ReVieWS F. Braet et al.

. . DOI: 10.1002/anie.200903463
Biosensors and Carbon Nanomaterials /

Carbon Nanomaterials in Biosensors: Should You Use
Nanotubes or Graphene?

Wenrong Yang, Kyle R. Ratinac, Simon P. Ringer, Pall Thordarson,
J. Justin Gooding, and Filip Braet*

Keywords:

biosensors - carbon nanomaterials -
carbon nanotubes - graphene -
sensors

Carbon nanomaterials

In biosensors

Angewandte
Chemie

2114 www.angewandte.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2010, 49, 21142138


http://www.angewandte.org

Biosensors

F rom diagnosis of life-threatening diseases to detection of biological

Angewandte

From the Contents

agents in warfare or terrorist attacks, biosensors are becoming a critical

part of modern life. Many recent biosensors have incorporated carbon
nanotubes as sensing elements, while a growing body of work has

begun to do the same with the emergent nanomaterial graphene, which
is effectively an unrolled nanotube. With this widespread use of carbon

nanomaterials in biosensors, it is timely to assess how this trend is

contributing to the science and applications of biosensors. This Review

explores these issues by presenting the latest advances in electro-

chemical, electrical, and optical biosensors that use carbon nanotubes

and graphene, and critically compares the performance of the two

carbon allotropes in this application. Ultimately, carbon nano-
materials, although still to meet key challenges in fabrication and

handling, have a bright future as biosensors.

1. Introduction

There has been an explosion of interest in the use of
nanomaterials for the development of biosensors, and carbon
nanotubes (CNTs) are at the forefront of this explosion.!™!
The interest is partly motivated by the ability to improve
macroscale biosensors by incorporating CNTs, and partly by a
desire to develop completely new nanoscale biosensors.
However, the interest that has surrounded CNTs in general,
and their use in biosensing in particular, looks like it will be
dwarfed by the swell of interest in graphene. Yet obvious
questions arise: What specific advantages do these two carbon
nanomaterials provide over macroscopic materials in biosen-
sors? When comparing these two carbon allotropes, does
graphene possess any significant advantages over CNTs at
all? And, if so, what lessons can we learn from developments
in nanotube-based biosensors to expedite developments in
graphene-based biosensors? Attempts to answer these three
questions are the subject of this Review.

The IUPAC definition of an electrochemical biosensor
states that a biosensor is a self-contained integrated device
that is capable of providing specific quantitative or semi-
quantitative analytical information by using a biological
recognition element (biochemical receptor) in direct spatial
contact with a transduction element./*! Importantly, a biosen-
sor should be distinguished from a bioanalytical system, which
requires additional processing steps, such as reagent addition.
This definition places no size constraint on a biosensor, which
can therefore be macroscopic, as seen in commercial glucose
biosensors; can have a microscale or nanoscale sensing
element packaged within a macroscopic device, as seen in
field-effect transistor (FET) type devices;>® or the entire
device can be on the nanoscale, as demonstrated in some
nanoparticle-based sensing systems.*!

Nanomaterials, particularly carbon nanomaterials, have a
significant role to play in new developments in each of the
biosensor size domains. This significance arises as nano-
materials can help address some of the key issues in the
development of all biosensors. Such issues include: design of
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the biosensing interface so that the analyte selectively
interacts with the biosensing surface;*!'” achievement of
efficient transduction of the biorecognition event;'
increases in the sensitivity and selectivity of the biosen-
sor;> and improvement of response times in very sensitive
systems.™ More specific challenges include: making biosen-
sors compatible with biological matrices, so that they can be
used in complex biological samples or even in vivo;!®!
fabrication of viable biosensors that can operate within
confined environments such as inside cells;!”! and multi-
plexing biosensors so multiple analytes can be detected on
one device.'"™2" Various kinds of zero-, one-, two-, and three-
dimensional nanomaterials are helping to meet these chal-
lenges. Examples of such materials include semiconductor
quantum dots,*!! metallic nanoparticles,”” metallic or semi-
conductor nanowires,['*%! CNTs,?*?! nanostructured conduc-
tive polymers or nanocomposites thereof,” mesoporous
materials,”! and various other nanomaterials.”®%! In this
Review, however, we will focus only on the use of CNTs and
graphene in biosensors.

CNTs have high aspect ratios, high mechanical strength,
high surface areas, excellent chemical and thermal stability,
and rich electronic and optical properties.’” The latter
properties make CNTs important transducer materials in
biosensors: high conductivity along their length means they
are excellent nanoscale electrode materials® = (Figure 1);
their semiconducting behavior makes them ideal for nano-

[*] Dr. W. Yang,!"! Dr. K. R. Ratinac,/"! Prof. S. P. Ringer, Prof. F. Braet
Australian Key Centre for Microscopy & Microanalysis
The University of Sydney
Madsen Building (F09), NSW, Sydney 2006 (Australia)
Fax: (+61)2:9351-7682
E-mail: f.braet@usyd.edu.au
Homepage: http://www.emu.usyd.edu.au/
Dr. P. Thordarson, Prof. |. ). Gooding
School of Chemistry, The University of New South Wales
Sydney, NSW 2052 (Australia)

["] These authors contributed equally to this work.

_ IWILEY )
) InterScience*

Chemie

2115



Reviews

2116

Substrate

c) 50 g) 2 um
Ag/AgCI—» DMS < 40 SWNT
Liquid = 30 1 um
ot
Uy I : . % 20 SWNT
e — 0 Control
Substrate
- 0.2 04 0.6

SWNT  SiOy Potential / V vs. Ag/AgClI

Figure 1. An example of an electrochemical sensor made from single-
walled nanotubes (SWNTs): The construction (a—c) and electrochem-
ical response (d) for a metallic-single-walled-nanotube electrode in an
aqueous solution of a ferrocene derivative. (Reprinted from Ref. [31]
with permission. Copyright 2006 American Chemical Society).

scale FETs,* and their optical properties are suitable for
entirely nanoscale devices.”**! This combination of proper-
ties has resulted in CNTs being used to address all of the
biosensing issues listed above. For example, the combination
of excellent conductivity, good electrochemical properties,
and nanometer dimensions has seen CNTs being plugged
directly into individual redox enzymes for better transduction
in electrochemical enzyme biosensors.*”*! Moreover, align-
ment of CNTs has created the potential for electrodes that
resist nonspecific adsorption of proteins, but that can inter-
face to individual biomolecules."”* FET biosensors based on
CNTs*#! hold the promise of detecting single-molecule
events.*! The sensitivity of the optical properties of CNTs to
binding events has also been exploited to make entirely
nanoscale, but highly sensitive, multiplexed optical biosensors
that could be used inside cells or dispersed through a system
to capture the small amount of analyte in a sample.l*’!

The success of CNTs in advancing biosensors is part of the
reason for the incredible interest in graphene as a material
that could potentially push the boundaries of this field even
farther. Yet CNTs are commonly referred to as rolled up
graphene sheets, and both allotropes have a meshwork of sp*-
hybridized carbon atoms, so the question arises as to whether
graphene offers any real benefits in properties relative to
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CNTs. Given the identical composition of nanotubes and
graphene, one could be forgiven for suspecting that their
properties would also be similar; however, this is not always
the case, as we shall see shortly, and the differences in
structure and properties open new vistas for further develop-
ments in biosensors.

In this Review, we aim to discuss the recent advances in
biosensors made with CNTs and graphene. Firstly, we will
briefly discuss the relevant properties of these two materials
in the context of biosensors. The application of CNTs in
biosensors will then be discussed, with a focus on some of the
more significant conceptual advances that have been made,
rather than trying to comprehensively cover all the work
performed in this vibrant field—a task that would be almost
impossible. This section will start with electrochemical
biosensors, which typically are macroscale biosensors fabri-
cated with nanomaterials; it will then move onto FET-based
devices where, in many cases, the transducing element is
nanoscale; and it will conclude with the limited work on using
CNTs in nanoscale optical biosensors. The section on
graphene will attempt to be comprehensive, as papers in
this area are just beginning to emerge. It will briefly explain
methods of producing graphene and then explore sensing
devices that have been made with graphene as the transducing
element. The Review will be completed by seeking to answer
the three questions raised above, and by discussing some of
the challenges in continued development of biosensors that
incorporate CNTs or graphene.

2. Uncommon Carbon: An Introduction to CNTs
and Graphene

Any biosensor based on CNTs or graphene should ideally
be designed to exploit the unique properties of each nano-
material. With this in mind, therefore, we will provide a brief
introduction to the rather special structures and properties of
these two allotropes of carbon (Figure 2).

2.1. Basic Structure and Properties of CNTs

CNTs are well-ordered, hollow graphitic nanomaterials
made of cylinders of sp>hybridized carbon atoms. These
materials are classed as single-walled nanotubes (SWNTSs),
which are single sheets of graphene “rolled” into tubes, or
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Figure 2. The ideal structures of a) a single-walled nanotube and b) a
graphene sheet. As an example, the chiral vectors required to roll up a
(5,6) nanotube from a piece of the graphene are also illustrated (see
Section 2.1).

multiwalled nanotubes (MWNTs), each of which contains
several concentric tubes that share a common longitudinal
axis.”**#! As one-dimensional carbon allotropes, CNTs have
lengths that can vary from several hundred nanometers to
several millimeters, but their diameters depend on their class:
SWNTs are 0.4-2 nm in diameter and MWNTs are 2-100 nm
in diameter. In addition, MWNTSs can occur in various
morphologies such as “hollow tube”, “bamboo”, and “her-
ringbone”, depending on their mode of preparation.**>? The
electronic properties of SWNTs are controlled by the
chirality, that is, the angle at which the graphene sheets roll
up and hence the alignment of the  orbitals.”>>! This angle
can be quantified by the chirality vector (n,m), where n and m
are the (integer) numbers of hexagons traversed in the two
unit-vector directions, a, and a,, of the graphene lattice such
that, when rolled up to touch the tip of the vector to its tail,
the graphene would form the desired nanotube (Figure 2b).
This vector can be directly related to electronic properties in
so far as the resulting SWNT will be metallic if (n—m) is a
multiple of 3; otherwise, it will be a semiconductor.”!

An important aspect of the structure of CNTs is their local
anisotropy, which arises because the walls of the tubes are
very different from their ends. The sidewalls are a relatively
inert layer of sp>-hybridized carbon atoms, somewhat analo-
gous to the basal planes of pyrolytic graphite; the open ends
or “tips” of nanotubes have carbon atoms bonded to oxygen
to give far more reactive species, much like the edge planes of
pyrolytic graphite (Figure 3).°® This structural heterogeneity
has hindered our understanding of the electrochemistry of
CNTs because, when incorporated into electrodes, the rate of
electron transfer depends critically on the nanostructure of
the electrode surface and particularly on the nanotube
orientation and arrangement, factors that frequently are not
quantified.””’ Additional uncertainty arises over whether the
electrochemistry of CNTs is determined by their inherent
properties, by variable levels of oxygen-containing groups or
edge defects on the tips, or by remnant catalytic particles that
remain in the tubes even after purification.”®®! There is
evidence, for example, that the favorable electrochemical
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Figure 3. a) Representation of a crystal of highly ordered pyrolytic
graphite (HOPG) in which the layers of graphite have an interlayer
spacing of 3.35 A. b) The difference in the voltammetric response for
the reduction of hexacyanoferrate ions in an aqueous solution by using
basal-plane or edge-plane HOPG electrodes or CNT-based electrodes.
Note the identical response for the CNT-modified electrode and the
edge-plane HOPG electrode. c) A single MWNT on an electrode
surface where the edge-plane-like sites are shown at the end of the
tube and the basal-plane-like sites lie along the tube axis. Reprinted
from Ref. [56].

properties of SWNT-modified electrodes arise from oxy-
genated carbon species, especially carboxyl moieties, which
are produced on the tips of the nanotubes during acid
purification."*>% Conversely, other work has found that
increased concentrations of oxygen-containing groups on
double-walled or multiwalled CNTs!*** and graphite®
actually slow the rate of heterogeneous electron transfer. In
fact, Pumera et al.l consider that oxygen-containing groups
play a minor role in heterogeneous electron transfer for
electrochemically activated MWNTs, and suggest instead that
the increased heterogeneous electron-transfer rate lies in an
increase of the density of edge-like sites on the sidewalls of
the tubes. In an effort to overcome some of this uncertainty,
Dai and co-workers recently carried out an elegant experi-
ment with superlong (5mm), vertically aligned CNTs
(Figure 4).1”! By selectively masking the sidewalls or tips
with a nonconducting polymer coating and by controlling the
level of oxidation, they were able to explore the relative
contributions of sidewalls, tips, and oxidation state in CNT
electrochemistry. It turned out that the relative importance of
these factors varied with the type of redox probe investigated
and the redox reaction involved. For example, the faradaic
electrochemistry of potassium hexacyanoferrate
(K;5[Fe(CN)g]) was much enhanced at the CNT tips, especially
in the presence of oxygen-containing moieties, whereas the
electron-transfer kinetics were slower and less pronounced at
the sidewalls. In contrast, the oxidation of hydrogen peroxide
(H,0,) occurred more readily at sidewalls than at tips, but was
relatively insensitive to the presence of oxygen-containing
groups. The redox reactions of nicotinamide adenine dinu-
cleotide dehydrogenase (NADH) and ascorbic acid displayed
different trends again.

www.angewandte.org

Chemie

2117


http://www.angewandte.org

Reviews

cutting
Step 3.
connection
to a Cu wire
Step 1
P CNT-T
CNT-S

Figure 4. a) Digital photograph, b) SEM image, and c) TEM image of
the aligned superlong CNTs, as synthesized. d) A schematic represen-
tation of the procedure for preparing the CNT electrodes with only the
nanotube tip (CNT-T) or sidewall (CNT-S) accessible to electrolyte.
The inset in (d) shows a digital photograph of a nanotube electrode
prepared with an aligned superlong CNT bundle connected to a
copper wire. Reprinted from Ref. [67].

The other major source of conflict in reports of electro-
chemical behavior of CNTs is compositional heterogeneity. In
theory, CNTs are pure carbon; in reality, they almost always
contain some impurities, such as 1) metallic compounds or
nanoparticles derived from the catalysts used in nanotube
growth, which can remain trapped between the graphene
sheets in nanotubes even after extensive acid washing,>**']
and 2) oxygen-containing moieties created during the wash-
ing steps. These impurities, particularly the metallic com-
pounds, are probably responsible for the “electrocatalysis”
seen at some nanotube-modified electrodes.” Careful work
on the removal of these metallic nanoparticle impurities,
however, suggests that, despite the plethora of reports stating
that carbon nanotubes have better electrochemical properties
than other electrode surfaces, the electrochemical properties
of CNTs might be no better than edge planes of highly
ordered pyrolytic graphite (HOPG).**! However, HOPG

www.angewandte.org
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cannot be engineered to such small sizes as CNTs. The very
recent discovery of methods for producing SWNTs without
the use of iron-group catalysts”*”!! offers metal-free CNTs
whose properties are not obscured by the catalyst impurities.
This advance will provide a route to a clearer understanding
of which electrochemical properties are intrinsic to nanotubes
and which properties are not.

Our knowledge of the electronic properties of CNTs is
quite mature compared with our understanding of their
electrochemistry. MWNTs are metallic conductors, whereas
SWNTSs can be metallic or semiconductors, depending on
their diameter and chirality. For small-diameter SWNTs,
approximately two-thirds are semiconductors and one-third is
metallic.’*" For semiconducting nanotubes, the band gap
also depends on tube diameter. Consequently, to achieve
uniform electrical (and optical) properties, SWNTSs have to be
monodisperse in diameter and in chirality, because SWNT's
with almost identical diameters can have different chiral
vectors and hence different electronic properties. Even then,
SWNTs with identical chiral vectors can possess different
chiral handedness, which will influence the interaction of
SWNTs with circularly polarized light. Therefore, much
research effort in recent years has been seeking large-scale,
economical production of monodisperse SWNTs, with control
of electronic type, diameter, length, and chiral handed-
ness.[** ! However, of the many techniques developed, none
has overcome all the obstacles to date.

Like their electronic properties, the dominant optical
transitions in SWNTs depend on their diameters and chiral
vectors. Thus, the heterogeneity of band structures, lengths,
and defects produced in most samples of nanotubes means
that spectral measurements give ensemble-average properties
only. Despite this limitation, the optical properties of SWNTs
have attracted growing interest since the observation of near-
infrared (NIR) luminescence from well-separated, surfactant-
suspended semiconducting SWNTs in 2002.7* Subsequent
photoluminescence excitation measurements resulted in the
precise mapping of the transition energies for a large variety
of specific semiconducting structural species.” Measure-
ments on single tubes have helped eliminate the inhomoge-
neity present in the optical spectra of bulk SWNTs."®! For
instance, photoluminescence studies, though limited to semi-
conducting SWNTs, have revealed the true line width of
emission spectra and the presence of spectral variations.””!
Raman scattering has also been used to study individual
semiconducting and metallic SWNTs,” but such experiments
are constrained by the weak signal and the need to use near-
resonant laser sources. Highly sensitive imaging and absorp-
tion spectroscopy of individual tubes is possible through
photothermal heterodyne imaging.””! A particularly exciting
development is monitoring single-molecule chemical reac-
tions with individual SWNTs by NIR photoluminescence
microscopy, in which the emission intensity within distinct
sub-micrometer segments of single tubes changes in discrete
steps as reactions occur with single acid, base, or diazonium
molecules.®™ These developments have laid the mechanistic
groundwork for SWNTs to function as single-molecule
stochastic biosensors.“”-1]
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2.2. Basic Structure and Properties of Graphene

The idealized structure of graphene is completely two-
dimensional. It comprises a single layer of sp’-hybridized
carbon atoms joined by covalent bonds to form a flat
hexagonal lattice.[*? Practically, however, the structure is
complicated by the difficulty in isolating single layers of
graphene in a controlled manner. Often, this means that what
is termed “graphene” actually comprises stacks of graphene
layers, each containing different numbers of atomic sheets.
Therefore, it is essential to measure the number of layers by,
for example, atomic force microscopy,®™ Raman spectrosco-
py.* contrast spectroscopy,®™ or low-energy electron mi-
croscopy (LEEM)® to determine if one is dealing with
single-layer graphene, a bilayer, few-layer graphene (3-9
layers®™), or even multilayer graphene (or “thin graph-
ite”).%] The other complicating factor in graphene’s
structure is that it is never atomically flat because of its
flexibility, which means that the sheets tend to curl, fold, and
corrugate (Figure 5). The large folds and pleats tend to arise
from processing issues,® ! whereas smaller ripples tend to be
inherent in the structure of its isolated layers.’**]

0A 9A 13A

Figure 5. Left: Bright-field TEM image of a graphene membrane
suspended across metal bars. Its central part (the homogeneous and
featureless region indicated by arrows) is single-layer graphene.
Electron diffraction images from different areas of the graphene flake
(not shown) demonstrate that it is a single crystal without domains.
Note the scrolled top and bottom edges and the folded region on the
right. Scale bar: 500 nm. (Reprinted by permission from Macmillan
Publishers Ltd: Nature [90], copyright 2007.) Right: Flakes of graphene
on top of an oxidized Si wafer as visualized by AFM; once again, folds
are evident. Scale bar, 1 um. (Reprinted from Ref. [89].)

Unsurprisingly, this essentially two-dimensional form of
carbon displays many unique properties. We will provide only
a short survey of graphene’s electrochemical, electronic, and
optical properties because these are most relevant to biosen-
sor applications. For more detailed presentations of such
properties, see recent reviews,®257 %]

Despite the uncertainties that remain about the electro-
chemistry of CNTs, the electrochemistry of graphene is even
less clear. This is primarily because there have been so few
studies of electrochemical properties, and those that are
available were performed with varying forms of “gra-
phene”, %! thus making it difficult to draw general con-
clusions. Still, there is evidence that graphene and its
derivatives can exhibit good electrochemical performance
compared with other electrodes such as glassy carbon,”
graphite,'™ or even CNTs."!%! Thus far, however, the
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graphene-modified electrodes have not been compared with
the most appropriate control electrodes of basal- and edge-
plane HOPG, and seldom has the graphene material been
characterised in detail. These issues also limited many of the
early studies on CNT-modified electrodes. Nevertheless,
multilayer graphene has been found to display single-electron
Nernstian behavior, with rapid electron transfer, when used as
an electrode in cyclic voltammetry of [Fe(CN)y*”*" solu-
tions.” This kind of electrode also showed favorable electro-
chemical properties, thus allowing a clear separation of redox
peaks in mixtures of biological molecules that only appeared
as a single broad peak at higher potentials for glassy carbon
electrodes. Similarly, excellent electrochemistry has been
observed for redox reactions of biomolecules!™'®! or
drugs"'™ when electrodes have incorporated graphene oxide
or reduced graphene oxide. The origin of these intriguing
properties remains an open question, although the edges
seem likely to be the primary sites of electrochemical
reactions in graphene, while the functional groups and defects
probably are also important in (reduced) graphene oxide.

The first properties of graphene to be studied were its
electronic properties,®! which have thus been the focus of the
majority of research to date. The electronic properties
originate largely in the delocalized m bonds above and
below the basal plane, which arise from the sp? hybridization
responsible for graphene’s layered structure. These delocal-
ized electrons, and the quality of the graphene lattice, create
high electrical conductivities and mobilities: room-temper-
ature mobilities in graphene with one to three layers have
been measured at 15000 cm? Vs~ or more, %l while clean,
suspended single layers achieved 230000 cm*V~'s™! at tem-
peratures near absolute zero.'"”! Graphene also shows an
ambipolar electric-field effect in which negative gate voltages
induce large concentrations of holes, while positive voltages
induce large numbers of electrons. This behavior appears as a
spike in resistivity at zero gate voltage in pristine gra-
phene 1% Other electronic properties tend to be highly
sensitive to the number of layers in the stack, because this
variable causes sizeable changes in band structure and band
overlap. A single layer, for example, is a zero-gap semi-
conductor. While this is also true of a bilayer, in this case a
band gap is developed during the application of a gate
voltage."™ A trilayer, which is a semimetal, shows a gate-
voltage-tunable band overlap,'® and the extent of overlap
between the conduction and valence bands increases as
additional numbers of layers are added until behavior
approximating that of graphite is attained at some 12-15
layers in total.'"*™ The properties of the charge carriers in
graphene, which also vary with the number of layers, are quite
remarkable too, with low masses (actually attaining zero mass
in a single layer) and Fermi velocities on the order of
10° ms 1012114 More details can be found in recent
reviews.[5#7:94

The optical properties of graphene have received consid-
erable attention, especially as Raman and infrared spectros-
copy can provide detailed information about its band
structures.'> 131151 Raman spectra also allow identification
of the number of layers in graphene stacks because of the
changes in band shape with layer number.'*! Overall, there

www.angewandte.org

Chemie

2119


http://www.angewandte.org

Reviews

2120

are two highly characteristic Raman bands in graphene: the
G band at approximately 1580 cm™! and the D’ band (or 2D
or D* band; equivalent to the G’ band in graphite) at about
2700 cm 18495120121 A fyrther D band at approximately
1350 cm™" occurs at the edges of sheets or in defective
graphene.'?*12!l For a detailed description of the Raman
spectra of graphene, see the recent review by Malard et al.”!
Another interesting optical property of graphene is that, for
the first four or five layers, it shows virtually constant and
additive absorbance in the visible-light region. For each layer,
the absorbance, which is equal to the fine-structure constant
multiplied by x, is approximately 2.3 % .01

Table 1 summarizes some of the key factors that influence
graphene’s electrical and optical properties. Clearly these
factors will need to be considered, and controlled where
possible, during fabrication of graphene-based biosensors.

F. Braet et al.

3. Recent Developments in the Use of CNTs in
Biosensors

A key goal of modern science is to monitor biomolecular
interactions with high sensitivity in real time, with the
ultimate aim of detecting single-molecule processes in natural
samples."¥ ¥ Today, a number of practical biomolecule-
detection methods exist that can sense molecules such as
DNA and proteins, but few methods have attained this
ultimate goal. The unusual properties of CNTs, such as their
small size and high conductivity, are allowing development of
new types of electrochemical, FET-based and optical biosen-
sors that, as we will show in the following section, are
beginning to put single-molecule and single-cell detection
within reach.

Table 1: Major factors that influence graphene’s properties, and examples to illustrate their effects.

Factor Effects

Number of layers

This is a primary determinant of properties. Increasing the number of layers increases the complexity of the electronic

band structures, thereby changing the electrical and optical properties. For example:
- Moving from single layers to trilayers changes the effective masses and the mobilities of charge carriers, the anomalous

quantum Hall effects and the band gap

S.[] 06,108,109, 124]

- The position and shape (i.e., component bands) of Raman spectra change with layer number."*%

Substrate

The substrate’s close contact with the two-dimensional graphene layer(s) has a pronounced effect:

- SiO, substrates limit carrier mobility by more than an order of magnitude, primarily because of charged impurities in

the substrate and remote interfacial phonon scattering.

n12s]

- Suspending single-layer graphene reduces substrate effects to achieve mobilities of at least 60000 cm?V~"s™" and as
high as 230000 cm?V~'s " under vacuum at 5 K."”"
- Epitaxial few-layer graphene undergoes a binding-energy shift of the 1 s level because of charge transfer from the SiC

substrate.l'*!

- Misfit-induced compressive strains in epitaxial graphene on SiC cause sizable blue shifts in graphene’s Raman

bands.'?

Adsorbed impurities
substantial effects:

Adsorbed gaseous species or processing impurities are hard to avoid and, with graphene’s large surface area, can have

- Adsorbed water vapor dopes graphene FETs, shifting the neutrality point (peak resistivity) to a gate voltage of about
40 V.®% The presence of oxide capping layers or lithography residues also shifts this point.'®

- Large (ca. 3-10 times) increases in mobilities occur for suspended single-layer graphene when “current annealed” to
approx. 600°C to desorb hydrocarbon impurities.'”

Flatness

The inherent rippling in graphene influences its properties:

- Rippling causes electron and hole “puddles”,'* particularly at low concentrations of induced charge carriers.®”

- Shifts in Raman peaks occur for parts of graphene that are supported across, but not touching, the substrate.

Defects

192]

Defects in the normally high-quality graphene lattice have large effects on electronic properties and chemical affinities:

- High-temperature oxidation introduces defects in the layers (shown by the weak D band in Raman spectra), thus

substantially reducing the carrier mobility.

[128)

- Creation of graphene oxide substantially increases the hydrophilicity of graphene layers, but reduces conductivity by

many orders of magnitude.[**™"

- Stacking disorder causes changes in electronic band structures.'*2

Size of sheet

Edge types and function-

alization also alter properties:

Decreasing the width of graphene nanoribbons increases electrical resistivity,"** while decreasing the size of larger sheets
increases electrical noise in graphene FETs.

Though hard to measure, let alone control, the atomic type, amounts and functional groups on the edges of graphene

- As reviewed by Enoki et al.,"””! the amounts and distributions of armchair and zigzag edges play a critical role in the
electronic and (predicted) magnetic properties of nanoscale graphene (e.g., nanoribbons or quantum dots); likewise, the
types of functionalization of the edges affect these properties.

- Edge roughness changes the edge states.®”

- Different amounts of edge groups affect the amount of warping of graphene.*
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Nevertheless, an essential point to note throughout the
following discussion is that most reports of biosensing deal
with proofs of concept and so use biological solutions or
samples made in the laboratory, rather than natural samples
of, for example, urine, blood, serum, or cerebrospinal fluid,
which are much more complicated. In the rare cases where
clinical or other natural samples have been used in any of the
cited work, we will mention it.

3.1. Electrochemical Biosensors

Electrochemical detection offers several advantages over
conventional fluorescence measurements, such as portability,
higher performance with lower background, less-expensive
components, and the ability to carry out measurements in
turbid samples. During the past few years, there have been
many reports of CNT-based electrochemical biosensors for
the detection of diverse biological structures such as DNA,
viruses, antigens, disease markers, and whole cells. An
important part of the success of CNTs for these applications
is their ability to promote electron transfer in electrochemical
reactions.”*>7:14

One of the major challenges, however, for the design of
electrochemical biosensors with CNTs is how to incorporate
these nanomaterials into bulk electrodes for best effect. This
challenge is particularly pertinent given the anisotropy of
nanotube properties outlined above. Thus it is essential to
understand the three main types of nanotube-derived electro-
des before we consider their recent use in electrochemical
biosensors. The first, and most commonly used, electrode has
nanotubes “randomly distributed” on its surface (which often
means an unknown configuration rather than genuinely
randomized configuration). The prevalence of this approach
is primarily because it is easy to achieve, not necessarily
because it offers the best performance. However, recent work
to fabricate random networks of chemical-vapor-deposited
SWNTs has produced electrodes that are significantly faster
than conventional metal-disc-based ultra-microelectrodes.!"*"
The second class of electrodes use aligned nanotubes to
optimize electrode performance. This geometry can be
achieved by self-assembly (Figure 6)!**%! or by growing
aligned nanotubes directly from a surface:!¥ in the latter
approach, growth of aligned SWNT “forests” is an especially
interesting development.'**! Electrodes made with nano-
tubes aligned normal to the electrode surface exhibit faster
heterogeneous electron transfer compared with randomly
distributed arrays.'**'*l This effect occurs because the nano-
tube tips typically facilitate more rapid electron transfer than
sidewalls, and because the electrons are only required to
travel down one tube, rather than having to jump from tube to
tube, in order to be transferred to the bulk electrode.” The
third type of electrode avoids the use of ensembles of many
tubes with variable properties, and instead uses a single CNT
as a nanoelectrode. This is probably the most attractive design
of CNT electrode, despite the challenges of fabricating and
manipulating a single-CNT probe. These types of electrodes
can be made with single MWNTs!'"! or single SWNTs,['*!
which give different electrochemical performance.
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Figure 6. lllustrations of the construction of chemically aligned, oxida-
tively shortened nanotubes. Two possible electron-transport mecha-
nisms are shown: a) nanotubes vertically aligned on aminoalkanthiol
self-assembled monolayer (SAM), in which the electron tunnels
through the nanotube and through the aliphatic chain of the alkane-
thiol monolayer; or b) tubes penetrating between the SAM to form a
direct link with the gold, held in place by hydrophobic interactions with
the SAM. (Reprinted from Ref. [143] with permission. Copyright 2009
American Chemical Society.)

When it comes to electrochemical biosensing, CNT-
modified electrodes appear to offer substantially improved
amperometric biosensors, with particularly enhanced sensi-
tivity to H,0, and NADH. However, as discussed above in
Section 2.1, a big issue for such applications is sample purity
and whether it is the nanotubes or impurities, such as residual
metal catalyst particles, that provide the favorable electro-
chemical properties. For instance, Wang and co-workers used
Nafion, a sulfonated tetrafluoroethylene-based polymer, to
incorporate MWNTs into composite electrodes for glucose
oxidase based detection of glucose, a process that involves the
oxidation of glucose by the oxidase enzyme and then
measurement of the resulting H,O, concentration.!'™ The
composite electrodes offered substantially greater sensitivity
to glucose, in particular at low potentials (—0.05 V), with
negligible interference from dopamine, uric acid, or ascorbic
acid, which are biological molecules that commonly interfere
with electrochemical detection of glucose. It was also found
that CNT-modified electrodes can accelerate electron trans-
fer from NADH molecules, decreasing the overpotential, and
minimizing surface fouling, which are properties that are
particularly useful for addressing the limitations of NADH
oxidation at ordinary electrodes.*? Similar improvements in
electrode performance were more recently observed for
composite electrodes made with CNTs and ionic liquids,
which offer high stability, high electrical conductivity, and
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extremely low vapor pressure.*'* However, caution is
needed when interpreting these results. The mechanism of
favorable electrochemistry for CNT-based electrodes remains
controversial because, as we discussed above, most CNTs
contain metal impurities derived from the catalysts used in
their growth, which are at least partially responsible for the
observed electrochemical activity. Although they complicated
the fundamental electrochemistry, such remnant metal nano-
particles had one benefit: they provided a clear indication
that the electrochemical properties of sensors could be
enhanced by deliberately integrating catalytic nanoparticles
within CNTs (see below).

CNTs also offer more efficient ways of communicating
between sensor electrodes and the redox-active sites of
biological molecules, which are frequently embedded deep
inside surrounding peptides. The high aspect ratio and small
diameters of SWNTs make them suitable for penetrating
through the molecule to the internal electroactive sites, while
the rapid electron-transfer kinetics at the tip of oxidized tubes
can enhance electron transfer. A major step in this direction
was accomplished when microperoxidase-11 (MP-11)—an 11
amino acid sequence that contains a heme center and is
derived from the proteolytic digestion of heme proteins—was
attached to the ends of SWNTs, which were self-assembled
normal to the electrode surface to produce a nanoelectrode
array.”® The high efficiency of the nanotubes as molecular
wires was demonstrated by the calculated rate constant of
heterogeneous electron transfer, 3.9s™!, between the elec-
trode and the MP-11 molecules. Similarly, by using enzymes
covalently attached to the ends of aligned SWNT “forest”
arrays, Yu et al. reported quasi-reversible Fe"/Fe" voltam-
metry for the heme enzymes myoglobin and horseradish
peroxidase.”’)

Another elegant application of CNTs to immunoassays
involved forming a “forest” of SWNTSs oriented perpendic-
ularly to the basal plane of abraded pyrolytic graphite, and
exploiting the high surface areas of MWNTs for delivery of
the label molecules (Figure 7). In this electrochemical-
based sandwich immunoassay, the CNTs were used both as
“nanoelectrodes”, which coupled primary antibodies (Ab;) to
the pyrolytic graphite electrode, and as “vectors” in suspen-
sion that hosted multiple secondary antibodies (Ab,) and
multiple copies of the electrochemical label horseradish
peroxidase (HRP). Amplified sensing signals resulted from
using Ab,-MWNT-HRP bioconjugates, which had high HRP/
Ab, ratios, instead of conventional single-HRP labeled Ab,.
The sensing process occurred in three steps. Firstly, the Ab,
recognized and bound the prostate specific antigen (PSA), a
prostate-cancer biomarker, present in serum. Secondly, the
application of Ab,-MWNT-HRP bioconjugates targeted the
now surface-tethered PSA, binding through Ab,. Thirdly,
addition of H,0O, allowed the indirect detection of PSA by
measuring the electrochemical voltage derived from the
reaction between the added H,O, and the HRP on the
nanotube complexes. Two points are particularly noteworthy
about this approach. The first point is that the MWNTs can
bind multiple HRP molecules—in contrast to Ab, molecules,
which have only a limited labeling and binding capacity
because of their size and chemistry—so that this approach
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Figure 7. Construction of sensors made from primary antibodies (Ab,),
secondary antibodies (Ab,), horseradish peroxidase (HRP), and a
“forest” of SWNTs atop a pyrolytic graphite electrode. Compare the
amount of label, and the size of the electrochemical signal generated,
when using a) Ab2-HRP versus the b) Ab2-MWNT-HRP bioconjugates.
(Modified image; reprinted from Reference [155] with permission.
Copyright 2006 American Chemical Society).

could increase the detection sensitivity for PSA some 10-100
times compared to the commercial clinical immunoassays
presently available. The second point is that the clinical
potential of this biosensor was demonstrated by direct
measurement of PSA concentration in samples of human
serum from patients with cancer and from healthy subjects.

The properties of CNTs can also be capitalized on by
combining them with other functional materials, such as
conducting polymers or metal nanoparticles, in order to
enhance their electrochemical sensing performance.”” Some
examples have already been given above of the greater
sensitivity obtained when CNTs are incorporated into elec-
trodes made with polymers or ionic liquids."*"** Gao et al.
have also reported glucose biosensors based on aligned CNT's
coated with a conducting polymer.>® The polymer was a
bioactive, conducting, coaxial sheath around the individually
aligned CNTs that led to low-potential detection of the H,0O,
liberated by glucose oxidase. More recently, Dai and co-
workers developed a versatile and effective approach for
decorating CNTs with metallic nanoparticles;"™"*! these
CNTs had enhanced electrochemical activity when incorpo-
rated into working electrodes. By also drawing on a composite
system, Fisher and co-workers created a SWNT-based elec-
trochemical biosensor that used Au-coated Pd (Au/Pd)
nanocubes to enhance electrochemical activity, provide
selective biofunctionalization docking points, and improve
biocompatibility (Figure 8).*! The Au/Pd nanocubes, which
were of homogeneous size and shape, were integrated within
an electrically contacted network of SWNTs. The Pd provided
a low-resistance contact between the SWNT and Au inter-
faces, while the Au offered the biocompatibility necessary for
biofunctionalization, potentially with a myriad of ligands and
other important biomarkers. By using this unique electrode
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Au/Pd Nanocubes Selective

on SWCNTs

Figure 8. Networks of SWNTs decorated with Au-coated Pd (Au/Pd) nanocubes are employed as electrochemical
biosensors that exhibit excellent sensitivity (2.6 mMAmm™' cm™2) and a low estimated detection limit (2.3 nm) at a
signal-to-noise ratio of 3 in the amperometric sensing of hydrogen peroxide. (Reprinted from reference [159] with

permission. Copyright 2009 American Chemical Society.)

structure, the team showed amperometric detection of H,0,,
thus illustrating the effectiveness of the nanocube-SWNT
biosensor for glucose sensing. A clear advantage of this
electrochemical decoration is that the SWNTs serve as a
nucleation site for nanoparticle growth at defects in the
nanotubes and as an inherent electrical contact to the
nanoparticles for direct integration into devices.

An emerging trend is the move, away from just sensing
molecules, towards interaction with, and sensing of, whole
cells. Interactions between various cell lines and CNTs have
been previously reported, and have included the adhesion,
growth, and differentiation of neuronal cells on CNT-based
substrates.'®) The strong interest in interfacing neuronal cells
and CNTs is not accidental. The unique mechanical, chemical,
and electrical properties of CNTs make them one of the most
promising materials for applications in neural biosensing.!'*"
The high stiffness of nanotubes is important because the
electrodes need to penetrate tissue, and the ability to operate
as ballistic conductors—materials that do not significantly
slow down the flow of electrons—should aid in lowering
impedance and increasing charge transfer. Keefer and co-
workers have investigated the use of nanotube-coated elec-
trodes in preparing brain—machine interfaces, thus demon-
strating that the material also appears to be biocompatible.!*?
Kotov and co-workers fabricated layer-by-layer-assembled
composites from SWNTs and laminin,!'*! which is an essential
part of human extracellular matrix. These laminin-SWNT
thin films were found to encourage differentiation of neural
stem cells and to be suitable for their successful excitation.
Extensive formation of functional neural networks was
observed, as indicated by the presence of synaptic connec-
tions. These results show that protein—-SWNT composites can
likely serve as materials for neural electrodes, with structures
that are better adapted for long-term integration with the
neural tissue. Another significant advance is the work by Lin
etal., in which a sensor was devised for continuous and
simultaneous monitoring of glucose and lactate in rat brain
tissue.' The research group prepared a complex electro-
analytical system in which SWNTs were loaded with glucose
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Y* dehydrogenase or lac-
Y YY tate dehydrogenase,
- respectively, for real-

time monitoring of the
metabolic intermediate
glucose or the circula-
tory impairment mole-
cule lactate.

In all these cases,
however, more work
needs to be done to
assess the possible
adverse immune
responses that CNTs
might generate in the
long term, once applied
in genuine clinical set-
tings.'! Tt is conceiva-
ble, for example, that
CNTs might provoke
the release of lymphocyte-derived cytotoxic cytokines and
hence might affect the patient’s overall health.'%! A partial
solution to this largely unexplored problem is to make CNTs
more biocompatible, which can be achieved by biochemical
functionalization with biomolecules such as DNA.!"! Photo-
chemistry!'® and wet chemistry"** have been used to achieve
efficient binding of DNA on the sidewalls and tips of CNTs.
Besides reducing possible adverse effects of nanotubes, such
functionalization often enhances their effectiveness in bio-
sensors. For example, DNA-immobilized aligned CNTs have
demonstrated abilities in detecting complementary DNA with
a high sensitivity and selectivity.['**17!

Another interesting development in electrochemical bio-
sensors is the use of aptamers. These structures are oligonu-
cleotide sequences that can be generated to have affinity for a
variety of specific biomolecular targets such as drugs,
proteins, and other relevant molecules. Aptamers even hold
potential for use in novel therapies, and are also considered as
highly suitable receptors for selective detection of a wide
range of molecular targets, including bacteria.'’!! Further-
more, aptamers can self-assemble on CNTs through m stack-
ing between the nucleic acid bases and the nanotube walls.
Consequently, considerable efforts have been directed
towards incorporating aptamers and CNTs into the design
of biosensors."! Very recently, Rius and co-workers reported
a novel potentiometric biosensor made with aptamer-modi-
fied SWNTs that allowed specific real-time detection of one
single colony-forming unit (CFU), effectively a single bacte-
rium, of Salmonella Typhil'™ In this elegant study, the
authors demonstrated the potential of SWNTs to detect the
highly virulent Salmonella Typhi pathogen at the single-
bacterium level. In contrast, classical microbiological tests
currently take between 24 and 48 h before a diagnosis for
Salmonellosis can be made, because of the need to grow
cultures, thus illustrating the strong potential of microbiolog-
ical diagnostic sensors. Early diagnosis can be life-saving
because serious dehydration from diarrhea can lead to death,
especially in tropical countries.
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3.2. SWNT-Based Field-Effect Transistors

FET-based biosensors represent two important changes
compared with electrochemical biosensors: firstly, they use
electrical detection, which exploits the changes in resistivity
that occur when the molecules of interest adsorb on the FET
surface; and, secondly, they are microscale, or even nanoscale,
devices. These differences offer some advantages over larger
electrochemical devices, as is well illustrated by work from
Lieber’s research group on FETs made from Si nanowires.['”!
In one case, it was demonstrated that label-free, real-time,
multiplexed detection of cancer markers can be achieved,
while observing, rather remarkably, no significant contribu-
tion from nonspecific binding of other proteins.'’* In another
study, Lieber and co-workers were able to demonstrate single-
virus detection with silicon-nanowire FETs.'”! The excellent
performance of such sensors is due primarily to the nanoscale
dimensions of the silicon nanowires, which offer high
sensitivity, as well as their suitability for biofunctionalization,
which provides selectivity. Given the popularity of silicon
nanowires for electrical biosensors, it comes as no surprise
that SWNTs are also finding increasing use in FET-style
biosensors. Besides their inherent nanoscale size and excel-
lent electrical properties, SWNTs are only one molecular
layer thick, so, like graphene, every carbon atom is at the
surface. Thus, the adsorption of any molecule onto the surface
of a SWNT will change the electrical properties of an entire
nanotube, therefore making CNT-based sensors capable of
extremely high sensitivity'"*!””! over a broad range of
analytes in gaseous or liquid environments. Indeed, the first
single-SWNT biosensing FET was reported by Dekker and
co-workers;™! it was shown that such a biosensor could be
capable of measuring enzymatic activity at the level of a single
nanotube. Another generic benefit is the robust nature of
carbon chemistry, which enables production of reliable, long-
lived sensors. Finally, because nanotubes are so tiny, little
power is needed to operate the sensors, and multiple nano-
scale sensors can be integrated on one small chip, with
minimal power and space requirements.

Given these advantages, many research groups have
investigated the application of CNT devices to electrically
detect biomolecules such as enzymes, proteins, oligopeptides
and oligonucleotides; these have included the research groups
of Dai™ Dekker,™ Gruner,'™ Tao,'™ Star,'® and
others.'®1%2 Some research groups have used single nano-
tubes as FETs. For example, Dekker and co-workers demon-
strated the use of individual semiconducting SWNTs as
electrical biosensors for glucose by controlled attachment of
the redox enzyme glucose oxidase to the sidewall.* Star et al.
reported a single-SWNT transistor in which a polymer coating
was employed to minimize nonspecific binding, with attach-
ment of biotin to the coating for specific molecular recog-
nition."”® Tao and co-workers reported the in situ detection
of cytochrome c adsorption onto individual SWNT transistors
by the changes in the electron-transport properties of the
transistors.'’” Other teams have made FETs from random
networks of nanotubes. For instance, Star et al.l'®l and Li and
co-workers™®¥ have used CNT networks for the detection of
DNA hybridization, where the initial strands of DNA are
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bonded noncovalently to the CNTs. There are benefits to both
types of FET geometries, that is, single tubes and tube
networks. A single-nanotube device is better able to probe the
fundamental sensing mechanism,® as its electrical signal
does not comprise components from many nanotubes of
different sizes and properties. On the other hand, a random
network is far easier to fabricate than a FET made from a
single tube;'® furthermore, the FET is more robust and will
not cease to function if a single CNT fails.

In the early days of CNT-FET biosensors, the sensing
mechanism was not fully understood, and it was thought that
possible mechanisms might involve charge transfer from
adsorbed species, modifications of contact work-function,
substrate interactions, and/or carrier scattering by adsorbed
species.'™ More recent analysis has concluded that Schottky-
barrier modification and/or charge transfer are the dominant
mechanisms responsible for device response.*** Recent
work on CNT electrical biosensors has sought ways to
increase the specificity of the biosensing process. Tseng and
co-workers have used a new approach to ensure specific
adsorption of DNA on a CNT transistor array in order to
detect DNA hybridization."® Their method involved non-
covalent attachment of a methacrylate copolymer, which
contains ethylene glycol and N-succinimidyl groups, to the
nanotubes, thereby attempting to limit nonspecific DNA
adsorption on the CNTs and simultaneously providing stable
binding for DNA probes through robust amide linkages.

Single-cell analysis has become a highly attractive tool for
investigating cellular contents. Unlike conventional methods
that are performed with large cell populations, this technology
avoids the loss of information associated with ensemble
averaging. Recent studies have described methods that can
quantify specific proteins inside a single cell by means of
integrated fluorescence (including confocal microscopy, flow
cytometry, and monitoring fluorescent enzymatic products)
and, in another instance, by single-molecule imaging. 15!
These techniques restrict analysis to one or perhaps a few
species at a time because of the need to resolve fluorescence
from different probes. Moreover, this approach has proven to
be difficult, especially in those cases where the cellular
environment changes the fluorescence properties of the
reporter molecule (e.g., through quenching or resonance
energy transfer) or where endogenous fluorescence interferes
with the measurements. In contrast to these optical
approaches, Sudibya et al. demonstrated that a biocompatible
glycosylated nanotube device can interface with single living
cells, and electronically detect biomolecular release with high
temporal resolution and high sensitivity (Figure 9).'*7 By
using this in vitro setup, it was possible to record vesicle-
mediated exocytosis of catecholamines (i.e., release of stress
hormones) into the extracellular space, and hence in the
vicinity of the glycosylated SWNTs, thus allowing current
changes upon release of the hormones to be recorded. This
work is a significant development in the field of cell biology,
and opens up new avenues to advance our fundamental
understanding of dynamic secretion of biomolecules from
single cells, in a similar way to electrochemical strategies for
studying single cells."”” Such an understanding will take us
closer towards realizing the exciting potential of these sort of
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Figure 9. a) Triggered exocytosis and SWNT-network detection.

b) Nanotube responses to exocytosis of PC12 cells triggered by high
K* stimulation. The SWNT network was biased at V,;=0.4 V. c) Stim-
ulation of single PC12 cell through micropipette perfusion of high K*
solution. d) Transient perfusion of 1 mm dopamine or norepinephrine
on glycosylated SWNT-network results in current spikes, while perfu-
sion of acetylcholine, acidic solution (pH 5.0), and a high K" ion
concentration did not cause appreciable responses. The arrows in (c)
and (d) roughly indicate where the stimulations were applied.
Reprinted from Ref. [187].

functionalized nanomaterial for “bottom-up” fabrication of
functional cell biosensors and associated tailored nanotech-
nologies. Villamizar and co-workers reported a fast, sensitive,
and label-free biosensor that is based on a FET in which a
network of SWNTs acts as the conductor channel for the
selective determination of Salmonella Infantis."**! Anti-Sal-
monella antibodies were adsorbed onto the SWNTs and
subsequently protected with the surfactant Tween 20 to limit
nonspecific binding of other bacteria or proteins.

Other types of biofunctionalities further extend the scope
of CNT-FET biosensors. So et al. made a screening biosensor
device to detect and quantify the number (CFU) of Escher-
ichia coli by using aptamer-functionalized SWNT-FETs.['*!
The sensors showed a conductance decrease of more than
50% after binding with the E. coli bacterium. This biosensor
could be life-saving in the rapid diagnosis of E. coli borne
food poisoning. In another study, the release from living
neurons of parathyroid secretory protein chromogranin A,
which is often used as a marker for neuroendocrine tumors
and neurodegenerative diseases, could be detected by
SWNT-FET-based technology.'” McEuen’s research group
has used hybrids of supported lipid bilayers and CNTs in the
molecular recognition of biological processes that occur at
cell membranes.'! In this study, the conduction of SWNT—
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FETs was adversely affected by biotin—streptavidin binding.
This sort of device could find applications in detecting toxins,
such as the cholera toxin, at the membrane level.

3.3. Optical Biosensors Based on CNTs

The number of studies that exploit the optical properties
of CNTs for biosensing is small compared with studies that
use their electrochemical or electrical properties. However,
optical-based systems might be the only way to develop
entirely nanoscale biosensors that could operate in confined
environments such as inside cells. Such systems typically rely
on either: use of the nanotubes on which a classical sandwich-
type optical assay is performed;!'”? the ability of CNTs to
quench fluorescence;'™ or the NIR photoluminescence
exhibited by semiconducting nanotubes.***!% The NIR
luminescence of semiconducting SWNTs is particularly
interesting for biosensing because NIR radiation is not
absorbed by biological tissue, and hence can be used for
biosensing within biological samples or organisms.

The ability of CNTs to quench fluorescence has been
explored by a number of research groups. A couple of notable
examples include work by Yang et al."® and Doorn and co-
workers."””! Yang etal. used the preference for single-
stranded oligonucleotides to wrap around SWNTs compared
with the related duplexes.'*! SWNTs and the sample, which
may contain the complementary DNA, were added to
oligonucleotides labeled with the fluorophore 6-carboxyfluor-
escein in solution. If no complementary DNA is present, the
fluorescently labeled DNA will wrap around the SWNTs and
the fluorescence will be quenched. If the complementary
strand of DNA is present in the sample, hybridization with the
fluorescently labeled probe DNA will give a rigid duplex that
does not wrap around the nanotubes, and hence a fluores-
cence signal will be observed. The strategy of Doorn and co-
workers was somewhat different. They employed a dye—
ligand conjugate in which the dye complexed with the
SWNTs, thus causing its fluorescence to be quenched.!'”)
Interaction of the nanotube-bound receptor ligand and the
analyte caused the displacement of the dye-ligand conjugate
from the nanotubes and the recovery of fluorescence. Such a
strategy resulted in nanomolar sensitivity.

Infrared luminescence was used by Strano and co-workers
for biosensors in which semiconducting SWNTs are wrapped
in double-stranded DNA (dsDNA).® The change in con-
formation of the DNA from its B to Z forms results in a
change of the dielectric environment of the SWNTs with a
concomitant shift in the wavelength of the SWNT fluores-
cence. In this initial study,® the shift in optical properties
upon the change in dsDNA structure was used to detect metal
ions that induced such changes in DNA structure. Divalent
metal ions of mercury, cobalt, calcium, and magnesium are all
known to cause transitions from B to Z in dsDNA and the
DNA-wrapped SWNT biosensors were shown to be able to
detect all these metals with the sensitivity decreasing in the
order Hg** > Co®" > Ca®" > Mg?". Changes in the structure of
dsDNA wrapped around nanotubes has also been exploited
for the detection of Hg’" ions by circular dichroism, as the
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Hg”" ions are believed to cause a weakening of the DNA—
SWNTs interaction, with a resultant decrease in the circular
dichroism signal induced by the association of the nanotubes
with the DNA."¥

Wrapping the nanotubes with single-stranded DNA
(ssDNA) has also been explored for monitoring DNA
hybridization!"”>?*! and for monitoring small-molecule inter-
actions with the DNA (Figure 10).*"! The latter is a partic-
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Figure 10. Immobilized DNA-SWNT complexes for the detection of
H,0,. a) Schematic of DNA-SWNT binding to a glass surface with
bovine serum albumin(BSA)-biotin and Neutravidin. b) Photolumines-
cence micrograph from several DNA-SWNT complexes (scale bar:

10 um). c) Fitted traces from a NIR movie that show single-step
quenching of SWNT emission upon perfusion of H,0,. d) Histogram
of fitted step sizes from five traces taken from one NIR movie, which
allowed the team to conclude they had detected H,0, at the single-
molecule level. (Reprinted from Ref. [47] with permission. Copyright
2009 Macmillan Publishers Ltd: Nature Nanotechnology.)

ularly exciting aspect of the earlier study by Strano and co-
workers,® because it is an extension of the concept to
multimodal optical sensing. In this way, Heller et al. simulta-
neously detected up to six genotoxic analytes, including
chemotherapeutic alkylating agents and reactive oxygen
species such as H,0,, singlet oxygen, and hydroxyl radicals.*”!
The ability to detect multiple different analytes on the same
sample of ssDNA-wrapped SWNTs is due to the differing
optical responses of (6,5) and (7,5) SWNTs. For example, the
chemotherapeutic DNA-alkylating agent melphalan causes a
red shift in the photoluminescence of both the (6,5) and (7,5)
nanotubes; H,0, and Cu*' cause a red shift in the (6,5) band,
but no change in the (7,5) band; H,0, and Fe** damage the
DNA, causing an attenuation of both bands, but particularly
the (7,5) band. Hence, because of the differing effects of
various analytes on the optical signature of a SWNT mixture,
chemometric analysis enables multiple analytes to be
detected simultaneously. Some sequence specificity was also
reported as sequences with more guanine bases are more
susceptible to singlet oxygen, while metal-ion responses are
greater for DNA sequences with stronger metal binding. The
final aspect of this study illustrated the ability of the DNA-
SWNTs to detect drugs and reactive oxygen species inside
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living cells. The DNA-SWNTs had been shown to be able to
enter 3T3 fibroblasts by endocytosis without being genotoxic,
and retain their photoluminescence.®!! Perfused drugs or
reactive oxygen species were observed to induce spectral
changes in the SWNTs inside the living cells.*”

An important feature of using the NIR luminescence of
DNA-SWNTs is that it has been reported to be able to detect
single-molecule interactions when wrapped either in DNAP®!
or collagen,® in common with nanotube FET-type devices.*!
In many ways, this system looks almost like the ideal
biosensor, as it has nanoscale dimensions and can to detect
multiple analytes with exquisite sensitivity in biological
media.

4. Graphene-Based Biosensors

Scientifically and technologically, CNTs are a far more
mature allotrope of carbon than graphene. This shortcoming
is understandable as graphene has only been available for
experimental studies since the seminal work of Novoselov,
Geim, and co-workers in 2004.1%1 Therefore, a brief intro-
duction to the methods for fabricating graphene will be
provided here, before examining the research reported to
date on graphene-based biosensors.

4.1. Fabrication of Graphene

Any eventual diagnostic applications of graphene-based
biosensors will depend on methods for the reproducible
fabrication of high-quality graphene in large volumes and for
incorporation into sensor devices on an industrial scale. While
producing and handling graphene is an extremely active and
rapidly moving research field, this overview of the current
major approaches to making graphene will show that there is
still considerable work to be done.

There are four main approaches to “making” gra-
phene.™ The first technique is (micro)mechanical cleaving,
peeling, or exfoliation of graphite, in which repeated peeling
of fragments from high-quality graphite (e.g., HOPG) with
pieces of adhesive tape eventually leaves some single layers of
graphene.® Currently, this method tends to produce the best-
quality, least-modified forms of graphene. It can also be
refined by putting polymer coatings on the substrate to
enhance contrast and increase adhesion of the graphene
sheets,'”] thereby allowing production of large pieces of
graphene (millimeter-sized pieces are possible these days!*!).
However, as the single layers are distributed among many
other carbonaceous fragments that can have two, three,
dozens, or even hundreds of layers, the challenge in this
approach is to identify the fragments of graphene that have
the desired number of layers and size. With patience, this
method produces high-quality graphene for scientific
research, but it is hard to see how it will ever form a high-
throughput, large-volume method for the fabrication of
graphene.

Methods more amenable to scalable fabrication of
graphene often involve wet chemistry. For the most part,
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the approach is to exfoliate graphite by converting it into
graphene oxide under strongly acidic conditions as described
by Park and Ruoff in their recent review (Figure 11a,
Method I).*® This oxidation process creates large numbers
of oxygen-containing functional groups, such as carboxyl,
epoxide, and hydroxyl groups, on the graphene surfaces.
These polar and, in some cases, ionizable groups make
graphene oxide extremely hydrophilic and so able to be
dispersed into single sheets in water or polar organic solvents.
Despite opening up graphene oxide to a world of processing
methods, such as spin casting and dip coating, these functional
groups cause graphene to lose its unique properties; graphene
oxide is an electrical insulator with its layered structure
distorted by a large proportion of sp> C—C bonds. Therefore,
the graphene oxide is typically reduced by means of
compounds such as hydrazine (or by heating in a reducing
atmosphere) in an effort to regain the structure and proper-
ties of graphene. While this process does return much of the
conductivity and flatness to the reduced graphene oxide, the
final product is not the same as graphene and still contains a
significant amount of carbon-oxygen bonds.['3%131:203-2031 prq.
vided these differences are understood, graphene oxide and
its reduced form both have useful properties in their own
rights. However, several research groups have sought to avoid
the need for chemical modification by, for example, exfoliat-
ing graphite powder in organic solvents of similar surface
energies®™ or using a process of intercalation, thermal
expansion, and reintercalation to exfoliate graphite and
disperse graphene layers into surfactant solutions.*”!
Thermal approaches to growing graphene, although more
costly than wet chemical methods, avoid the chemical
modification of graphene. As described in recent
reviews,?2% one approach is epitaxial growth of graphene
layers on the basal faces of single-crystal silicon carbide
heated to above 1200°C in an ultrahigh vacuum. The resulting
graphene layers, which grow as silicon evaporates from the
crystal, tend to show various defects such as substrate-induced
corrugations, rotational disorder between the layers, and
loops and scattering centers.’!!! These effects mean that the
electronic bands structures and properties of epitaxial gra-

Oxidize
—

Graphite

Graphite oxide
b)

CvD

_—
CHs + Ha/ Ar

Ni-substrate

Angewandte

phene!"”#?! differ from those of mechanically exfoliated
graphene, so that it is effectively a different material.”®! From
this perspective, chemical vapor deposition (CVD) is a better
thermal method for graphene growth because it offers more
“conventional” properties. Recent efforts have focused on
growing really large-scale (e.g., centimeter-sized) films of
graphene by passing hydrocarbon vapors over metallic
substrates (e.g., Ni or Cu) heated to approximately 1000°C
(Figure 11b, Method IT).2%213214 particular benefits of CVD,
besides producing macroscale areas of graphene, include the
ability to transfer the graphene films to other substrates after
dissolving the metallic support (Figure 12). The main chal-
lenge is achieving a film with a monodisperse and controlled
number of layers, the solution to which is closer since Li and
co-workers used Cu substrates for self-limiting growth of
graphene films in 2009.'

The final approach to fabricating graphene is chemical
synthesis, a process in which precursor compounds are
combined by organic reactions to form molecular fragments
of graphene. The potential of this approach has been
explained in several reviews, and full details of the typical
reactions used can be found there.”>?'7I The thorn in the side
of chemical synthesis is that the “graphene fragments”
quickly become insoluble as their size increases, so that the
final products are limited to pieces of graphene smaller than
about 5 nm."" It has been shown that controlled deposition
and then pyrolysis of arrays of molecules can be used to create
larger-scale carbon films,”'®! but a true graphene sheet has not
been achieved to date. In a radically different approach for
chemically creating graphene, Choucair et al. used a solvo-
thermal reaction between sodium and ethanol, followed by
rapid pyrolysis, to produce gram-scale quantities of graphene
platelets (Figure 11b, Method IIT).**")

Clearly, each of the four classes of graphene production
methods has its limitations, and none have yet reached the
point needed for commercial manufacture of graphene-based
biosensors. It also is apparent that a variety of different forms
of graphene-like materials can be produced by these methods.
These forms offer an even larger diversity of properties for
designing biosensors, but also endless opportunities for

Chemie
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Graphene oxide Reduced graphene oxide
1
Lift-off Solvothermal
—_— - CoHs0OH + Na
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Figure 11. a) The oxidation—exfoliation-reduction process used to generate individual sheets of reduced graphene oxide from graphite (Method I).
b) Schematic representation of the approaches to producing graphene by chemical vapor deposition (Method Il, left) or by solvothermal reaction

(Method 111, right).
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Figure 12. a) Synthesis of patterned graphene films on thin nickel layers by chemical vapor deposition. b) Etching with FeCl; (or acids) and
transfer of graphene films to other substrates by using a polydimethylsiloxane (PDMS) stamp. c) Etching with buffered oxide etchant (BOE) or
hydrogen fluoride (HF) solution and transfer of graphene films by “scooping up”. (Reprinted from Ref. [208] with permission. Copyright 2009

Macmillan Publishers Ltd: Nature.)

confusion if the materials are poorly characterized and/or
inadequately, or simply incorrectly, described when the work
is published.

4.2. Graphene in Biosensors

The newness of graphene as a material means that there
are relatively few reports of its use in biosensors to date. So,
before we examine graphene-based biosensors, it is worth-
while to briefly see what has already been learnt about the
sensing capabilities of graphene from other graphene-based
sensors. Almost all of these other sensors have been used to
detect gases (e.g., H,O, NO,, CO, and NHj;), and almost all
were electrical sensors that measured changes in resistivity of
the graphene, or graphene-derived, sheets during the adsorp-
tion of the gas molecules.*?2?! Given the range of
methods available to make “graphene” and their varying
degrees of success (see Section 4.1), it is hardly surprising that
more than half of these gas sensors did not actually use
pristine single-layer graphene. Even so, several studies have
demonstrated that graphene or related materials can exhibit
extremely low detection limits for a variety of gases and
vapors. For instance, Robinson et al. created an electrical gas
sensor,”??!l which was based on reduced graphene oxide, and
was able to detect toxic gases at levels of parts per billion
(ppb). This performance was generally equal to, or substan-
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tially better than, the response of sensors made with SWNTs.
Comparative measurements showed that reduced graphene
oxide films had noise levels that were one to two orders of
magnitude smaller obtained with the SWNT-based sensors.
Similar, though not as sensitive (parts per million), perfor-
mance was found for other gas sensors in which reduced
graphene oxide was used as the detector.””??* In another
study, Qazi et al. detected NO, at levels as low as 60 ppb by
measuring the changes in surface work function, or in
electrical conductivity, of flakes of thin graphite.’*! The
ultimate in detection, that is, single-molecule detection, was
demonstrated by Schedin et al. with highly optimized elec-
trical sensors constructed from few-layer, mechanically exfo-
liated graphene (Figure 13).*Y After many hours of measur-
ing resistivity changes with their devices in highly diluted
NO,, statistical samplings of gas-molecule adsorption and
desorption could be produced, thus showing that those
adsorption and desorption peaks were distinct from the
zero-mean peak and corresponded to the change in charge
that arose from the loss or gain, respectively, of a single
electron.

The other central point to emerge from many of these
studies, as well as theoretical works,?2*?? was that graphene
needs to be functionalized in some way to achieve this
impressive gas-sensing performance. Indeed, thermally
cleaned graphene shows little or no changes in electrical
properties in the presence of certain gases.”” How then did
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Figure 13. a) Concentration An of chemically induced charge carriers in
single-layer graphene exposed to different concentrations C of NO,.
Upper inset: SEM micrograph of this device; the width of the Hall bar
is 1 um. Lower inset: the changes in resistivity o and Hall resistivity p,,
of the device with gate voltage V,. The ambipolar field effect is clearly
illustrated. b) Changes in resistivity at zero magnetic field as caused
by graphene’s exposure to different gases diluted in a carrier gas (He
or N,) to a concentration of one part per million. (Reprinted from

Ref. [134] with permission. Copyright 2007 Macmillan Publishers Ltd:
Nature Materials.)

Schedin et al. manage to achieve single-molecule detection
with “pure” graphene ?"* The answer is that their devices
were unintentionally “functionalized” by the residual poly-
mer layer from the lithographic resist, which served to help
concentrate the gas molecules and possibly enhance charge
transfer. This finding was confirmed by recent experiments in
which the electrical gas-sensing performance of graphene
devices was compared before and after the polymer resist was
removed: without the polymer layer, there was a decline in
sensitivity of one or two orders of magnitude, depending on
the gases used.”™! Ab initio studies of gas adsorption onto
graphene also corroborate the role of impurities or vacancies,
thus demonstrating stronger gas adsorption at sites of atomic
substitutions or defects.’””?!! The success of reduced gra-
phene oxide gas sensors also supports the importance of
functionalization, because those sensors are “functionalized”
by the oxygen-containing moieties and defects introduced
during oxidation of the parent graphite, and by the nitrogen-
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containing groups and/or vacancies created by subsequent
reduction of the graphene oxide. Experimentally, changing
the degree of reduction alters the sensor response, and these
impurities and defects appear to be sites of strong (i.e., high-
energy) gas adsorption,™!! which is consistent with the
modeling studies. Of course, more detailed experiments are
needed to untangle the relative contributions to sensor
performance that arise from the impurities and defects
created by oxidation and, later, by reduction, as well as
those that arise from the corresponding changes in electrical
conductivity of the sheet and the proportion of sp’ sites
available for low-energy adsorption. Cumulatively, all of this
work reveals just how sensitive the performance of devices is
to the purity and structure of the graphene, therefore
emphasizing the need to take great care in understanding
the exact chemistry of the material that is used in sensors.

When focusing on graphene-based biosensors, it is note-
worthy that only one of the sensors demonstrated so far has
actually incorporated pure graphene;? the remainder have
employed graphene oxide (and its derivatives)[%-10420.231] op
multilayer graphene and related structures.”*'%! We do not
wish to detract from these other efforts in any way, but simply
wish to emphasize the range of graphene-like materials that
have been incorporated into biosensors. The high proportion
of work with “modified” forms of graphene is likely to
continue into the future because departures from ‘“ideal”
graphene obviously offer increased scope for tailoring proper-
ties when designing biosensors. For example, the use of two or
more layers of graphene opens up the ability to hone
graphene’s electronic properties, while surface functionaliza-
tion, whether by covalent or physical modification, can be
used to increase sensitivity and/or selectivity and to minimise
nonspecific binding.

Most biosensors reported to date have used electrochem-
ical reactions involving various types of “graphenes” to detect
biomolecules. For instance, Lu et al. have created graphitic
electrode materials for sensitively measuring glucose concen-
tration.””®! The electrodes were nanocomposite films of
thermally exfoliated graphite “nanoplatelets” dispersed in the
conductive polymer Nafion, and are reminiscent of similar
electrodes fabricated with powdered graphite or CNTs. The
nanocomposites of nanoplatelets and Nafion exhibited sig-
nificant oxidation and reduction currents in H,O, solution,
whereas a Nafion-modified gold electrode had negligible
electrochemical response, thus showing that the graphite
nanoplatelets catalyzed the oxidation and reduction of the
H,0, and lowered the overpotential to detect the peroxide,
relative to Nafion-gold electrodes. Similar trends have been
observed for CNT electrodes.™ The addition of glucose
oxidase to the nanocomposites produced electrodes that
respond to glucose up to three times better than most sensors
made with CNTs.”” In a subsequent publication, the same
research group reported the precipitation of catalytic plati-
num or palladium nanoparticles onto the graphite nano-
platelets, which kept the nanoparticles extremely small and, in
the case of platinum, evenly distributed. Composite electro-
des made from the nanoparticle-decorated nanoplatelets and
Nafion had exceptionally high surface-area-to-volume ratio
for these costly metals, thus offering outstanding perfor-
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mance, with a marked decreased in the overpotential needed
to detect H,0O,, at low cost. This kind of approach has been
used extensively for CNTs, where the nanotubes similarly
provide a high surface area for growth of catalytic nano-
particles.!'""-%]

A different approach to glucose detection was attempted
by Shan and co-workers, who made electrodes from reduced
graphene oxide “protected” with polyvinylpyrrolidone, from
a polyethylenimine-functionalized ionic liquid and glucose
oxidase."™ A key aim of their study was to exploit the high
surface area and moderate electrical conductivity of reduced
graphene oxide to attempt direct electron transfer between
the glucose oxidase and the electrode. Like many studies in
this field, however, the question remains as to whether the
observed redox peaks of the electrochemistry observed were
genuinely from flavin adenine dinucleotide (FAD) sitting in
its native configuration deep within glucose oxidase, or
merely from a denatured form of the enzyme. It is unclear if
or how the reduced graphene oxide might have mediated
direct electrochemical communications between the redox-
active enzyme and the electrode used in this study.

Other research groups have explored how the edges of
multilayer graphene nanoflakes® or the edges and functional
groups of reduced graphene oxide'™ perform at electro-
chemically detecting important neurotransmitters like dop-
amine and serotonin. In 2008, Shang et al. used microwave-
plasma-enhanced CVD to grow multilayer graphene nano-
flake films on Si substrates, without the use of any catalysts.””]
The resulting films comprised multilayer nanoflakes with
exposed sharp edges that can undergo redox reactions in
solution and, therefore, detect electrochemically active bio-
molecules. Exposed edges that facilitate electrochemistry is
consistent with active electrochemistry observed for edge-
plane sites on HOPG! and the tips of CNTs. Cyclic
voltammetry measurements with a graphene nanoflake
electrode showed clear voltammetric peaks for the direct
oxidation of dopamine in solution. Clear peaks were also
observed for ascorbic acid (vitamin C) and uric acid, which
are potentially interfering molecules, when analyzed in
separate solutions. Crucially, these peaks remained well-
resolved in a mixed solution of the three compounds, thus
showing that the nanoflake electrodes could be used to to
clearly identify dopamine in mixtures (Figure 14). This result
contrasted with the response of a glassy carbon electrode, in
which the biomolecules showed similar broad peaks at higher
potentials, whether analyzed individually or in mixtures.
Similar effects have been observed previously in electro-
chemical studies with electrodes that incorporate CNTs.[2%]
The stark contrast in performance of the two electrodes
demonstrated the faster electron-transfer kinetics and favor-
able electrocatalysis provided by the defects at the edges of
the graphene nanoflakes.

In the more recent study, Alwarappan et al. compared the
electrochemical properties and sensitivity of reduced gra-
phene oxide sheets with SWNTs.'! Cyclic voltammetry
measurements were made in solutions of dopamine and of
serotonin by using electrodes covered in either of the
different carbon structures. For both types of biomolecules,
the electrodes covered in reduced graphene oxide showed
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Figure 14. Cyclic voltammetry of the a) nanoflake and b) glassy carbon
electrodes in solutions containing T mm ascorbic acid (AA), 0.1 mm
dopamine (DA), and/or 0.1 mwm uric acid (UA). Reprinted from

Ref. [99].

greater currents at lower potentials, as well as higher
electrode stability, than the electrodes covered in nanotubes.
Furthermore, the reduced graphene oxide electrode was able
to resolve three distinct oxidation peaks in a solution of
dopamine, serotonin, and ascorbic acid, whereas the latter
electrode showed only a single broad peak. The greater
sensitivity, stability, and signal-to-noise ratio of the graphene
oxide electrodes seemed to be due to the high concentration
of edge and surface defects available for electrochemical
reactions, in comparison with the few active sites on the
SWNTs.

The first graphene-based electrical biosensors were dem-
onstrated by Mohanty and Berry, who produced sensors from
graphene oxide or from graphene amines made by treating
graphene oxide with nitrogenous plasmas or ethylenedi-
amine.®™ These few-layer graphene derivatives were ad-
sorbed from a suspension onto silica surfaces of opposite
charge. While this procedure electrostatically anchored the
sheets to the silica, it also created large wrinkles in them. Gold
electrodes were made above or below the flakes to allow for
subsequent electrical measurements. Not surprisingly, the
electrical measurements showed that the chemically modified
graphene sheets were p-type semiconductors with high
resistances (on the order of megaohms) and extremely low
carrier mobilities (0.002-5.9 cm*V~'s™!). Mohanty and
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Figure 15. The electrical response of a) graphene amine GA to a single bacterium (the device is
shown in inset 1) and b) graphene oxide GO to grafting of DNA, ss-DNA, and subsequent
hybridization of the DNA with the complementary strands, ds-DNA. ss =single-stranded, ds =dou-
ble-stranded. (Reprinted from Ref. [230] with permission. Copyright 2008 American Chemical

Society.)

Berry™! then exploited the functional groups on graphene
oxide or graphene amine to create biosensors. For example,
single-stranded oligonucleotides were chemically grafted to
the graphene-derivatives, and then the fluorescence was
monitored as rhodamine-green-tagged complementary oligo-
nucleotides hybridized with the tethered strands. Electrical
measurements showed that the initial tethering of single DNA
strands more than doubled the conductivity of the graphene
oxide (Figure 15). This result was attributed to the negatively
charged molecules providing negative gating, which increased
the hole density. DNA hybridization caused a further increase
in conductivity, which was completely reversible during cycles
of denaturing and rehybridization. In another experiment, it
was shown that negatively charged bacteria could be electro-
statically adsorbed on the positively charged graphene amine,
where they survived for up to 4 h. Electrostatic adsorption of
a single bacterium on a graphene—amine device caused a 42 %
increase in conductivity, thus demonstrating single-cell sensi-
tivity. Finally, it was shown that adsorption of polyelectrolyte
molecules on the modified graphenes caused polarity-depen-
dent changes in electrical conductivity.

Avery recent study by Ohno et al. demonstrated electrical
detection of dissolved bovine serum albumin (BSA), by
means of an electrolyte-gated graphene FET.® The sensor
was produced from mechanically exfoliated single-layer
graphene onto which metal contacts were deposited litho-
graphically; consequently, the transducer was virtually ideal
graphene, except for any residual polymer resist from the
lithography. Supported on a SiO,-capped silicon wafer, and
with an electrolyte solution and reference electrode above,
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the sensor could be doped electri-
cally by applying voltages to either
the bottom gate (the doped silicon)
or the top gate (the reference elec-
trode). In this way, the authors were
able to explore the changes in con-
ductance of the device with different
top- or bottom-gate voltages, as well
as with different pH values. The
position of the neutrality point (the
minimum conductivity, which corre-
sponds to the Dirac point) increased
linearly over the range of pH values
examined, from 4.0 to 8.2. This
sensitivity of graphene’s electrical
properties to solution pH is consis-
tent with an earlier study on epitax-
ial-graphene devices,” and suggests
that graphene might find future
applications in measuring pH.
Ohno et al. then examined the elec-
trical response of their sensor to
adsorption of BSA protein from
standard solutions.’””! Step changes
in conductance with sequential addi-
tions of increasing amounts of BSA
were observed, and the protein
could be detected at levels as low
as 03nm. While future sensors
clearly will require functionalization of the graphene to
ensure specificity and minimize nonspecific binding, this
study definitively confirms the potential of pristine graphene
for detecting biomolecules, in the same way that the seminal
work of Schedin et al.'*! showcased graphene’s capacities for
sensing gas molecules.

Finally, Lu et al. have developed an optical approach to
sensing DNA fragments and proteins in solution by exploiting
quenching of fluorescent tags during adsorption of biomole-
cules on graphene oxide.”!! By recognizing that nucleobases
of DNA weakly bind to graphene oxide and reduced graphene
oxide,™ the researchers speculated that fluorescently tagged
oligonucleotides would bind to graphene oxide flakes and, in
so doing, their fluorescence would be quenched.”" This
concept was confirmed when the presence of graphene oxide
quenched 97 % of the fluorescence signal from the single-
stranded DNA. As hoped, the subsequent addition of the
complementary strands of DNA caused hybridization, dis-
placing the tagged DNA from the graphene oxide surfaces
and restoring approximately 77 % of the original fluorescence
signal. Obviously, this approach is analogous to the fluores-
cence-quenching approaches involving CNTs that have
already been described (Section 3.3).

5. Carbon Comparisons
We posed three quite critical questions at the very start of
this Review and now, having examined the latest in biosensors

made with CNTs or graphene, can set about answering them.
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5.1. What Kinds of Advantages Do Carbon Nanomaterials Offer
over Macroscopic Materials for Making Biosensors?

As is evident from the above discussion, carbon nano-
materials certainly offer significant advantages in the con-
struction of biosensors. For the sake of brevity, we will outline
two main examples here. The first is the unique, but perhaps
not fully understood, electrochemical properties of carbon
nanomaterials. A good example is the ability to electrochemi-
cally identify and quantify the concentrations of mixed
biomolecules, such as dopamine and serotonin, and interfer-
ing molecules, such as ascorbic acid and uric acid, which are
indistinguishable with conventional glassy carbon electrodes
(see Section 4.2).%190:2423] Tt 3]0 is noteworthy that these
latter acids, which are strong antioxidants, also show distinc-
tive, but often unseen, concentration changes in a variety of
medical conditions, thus adding further diagnostic value to the
distinct, high-sensitivity electrochemical peaks available with
CNT or graphene electrodes. Other advantages of CNTs for
biosensors include their ability to act as efficient ion-to-
electron transducers in potentiometric analysis,>”**! or the
fact that SWNTs, with their small size and high conductivity,
can also be used as the smallest possible electrodes, which are
comparable to the size of single biomolecules.”*” Their small
sizes and electrochemically active tips also make SWNTs able
to “plug into” larger biomolecules to access internal redox
sites (see Section 3.1).

The second advantage is the outstanding electrical proper-
ties of carbon nanomaterials. When appropriately made,
SWNTs and graphene can show ballistic transport with
extremely high electron mobilities that offer unprecedented
opportunities for high-speed sensors (see Sections 2.1 and
2.2). Moreover, both materials have every atom in their
structures exposed on their surfaces, so even small changes in
the charge environment caused by the adsorption of biomol-
ecules can give measurable changes in their electrical proper-
ties. Indeed, the ability to detect biomolecules'®! and gas
molecules!™™ at the single-molecule level, as well as single
cells"2% with CNTs and graphene (or related materials) has
already have demonstrated (see Sections 3.2 and 4.2).

One disadvantage, however, is that carbon nanomaterials
are not easy to handle and are rather heterogeneous in
nature—at least at present. This disadvantage means their
application in biosensors should be limited to devices where
their advantages are truly needed and therefore outweigh
their limitations.

5.2. Does Graphene Offer Any Genuine Advantages over CNTs for
Making Biosensors?

This is a more difficult question to answer because of
graphene’s relative youth as a material, and because there
have been few head-to-head comparisons of the relative
performance of CNTs and graphene in biosensing, and
certainly none in completely optimized systems. Nevertheless,
there are important differences in properties that suggest that
graphene might well have some advantages over CNTs for
certain types of sensors. Two main classes of evidence can be
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provided here. The first relates to the way that graphene
addresses some of the problems that limit the application of
CNTs in biosensors. For example, the high-aspect-ratio, one-
dimensional nature of CNTs, which is so useful in many ways,
makes it difficult to controllably assemble nanotubes to make
complex sensors or other devices. As one research group put
it: “Unfortunately, incorporation of nanotubes in large-scale
integrated electronic architectures proves to be so daunting
that it may never be realized.”® In contrast, graphene,
though still not “out of the woods” in terms of production
methods (see Section 4.1), is highly amenable to microfabri-
cation. Indeed, ever since the first experimental study on
graphene,® researchers have used traditional microfabrica-
tion approaches—such as masking, electron-beam lithogra-
phy, oxygen-plasma dry etching, and metal deposition—to
fabricate devices from, for example, mechanically cleaved
graphene,®™ reduced graphene oxide,””! epitaxially grown
multilayer graphene,” and vapor-deposited graphene.*!
One can even bypass the exfoliation stage altogether by
carrying out the lithography directly on graphite (HOPG) and
transfer printing the patterned graphene to the desired
substrate, as recently shown by Song etal.’* Another
example of a limitation that graphene overcomes is the
almost inevitable metallic impurities present in CNTs*6!]
(see Section 2.1), which, at the very least, confound the
nanotubes’ performance in biosensors. Mechanically exfoli-
ated graphene and some types of vapor-deposited graphene
are entirely free from these catalytic impurities, thus simpli-
fying graphene’s intrinsic electrochemistry and potentially
offering more reproducible sensing response.

The second class of evidence for the probable advantages
of graphene involves aspects of its performance that are
superior to those of sensor materials in general. A particular
strength of graphene in FET-style sensors, for example, is the
quality of its crystal structure and band structures, which
result in uniquely low noise levels. Its high conductivity means
that it is subject to low levels of thermal noise, while its atomic
structure contains few defects so that 1/fnoise (also known as
“pink noise”) is low.'*¥ Besides its inherent crystalline
quality, graphene’s electrical noise can be further reduced
by adjusting the number of layers to produce a band structure
that better screens against variations in potential because of
external impurities.”?*!] Adjusting the number of layers also
affords other benefits, such as the ability to electrically tailor
the band gap in bilayer graphene!'® in order to maximize
detection sensitivity. Further reductions in noise, and there-
fore improvements in sensitivity, might also be possible
through minimizing substrate effects and improving the
quality of electrical contacts to the graphene.* Other
outstanding properties of graphene include its high flexibil-
ity which is required for mechanically robust sensors, and
its high transparency.””?®! The Raman and infrared activity
of graphenel*® and the sensitivity of these properties to
impurities, defects, or strains'?'? also suggest we might see
larger numbers of future biosensors based on optical princi-
ples. However, graphene lacks the diversity of optical
response shown by different chiral forms of CNTs (perhaps
best illustrated by the work of Heller et al.*’) presented in
Section 3.3) as well as the structural rigidity of CNTs, so that
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nanotubes might prove best for developing intracellular
optical sensors in the long term.

5.3. What Insights from Research in CNT-Based Biosensors Can
Inform Further Development of Graphene-Based Biosensors?

The biggest, and perhaps the most important, point we can
learn from CNT-based biosensors that is of direct relevance to
graphene is just how sensitive biosensor performance is to the
exact structure and chemistry of the carbon nanomaterial.
One of the main reasons for the dramatic differences in the
properties of CNTs and their performance in sensing
applications is that the term “carbon nanotube” covers a
plethora of different materials. Beside the obvious differences
between SWNTs and MWNTs, even supposedly similar
batches of nanotubes have different lengths and structures,
electronic types, purities, modifications, and levels of agglom-
eration. This point is really critical because these differences
are the cause of much confusion, and much of the variation in
the CNT literature. The vast spectrum of different results
obtained from apparently the same experiments in electro-
chemical systems is perhaps the best example of this (see
Section 2.1). The moral of the story is the need for detailed
characterization of carbon nanomaterials, and for great care
and precision in how the materials are named.

When it comes to graphene, we cannot emphasize enough
that this moral is equally true. Even for relatively idealized
graphene, its electrical and optical properties are highly
sensitive to factors that include the number of layers, the
substrate, impurities and contaminants, and the edge structure
and chemistry (see Section 2.2). When one adds the further
differences in structure and chemistry that are made possible
by the diverse fabrication methods (see Section 4.1), espe-
cially around graphene oxide and its reduced forms, the
potential for material variability seems daunting. As with
CNTs, all these sources of variability offer scope for
tremendous variations in measured performance of “gra-
phene” and commensurate potential for an equally confused
account of the material and its performance in biosensors. The
literature is becoming dotted with works that use the term
“graphene” relatively indiscriminately to describe what are
effectively different materials and sometimes even graphite.
Therefore, we suggest that, as a matter of some urgency, there
is a need to develop a common, agreed, and precise
terminology for the various forms of graphene. At the very
least, we feel authors should refer to 1) the origin of the
material and 2) the number of layers: for example, single-
layer graphene, bilayer graphene oxide, chemically reduced
few-layer graphene oxide and so on, although a better, and
more systematic, naming system might emerge.

6. Summary and Outlook

It is worth reiterating again that we did not intend this
Review to cover the entire literature on carbon nanomate-
rials, and their multifaceted nature, properties, and applica-

tions across fundamental and applied sciences. Instead, we
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have focused on their potential to act as effective biosensors.
Even then, of the large number of papers available, we have
still been selective, and have chosen only papers that we felt
have had substantial impact for biosensors, or have genuine
potential for future applications. For example, a detailed
search for “carbon nanotubes and biosensors” in the biomed-
ical database PubMed reveals 418 original research papers
and 36 reviews since 2002, whereas “graphene and biosen-
sors” resulted in only seven research papers and no topical
biosensor reviews, thus illustrating the early days of the field
and the timely nature of this Review. In closing, we will briefly
outline some of the key challenges that still remain for
continued development of biosensors made from CNTs or
graphene, and then present some ideas on the future
directions in this broad field.

Despite their promise, both graphene and CNTs still face
considerable challenges. Probably the most severe drawback
for the application of SWNTs is heterogeneity. While
numerous approaches have been taken for the separation of
semiconducting and metallic tubes from as-synthesized sam-
ples,[#8:145:28285] hroblems remain as post-synthesis separation
processes are often tedious and even involve possible
contamination or degradation of nanotubes. An alternative
approach is to manipulate the electronic properties of SWNT
through covalent chemical functionalization,?*! although this
method disrupts the t bonding by converting some atoms into
sp>-hybridized carbon atoms.”?*”! Consistent fabrication is an
equally great challenge for graphene, as illustrated in
Section 4.1. Mass production of consistent and reproducible
sensors from either type of material is still some way off.

The two-dimensional nature of graphene brings other
challenges, which include: separating the layers and keeping
them separated, if isolating graphene from graphite, to
control the number of layers; minimizing folding and bending
during processing; and limiting substrate effects, which are
exacerbated by graphene’s tendency to adhere strongly to
various substrates.”®! Avoiding surface contamination is a
particular challenge. Graphene is highly lipophilic (or hydro-
phobic) and so invariably has adsorbed contaminants, partic-
ularly hydrocarbons, on its surface;’"9*2*%2¥ this effect is
exacerbated by graphene’s high lateral surface area. Certain
types of processing introduce more contaminants. For
instance, resists used in lithography and microfabrication of
graphene are difficult to remove.?* Likewise, solvents used
for exfoliating and casting graphene films tend to leave a
substantial residue.”®! While these residues can be removed
by moderate-temperature annealing under vacuum or reduc-
ing atmosphere, the challenge is preventing undesired con-
taminants—as opposed to intended functionalization—that
deposit during use of graphene devices and thereby alter
graphene’s properties and ultimately its response in biosen-
SOTS.

Given the complications that arise from the heteroge-
neous nature of CNTs, recent (and continuing) advances in
the synthesis and purification of CNTs undoubtedly will
advance our understanding of these materials and, therefore,
will increase their usefulness in biosensors. The same will be
true for graphene as research into synthesis, purification,
modification, and biofunctionalization continues to acceler-
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ate, as was recently reviewed by Geim."® In the case of CNTs,
for example, controlled microwave treatment of CNTs can
remove over 90% of the iron catalyst present,”” but the
presence of residual iron greatly affects their electrochemical
properties. Methods for separating the different chiral, and
hence conductive, forms of CNT are also being developed,
based on reports that aromatic polymers (polyfluorenyl-
based) selectively wrap around the large-diameter CNTs as
well as the (6,5)-chiral form of CNTs.[!

In terms of the outlook for biosensors based on carbon
nanomaterials, some indications of future directions are
evident from recent reports that, while not strictly about
biosensors, provide knowledge and insights that will advance
the design of future sensor devices. Gheith et al., for example,
reported the stimulation of neural cells by lateral currents in
highly conductive SWNT multilayers.’> This effect has
potential in a future biomedical device in which electrically
responsive cells (such as muscle or endocrine cells) can be
studied at the single-cell level; and, when combined with drug
studies, this device can act as a “pharmacological sensor” at
the molecular level. Fadel et al. used the high surface area of
SWNTs to present high local concentrations of anti-CD3 (i.e.,
primary antibodies generated against the T lymphocyte cell
receptor) to T lymphocytes in order to provoke an enhanced
T cell immune response.! This response is not only directly
important within potential medical settings—the high-density
presentation of protein stimuli is key for inducing an effective
immuno-mediated cellular response to cancers, for instance—
but also as an indirect “systemic biosensor” that one day
might be used to monitor the immune response in immune-
deficient patients. By taking this principle one step further,
other workers have functionalized SWNTs with cancer anti-
bodies, and then used the modified nanotubes for thermal
ablation of tumor cells.”® This novel approach exploits the
heating of SWNTs when they absorb energy from NIR light,
to which tissue is relatively transparent. The technique is also
promising for a precisely selective treatment because the
antibody-functionalized SWNTs only target the cancer cells
and then, upon NIR irradiation, kill those cells by localized
heating (hyperthermia). Another future prospect for biosens-
ing might be the use of MWNTs coupled to atomic force
microscopy (AFM) tips. This technique will allow delivery of
molecular “cargo” by force-mediated nanoinjection within
the cells’ interiors.” When tagged with antibodies, such
nanotube tips have the potential to probe and analyze subsets
of cells (malignant, differentiated, etc.) at a resolution better
than laser optical techniques, while the use of nanotube tips
treated with different antibodies on microarray AFM tips will
allow researchers to go “fishing for molecules” in a multi-
plexed fashion.

In conclusion, it is clear that carbon nanomaterials offer
many advantages for the detection of biomolecules, and
continued development of these technologies will be a
particular boon to clinical laboratory science. Carbon-based
sensor technology is not only relatively cheap to produce, it is
also lightweight and compact and hence we expect to see
commercial developments in “compact carbon chemistry”,
analogous to the “dry chemistry” wave that medical pathol-
ogy has been through in recent years. Indeed, miniaturization
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and production of compact biosensors as diagnostic devices is
a thriving research and development area, and the potential
applications are countless. Examples include robust diagnos-
tic devices for emergency use in remote areas far away from
comprehensive medical facilities; low-cost sensors to detect
pollutants in natural environments such as waterways; rapid,
on-the-spot health-monitoring devices for use during space
travel; ubiquitous yet unobtrusive detectors in high-risk
buildings in order to counter bioterrorism by the quick
detection of viral and bacterial pathogens; self-monitoring
biological implants for those with serious health conditions;
and devices integrated into the equipment of defense-force
personnel to provide immediate detection of biological or
chemical warfare agents. Realization of these and other
biosensor applications will serve to protect lives, improve
health, and better preserve the environment. Undoubtedly,
graphene will play a key role in the biosensors of the future
because of its many unique properties, and because, as a two-
dimensional sheet, it is amenable to existing microfabrication
techniques and to large-area biofunctionalization. Despite the
possibilities, however, we must finish with a word of caution:
as is widely agreed among scientists, considerable work must
still be done to assess, and optimize, the biocompatibility of
carbon nanomaterials, and to determine any possible toxicity
and health risks they might have during long-term use.
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