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A B S T R A C T

Graphene field-effect transistors (GFET) have emerged as powerful detection platforms enabled by the
advent of chemical vapor deposition (CVD) production of the unique atomically thin 2D material on a large
scale. DNA aptamers, short target-specific oligonucleotides, are excellent sensor moieties for GFETs due to
their strong affinity to graphene, relatively short chain-length, selectivity, and a high degree of analyte
variability. However, the interaction between DNA and graphene is not fully understood, leading to
questions about the structure of surface-bound DNA, including the morphology of DNA nanostructures and
the nature of the electronic response seen from analyte binding. This review critically evaluates recent
insights into the nature of the DNA graphene interaction and its affect on sensor viability for DNA, small
molecules, and proteins with respect to previously established sensing methods. We first discuss the
sorption of DNA to graphene to introduce the interactions and forces acting in DNA based GFET devices and
how these forces can potentially affect the performance of increasingly popular DNA aptamers and even
future DNA nanostructures as sensor substrates. Next, we discuss the novel use of GFETs to detect DNA and
the underlying electronic phenomena that are typically used as benchmarks for characterizing the analyte
response of these devices. Finally, we address the use of DNA aptamers to increase the selectivity of GFET
sensors for small molecules and proteins and compare them with other, state of the art, detection methods.
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1. Introduction

Graphene, or two-dimensional sheets of sp2 hybridized carbon,
devices have recently been realized, enabled by advances in the
chemical vapor deposition (CVD) technique for growing large,
wafer-scale layers of the material [1]. The unique electronic
properties of graphene make it an enticing sensor material,
particularly in view of its sensitive ambipolar nature (ability to be
both p and n-type), which can be changed with applied fields or by
charged species near the surface [2–4]. One such application is the
use of graphene in field-effect transistors (FETs). A FET is a type of
transistor device or electronic valve in which the conductivity of a
length of uniform material (in this case graphene) changes its
conductivity depending on the value of an externally applied
electric field [5,6]. Because the number and type of carriers in
graphene can be changed by this gate electric field, graphene FETs
are called ambipolar [7]. The application of charged probe
molecules to the surface (channel) modifies the graphene field-
effect transistor (GFET) sensors’ characteristics due to its
sensitivity to external electric fields.

Thus, graphene field-effect transistor (GFET) sensors’ function-
ality has been realized by the application of probe molecules to the
surface. DNA aptamers, target-specific oligonucleotides, are highly
selective probes that have been widely used in sensing applications
for multiple analytes [8,9]. However, applying DNA aptamers to the
surface of graphene presents unique challenges and opportunities
given the complicated interactions between the biopolymers and
these carbonaceous substrates. These interactions are further
complicated by the apparent ability for graphene to change its
properties according to the hydrophilicity of its underlying
substrate [10], with the number of layers, and defects [11,12].

Other excellent reviews exist on the topic of functionalizing
graphene [13,14]. This review aims to focus specifically on the
recently growing field of DNA graphene electronic devices by
emphasizing interactions between the two materials and
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discussing the role of DNA aptamers and DNA nanostructures in
sensing small molecules and proteins.

2. Interactions of DNA on graphene

DNA graphene based sensors have recently shown great
promise as sensors of small molecules [15], proteins and cells
[16,17], as well as for DNA sequencing via graphene nanopores [18].
Recently, aptamer-coated GFET sensors have demonstrated
excellent sensitivity for small molecule and protein detection.
Similar systems have also been studied with graphene oxide (GO)
substrates [19–22]. Understanding the interaction between DNA
and graphene is key to developing novel biological devices on
conjugated carbon substrates. The primary interaction of DNA
and graphene is based on non-covalent p–p stacking shown in
Fig. 1 [23].

The non-covalent interactions of DNA and graphene have been
well studied by isothermal titration calorimetry [24], computa-
tionally [25], and by single molecule force microscopy (SMFS)
[26,27], however, some inconsistencies remain regarding the
relative order of nucleobase binding strength amongst these
sources. Nucleobase p–p stacking gives rise to variation in the
electrical response of DNA GFETs [28] and is responsible for DNA
nanostructure adsorption on graphene [29]. Base stacking
interactions are presumed to be similar on graphene as on bulk
graphite, however, the apparent transparency of graphene may
lead to radically different surface properties [11,12].

Illafar et al. have recently probed the binding strength of single-
stranded DNA (ssDNA) and graphite by single molecule force
spectroscopy (SMFS) [27]. In these experiments, thiol-terminated
DNA oligomers were attached to a gold-coated atomic force
microscopy (AFM) probe that was brought in contact with a
graphite surface before being withdrawn (Fig. 2).

Withdrawing the probe from the graphite surface produced
steady-state forces connected by abrupt steps, which represent
DNA with graphene and sensing applications of graphene field-effect
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Fig. 2. (A) Idealized cartoon (not drawn to scale) of peeling an ssDNA homopolymer,
attached to a gold-coated force probe, from a graphite surface. (B) Typical force–
distance curves for peeling 50-poly(dT100) ssDNA from the surface of graphite
obtained at a tip velocity of 200 nm s�1 in 10 mM phosphate buffer solution
containing 100 mM NaCl. Red curve is approach, blue is retraction. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
Reprinted with permission from [27]. Copyright 2012 American Chemical Society.

Fig. 1. Equilibrium geometry of nucleobases on top of graphene (a) guanine, (b) adenine, (c) thymine, (d) cytosine, and (e) uracil.
Reprinted with permission from [23]. Copyright 2007 American Physical Society.

N.S. Green, M.L. Norton / Analytica Chimica Acta xxx (2014) xxx–xxx 3

G Model
ACA 233532 No. of Pages 16

Please cite this article in press as: N.S. Green, M.L. Norton, Interactions of 

transistor devices: A review, Anal. Chim. Acta (2014), http://dx.doi.org/1
peeling forces of a small number of polymer molecules from the
flat surface. The authors calculated the binding energy per
monomer base, 8 � 11 kBT, from the peeling forces measured in
the SMFS experiments. These forces are theoretically strong
enough to overcome the base pairing H-bonding forces, �1 kBT
[30], which would lead to melting upon introduction of double-
stranded DNA (dsDNA) to graphite [31].

Density-functional theory calculations have shown that DNA
physisorption induces an interfacial dipole between the nucleo-
bases and graphene in addition to p–p stacking [25]. The dipole is
the result of the close association of electron-rich aromatic rings of
the bases and the polarizable graphene surface (Fig. 3) [32].

The induced dipole from physisorption is important not only for
binding energy contribution but also for shifting the minimum
conductance at a particular gate voltage (VG, min), which is
commonly studied in DNA graphene field-effect transistor sensors
[33]. p–p stacking and electronic interactions (e.g., induced
dipoles, doping, and chemical gating) form the primary inter-
actions of DNA based graphene sensors and are important
considerations for the application of DNA-based nanostructures.
Fig. 3. Calculated charge density difference Dr for adsorbed G on graphene.
Reprinted with permission from [25]. Copyright 2013 American Chemical Society.

DNA with graphene and sensing applications of graphene field-effect
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Fig. 4. Periodic 2D multiprotein nanoarrays. (Left) Schematics showing 2D DNA nanoarrays containing alternate thrombin and platelet derived growth factor (PDGF)
aptamers and binding of their protein targets. The red and green stem-loops represent the thrombin and PDGF binding aptamers respectively. Grey and yellow balls represent
thrombin and PDGF, respectively; (middle) AFM image corresponding to the arrays shown on the left; (right) line cross-section analysis of the AFM images. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
Reprinted with permission from [34]. Copyright 2007 American Chemical Society.
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3. Structure of DNA origami on graphene

Very little has been published about the nature of DNA
nanostructures deposited on graphene despite the potential of
combining the nanometer resolution of these materials with the
Fig. 5. Deposition of cross-shaped origami from solution onto mica and highly order py
streptavidin (SA) protein bound to each arm via biotinylated staples; (b) filtered SA-comp
protein can still be seen attached to origami (white dots). Scale bars, 200 nm (AFM lat
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electronic sensitivity of graphene. DNA based nano-structures have
previously been shown to capture multiple proteins at discrete
locations by placing different DNA-aptamers at alternating locations
along linear arrays (Fig. 4) [34,35]. DNA origami, which is another
form of DNA nanostructure [36], is produced through the reaction of
rolytic graphite (HOPG). (a) Schematic representation of cross-shaped origami with
lexed origami on mica; and (c) filtered SA-complexed origami on HOPG. Note that SA
eral); 10 nm (height scale) [90].

DNA with graphene and sensing applications of graphene field-effect
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Fig. 6. (A) Patterning of DNA origami structures on graphene-based substrates. Spin-cast GO films are lithographically patterned and chemically modified by reduction or N
doping. DNA origami structures were assembled on patterned graphene-based films from buffer solution (RIE = reactive ion etching). (B) A rectangular DNA origami assembly
(�2 nm thick, 70 � 90 nm2) obtained from the 7249 bp M13 ssDNA template and 226 small ssDNA staples. (C) AFM image and height profile of DNA origami structures on GO
flakes. The red solid line shows the boundary of a single GO flake. The inset highlights one DNA origami structure to reveal its cross-sectional dimensions and rectangular
shape. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Reprinted with permission from [29]. Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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large, often circular, strands of ssDNA and shorter ‘staple’ strands
of ssDNA that guide the formation of �100 nm diameter nano-
architectures and provide nanometer addressability. These struc-
tures have been used to present proteins on their surfaces [37,38].

There is a great potential for DNA nanostructures to be
incorporated onto GFET sensors as organizational tools for
assembling sensing regions with nanometer resolution. These
structures can be grown into 1D arrays with each monomer
containing a unique set of aptamers to achieve multiplex sensing
[39]. However, further work is needed to investigate the
interactions of DNA origami and graphene in order to realize
such devices.

The high substrate sensitivity of DNA origami is likely
responsible for the lack of literature reports regarding GFETs
based on DNA nanostructures. While origami retains its folded
structure on mica, silica [40], and a few self-assembled monolayers
(SAMs) [41], graphene has been shown to disturb the folded
structure of DNA origami due to the strength of the previously
discussed p–p stacking interactions [42]. This effect is clearly
demonstrated when the same solution of filtered cross-shaped
origami [43] are deposited on mica and highly order pyrolytic
graphite (HOPG), respectively (Fig. 5).

The nanostructures show morphological disruption when
deposited on HOPG. The structures increase their surface area
and generally lose the sharp 90� angles which can readily be seen
in structures when they are deposited on the compatible mica
surface. The cross-shaped origami were prepared with biotinylated
staples and complexed with streptavidin (SA) protein as previously
described [44]. Importantly, the excess ssDNA ‘staple’ molecules
were removed, via centrifuge membrane columns, from the
origami solutions before deposition. Excess DNA in solution can
passivate the substrate surface and alter the binding interactions
with the nanostructures similar to previously reported coatings
Fig. 7. (a) Dime-sized chips containing 112 devices with channel size 10 mm � 15 mm. (b)
14 V. After DNA functionalization, the Dirac voltage is shifted to 58 V. Histograms of (c) 

ambient conditions, for typical arrays of 56 devices demonstrate the high quality transi
Reprinted with permission from [48]. Copyright 2014 Tsinghua University Press and Sp
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with pyrene derivatives [45]. The disruption to the cross-shaped
origami structure is a concern for future implementation of these
materials on GFET sensors but it is interesting to note that some of
the bound protein is still clearly in place in the pseudo-melted
nanostructures seen in the HOPG AFM images (Fig. 5c). This would
suggest that changes in the morphology of the nanostructures may
not necessarily affect sensor viability, but more work is needed to
investigate if this holds true for analytes that are added after
origami structures have been deposited. Increasing the stability of
DNA origami on graphene surfaces is thus an important challenge
to address in integrating these structures into GFET devices.

Despite these challenges, Yun et al. have recently reported
depositing DNA origami onto chemically modified graphene
substrates, including CVD and modified graphene oxide (GO), in
finite locations via photolithographic patterning (Fig. 6) [29].

It is interesting to note that X-ray photoelectron spectroscopy
(XPS) showed that relatively little Mg2+ ions are adsorbed on the
surface of CVD graphene when compared to reduced graphene
oxide (rGO) and nitrogen doped reduced graphene oxide (NrGO).
The presence of Mg2+ on the surface may account for the relative
abundance of DNA origami on rGO and NrGO surfaces.

DNA origami GFETs present an exciting prospect of high
electronic sensitivity and addressability to create very powerful
sensors, but these devices face engineering challenges of
deposition control, stability, and reproducibility.

4. Sensing DNA with GFETs

DNA GFETs have recently been employed to detect DNA and
other biomolecules [14,46] and DNA hybridization [28,47] by
monitoring conductivity changes [48], Raman shifts [49], majority
carrier density [28], and fluorescence of labeled nucleotides [50].
GFET DNA sensors are unique among other nucleic acid detection
 Isd–VG for a typical device with a hole mobility of 1640 cm2/(V s) and Dirac voltage of
hole mobility (corrected for contact resistance) and (d) Dirac voltage, measured in
stor properties of the graphene devices. The black line is a Gaussian fit to the data.
ringer-Verlag Berlin, Heidelberg.

DNA with graphene and sensing applications of graphene field-effect
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Fig. 9. Schematic diagram of a GFET being operated using liquid gating.
Reprinted with permission of [47]. Copyright 2010 WILEY-VCH Verlag GmbH Co.
KGaA, Weinheim.
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methods due to their label free detection. This allows for direct
detection of oliogonucleotides within a sample without any prior
alteration of the sample. These devices can be separated into two
different assembly schemes: back-gated and liquid-gated.

4.1. Back-gated GFETs

Back gated GFETs are less frequently employed as DNA sensors,
likely due to the difficulties associated with producing devices
requiring small gate voltages (VG) rather than the more commonly
and readily prepared higher gate voltage devices, which require VG

on the order of tens to hundreds of volts [51] to achieve significant
gain. However, back-gated GFETs have clear sensing advantages
over liquid-gated assemblies in conditions in which the analyte
solution composition may vary, and in situations where the analyte
is not in a solution matrix, e.g., vapor detection [52].

Kybert et al. have recently reported the use of DNA-decorated
graphene for arrays of chemical vapor sensors which demonstrated
a significant shift in the VG required to observe the minimum in the
device conductance (VG, min) after DNA deposition [48]. ssDNA was
adsorbed onto the surface of graphene, which allowed for chemical
vapor sensing down to parts-per-billion as analyte binding further
shifted the VG, min. Fig. 7 shows the device setup, current voltage
curves demonstrating the value of VG, min, which is also termed the
Dirac voltage, for the back-gated GFETs before and after the
addition of DNA, a mobility histogram and the dispersion of VG, min

values observed for an array of devices.
These authors explain the positive shift in VG, min as counter-

acting the negative field produced by the phosphate backbone of
the adsorbed ssDNA. The gate voltage shifts positive to overcome
the negative field induced by DNA in order to maintain a similar
charge state for graphene after adsorption. Shifts of VG, min in the
direction of a more positive gate voltage were previously reported
by the same group (Fig. 8) [48].

Generally, back-gated GFETs show relatively large VG, min shifts
compared to liquid-gate schemes discussed in the next section.
Similar electronic principles apply to liquid-gated GFETs but
generally require lower potentials compared to back-gated devices.

4.2. Liquid-gated GFETs

Liquid-gated graphene field effect transistors have recently
been shown to detect DNA [28], with reported sensitivities down
to 0.01 nM and capabilities of detecting single mismatches [47].
The experimental geometry is shown in Fig. 9. A drop of buffer
Fig. 8. I–VG characteristics for a graphene device before (red) and after (black)
annealing and after the functionalization step, showing the expected doping shift
due to ssDNA application. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
Reprinted with permission from [60]. Copyright 2010 AIP Publishing LLC.
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containing the DNA sample is placed onto the surface of a
graphene, sheet which has been patterned with source and drain
electrodes. The sample solution acts as a gate.

An important distinction between back- and liquid-gated GFETs
is the potential for current to flow between the graphene and the
gate electrode via the aqueous ionic solution separating the two
conductive bodies. However, gate current leakage is limited, at low
gate bias, by the formation of an ionic double layer (Debye layer)
formed along the surface of the graphene and gate electrode due to
the voltage bias (Fig. 10) [53]. At higher gate bias potentials, the
onset of electrolytic processes leads to high gate currents.

Dong et al. recently reported a liquid-gated GFET for detection
of DNA hybridization with single base specificity [47]. ssDNA was
immobilized on the surface of graphene prior to adding a drop of
buffer containing either complimentary or single-base mis-
matched DNA strands at high concentrations. A silver wire was
inserted into the top of the drop to establish the liquid gate. A shift
in VG, min toward more negative gate potentials (a left shift) was
observed upon the addition of DNA to the GFET, which was not
attributed to electrostatic gating as previous publications have
claimed [54]. Furthermore, the authors were able to rule out the
possibility of changes in ionic solution concentration causing the
Fig. 10. Formation of a Debye ionic layer formed in a polymer electrolyte gate.
Reprinted with permission from [53]. Copyright 2008 Nature Publishing Group.

DNA with graphene and sensing applications of graphene field-effect
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Fig. 11. Increasing phosphate ion concentration did not produce a negative shift in
VG, min.
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left shift [55] by raising the buffer concentration with no
observable reversal in VG, min (Fig. 11). Others have reported that
ionic concentration causes VG, min shifts by masking charge
impurities in graphene [56,57].

The authors claim that the left shift in VG, min is instead due to
n-doping by the p–p stacking of electron-rich aromatic rings of
the nucleic acids with graphene. Charge injection, or doping,
arguments have been previously experimentally discounted from a
study that varied the length of charged groups tethered to the
surface of a FET sensor [58]. However, a shift of VG, min toward more
negative bias upon DNA-graphene binding has been explained in
the literature by various mechanisms including, p-doping [28,51],
n-doping [59], and chemical gating [60].

Lin et al. recently addressed the inconsistency within liquid-
gated DNA GFET assemblies. These authors propose that sheet
resistance and carrier mobility should be used in lieu of changes in
the VG, min (the Dirac voltage, or conductance neutral point (VCNP))
due to inconsistency between reported measurements [28]. The
authors claim that a combination of all three electrical mecha-
nisms (electrostatic gating, graphene doping, and ionic impurity
masking) is occurring simultaneously and that the former two are
dependent on DNA morphology as demonstrated in Fig. 12.

Phosphate groups are negatively charged chemical gates that
shift the VG, min toward positive voltage to overcome the opposing
Fig. 12. The transfer curves for a graphene device before and after interacting with (a) the guanosine nucleoside and (b) a dsDNA hybridized from the probe and
complementary DNA. Schematic illustration for the interaction between graphene and (c) fully hybridized dsDNA, (d) ssDNA, and (e) partially hybridized DNA.
Reprinted with permission from [28]. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 13. (a)Device response as a function of concentration of butyric acid, isobutyric acid, and methyl isopropyl ketone (MIPK) for DNA/GFET devices based on Seq3. The carboxylic
acid isomers are clearly distinguished, while MIPK is detected only at larger concentrations (inset) and shows a response of opposite sign. (b) Response vs. concentration for DNA/
GFET based on Seq2 and Seq4 responding to isobutyric acid in clean air and also in a constant background of 9200 ppm MIPK. Not only is isobutyric acid still detected, but the
response magnitude is slightly enlarged, likely due to displacement of MIPK (the binding of which causes a negative response) from the sensor by bound butyric acid. (c) Average
response of 5 devices based on Seq2 to 1000 ppm ofa(�) andb(�) pinene, repeated twice each.The response to b(�) pinene is reproducibly �40% larger than the response toa(�)
pinene. (d) Responses of DNA/GFET based on Seq2 as a function of concentration fora(�) andb(�) pinene, showing increasing divergence at higher concentrations. Langmuir–Hill
fits saturate at 0.39 � 0.04 and 0.61 �0.07 for a(�) and b(�), respectively. The DNA sequences used to modify the surface are provided in the original report.
Reprinted with permission from [48]. Copyright 2014 Tsinghua University Press and Springer-Verlag Berlin, Heidelberg.

Table 1
The change of electrical characteristics of graphene after interacting with nucleosides and various DNA structures.
Reprinted with permission from [28]. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Nucleosides Double-stranded DNA Single-stranded DNAb DNA hybridization (partially hybridized DNA)

Shift of VCNP (electrolyte gating) Left Right Left (most cases) Left
Hole carrier concentrationa Decrease Increase Increase (most cases) Increase

a Determined by Hall measurements.
b ssDNA sequences available in the original publication’s supporting information.

Table 2
Comparison of DNA detection methods.

Detection method Sensor context Sensor LOD Reference

Hall effect Graphene field effect transistor (top gate) Graphene 1 pM [28]
Gate voltage Graphene field effect transistor (top gate) Graphene 0.1 nM [47]
Colorimetric or fluorescence
spectroscopy

Solution Polythiophene oligonucleotide conjugate (0.2 mM)
20 fM

[91]

Electrogenerated chemiluminescence Polypyrrole coated Pt plate Dye-doped silica nanoparticles oligonucleotide
conjugate

0.1 pM [92]

Homogeneous fluorescence Solution Polythiophene–oligonucleotide conjugate 2.4 aM [93]
Chronopotentiometriy Polystyrene beads Ferrocene–oligonucleotide conjugates 5.1 zM [94]
Electrochemical Gold/titanium electrode pair Gold nanoparticle–oligonucleotide conjugate 500 fM [95]
Electrochemical Conductive polypyrrole film Oligonucleotide doped polymer 16 pM [96]
Electrochemical Gold nanoparticle decorated electrode Gold nanoparticle–oligonucleotide conjugate 4.2 pM [97]
Electrochemical Conductive ferocenyl polypyrrole electrode Oligonucleotide doped polymer 2 pM [98]
Electrochemical impedance
spectroscopy

Polypyrrole/MWCNT electrode Oligonucleotide doped polymer 50 pM [99]

Electrochemical impedance
spectroscopy

Polyaniline/polyacrylate modified diamond
electrode

Oligonucleotide doped polymer 20 nM [100]

Electrochemical impedance
spectroscopy

Glassy carbon electrode (GCE) Biotinylated target oligonucleotide 84.2 nM [101]

Surface enhanced Raman
spectroscopy

Gold nanoparticle Thiolated oligonucleotide/Raman-tag 100 nM [102]

Surface enhanced Raman
spectroscopy

Gold nanowire Raman dye-tagged oligonucleotide 10 pM [103]
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Fig. 14. (a) Real-time responses and (b) calibration curve of the aptasensor with
various Hg2+ concentrations (10 pM–100 nM). Graphene substrate without aptamer
was introduced as a control sample. (c) Selective responses of the aptasensor
toward target metal ion (Hg 2+, 10 pM) and non-target metal ions (Cd2+, Co2+, Ni2+,
Na2+, Pb2+, Sr2+, Li2+ and Zn2+, 10 mM).
Reprinted with permission from [74]. Copyright 2013 American Chemical Society.
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field while nucleotides n-dope the graphene surface due to
previously discussed p–p stacking. The dsDNA structure thus
controls the level of nucleotide doping by lifting the bases off the
surface of graphene upon hybridization. Multiple experiments
resulted in the following general trends in VG, min regarding DNA
binding to graphene that are summarized in Table 1.

Discrepancies among literature values for the shifts in the
minimum conductivity point and changes in majority carrier
characteristics are likely attributable to differences in device and
sample design and composition. As device fabrication becomes
more standardized, and with increased attention to multiple
property characterization of the intrinsic devices, much of the
current uncertainty regarding the effect of DNA–graphene
binding, changes in DNA morphology, graphene doping and the
role of ions in changing the minimum conductivity gate voltage in
GFETs will be removed. Despite the current confusion, it is clear
that the binding of biomolecules to graphene elicits a measure-
able electronic response, promising a future of sensitive and
label-free DNA detectors.

Table 2 presents the limit of detection (LOD) for a series of DNA
sensors based on various experimental/physical methods. GFET
sensors display to established methods but are at an advantage in
that no prior functionalization of the DNA or the sensors is
required. In both GFET cases included in this table, a top-gate was
employed as these systems can typically operate under lower gate
voltage conditions, which are more compatible with biochemical
detection.

5. DNA aptamer-based sensors on graphene

DNA aptamer-based GFET biosensors are highly sensitive,
selective, and in at least one report, reusable [15] electronic
devices with distinct advantages over previous aptasensor plat-
forms [61]. For example, fluorescent [62] and colorimetric [63]
DNA aptamer assays have been demonstrated by utilizing
graphene p-stacking to quench a probe upon binding, leaving
these devices susceptible to loss of signal through photo-bleaching
and chemical fouling [64]. Electronic signaling overcomes these
limitations by monitoring current changes in GFETs where no other
chemical probes are required as the signal is derived from an
analyte being captured on the surface [65]. DNA aptamer GFET
sensors have been successfully applied in the detection of species
ranging from small molecules to proteins. These two areas will be
discussed in turn below. Note that cell detection has also been
investigated in similar protein coated GFET sensors [66,67] and in
modified graphene and graphene oxide systems [68–70].

5.1. Small molecule sensors

DNA aptamer graphene sensors provide low background signal
and high substrate selectivity [65], making these devices well
suited for small molecules that are often difficult to detect in
complex mixtures of similar species [71].

Kybert et al. recently reported a highly sensitive chemical vapor
GFET sensor that is capable of distinguishing between members of
a series of low molecular weight organic acids and structural
isomers of pinene as shown in Fig. 13 [48].

High binding affinity of the DNA aptamers and low noise from
the graphene substrate allowed the device to reach low detection
limits (ppm). The authors argue that the high signal seen from
carboxylic acid detection is due to a deprotonation that occurs
along the nanoscale water layer absorbed to the DNA aptamers as
no response was detected from the structurally similar methyl
isopropyl ketone (MIPK), which lacks an ionizable proton. A low
background signal of a molecular beacon aptamer graphene oxide
(GO) device has also been recently reported [72]. Thus, graphene
Please cite this article in press as: N.S. Green, M.L. Norton, Interactions of 
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aptasensors are well-suited for discriminating structurally similar,
small molecules as well as ions [73].

An et al. describe higher detection limits in GFET devices
that have previously been p-doped by employing an oxygen
plasma-treated graphene [74]. The authors claim that the
increased stability and sensitivity in the p-doped region is the
result of electronegative adsorbed oxygen species (O2 and H2O)
negating the electron density of the n-doped regions [75]. These
devices have demonstrated mercury ion detection into picomolar
concentrations in the presence of several similar divalent ionic
species (Fig. 14).
DNA with graphene and sensing applications of graphene field-effect
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Table 3
Comparison of small molecule detection methods.

Detection method Analyte Analyte condition Detection
parameter

LOD Reference

Aptamer coated GFET (back gate) Low mw organicsa Vapor DIds 1 ppm [48]
Aptamer coated GFET (top gate) Amyl butyrate PBS buffer DIds 0.4 fM [75]
DNA coated GFET (back gate) Nonanal Vapor I–VG 0.6 ppm [104]
Capacitive micromachined ultrasonic transducer (CMUT) Dimethyl methyl-phosphonate

(DMMP)
Vapor Frequency shift

(kHz)
10 ppb [105]

Aptamer functionalized graphene/two photon (TP)
fluorphores

ATP HEPES/cell growth buffer Fluorescence
intensity

0.5 mM [64]

Aptamer labeled graphene modified glassy carbon
electrode (GCE)

ATP TMN buffer (determination
buffer)

Electrochemical
(DPV)

0.3 nM [65]

Aptamer coated GFET (back gate) Mercury ions Acetonitrile DVG 1.2 mM [73]
Aptamer coated GFET (top gate) Mercury ions PBS buffer DIds 10 pM [74]
4-MYP coated Ag nanoparticles Mercury ions Tris buffer SERS 0.34 nM [106]

a Propionic, butyric, hexanoic, and octanoic acids/pinene isomers.
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In addition to excellent selectivity, the signal response times were
less than 1 s and a practical application of the GFET aptasensor,
detecting mercury ions (Hg2+) in mussels, was demonstrated [34].
A similar mercury sensor has also been recently reported using
GO [73], which is of increasing interest in biological sensing due to
the apparent hydrophobicity of graphene [69,70,76], a property
which may limit its solution phase applications. Despite these
concerns, protein and cell detection using aptamer-based graphene
sensors has been demonstrated [68,77].

Table 3 summarizes the small molecule DNA aptamer GFETs
discussed in this section and compares these sensors to previous
detection systems for similar analytes. The detection levels vary
widely between detection methods due to the complexity of the
substrate and the sensing medium. Here, as before, the aptamer
GFET sensors are unique in that they require no pre-processing of
the target analyte.

5.2. Protein sensors

Sensing proteins with field effect transistors (FETs) is especially
challenging given the constraints of complex, high ionic-strength
buffered environments that are required for biological species.
Ionic solutions form electronic double-layers that effectively lower
the apparent charge of biomolecules relative to a surface in a
process known as Debye screening [78]. The Debye screening
length (lD), defined as the length scale between a surface and
analyte in which charges on the analyte are screened by counter
ions in solution, is highly solution composition dependent [79].
Thus, performance of sensor devices, which bind the analyte close
to the sensing substrate have been experimentally demonstrated
as more sensitive [80]. This close proximity does not allow ions to
form a charge-neutralizing layer between the captured analyte and
the sensing substrate. Thus, DNA aptamer sensors are well suited
to overcome the Debye screening obstacle in the detection of
Fig. 15. Depiction of 5 nm Debye screening length on modified graphene surfaces. Left
Reprinted with permission from [83]. Copyright 2014 IOP Publishing. All rights reserve
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proteins [68,81,82]. Fig. 15 illustrates the distance dependence of
sensing with antibodies compared to aptamers.

Antibodies have been the most widely used species for
bimolecular capture, but are not well suited for field-effect
applications due to their size. DNA aptamers are significantly
smaller in length but have not been as widely implemented as
antibodies. Masumoto et al. recently reported a combined
aptamer–antibody sensor that avoids Debye screening while
still allowing the flexible aptamer to bring captured antibody/
antigen complexes near the GFET surface. The combined sensor
displayed comparable detection limits to previous fluorescent
antibody detection methods without any pre-processing of the
sample [83].

Kim et al. recently reported a liquid top-gated aptamer GFET
sensor capable of detecting a component of the anthrax toxin
protective antigen (PA) in the attomolar range [81]. This device
performed well with regard to level of detection (LOD), dynamic
detection range, and sensitivity (Fig. 15).

The authors attribute the larger enhancement of signal transduc-
tion of the aptamers to larger VG, min shifts (30 mV per decade
concentration increase), an increase in dynamic range (Ids, min

increased 1.5–9.5% between 12 aM and 120 fM), and lower LOD
(12 aM). All of these parameters out performed similar antibody
GFET sensors and electrical silicon nanowire sensor [84]. DNA
aptamers are advantageous compared antibody modified sensors
because they minimize Debye screening by binding and holding the
charged analytes closer to the detection surface (Fig. 16).

Correlation of sensitivity and lD has recently been highlighted
by Saltzgaber et al. in the detection of thrombin protein in
2-(N-morpholino) ethanesulfonic acid (MES) [85]. Here, graphene
was first decorated with pyrenebutanoic acid succinimidyl ester
(PBASE) in order to increase surface hydrophilicity before attaching
thrombin-binding aptamer (TBA) (Fig. 17). Similar surface
treatments have been shown with gluteraldehyde-conjugated
, antibody/antigen reaction in solution. Right, aptamer reaction in solution.
d.

DNA with graphene and sensing applications of graphene field-effect
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Fig. 16. Transfer characteristics of GFET with (a) aptamer and (b) Ab probe measured at Vds = 0.1 V with varying concentrations of protective antigen (PA) in 10 mM PBS. The
transfer characteristics were obtained at 10 min after adding the analyte solution. The isoelectric point (pI) of PA is 5.6. (c) VG, min shift (DVG, min) vs. PA concentration in PBS
solutions with different probe molecules. The DVG, min value was obtained by calculating the difference in charge neutrality point, VG, min as a reference for the device with no
binding of PA. (d) The change in the minimum source-drain current (Ids, min), DIds, min/Ids, min* � 100 (%) vs. PA concentration. Here, Ids, min* is the Ids, min for the device with no
binding of PA.
Reprinted with permission from [81]. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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1,5-diaminonapthalene (DAN) as a sensor surface modification
before applying an aptamer to detect vascular endothelial growth
factor (VGEF), a cancer biomarker [86].

The lD for MES buffer of �20 nm is well-suited for aptamer
sensing when compared to phosphate buffered saline (PBS)
Fig.17. Functionalization of the graphenesurface. (a)Atomic forcemicroscopy image showi
are seen at the top and bottom of the image. The color scale represents surface height. The ba
of the same device after treating the surface with pyrenebutanoic acid succinimidyl ester (P
(c) Illustration of the bare graphene surface, consistent with the first AFM image. (d) Illustra
(black) and the molecular structure of the aptamer. The expected size of the PBASE–aptam
Reprinted with permission from [85].
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(lD� 0.76 nm), which is problematic in organic field-effect
transistors [87]. In these studies, a flow cell was constructed
around the graphene to allow rapid introduction and removal of
liquid samples from the GFET sensing region. The PBASE coating
provided brief but strong binding of thrombin near the sensor
ngthebare graphene channel (3 � 3 mm2) on anSiO2substrate.A pairofgold electrodes
regraphene surface is �0.5 nm above the substrate. (b) Atomic force microscopy image
BASE) and aptamer. The functionalized graphene surface is �2 nm above the substrate.
tion of the functionalized graphene surface showing the molecular structure of PBASE
er construct is consistent with the second AFM image.
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Table 4
Comparison of protein and cell sensors.

Analyte Detection method Detection parameter Analyte condition LOD Reference

Protective antigen (anthrax
toxin)

Aptamer coated GFET (top gate) DIds PBS buffer 1.2 aM [81]

Protective antigen (anthrax
toxin)

Fluorescently labeled antibodies/silver island
films

Metal enhanced
fluorescence

PBS buffer 15.8 fM [107]

Thrombin Aptamer coated GFET (top gate) DIds MES buffer 30 nMa [85]
Thrombin Aptamer coated nanospheres Electro-chemiluminescence PBS buffer 0.2 pM [108]
Thrombin Aptamer coated Reduced graphene oxide (rGO) Electrochemical PBS buffer 0.45 fM [88]
Immunoglobulin E (IgE) Aptamer-antibody coated GFET (top gate) DIds Phosphate buffer 290 pM [83]
Immunoglobulin E (IgE) Aptamer coated MWCNT on glassy carbon

electrode (GCE)
Electrochemical (DPV) PBS 37 pM [109]

P. falciparum infected
erythrocyte (malaria)

Peptide-coated graphene FET DIds RPMI 1640 medium 1 cell (flow) [66]

S. aureus cells Peptide-coated graphene functionalized silk thin
film

Conductivity shift PBS buffer or direct
attachment to solid

1 cell mL�1 [67]

HeLa cells Aptamer coated graphene Electrochemical impedance
spectroscopy

RPMI 1640 medium 793 cells
mL�1

[68]

HeLa cells Multifunctional aptamers Chemiluminescence HEPES buffer 6000 cells
mL�1

[110]

K562 cells Chitosan and carbon nanofiber modified glassy
carbon electrode (GCE)

Electrochemical impedance
spectroscopy

PBS buffer 1000 cells
mL�1

[111]

BGC-823 human gastric
carcinoma cells

RGDS tetrapeptide-functionalized SWCNT Electrochemical impedance
spectroscopy

PBS buffer 620 cells
mL�1

[112]

a Lowest reported detection.

Fig.18. Proteinsensing inreal timewithanaptamer-based GFET device.The fourshadedareas (gray) indicate timeperiods whenthedevice isexposedtothrombin(30 nM,100 nM,
300 nM and 10 nM, respectively). The liquid gate is fixed at Vlg = 75 mV and a constant flow rate of 25 mL min�1 was maintained throughout the experiment. Data points were
collected every 0.5 s. The upper panel shows raw Isd(t) data. Drops in Isd occur whenever the device is exposed to thrombin. The lower panel shows the calculated effective gate
voltage shift DVeff(t). A baseline drift of 0.21 mV min�1 was subtracted from this curve. Directly after thrombin is introduced the rate of change of DVeff is 21 mV min�1;
67 mV min�1 and 106 mV min�1 for 30 nM, 100 nM and 300 nM, respectively. The inset shows Isd (Vlg) used to calculate DVeff(t).
Reprinted with permission from [85].
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surface, which was shown to be reusable by flowing through MES
buffer free of analyte (Fig. 18).

The thrombin aptamer sensor displayed good quantitative
binding data, target selectivity, and robust reusability. However,
lower detection limits (0.45 fM) have been reported on analogous
reduced graphene oxide sensors [88]. Changes in Ids with respect to
time were assumed to be the result of surface charge density due to
positively charged bound thrombin. The effective gate voltage
(DVeff) brought on by these charges is proportional to the surface
charge density and thus can be used to quantify bound protein and
calculate binding kinetics [89]. No signal was detected when the
device was introduced to 100 nM streptavidin. Similar binding
affinities were seen after the sensor was used, washed and dried
with water and N2 gas, and reused one week later.

DNA GFETs have been shown to be effective protein sensors by
overcoming Debye screening effects that limit the utility of larger
probes. The low LOD, high dynamic range, and excellent
reproducibility of these devices make them well suited for
Please cite this article in press as: N.S. Green, M.L. Norton, Interactions of 
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otherwise challenging biological samples. To the best of our
knowledge, no DNA aptamer GFET sensors have been reported for
detecting cells. However, closely analogous detection schemes, e.g.,
protein coated GFET sensors, have been reported. Table 4 outlines
the protein sensors discussed here as well as some examples of
similar cell detection methods and compares all of these methods
to previously established protocols.

6. Conclusion and future developments

Aptamer-based graphene field-effect transistors (GFET) com-
bine the sensitive electronics of a unique two-dimensional
material with the highly specific probing power of oligonucleo-
tides while minimizing Debye screening and sample preparation
issues. Recent advancements in graphene production have made
these devices possible and proof-of-concept applications have
been demonstrated with small molecules and proteins. However,
there is still much to be done as the aptamer-target molecule
DNA with graphene and sensing applications of graphene field-effect
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interactions and even the structures of the probes themselves are
poorly understood.

The interaction of DNA and graphene allows for efficient
binding of oligonucleotides to the sensor surface but has
been shown to disrupt the hydrogen bonding forces between
complementary strands. This is potentially problematic for the use
of DNA nanostructure sensors as spatial resolution may be lost.
Stabilizing the interaction between DNA nanostructures and
graphene is an important problem to address and is an active
area of research in our group.

GFET sensors have demonstrated DNA detection limits compa-
rable to previously established methods, however, GFETs have the
advantage that no prior sample preparation is required prior to
detection. These sensors are based on monitoring changes in the
electrical characteristics of these transistors as DNA adsorbs onto
the surface of the device. Multiple mechanisms (e.g., doping,
electrostatic gating, and buffer effects) have been proposed to
explain variation in the signals accompanying DNA adsorption,
which has led to uncertainty in the detection process. Despite this
uncertainty, it is clear that GFET devices are well suited for DNA
detection with similar LODs to established methods.

DNA aptamer coated GFET sensors are sensitive detectors for
small molecules and proteins. The devices can be either top- or
bottom-gated depending on the application. Top-gated sensors
generally require much lower gate voltages (0.1–1 V compared to
10–100 V) but have inherent instability that arises from utilizing
ionic solutions as the insulating material. Conversely, back-gated
devices often require higher gate voltages but may provide greater
sensor stability and allow for straightforward vapor phase
detection. Solution-based measurements utilizing these sensors
are subject to ionic screening, or Debye screening, which can
negate the effect of bringing a charged object near the surface of
the graphene layer. The relatively short chain length of DNA
aptamers overcomes this challenge faced by larger capture
moieties, i.e., antibodies, by maintaining the analyte closer to
the graphene surface.

DNA aptamer-based GFET sensors are sensitive and versatile
platforms for the detection of DNA, small molecules, and proteins.
The strength of adsorption of DNA onto graphene allows for ease of
construction while simultaneously presenting challenges for the
installation of DNA-based nanostructures. The elucidation of the
nature of this interaction should lead to a better understanding of
the sensing mechanism behind this novel detection regime, which
has the potential to become a new standard bearer for ultrasensi-
tive detection.
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