because
the anti-biotin antibody is placed between biotin-HRP and the nanotube. This brings the
distance between HRP and nanotube ends in the range of 5-20 nm, which impedes
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electrochemical communication. Scheme 1 illustrates the H,Q-assisted electron shuttling from
the electrode to the oxidized HRP label. In this simplified pathway, H,O, oxidizes HRP to the
ferryloxy radical form (Eq. 2) which is reduced to ferric HRP by H,Q (Eg. 3). Reduction of
quinone (Q) at the electrode (Eg. 1) provides the immunosensor current. Both ferric-HRP and
Q are regenerated in this catalytic pathway.

Proof-of-concept for sandwich immunoassays on SWNT forest assemblies was demonstrated
using human serum albumin (HSA).[75] For the unmediated case, a detection limit of 75 pmol
mL~1 (75 nw) was obtained for HSA. For sandwiched Ab1/Ag/Ab,-HRP assays, the efficiency
for direct electron exchange suffers more, because the average distance between HRP labels
and nanotube ends is even larger than in the competitive immunosensor configuration. This
can be easily overcome by electron mediation. Hydrogquinone mediation improved the HSA
detection limit (defined as the concentration where signal is three times that of noise) by 75-
fold down to 1 pmol mL™1 (1 nw). In terms of sensor sensitivity (defined as the slope of
amperometric current versus analyte concentration), H,Q mediation enabled 10 000-fold
improvement versus mediator-less immunoassays. In addition, through a series of controls, it
was proven that SWNT forest increased the mediated amperometric signal versus that of planar
electrodes by 10- to 16-fold.

This electrochemical immunoassay was then applied to real biomedical samples.[31] For this,
we chose prostate-specific antigen (PSA), an established biomarker for diagnosing and
monitoring prostate cancer.[137,138] PSA was the first cancer biomarker to see wide clinical
use, and has been employed for 20 years. It can appear in a “danger zone” of 4-10 ng mL ™}
in patient serum up to 5 years before clinical signs of disease, illustrating the usefulness and
predictive ability of such biomarker measurements in early cancer detection. Figure 6a
illustrates the correlation of PSA detection in human serum samples from cancer and cancer-
free patients, measured with single-labeled (Ab,-HRP) SWNT forest sandwich immunoassay
versus a standard enzyme-linked immunosorbent assay (ELISA).[31] The one-to-one
correlation of the two techniques with respect to direct and standard addition tests (obtained
by adding three aliquots of standard PSA serum and extrapolation to determine the unknown
PSA concentration) indicates the very promising future of SWNT forest electrochemical
immunoassays for reliable point-of-care diagnostics of cancer and other diseases.

To further boost detection sensitivity from miniscule amounts of tissue or from very low
concentrations in serum, an amplification step was incorporated by combining SWNT forest
immunosensors with HRP-MWNT-Ab, bioconjugates with high HRP/Ab, ratios (see Fig.
3b13). For this, the secondary antibody (Ab,) and HRP tag were covalently linked by
amidization to heavily carboxylated MWNTSs at the mixing ratio of 1:200.[31] This
amplification strategy improved the detection limit 100-fold and the sensitivity by 800-fold,
compared to using the conventional Ab,-HRP. The measured PSA detection limit was 4 pg
mL 1 in 10 pL serum (100 amol mL™1), or a mass detection limit of 40 fg. The 100-fold
enhancement in detection limit using HRP-MWNT-Ab, bioconjugate versus the Ab,-HRP
case is in good agreement with the number of HRPs per MWNT, estimated at ca. 90. Using
this very sensitive approach, it was possible to quantitatively measure PSA in lysates from
1000 laser-dissected prostate tissue cells from frozen human tissue sections (Fig. 6b).[31]
These results indicate that the CNT-supported multi-HRP/Ab, tags show excellent promise
for ultrasensitive immunoassay research in proteomics and systems biology.

7. Future Outlook and Concluding Remarks

The examples discussed above clearly demonstrate the excellent promise of CNT-based
transistors and electrochemical biosensors as valuable future tools for biomedical diagnostics
and research. For electrochemical biosensors, it is our view that ordered nanotube arrays

Adv Mater. Author manuscript; available in PMC 2008 October 8.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

Page 12

exemplified by SWNT forests will be necessary to obtain the best sensitivities and detection
limits. Realizing the full potential of these nanotube biodevices will require their fabrication
into individually addressable arrays for multiplexed biomolecule determinations. Such devices
will be readily adaptable to modern biomedical areas such as genomics, proteomics, cancer
diagnostics, and metabolomics. Promising milestones include the 3-transistor arrays developed
by Lieber et al.,[93] and nanotube forests[112] and mats[139] reported on gold arrays.

A relevant practical test has been passed for single SWNT immunosensors by detection of PSA
in human serum and tissue.[31] The detection limit of 4 pg mL™1 for PSA in real samples is
better than existing commercial immunoassays.[31] SWNT immunosensors can be adapted
easily for detection of other relevant biomarkers, as well as bacteria and other biopathogens.
Moreover, their potential for array-multiplexing should provide affordable biochip fabrication
for simultaneous measurement of multiple biomarkers. This is expected to significantly
increase the success rate and accuracy for early cancer prediction.[136,140-142] We believe
that SWNT array devices have a very promising future for reliable point-of-care diagnostics
of cancer and other diseases. They also have other potentially important applications in
proteomics, metabolomics, and systems biology.

In the SWNT-FET biosensors, two technical issues have to be resolved to further miniaturize
and multiplex these devices. First, the underlying biodetection mechanism needs to be
thoroughly understood. Experiments involving selective passivation of CNTs and/or source-
drain electrodes, in conjunction with properly designed biological entities, are crucial for
differentiating between the nanotube-metal Schottky barrier and SWNT chemical gating
models. Especially, the effect of functional groups in proteins and DNA need to be contrasted
to that of small molecules, such as amines. Moreover, the electronic properties of both CNTs
and the Schottky contact before and after exposing to biomolecules can be topologically
investigated by using techniques such as scanning gate microscopy and Kelvin force
microscopy.[143,144] Second, the persistent 1/f noise issue,[145,146] where the noise in
SWNT-FET electrical signals, such as source-drain voltage, fluctuates proportional to 1/f* (0
< a < 2), needs to be resolved to acquire ultralow detection limits in miniaturized SWNT-FET
biosensors.

Advances in the SWNTs growth,[54,55] etching[147] and separation[64—70] processes could
further improve nanotube-uniformity in terms of removing metallic SWNTSs. Sem-enriched
SWNTs with defined (n, m) chirality can be engineered to have their E;; transitions lined up
appropriately with either the thin metal-plasmon resonance or the redox levels of analyte under
investigation to further enhance sensitivity. Improving our understanding on how to orient and
bring closer various biomolecules to SWNTSs is also important. For mat-SWNT-FET
configuration, significant effort also needs to be exerted to ensure electrical similarity between
all contacts among individual nanotubes. Moreover, by increasing the density of sem-only
SWNTs within the FET channel, one can suppress 1/f noise and improve detection limits.

Contrary to SWNT-FET biosensors, where sem-SWNTs are crucial for optimum device
performance, electrochemical detection from nanotube forest arrays might be improved further
by utilizing met-enriched nanotubes. Similarly, improving conductivity in multi-tagged
nanotubes could further improve performance. Last but not least, creative approaches in
incorporating magnetic amplification strategies to concentrate analyte onto working electrodes
are expected to significantly advance the current biodetection limit.[30] In addition, gaining a
greater insight on how to control and further minimize non-specific binding for multiple
biomarkers could ultimately propel array immunosensors through commercialization.
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Figure 1.

a) Chirality (0) and diameter (d;) (n, m) map of SWNTs as derived by rolling the Hamada vector
(Ch =nay + may) into a circle. a; and a, are unit vectors of the graphene sheet constructed by
carbon atoms (white circles) in sp? configuration. b) Representative structure of (11,3) carbon
nanotube. White and light shaded cells indicate sem- and met-nanotube character, respectively.
The black thick border line indicates the typical (n, m) breadth for HiPco-grown SWNT
samples.
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Tight binding calculated DOS versus energy for a) (7,7) met- and b) (11,3) sem-SWNTSs.
Shaded and white areas indicate the valence band (VB) and conduction band (CB) of SWNTSs,
respectively. Dotted curves indicate the VB and CB of the planar 2D graphene lattice. The
arrows indicate the allowed electronic transitions. ¢) Calculated absorption profile of a (3,3)
SWNT with and without electron-hole interactions, showing the excitonic effect in SWNTs
[48]. d—f) Kataura plots for the ME;4, SE5, and SE1; transitions as a function of diameter. The
different (n, m)-SWNTs are shown classified according to 2n + m family pattern (dotted line
and number in square) and modality [mod(n —m,3) = 1 or 2]. Black parabolic curves indicate
1/d; dependence. The ME14 values in (d) were obtained from the theoretical zone-folding
scheme [1] based on the Slater—Koster Model [49] with a transfer integral, y, = 2.9 eV [50],
while the SE,, and SEq; values in (e,f) were obtained from experimental photoluminescence

excitation data [51].
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Figure 3.

Schematic representation of biomolecular sensing using carbon nanotubes in various device

configuration and signal amplification strategies.
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Figure 4.

a) SWNT-FET Igp versus Vg characteristics for bottom-gate (solid line, bottom x-abscissa)
and liquid-gate (broken line, top x-abscissa). (Reproduced with permission from Ref. [100],
Copyright 2007, American Chemical Society) b) Typical SWNT-FET Igp versus Vg changes
originated from biomolecular interactions causing (i) increase in Schottky barrier (SB) or
electron donation to SWNTSs that shifts to lower threshold Vg values or (ii) various
perturbations effect that increases the scattering sites and lower the observed saturation Igp
current. Simplified band diagrams for before (c) and after (d) source and drain contact with a
SWNT in the pristine (p) and amine (a) doped SWNT-FET device configuration. The electron
donation from the amine moieties of proteins and/or DNA causes the elevation of SWNT Fermi
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level and results in greater band bending of both valence (VB) and conduction (CB) bands.
For simplicity, detailed metal-SWNT interface states are neglected. The application of positive
and negative gate voltages (V) increase and decrease the band bending, respectively, as
indicated by solid up and down arrows. Hole (h*) conduction is also shown as thin solid arrow.
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Figure 5.

Representative tapping mode atomic force microscopy (AFM) images of a) SWNT forest
assembled on Nafion-FeO(OH)/FeOCI functionalized silicon substrate. b) EDC/NHSS
coupled HSA antibody on top of SWNT forest assembly. Adapted with permission from Ref.
[75], copyright 2005 Royal Society of Chemistry.
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Q+2e +2H" == H,Q (1)

H,0, + HRPFe!! 2= «HRPFe!Y=0+H,0 (2)

«HRPFe!V=0 + H,Q === HRPFe''+Q +H,0 (3)
Scheme 1.

Pathway for mediated electrochemical detection of HRP labels.
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Figure 6.

a) Correlations of SWNT forest/Ab;/Ag/Ab,-HRP electrochemical immunoassay for PSA
(Ag) in human serum samples found by using direct comparison to a calibration curve (o) and
by standard addition (o) against results from a standard ELISA determination (RSD + 10%)
for the same samples. b) Amperometric current obtained from amplified immunoassay at —0.3
V versus Ag/AgCl and 3000 rpm in which the working electrodes were incubated with prostate
tissue lysates from 1000 cells in 10 pL buffer for 1.25 h followed by 10 pL anti-PSA-MWNT-
HRPgq bioconjugate (11 pmol mL ™1 in HRP) in 0.05 % Tween-20 for 1.25 h. Reproduced with
permission from Ref. [31], copyright 2007 American Chemical Society.
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