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Carbon nanomaterials field-effect-transistor-based
biosensors

Song Liu1 and Xuefeng Guo1,2

Carbon nanomaterials field-effect transistor (FET)-based electrical biosensors provide significant advantages over the current

gold standards, holding great potential for realizing direct, label-free, real-time electrical detection of biomolecules in a

multiplexed manner with ultrahigh sensitivity and excellent selectivity. The feasibility of integrating them with current

complementary metal oxide semiconductor platform and a fluid handling module using standard microfabrication technology

opens up new opportunities for the development of low-cost, low-noise, portable electrical biosensors for use in practical future

devices. In this article, we review recent progress in the rapidly developing area of biomolecular interaction detection using

FET-based biosensors based on the carbon nanomaterials single-walled carbon nanotubes (SWNTs) and graphene. Detection

scenarios include DNA–DNA hybridization, DNA–protein interaction, protein function and cellular activity. In particular,

we will highlight an amazing property of SWNT- or graphene-FETs in biosensing: their ability to detect biomolecules at the

single-molecule level or at the single-cell level. This is due to the size comparability and the surface compatibility of the

carbon nanomaterials with biological molecules. We also summarize some current challenges the scientific community is

facing, including device-to-device heterogeneity and the lack of system integration for uniform device array mass production.
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A biosensor is an analytical device that incorporates a biological
recognition element in direct spatial contact with a transduction
element. This integration ensures the rapid and convenient conversion
of the biological events to detectable signals.1 With the discovery of
rich nanomaterials and the development of exquisite nanofabrication
tools, such as electron beam lithography, focused ion beam and
nanoimprint lithography, new avenues have been opened up in the
field of biosensors in the last two decades.2,3 In particular, researchers
around the world have been tailor-making a multitude of
nanomaterials-based electrical biosensors and developing new
strategies to apply them in ultrasensitive biosensing. Examples of
such nanomaterials include carbon nanotubes,4–13 nanowires,11,14–21

nanoparticles,6,22–25 nanopores,26,27 nanoclusters28 and graphene.5,29–32

Compared with conventional optical, biochemical and biophysical
methods, nanomaterial-based electronic biosensing offers significant
advantages, such as high sensitivity and new sensing mechanisms,
high spatial resolution for localized detection, facile integration
with standard wafer-scale semiconductor processing and label-free,
real-time detection in a nondestructive manner.

Among diverse electrical biosensing architectures, devices based
on field-effect transistors (FETs) have attracted great attention
because they are an ideal biosensor that can directly translate
the interactions between target biological molecules and the FET

surface into readable electrical signals.33–38 In a standard FET,
current flows along a semiconductor path (the channel) that is
connected to two electrodes, (the source and the drain). The channel
conductance between the source and the drain is switched on and off
by a third (gate) electrode that is capacitively coupled through a thin
dielectric layer. In conventional complementary metal oxide
semiconductor-fabricated transistors, the conducting channel is
buried inside the substrate; in FET-based biosensors, the channel is
in direct contact with the environment, and this gives better control
over the surface charge. This implies that surface FET-based
biosensors might be more sensitive: biological events occurring at
the channel surface could result in the surface potential variation of
the semiconductor channel and then modulate the channel
conductance. In conjunction with the ease of on-chip integration of
device arrays and the cost-effective device fabrication, the surface
ultrasensitivity places FET-based biosensors as attractive alternatives
to existing biosensor technologies. In this review, we summarize
recent progress in ultrasensitive biosensors formed from
nanomaterials-based FETs. We pay particular attention to carbon
nanomaterials: single-walled carbon nanotube (SWNT) and
graphene. This research field is a diverse and rapidly growing one;
having limited space and references, we will only be able to cover
several of the major contributions. We will highlight some important
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aspects including strategies to increase sensitivity, dynamic detection in
cells and liquid environment, DNA hybridization and single-molecule
detection, as these have been neglected in most previous reviews.
Fortunately, there are a number of excellent previous review papers in
the literature covering various aspects of carbon nanomaterials-based
biosensors, which can amend these deficiencies.4–13,30,34

BASIC INTRODUCTION TO CARBON NANOMATERIALS

There has been an explosion of interest in use of carbon nanomater-
ials in new nanoscale biosensors. Owing to their unique physico-
chemical properties, SWNTs and, very recently, graphene are in the
forefront of this explosion. Graphene is a two-dimensional (2D)
crystalline monolayer made of sp2-hybridized carbon atoms arranged
in a honeycomb lattice.39–41 In fact, graphene is the basic building
block for graphitic materials of all other dimensionalities. For
example, by folding up a graphene sheet into a cylinder along a
certain lattice vector, a well-ordered, hollow graphitic nanomaterial,
classified as a SWNT, is formed.42 Both of these two allotropes of
carbon have the simplest chemical composition and atomic bonding
configuration in a 2D manner that maximizes its surface-to-volume
ratio. Each carbon atom on the nanocarbon surface is exposed to the
environment and any small changes in the environment can result in
drastic changes in the electrical properties of the nanocarbon device,
thus forming the basis for ultrasensitive biosensing.43–45 As a single
biomolecule or a small collection of biomolecules approach the
SWNT or graphene-based device, it or they can alter the electronic
properties of the device via one or more of the following mechanisms:
(1) surface charge-induced gating, (2) charge transfer or doping
between carbon nanomaterials and biomolecules, (3) a scattering
potential across carbon nanomaterials, and (4) Schottky barrier modi-
fication between carbon nanomaterials and metal electrodes.46–49

In the case of solution-gate FETs, the modulation of the channel
conductance is achieved by applying a gate potential at the solid/
liquid interface from a reference electrode placed on top of
the channel across the electrolyte that acts as the dielectric.
The conductance of SWNTs and graphene shows the strong
dependence on the ionic strength, the pH and the type of ions
present. The sensitivity to electrolyte composition is attributed to a
combination of different mechanisms including electrostatic gating,
Schottky barrier medications and changes in gate capacitance.50

The second significant feature of SWNTs and graphenes is that they
are 2D conducting nanomaterials that are intrinsically the same size as
the molecules. This size compatibility offers the opportunity of
detecting single-molecule events.51,52

Third, SWNTs and graphenes are molecular chemicals entirely
composed of carbon atoms, and this suggests a natural match to
biomolecules. This also allows controlled functionalization to selec-
tively immobilize bioaffinitive agents on their surfaces. This can
establish efficient electrical communication with biological analytes
using one of two alternative methods: noncovalent adsorption or
wrapping of various bioaffinitive agents on the carbon surfaces
through hydrophobic interactions,53 or covalent attachment to the
functional groups produced through chemical reactions on the
carbon p-conjugated skeleton.10,54 Ultimately, the nanocarbon
reagents are large and can be easily micro/nanofabricated on a large
range of substrates. These major advantages of SWNTs and graphenes
combined with their high conductivity, high chemical stability and
easy availability through bottom-up approaches suggest that carbon
nanomaterials-based FETs have promise as paradigms for device
architecture, yielding devices that are capable of converting biological
information to easily detectable electrical signals.

SWNT FET-BASED BIOSENSORS

SWNT�dynamic detection in living cells
Nanostructured carbon materials have shown promising potential as
novel nanoelectronic biosensors for biomolecular detection; they are
extraordinarily sensitive and their detection schemes are quite simple.
Most of the realizations so far, however, have been limited to static
in vitro measurement. The dynamic detection of the release of
biomolecules from living cells in real time is important both in
fundamental studies and in the evaluation of drugs for the treatment
of secretion-related diseases. To this goal, Huang et al.55 utilized a
SWNT network to directly interface with living neuroglial astrocytes
and, without labels, detect the triggered release of ATP from these
cells. This detection scheme showed high temporal resolution. Highly
charged ATP molecules secreted from the astrocyte diffused into the
conductive channel of the FET and electrostatically modulated the
SWNT conductance, leading to measurable current responses. Heller
et al.56 used SWNTs in a contact-passivated, suspended layout to
allow close contact between the cell and the SWNT. They followed the
process of phagocytosis in real time by simultaneously monitoring
both changes in transistor conductance (FET signal) and changes in
the electrochemical current (signal), which suggests successful
detection of cellular activity. They also demonstrated that the
sensitivity for certain electrochemical processes could be enhanced
when the SWNT was coated with catalytic platinum nanoparticles.
The goal of another study by the Chen and colleagues57 was to
improve the biocompatible interactions between SWNTs and living
cells; they demonstrated that noncovalent functionalization of SWNTs
with bioactive sugar moieties conferred biocompatibility without
compromising the sensing capabilities of their devices. The SWNT
network was first surface-functionalized via p–p interactions with
bioactive sugars (N-acetyl-D-glucosamine) to allow PC12 cells to
adhere and grow on the SWNT-net substrate. When the solution with
high Kþ content was administrated to the cells to evoke Ca2þ influx
through voltage-gated Ca2þ channels and consequently trigger
exocytosis of secretory vesicles, single-cell secretion of catecho-
lamine molecules occurred, and this resulted in current responses
(spikes) of glycosylated SWNT-net FETs (Figures 1a and b). This is
because the aromatic rings of the catecholamines at the cell–nanotube
junction attach noncovalently to the nanotube sidewall and thereby
impose a p-doping effect that increases nanotube conductance. A
similar approach of surface functionalization was also reported
previously by Wang et al.,58 who used single-SWNT-based FETs to
detect the acute release of chromogranin A at low concentration
(1 nM) from living cortical neurons and monitor dose-dependent
chromogranin A release from a single bovine chromaffin cell
positioned above the sensing region by a micropipette and
stimulated by histamine.59 These studies provide a real-time and
noninvasive measurement platform to examine subtle cellular
activities from living cells with high temporal resolution and ease of
detection.

SWNT�functionalization to increase sensitivity
The properties of SWNTs can be leveraged by combining them with
other functional materials, such as small molecules, lipid membrane
or aptamers, to enhance the biosensing performance and install new
functionalities. For example, Zhou et al.60 showed the integration of
supported lipid bilayers with SWNT FETs (Figures 1c and d). They
first demonstrated membrane continuity and lipid diffusion over the
tube. Then they showed that the nanotube acted as a diffusion barrier
for a membrane-bound tetanus toxin protein, and that the strength of
the barrier depended on the diameter of the nanotube. Finally, they
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present results on the electrical detection of specific binding of
streptavidin to biotinylated lipids. The formation of fluidic supported
lipid bilayers on SWNTs allowed the study of lipid–SWNT interac-
tions and sensing of analytes binding to specific receptors embedded
in the supported lipid bilayers. Kim et al.61 coated SWNT surfaces
with human olfactory receptor 2AG1 and reported the real-time
detection of specific odorant molecules (such as amyl butyrate, butyl
butyrate, propyl butyrate and pentyl valerate). The observed
femtomolar sensitivity resulted from the deformation of the human
olfactory receptor 2AG1 protein when the WNT-bound protein and
the odorants docked. Vedala et al.62 used SWNT FETs that were
noncovalently functionalized with porphyrin-based glycoconjugates
synthesized using ‘click’ azide-alkyne chemistry. They realized a
highly selective electrical detection of interactions between
glycoconjugates and bacterial lectins (PA-IL and PA-IIL from
Pseudomonas aeruginosa and a plant lectin concanavalin A,
respectively), which exhibit specific multivalent binding to
carbohydrates. So et al.63 functionalized SWNT FETs with RNA-
based Escherichia coli aptamers, which can be selectively recognized by
E. coli. By using these aptamer-functionalized SWNT FETs combined
with the most probable number method, they demonstrated a reliable
screening tool for microorganisms such as E. coli. However, there is a
difference of two orders of magnitude in titer estimation between the
culture method and the most probable number-combined SWNT
FETs. This is probably due to the small number of examples studied
and the small sensing surfaces of devices. Villamizar et al.64 reported a
method of using anti-Salmonella antibodies to functionalize SWNT
network-based FETs, which were subsequently protected by Tween 20
to prevent nonspecific binding (NSB) of other proteins, for the
selective determination of S. infantis at low concentration (at least
100 c.f.u. ml�1). These studies show that functionalized SWNT FET-
based promise to be useful platforms for detecting microorganisms,
such as antibodies, fungi, bacteria or viruses, with high selectivity.

SWNT–DNA hybridization
The detection of DNA hybridization has been a topic of central
importance owing to its use in the diagnosis of pathogenic and
genetic diseases. Previous reports indicated that single-stranded DNA
can form a stable complex with individual SWNTs by wrapping
around them, the interaction being driven by the aromatic interac-
tions between nucleotide bases and SWNT sidewalls. Label-free
electrical detection of DNA hybridization utilizing SWNT FET-based
biosensors suggests a new generation of DNA chips that can give
direct electrical readouts. This could provide fast and inexpensive
analyses of nucleic acid samples. In 2006, Star et al.65 used
SWNT FETs to study interactions between single-stranded
DNA oligonucleotides and SWNTs and the subsequent DNA
hybridization processes that occurred on the device surface. They
showed that SWNT FETs could be selectively modified with DNA
oligonucleotides and maintain hybridization specificity. Then they
demonstrated that SWNT FETs with immobilized synthetic
oligonucleotides could recognize target DNA sequences with single-
nucleotide polymorphism and that electronic signal output from
the SWNT FET biochips clearly differentiated between mutant and
wild-type alleles of the HFE gene (the gene that is responsible
for hereditary hemochromatosis). To ensure specific adsorption of
DNA to SWNTs, Martinez et al.66 developed a new approach
for making functionalized SWNT FET arrays to detect DNA
hybridization (Figure 2a). In that study aminated single-strand
DNA was covalently attached to the polymer poly (methylmethacry-
late0.6-co-poly(ethyleneglycol)methacrylate0.15-co-N-succinimidyl-
methacrylate0.25) that was noncovalently absorbed to the nanotube
surface. This method of anchoring the probe DNA can prevent the
nonspecific adsorption of DNA molecules onto SWNTs that can
occur by virtue of aggregation on the sidewalls of the contact
electrodes. They demonstrated that DNA hybridization led to
statistical changes in the threshold voltages resulting from the charge

Figure 1 (a) Triggered exocytosis and SWNT-net detection. (b) Nanotube responses to exocytosis of PC12 cells triggered by high Kþ stimulation. The

SWNT-net was biased at Vds¼0.4 V. Adapted from Sudibya et al.57 (ª 2009 Wiley-VCH). (c) Schematic of the side view of a SWNT FET inside a

polydimethylsiloxane (PDMS) microfluidic channel. (d) Scaled schematic of a carbon nanotube under a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)

bilayer. The DOPC lipid molecules are shown with two light green fatty acid chains. A toxin protein, represented in a ribbon model, binds to a membrane-

embedded ganglioside molecule that is shown with two dark green chains. Adapted from Zhou et al.60 (ª 2007 NPG).
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trapping character of hybridized DNA. Although label-free electrical
detection of DNA and biomolecules using SWNT FETs has been
successfully achieved, the detection limits are typically on the order of
ca. 1 nM of DNA. To improve the sensitivity, Dong et al.67 reported a
novel ‘nanoparticle enhancement’ approach (Figure 2b), in which the
target DNAs are hybridized with probe DNAs on the device, and
reporter DNAs labeled with Au nanoparticles flank a segment of the
target DNA sequence. Before detection, they blocked the SiO2 surface
by octyltrichlorosilane treatment to reduce possible NSB of DNA to
SiO2 and vacant SWNT surfaces by using polyethylene glycol to
reduce the NSB of DNA to SWNTs. With careful experiments, they
demonstrated that the detection sensitivity of SWNT FET-based
biosensors for DNA can be improved to ca. 100 fM.

SWNT�single-molecule detection
A key goal of modern bioscience is monitoring biomolecular
interactions with high sensitivity and high selectivity in real time,
with the ultimate aim of detecting single-molecule events in natural
samples. SWNT FET-based biosensors hold the promise of detecting
single-molecule processes because of the size compatibility of SWNTs
with biological entities. In the following discussion, we will highlight
the recent advances of the burgeoning field of single-molecule
biosensing. Most of this research thus far has dealt with proofs of
concept and has used biological solutions or samples made in the
laboratory rather than natural samples.

Recently, Goldsmith et al.51 have developed an electrochemical
method to create single point defects in SWNTs in a controllable
manner and then covalently bind biomolecules at this scattering site.
Owing to the real-time monitoring of conductance during the defect
generation, these point-functionalized SWNT FETs can be prepared in
high yield. Using these devices, they also demonstrated continuous,
multihour monitoring of the binding of a single molecule with high
sensitivity (a conductance change of 4100 nS for binding of a
reactive carbodiimide). This sensitivity is due to the Coulomb
interaction between the molecule and the defect that modulates
scattering in the 1D channel.52 This approach provides a new
electronic platform for studying biomolecular interactions and
kinetics that are hidden in ensemble measurements, as
demonstrated by Sorgenfrei et al.68 In this study, they covalently
attached a single-stranded probe DNA sequence, which was

terminated with an amine group, to a carboxylic acid-
functionalized point defect in a carbon nanotube using a standard
amide-formation coupling reaction. After probe DNA was attached,
these devices were used to study the kinetics and thermodynamics of
DNA hybridization with the experimental setup shown in Figure 3a.
In the absence of target DNA, the devices did not show any particular
features in a conductance dominated by flicker (1/f) noise, as shown
in Figures 3b, c and f. When the device was immersed in buffer
containing complementary target DNA, however, reproducible large-
amplitude two-level fluctuations appeared at different temperatures,
as shown in Figures 3d, e and g–i. Conductance differences reached
B60–100 nS and the signal-to-noise ratio 43 (over the 1/f noise
background) over a time interval of 30 s. This observation can be
explained by the proposed model that the device conductance is
controlled by probe-target hybridization that decreases the device
conductance because of increased scattering and charge transfer at the
position of target DNA binding. This effect would be partially offset
by the Debye screening from the dissolved solution counter ions for
longer DNA strands. Further kinetic investigations of the system as a
function of temperature demonstrated non-Arrhenius behavior; this
agrees with DNA hybridization experiments using fluorescence
correlation spectroscopy. This technique is label-free and could be
used to probe single-molecule dynamics at microsecond timescales.

An alternative to the aforementioned single-point functionalization
for single-molecule biosensing is the fabrication of molecular
electronic devices from single molecules that can be subsequently
derivatized with a probe molecule that is capable of biomolecular
recognition. To do this, a new system was recently developed for
measuring the conductance of a single molecule covalently immobi-
lized within a nanotube gap (Figure 4a).69 In this system, gaps are
formed in carboxylic-acid-functionalized SWNTs that can be
reconnected by one or a few molecules attached to both sides of
the gap through amide bond formation. Consequently, the devices are
sufficiently robust so that a wide range of chemistries and conditions
can be applied. By using this method, we have made molecular
devices that detect the binding between proteins and substrates at the
single-event level, and that probe the dependence of charge transport
of a single intact DNA duplex on its P-stacking integrity.70 However,
biomolecular interactions cannot be measured in real time. To do this,
a useful strategy has been recently developed to create an integrated

Figure 2 (a) Schematic representation of the bonding of the polymer to SWNT (top right and left) and DNA hybridization (lower). Adapted from Martinez

et al.66 (ª 2009 ACS). (b) Schematic illustration of DNA detection enhancement by reporter DNA–Au nanoparticle conjugates. The bottom right panel

illustrates the possible molecular binding on SWNTs. Adapted from Dong et al.67 (ª 2008 Wiley-VCH).
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system that can combine rapid real-time measurements with single-
molecule sensitivity.71 In this study, individual DNA aptamers were
coupled with SWNTs as point contacts to form single-molecule
devices that allow us to selectively and reversibly detect a target
protein, thrombin (Figure 4b). After further thrombin treatment, these
fresh aptamer-functionalized devices showed consistent conductance
increases originating from the enhanced DNA charge transfer that is
due to the rigidification of DNA conformation by DNA–thrombin
interactions. To achieve real-time measurements, a repeating pattern
that consists of 79 identical SWNT transistors by a double photo-
lithographic process was designed and fabricated (Figure 4c). Com-
bining this design with microfluidics (Figure 4c, inset) allowed us both
to detect proteins and to monitor stochastic DNA–protein interactions
in real time (Figure 4d). Reversible and equivalent conductance
changes at different thrombin concentrations (from 2.6 fM to 2.6 pM

and 2.6 nM; Figure 4d) were observed, thus demonstrating single-
molecule sensitivity. Further delivery of elastase (3.4 nM) did not lead
to any detectable conductance change in the same device. In a separate
experiment, we observed negligible conductance changes upon
thrombin injection using the devices reconnected with a different
DNA (Con-A), which could not bind human thrombin, (2.6 fM;
Figure 4e). Both control experiments demonstrated that this protein
detection scheme has excellent selectivity. These results distinguished
this method as a valuable platform to achieve real-time, label-free,
reversible detection of DNA–protein interactions with high selectivity
and real single-molecule sensitivity.

GRAPHENE FET-BASED BIOSENSORS

Graphene, a new allotrope of carbon made of sp2-hybridized carbon
atoms arranged in a honeycomb lattice, is an ideal 2D system with
remarkable electronic, physical and chemical properties. When incorpo-
rated into electrical devices, graphene shows high mobilities of both
holes and electrons. It is structurally uniform, that is, it shows no
structural variations analogous to those of diameter and chirality that
characterize SWNTs. Even though it is chemically quite stable, its
reaction chemistry has been developed to the extent that flexible
chemical modifications are possible. High-quality graphenes are available
from mechanical exfoliation from graphite, reduction of graphene oxides
(GOs), chemical vapor deposition growth and chemical synthesis. It has

also been proven to be easily incorporated into devices. In conjunction
with its subnanoscale thickness and surface compatibility with various
biological species, these properties make graphene a promising building
block for developing new types of nanoscale biosensors. Recently, the
increasing interest in graphene for biosensing applications seems to have
overtaken the corresponding interest in SWNTs.

Graphene�strategies to increase sensitivity
The first graphene FET-based electrical biosensors were demonstrated
by Mohanty et al.,72 who made graphene transistors from chemically
modified graphenes (CMGs), such as GOs or graphene amines (GAs)
obtained by treating GOs with nitrogenous plasmas or ethylenediamne.
They immobilized GO and GA sheets on silica substrates with either
predeposited or postdeposited gold electrodes, and used silicon as a
backgate for electrical measurements. They exploited the functional
groups on GOs or GAs to fabricate three CMG-based biosensors:
(i) a single-bacterium biodevice, (ii) a label-free DNA sensor and
(iii) a bacterial DNA/protein, and a polyelectrolyte chemical transistor.
The bacteria biodevice was highly sensitive; just a single bacterium
attachment caused a sharp (42%) increase in conductivity of CMG
sheets (Figure 5a). This can be attributed to the p-type characteristic of
CMGs, where the attachment of a negatively charged species, such as
bacteria, is equivalent to a negative potential gating, and this gating
increases the hole density and thus the conductivity of CMG. Similarly,
single-stranded DNA tethered on graphene reversibly increased the
device conductance during cycles of dehybridization and rehybridiza-
tion with its complementary DNA strand (Figure 5b). Finally, they
demonstrated that adsorption of polyelectrolyte molecules on the
modified graphenes resulted in polarity-dependent changes in electrical
conductivity.

To improve the detection sensitivity, Dong et al.73 used large, CVD-
grown graphene films to fabricate biosensors, thereby achieving DNA
sensing with a concentration as low as 0.01 nM. They attribute this
marked increase in sensitivity to the electronic n-doping to the
devices. They further found that adding AuNPs on the surface of
graphene devices could extend the upper limit of DNA detection from
10 to 500 nM due to the increase in loading of probe DNA molecules
onto the AuNPs. This AuNP strategy is apparently widely applicable:
Mao et al.74 demonstrated a specific protein detection biosensor using

Figure 3 (a) Schematic of the nanotube device used for studying the kinetics and thermodynamics of DNA hybridization (with an external circular heater/

refrigerator to control temperature). (b, d, h) Conductance recordings of devices over one 30-s interval with DNA oligonucleotide probe H2N-50-

GGAAAAAAGG-30 without exposure to complementary DNA target at 35.0 1C (b), after exposure to complementary DNA target at 33.0 1C (d) and after

exposure to complementary DNA target at 21.0 1C (h). The source–drain bias is 100 mV and VPt is zero. (c, e, i) Conductance-based histograms of time

intervals shown in b, d and h. The two levels in e and i are fit to the Gaussian distributions. (f, g) Representative short time interval (40 ms) for real-time

conductance recording for probe only and after exposure to complementary target DNA. Adapted from Sorgenfrei et al.68 (ª 2011 NPG).
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Figure 4 (a) Schematic of single-molecule devices using SWNT point contacts. Adapted from Feldman et al.70 (ª 2008 ACS). (b) Schematic representation

of the sensing design showing how single-molecule devices can detect proteins at the single-molecule level. (c) Scanning electron microscopy images

showing highly integrated identical SWNT devices. Inset shows an optical image of a single-molecule device during real-time measurements. (d) Current-
versus-time data recorded for an aptamer-rejoined device upon alternate additions of the thrombin Tris-HCl buffer solution at different concentrations (from

2.6 fM to 2.6pM and 2.6 nM), the 6-M guanidine HCl solution, and finally the elastase (3.4nM) Tris-HCl buffer solution. (e) I–V plot recorded for a Con-A-

rejoined device upon injection of 2.6 fM thrombin in Tris-HCl buffer solution. All the measurements were performed at VD¼ �50 mV and VG¼0 V. Adapted

from Liu et al.71 (ª 2011 Wiley-VCH).

Figure 5 (a) The conductivity of the p-type GA device increases upon attachment of a single bacterial cell on the surface of GA (the device is shown in

inset 1). (b) DNA transistor: single-stranded DNA (ssDNA) tethering on GO increases the conductivity of the device. Successive hybridization and

dehybridization of DNA on the G-DNA device results in completely reversible increase and restoration of conductivity. Inset shows a G-DNA(ds) sheet with

wrinkles and folds clearly visible. Adapted from Mohanty et al.72 (ª 2008 ACS).
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reduced GO sheets decorated with Au nanoparticle–antibody con-
jugates (Figure 6a). The response of the sensor increases with the
increase of protein concentrations and saturates at 0.02 mg ml�1. The
lower detection limit of the sensor is on the order of ng ml�1 and
could be further improved by optimizing the device structure. To
achieve real-time biomolecular sensing, Huang et al.75 demonstrated
the use of large-sized CVD-grown graphene films configured as field-
effect transistors for detecting glucose or glutamate molecules by the
conductance changes of the graphene transistors as the molecules
were being oxidized by the specific redox enzyme (glucose oxidase or
glutamic dehydrogenase) attached to the graphene film.

Graphene�detection in liquid environment
So far, most graphene FETs have operated either under vacuum or
atmospheric conditions, not in solution. In some cases, high-quality
graphene can be grown epitaxially on SiC substrates. Because of the
thickness of the intrinsic substrate on SiC, to achieve field effect
responses, top gating of the epitaxial graphene is required in most
cases except that based on nitrogen implantation into a SiC wafer
before graphene growth.76 Previous reports have proved that an
efficient approach for top gating is ‘solution top-gating’. Only very
recently has the operation of graphene in aqueous electrolytes
(Figure 6b) for use in biosensors and bioelectronics been reported
by several groups.77–86 For example, Ang et al.77 first demonstrated
the use of solution-gated epitaxial graphene as a pH sensor. Ohno
et al.78 reported on electrolyte-gated graphene field-effect transistors
for detecting pH and protein adsorption. In another report by
Ohno et al.,79 they demonstrated label-free immunosensing based
on an aptamer-modified graphene FETs (Figure 6c). Immunoglo-
bulin E aptamers with an approximate height of 3 nm were
successfully immobilized on a graphene surface, as confirmed by
atomic force microscopy. The aptamer-modified graphene FETs
showed selective electrical detection of immunoglobulin E protein.
From the dependence of the drain current variation on the
immunoglobulin E concentration, the dissociation constant was

estimated to be 47 nM, indicating good affinity (Figure 6d). In a
similar way, Agarwal et al.87 recently demonstrated the biocom-
patibility of reduced GOs with proteins and further used them after
protein functionalization to create biosensors for detecting various
metals in real time with high sensitivity.81 These reports already
confirm the potential of graphene for sensing in aqueous
electrolytes, however, detailed understandings of the graphene/
electrolyte interface and the effect of the electrolyte on the
electronic transport in graphene are still lacking. To address these
issues, Dankerl et al.82 developed a facile method for the scalable
fabrication of graphene FET arrays and provided a comprehensive
characterization of operation of these devices in aqueous
electrolytes. By using in-solution Hall-effect measurements and
taking into account the microscopic structure of water at the
interface, they demonstrated that charge carrier mobilities and
concentrations as a function of electrolyte gate potential can be
directly determined. They also showed that graphene FETs exhibited
a high transconductance and correspondingly high sensitivity
together with an effective gate noise as low as tens of mV. These
studies demonstrated that graphene FETs, with their ease of
fabrication, high transconductance, and low noise, hold great
promise for biosensor and bioelectronic applications.

Graphene�detection in cells
To further investigate the biocompatibility of graphene with live cells
or tissue, Cohen-Karni et al.83 demonstrated for the first time
recording from eletrogenic cells using single-layer graphene formed
by mechanical exfoliation from graphite and carried out simultaneous
recording using graphene and silicon nanowire FETs (Figure 7a). They
found that graphene FET conductance signals recorded from sponta-
neously beating embryonic chicken cardiomyocytes yielded well-
defined extracellular signals with signal-to-noise ratio routinely 44
(Figure 7b). Water gate (Vwg)-dependent experiments demonstrated
that the conductance signal amplitude could be tuned over nearly an
order of magnitude, thus showing a robust graphene/cell interface.

Figure 6 (a) Schematic of a reduced GO FET. Anti-immunoglobulin G (IgG) was anchored to the reduced GO sheet surface through Au nanoparticles and

functions as a specific recognition group for the IgG binding. Adapted from Mao et al.74 (ª 2010 Wiley-VCH). (b) Schematic illustration of the device

structure for solution-gated graphene FETs. Adapted from Ang et al.77 (ª 2008 ACS). (c) Schematic illustration of apatmer-modified electrolyte-gated

graphene FETs. (d) Time course of ID for an aptamer-modified graphene FET. At 10-min intervals, various concentrations of IgE were injected. Adapted from

Ohno et al.79 (ª 2010 ACS).
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Furthermore, by varying Vwg across the Dirac point, they achieved the
expected signal polarity flip, thus allowing both n- and p-type
recording to be achieved with the same device simply by offsetting
Vwg. Finally, they compared peak-to-peak recorded signal widths
(made as a function of graphene FET device size) with those made
using silicon nanowire-FETs and showed that the widths increased
with the area of graphene FET devices. This indicates that they were
measuring a signal that was averaged from different points across the
outer membrane of the beating cells. In another recent work, Agarwal
et al.87 demonstrated the biocompatibility of reduced GOs with live
cells, such as neuroendocrine PC12 cells, and further used them to
create biosensors for detecting the dynamic secretion of the hormonal
catecholamine molecules from living cells.80 Pursuing the
development of a graphene-based technology that can detect action
potentials from electrically active cells, Hess et al.84 recently reported
using arrays of CVD-grown graphene FETs for the extracellular
detection of action potentials from electrogenic cells (Figures 7c
and d). The action potentials of cardiomyocyte-like HL-1 cells could
be effectively resolved and tracked across the transistor array as shown
in Figure 7e. The low-noise characteristic of graphene FETs together
with the large transconductive sensitivity of these devices clearly
indicates an advantage of graphene FETs in terms of signal-to-noise
ratio. These studies suggest that the outstanding performance of
graphene FETs together with the feasibility of easily integrating
graphene electronics with flexible substrates can pave the way for a
true breakthrough in bioelectronics, in particular for electrically
functional neural prostheses.

SUMMARY AND PERSPECTIVE

In this article, we reviewed some recent advances in the rapidly
developing area of biomolecule detection using carbon nanomaterial

FET-based biosensors. We feel these biosensors have had substantial
impact and have genuine potential for future applications. By taking
advantage of the outstanding electrical properties and the environ-
mental ultrasensitivity of carbon nanomaterials many strategies have
been developed to create SWNT or graphene FET-based biosensors
for directly detecting DNA–DNA hybridizations, DNA–protein
interactions, protein functions and cellular activities in real time
with high sensitivity and excellent selectivity. In particular, because of
the size comparability and the surface compatibility with biological
molecules, an amazing feature of using SWNT or graphene FETs in
biosensing is their ability to detect biomolecules at the single-
molecule level, as well as at the single-cell level. Although SWNT
and graphene share some common functionalities, such as high
conductivity and high chemical stability, each has its own advantages
and disadvantages. For example, SWNTs are 1D and can be produced
in bulk quantities while large-scale production of high-quality
graphene is still difficult. In contrast, owing to its 2D nature
graphene is ideal for forming larger interfaces with biomolecules,
and graphene-based could be produced using traditional lithographic
techniques down to the nanoscale. However, when incorporated into
the proper device architecture and combined with direct electrical
transduction, the associated signal processing circuitry, and a fluid
handling module (fabricated using standard microfabrication tech-
nology), the distinct and complementary capabilities of SWNT or
graphene FETs could open up new opportunities for the develop-
ment of bioelectronics toward practical applications in the future.

Despite this remarkable progress, none of the nanocarbon FET-
based electrical biosensors has yet advanced to the production scale.
The major challenge primarily stems from the device-to-device
heterogeneity of baseline electronic properties. This is because of the
absence of diameter and chirality control for SWNTs and the difficulty

Figure 7 (a) Representation of the relative size of cardiomyocyte cell interfaced to typical Graphene and silicon nanowire-FET devices. (b) Recorded traces

at different applied water gate potentials. The following blue, green and red traces were recorded at þ0.05, þ0.10 and þ0.15 V, respectively. The

corresponding sensitivities are 2020, 398 and 2290mS V�1, respectively. Adapted from Cohen-Karni et al.83 (ª 2010 ACS). (c) Schematic view of a

graphene FET with a cell on the gate area. The graphene is shown between the drain and source metal contacts, which are protected by a chemically

resistant layer. (d) Combination of an optical microscopy image of a transistor array and a fluorescence image of the calcein-stained cell layer on the same

array. The scale bar is 100mm. (e) Simultaneous current recordings of eight transistors in one FET array over tens of seconds (left) and hundreds of

milliseconds (right). Adapted from Hess et al.84 (ª 2011 Wiley-VCH).
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of controlling layer number and surface cleanness of graphene.
Developing a reliable and scalable fabrication technique for mass-
producing identical carbon nanomaterials arrays and integrating
individuals into functional devices with high yields are some of the
technical issues to be addressed in future. The next problem is system
integration. Most of the studies reported in the literature used a sample
delivery system, such as a syringe pump that was neither integrated to
the sensing platform nor to the readout module. Furthermore, except
for a few cases, most of the measurements were carried out in ideal
media such as pure buffer solutions. The real physiological sample is far
more complex and will definitely introduce a range of interfering and
fouling effects. Multiplexing is also an attractive goal, and toward this
end the fabrication of parallel and integrated biosensor arrays that have
spatially resolved specific functionalities prepared using spatially
resolved surface functionalizations remains challenging. Nevertheless,
compared with the current gold standards, that is, PCR, mass
spectrometry and enzyme-linked immunosorbent assay, nanocarbon
FET-based electrical biosensors hold several significant advantages:
simplicity, low-cost, portability, ultrahigh sensitivity, excellent selectivity
and label-free, real-time, electrical detection. This suggests a thriving
research field that can anticipate countless applications in a wide variety
of areas: clinic diagnostics, environment preservation, health improve-
ment, national defense and bioterrorism prevention.
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