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Abstract

Fast, cheap, and reliable DNA sequencing could be one of the most disruptive innovations of this
decade as it will pave the way for personalised medicine. In pursuit of such technology, a variety
of nanotechnology-based approaches have been explored and established including sequencing
with nanopores. Due to its unique structure and properties, graphene provides interesting op-
portunities for the development of a new sequencing technology. In recent years, a wide range
of creative ideas for graphene sequencers have been theoretically proposed and the first exper-
imental demonstrations have begun to appear. Here, we review the different approaches to
using graphene nanodevices for DNA sequencing, which involve DNA passing through graphene
nanopores, nanogaps, and nanoribbons, and the physisorption of DNA on graphene nanostruc-
tures. We discuss the advantages and problems of each of these key techniques, and provide a

perspective on the use of graphene in future DNA sequencing technology.

Introduction

DNA sequencing is an extremely rapidly evolving methodology to read off the sequence of bases
in a genome. Given its role in human physiology and development, such sequence information
is expected to significantly impact diagnosis and treatment of disease, ultimately facilitating
personalized medicine where the right treatment can be applied to individuals. The progress
towards cheaper and faster sequencing has been very impressive since the Human Genome
Project [1] first sequenced the human genome. That project was largely carried out using the
classical Sanger method [2], a process in which DNA strands are synthesized starting from a
known primer sequence and terminated by a specific dideoxy dNTP, such that the last base in
the sequence is known. DNA strands are then size separated by gel electrophoresis for reading off
that last base. The Sanger procedure is time consuming due to the slow throughput with DNA
fragment separation in gels. The need for cheaper and faster techniques drove both scientists
and companies to work on new sequencing technologies [3,4]. Second-generation sequencers
involved in-vitro amplification of DNA strands and their clustering onto dedicated surfaces as

well as sequencing-by-synthesis [5], where fluorescently tagged nucleotides are included by a



polymerase, which enables to instantly read off a signal for each base. These improvements
substantially increased the degree of parallelism and reduced reagent volumes, leading to much
faster and cheaper sequencing. These methods, however, came at the cost of significantly lower

read lengths (typically ~100 bp) compared to the Sanger method (> 500bp) [6].

Yet newer sequencing methods, based on nanotechnology approaches, now focus on
single-molecule long-read-length sequencing without any amplification or labeling. For example,
Pacific Biosciences uses an array of zero-mode waveguides where each waveguide reads the base
sequence by detecting the incorporation of single fluorescent nucleotides in DNA synthesis in
real-time [7]. This technology is particularly useful for de-novo sequencing as it allows to read
long strands (on average several kbp long). Although sizeable error rates (~13%) have been
reported [8], these errors are random, in contrast to context-specific errors (e.g. palindromic
sequences or GC rich contents) that are generally observed in other techniques, such that multi-
ple lower-quality base calls can be aligned to derive high-quality (de-novo) sequence data [9,10].
Another interesting innovation recently emerged from Oxford Nanopore Technologies that built
a sequencing device based on biological nanopores [11]. In such nanopore sequencing, one de-
tects the base-dependent changes in the ionic current while a DNA molecule passes through
the pore. This powerful technique allows for amplification- and label-free detection that can be
scaled up for high-throughput sequencing. The technology was even developed into a portable
device which could be ideal for direct use in health centers. First studies report that high-
confidence alignments can resolve single-nucleotide variations and that the base reads are up
to 85% accuracy (i.e. yet have a very large 15% error on each base calling, but the accuracy
seems to be improving rapidly) [12]. Further development towards next-generation sequencing

devices is eagerly awaited, and there is a need for new approaches.

Graphene, a single layer of carbon atoms arranged in a 2D hexagonal lattice, is providing
new opportunities. Since its discovery in 2004 [13,14], interest in this material has increased
dramatically [15], due to the fact that it combines a number of unique properties: it is atomically
thin, stronger than steel [16], highly flexible [17], stretchable, transparant [18], it has tunable
optical properties [19], is impenetrable for ions, and it is an excellent thermal [20] and electrical
conductor. It has attracted major attention for electronic applications due to its extremely high

charge carrier mobilities even at room temperature (1 x 10° cm?/V s) [21]. Graphene can be



produced cheaply in large areas, thus allowing upscaling in a cost-efficient manner. Given the
special properties of graphene and its wide range of potential applications [22], one may ask if
graphene provides novel opportunities for nanodevices for DNA sequencing. Indeed, this is the

case, and this is the focus of this review.

Many different concepts have recently been proposed to sequence DNA using the spe-
cial properties of graphene, as summarized in Figure 1. Graphene’s atomically thin and ion-
impermeable structure, for example, represents the ultimate membrane for nanopore-based se-
quencing (Fig. 1A), where each base of a DNA molecule will block the ionic current through a
tiny nanopore in the thin graphene sheet slightly differently. Other innovative proposals employ
graphene’s conductive properties. As shown in Fig. 1B, each base residing within a nanosize
gap within a graphene layer may lead to a different tunneling current across the gap because of
the different electronic level structure of the bases. Alternatively one can monitor the inplane
current through a graphene nanoribbon with a nanopore through which a DNA molecule tra-
verses (Fig. 1C), as different bases are predicted to modulate the nanoribbon current differently.
Finally, a range of techniques rely on changes in graphene currents as a result of physisorption
of DNA to the graphene surface, see Fig. 1D. This review provides an overview of the various
theoretical proposals for graphene-based DNA sequencing and discusses the first experimental

efforts in this direction.

1. Ionic current detection through a graphene nanopore

First, we discuss DNA sequencing with graphene nanopores. The principle of nanopore sensing
using ionic currents is quite elegant: an impermeable membrane containing a nanometer-sized
hole is sandwiched between two compartments containing an electrolytic solution. When a
voltage is applied across the membrane, an ionic current is induced through the pore. As DNA
is strongly negatively charged, it can be driven in a head-to-tail fashion through the nanopore
by an electric field. While the molecule translocates, it excludes ions from the pore volume,
resulting in a temporal decrease in the ionic current. The magnitude and the duration of the
current-blockade provide information on the diameter and length of the molecule, respectively.

For sequencing, each nucleotide should block the ionic current in a unique way that is dependent



on its molecular size and shape. Nanopore sequencing is pursued with biological and solid-state

nanopores.

Biological nanopores in cell membranes control the transport of molecules from one
compartment to the other, and researchers have studied these systems for decades by measur-
ing ion transport [23] and polymer translocations [24,25]. Nucleic acid translocations through
a-haemolysin pores in lipid membranes were measured already nearly two decades ago [26], mo-
tivated by the idea to read the consecutive bases of a ss-DNA molecules in linear fashion. Since
these early days, the nanopore field has grown tremendously, and excitingly, DNA sequencing
with nanopores has indeed been realised [27,28]. Solid-state nanopores present some interesting
advantages over their biological counterparts, such as high stability, control over pore diameter
and channel length, lower sensitivity to external parameters such as pH, temperature, salt con-
centration and mechanical stress, and, importantly, they are well suited for massive upscaling
and device integration on chip [29]. However, solid-state nanopores also have some disadvan-
tages, such as the lack of true atomic control and increased noise levels. Indeed, so far, DNA

sequencing has been realized with biological nanopores, but not yet with solid-state nanopores.

One of the most fascinating new developments has been the employment of graphene
nanopores for DNA sequencing. Even monolayer graphene is impermeable to ions and due
to its strength, graphene can form a freestanding membrane, facilitating the ideal atomically
thin membrane for nanopore measurements. The sensing resolution of monolayer graphene has
the potential to attain its theoretical optimum, since the effective thickness of the graphene is
only ~0.6 nm in solution due to ionic screening [30, 31], which is the same length scale as the
distance between two adjacent bases (~0.6 nm) of a single-stranded DNA molecule. Although
it is not yet known whether single-base resolution can be achieved, this could highly simplify
signal processing. This would present a significant advantage in comparison to the longer
pore channels that are present in conventional SiN pores and in protein pores, where complex
signal deconvolution and processing is needed, because the ionic signal originates from several
neighboring nucleotides in the relevant volume of the pore. Another important advantageous
property of graphene is that it is electrically conductive, which opens up the possibility to

monitor an inplane current through the membrane when the DNA molecule translocates.

Theorists have studied whether indeed DNA sequencing is possible with ionic current



detection through graphene nanopores. Molecular Dynamics (MD) simulations have been per-
formed to study the movement of DNA molecules through a graphene pore, to evaluate in what
way this affects the ionic current [32-34]. Early on, it was found that poly(A-T) and poly(G-
C) can be distinguished at a bias voltage of 1V [32]. However, the simulations also exposed
some problems with the approach, as they revealed that the bases move stochastically through
the pore, which would lead to sequencing errors. Also, the current blockades were predicted
to be strongly dependent on the local conformation of the DNA bases inside the pore result-
ing in a strong overlap of the current blockades for the different bases [32,33]. Interestingly,
hydrophobic adhesion of bases to the graphene surface right next to the pore was found to sig-
nificantly reduce the possible ssDNA conformations [33]. These simulations suggested that the
best ’stepwise’ translocations may occur with a three-layer graphene sheet, such that collective
binding/unbinding of the bases on both sides of the membranes is possible, whilst fluctuations

in the DNA base orientations inside the pore are minimised [33].

In 2010, three independent groups published experimental data of double-stranded DNA
translocations through graphene nanopores [35] [36] [30]. Their approaches were equivalent: 5-
25 nm diameter pores (Fig. 2A, 2B) were made with a transmission electron microscope in a
freestanding graphene membrane on top of a larger hole in a silicon nitride membrane. A large
current blockade (i.e. the DNA sensor signal) was measured for DNA translocations compared
to conventional silicon nitride solid-state pores due to the atomically thin membrane (Fig.
2C) [30,36]. The signal amplitude was shown to be further maximised by minimising the pore
diameter [31]. In a next step towards sequencing, single-stranded DNA was detected. To do
so, the attractive hydrophobic -7 stacking interactions between the nucleobases and graphene
were overcome by applying a hydrophilic coating to the graphene to prevent attachment of the
DNA to the graphene and the associated clogging of the pore [37]. In another experimental
report, the opposite approach was taken and the adsorption and desorption of DNA bases on
the graphene was in fact exploited to slow down DNA during translocation. Indeed, longer
translocation times were found for ssDNA (~5.5 us/nt) compared to dsDNA (~0.4 ps/bp) in
a graphene- AlyOs-graphene sandwich device (Fig. 2D), where the slower translocation is likely

caused by a stick-slip interaction [38].

A general challenge for DNA sequencing with solid-state nanopores is the fast translo-



cation time of the DNA molecules, which typically traverse the pore at a speed of 0.01-1 us per
base depending on the conditions, which is orders of magnitude too fast given that measure-
ments are generally performed at a bandwidth of only ~100kHz which is limited by the high
noise in the ionic current [39]. Also, the DNA molecule’s movement is not completely confined,
leading to positional fluctuations and variation in translocation velocity [40]. As temporal sig-
nals are interpreted into spatial information, this could be a serious problem for ionic current
detection. Graphene nanopores particularly exhibit high low-frequency 1/f noise, which is likely
of mechanical origin [41]. It may be possible to suppress this noise by reducing the area of the
freestanding graphene [31], or by the use of multilayered structures [36,42,43]. Glass-based
substrates may furthermore represent a good improvement, as low dielectric materials reduce

the capacitive noise [44].

The solid-state nanopore field is still pushing towards base-discriminating measurements
on DNA molecules that move through the pore more slowly, and graphene pores may contribute
to these technical advances. It, however, remains a significant challenge to reach single-base
resolution given the fast translocation times, the conformational fluctuations, the stochastic
translocation of the bases, and the high noise levels. Various groups now look for alterna-
tive readout schemes that are different from ionic current detection, by utilising the intrinsic

conductivity of graphene, as explained below.

2. Tunneling across a graphene nanogap

We will now discuss DNA sequencing based on tunneling across a graphene nanoslit. The con-
cept is to measure a tunneling conductance across two closely spaced graphene electrodes, and
to monitor the variations of the current as a DNA molecule passes through the slit. Transmis-
sion spectra for tunneling electrons depend on the electronic structure of the nucleotide and on
the coupling of the nucleotide eigenstates to the graphene edges. A distinctive tunneling current
will be observed when the molecular energy level of a base falls within the voltage bias window
of the two electrodes. When the molecular eigenlevels are far away from the electrochemical
potentials of the graphene edges, tunneling will be off-resonant and the tunneling currents will

be small. Graphene can be particularly useful in this setup because its single-atom thickness



facilitates the detection of a single nucleotide that resides in the tunneling gap. And perhaps
most importantly, graphene can represent both the membrane and the electrodes at the same
time because of its electrical properties. This greatly eases the fabrication of devices, as the

nanogap and the electrodes are automatically aligned in the same plane (Fig. 3A) [45].

This idea was first proposed in 2010, with numerical simulations showing that sequencing
should be possible for small gap sizes (1-2 nm) [45]. Similarly, simulations for graphene elec-
trodes embedded within a silicon nitride nanopore, reported base-specific detection [46]. Density
functional theory (DFT) and non-equilibrium Green’s functions (NEGF) studies were utilised to
study how transport across graphene nanoslits is modulated due to the presence of DNA bases
in the slit. Indeed, a DFT-NEGF study on a gap in a zigzag-edged graphene nanometer ribbon
(ZGNR), which is a nanostructured narrow graphene strip with perfect zigzag edges (Fig. 3B),
predicted the possibility of base discrimination [47]. However, another study indicated that only
the Guanine base can be well distinguished from the other three due to quantum interference
effects [48] that may occur from the rotation of bases and due to Fano-type resonances caused
by energetic coupling between the discrete energy state of the DNA base and the continuous

energy states of the graphene electrode.

As the tunneling current is exponentially sensitive to changes in distance and orientation,
large fluctuations in the tunneling currents can be expected [45,48-50]. The tunneling current
distributions for the four DNA bases are therefore predicted to be broad (variations over orders
of magnitude), yet with little overlap (Fig. 3C) [49]. Functionalization of the electrodes, for
instance by hydrogenation or by attachment of one of the nucleobases, may provide a way
to hold the molecule in a preferred orientation relative to the electrodes, thereby significantly
reducing current fluctuations. Such passivation of the electrode edges is also suggested to
promote coupling [50,51], and it may slow down the translocation speed of the DNA, allowing
more time for measuring each individual base [50]. The idea of this 'recognition tunneling’
originates from successful experiments performed to slow down DNA while it moves through a
gap [52-54]. Much efforts were focussed on measuring DNA with metallic tunneling electrodes
embedded in silicon nitride pores [52,55-59], and indeed, some sequence information could be

extracted when the DNA was pulled through the gap by an electric field [56,57].

So far, no DNA sequencing experiments using tunneling through graphene gaps have



been reported. However, stable nanogaps of 1-2 nm in few-layer graphene were formed through
feedback-controlled electroburning, where heat due to the high current densities locally burns
the graphene, and transport through contacted single molecules between the electrodes was
measured [60-62]. Other approaches involved beam-based techniques like helium ion beam
lithography [63], and arrays of graphene nanogaps (1-10 nm) were fabricated using e-beam
lithography and oxygen plasma (Fig. 3D) [64]. There are some significant challenges for this
approach, as the tunneling currents will be small due to the low density of states in graphene,
fluctuations will be large due to base fluctuations (position and orientation), and the Brownian
motion of ions and water molecules may induce additional noise. Furthermore, as the DNA is
electrophoretically driven through the gap, its translocation speed will again be very high, which
will make it even more difficult to resolve sequence information. Nevertheless, in view of the
promising theoretical proposals and the successes made with fabricating tunneling electrodes
embedded in solid-state nanopores, interesting experimental results on DNA detection using

graphene nanogaps may be expected in the near future.

3. Inplane transport of a graphene nanoribbon with a nanopore

The electrical properties of graphene can be exploited in a more direct way for DNA sequencing
by monitoring the current through a narrow graphene nanostructure that contains a nanopore
through which a DNA molecule translocates. Graphene is a gapless semiconductor [65], but
when structuring the graphene into a nanometer-sized ribbon, its properties change depending
on the edge profiles. Theoretical studies show that an armchair ribbon will be semiconduct-
ing [66-69] and that a zigzag-edged ribbon is metallic with a current profile that peaks at
the edges [66,69-71]. Both armchair and zigzag nanoribbons have been proposed to present
promising platforms for DNA sequencing in a large number of theoretical reports [72-79], and

experimentalists have begun to explore this approach [80-85].

Similar results were obtained from various theoretical calculations, where electronic
transport was studied using DFT and NEGF for different types of ribbons (width ~3 nm and
pore diameter ~1.5nm) in the absence and presence of each of the four DNA nucleobases [72-79].

The nanoribbon current was found to be modulated due to electrostatic interactions between



the nucleotides and the graphene pore, causing a change in the local density of states in the
graphene near the pore. Base specificity (i.e. different nanoribbon currents when different bases
are inserted in the pore) is attributed to the different coupling strengths of the bases with the

graphene nanoribbon.

The first DFT study on a graphene nanoribbon with a nanopore was published in 2010
[72], where the authors calculated the current through a hydrogen-terminated armchair ribbon
with a nanopore. By integrating over the density of states in the presence and absence of
the respective DNA bases, this device could discriminate between the four different bases, a
result that was found to be insensitive to strand orientation relative to the membrane. Similar
calculations were done on a metallic nanoribbon [73], where the location of the pore was varied
between the middle and the edge of the ribbon, and it was proposed that a ribbon with a pore
located at the edge will be more suitable for DNA detection. Calculations have shown that edge
currents in zigzag ribbons may be beneficial for DNA detection (Fig. 4A) [74,86]. Base-distinct
current variations were found, in the order of ~1 pyA at 100mV bias, much larger than what
can be expected for armchair edged ribbons where these edge currents are absent. These results
were, however, contradicted by a self-consistent DFT study on zigzag GNRs [75] that showed
that the respective bases can only be distinguished when transport is conducted away from the
Fermi level. In another interesting study, ribbons with a finite length along the ribbon were
compared to quantum point contact structures, which essentially are ribbons in the limit of
zero length [76]. These point contacts were found to exhibit a greater sensitivity than armchair
edged ribbons provided that the carrier density is enhanced, for example by gating [76]. Another
more complex device, consisting of a two nanoribbons stacked on top of one another to form
a small overhang (~3 nm) with a nanopore (~1.5 nm) [78], yielded again base discrimination.
Calculations performed on multi-layered structures that facilitate multiple measurements on the
same molecule, showed that a cross-correlation analysis between different nanopore scans of the
same DNA molecule can yield an enhanced signal-to-noise ratio [79]. Graphene nanoribbons
with a nanopore were also proposed to be able to distinguish whether DNA is methylated or
not, a crucial biomarker for epigenetics. Methylated and non-methylated bases were shown to
lead to characteristic differences in transport through a graphene nanoribbon with a 0.5 nm

wide hydrogenated pore [77].

10



Although the results of these theoretical studies are exciting, it has to be noted that most
calculations on nanoribbons and on nanogaps were performed on simple model systems. Effect
of ions and solvent molecules were typically not included and the DNA phosphate backbone
was often assumed to be neutral in charge. In more realistic studies, where MD simulations
were used to model different DNA coordinates, with water molecules and ions included, base
distinction appeared to be more difficult [87,88]. Also, the nanoribbon and nanopore edges
were considered to be of either armchair or zigzag type, whereas in practice they may consist

of a mixture of armchair and zigzag edges.

Experimentally, monolayer graphene nanoribbons can be produced in various ways. The
most common techniques include e-beam lithography, (S)TEM, and STM lithography. Alterna-
tively, chemical techniques that involve unzipping of carbon nanotubes or ’bottom up’ assembly
of ribbons with the use of molecular precursors have been used [89]. Freestanding graphene
nanoribbons (of sub-10nm widths) were made using scanning transmission electron microscopy
(STEM) to obtain narrow ribbons [82-85]. It was shown that when the graphene is heated
to >600°C, it can be sculpted with near atomic precision, while maintaining pristine defect-
free graphene [84]. At such elevated temperatures, self-repair is mediated by mobile carbon
ad-atoms that constantly repair the defects caused by the electron beam. One can control the
shape of the edges by cutting along specific crystallographic directions (Fig. 4B) [85]. Crys-
talline ribbons were also obtained using Joule heating, where a large voltage (~3 V) is applied
across the ribbon, leading to local heating (> 2000 K) due to the high current densities. This
heating recrystallizes the edges of the nanoribbon that rearrange along either a zigzag or arm-
chair profile [90]. With that approach, armchair ribbons down to 0.7nm in width were made,

which were highly conducting and could sustain microampere currents at low voltages [82,83].

First experimental results on DNA translocation through graphene ribbons with nanopores
were reported in 2013 [80] (Fig. 4C). For an e-beam patterned ~100nm-wide ribbon with a pore
size of ~10 nm, simultaneous current drops in the ionic current and signals in the graphene
ribbon during DNA translocation events were presented. These graphene current modulations
were however caused by a nonlocal capacitive coupling of the DNA molecules to the ribbon, sim-
ilar to the field effect described in [91], whereas the effect evaluated in the theoretical proposals

is induced by a change in local density of states at the pore. It is to be expected that smaller

11



ribbons will exhibit much higher sensitivity. The currents through graphene nanoribbons are rel-
atively large (much larger than the ionic currents in nanopore measurements and the predicted
tunnelling currents across graphene nanogaps), and the resistance will only be in the order of
the quantum resistance (i.e. much smaller than that of nanopores and nanogaps). Accordingly,
it can be expected that it is possible to carry out measurements at much higher bandwidths.
This implies that one can potentially measure DNA-sequence information much faster, possibly
even at the normal translocation speed of the DNA molecule, which would present a major
advantage over conventional nanopore measurements. Given the sizeable efforts to fabricate
well-defined small graphene nanostructures, it can be expected that DNA translocation exper-
iments through nanoribbon-nanopore devices will be performed in the coming years, resolving

whether one can indeed sequence DNA with this approach.

4. Detection methods based on DNA adsorption

The strong binding interactions between the aromatic groups of DNA bases and graphene have
prompted researchers to find ways to exploit these interactions for a range of DNA sequencing
applications based on current modulations in graphene due to DNA physisorption, or measure-
ments that rely on differences in electrochemical activity, graphene FETS, and optical detection

upon adsorption and desorption of DNA molecules.

The nature of the binding of DNA bases to graphene is complex. Several mechanisms
have been discussed, including w-7 stacking, electrostatic, van der Waals, and hydrophobic
interactions [92]. The main contribution is attributed to m-m bonding, which explains why
ssDNA binds more strongly to graphene than dsDNA where the bases are hydrogen bonded
and stacked within the helical structure [93,94]. The interaction strengths of the different
bases with graphene vary as it depends on the polarizability of the DNA bases [93,95]. Both
theoretical and experimental studies report that guanine binds most strongly to graphene while

A, T and C have lower and similar interaction strengths [93,96-100].

The non-covalent adsorption of DNA bases to graphene was suggested to induce modula-
tions in the current through graphene nanostructures (Fig. 5A) [101-104]. To explore its use for

DNA sequencing, the effects of DNA base adsorption on a graphene nanoribbon were calculated

12



with DFT and NEGF [101]. The stacking interactions were found to be sufficiently strong to
modulate the current and simultaneously sufficiently weak to allow detachment and subsequent
attachment of the next base of a DNA molecule that was passing the armchair nanoribbon (Fig.
5A). The interactions were shown to result in base-dependent conductance drops, due to Fano
resonances (Fig. 5B) [102]. A second report demonstrated that T, G and C bases that were
adsorbed on a graphene ribbon altered the electric current through the ribbon, while a clear
signature was lacking for A [103]. It has to be noted that it will be extremely challenging to
make ribbons that are narrow enough, such that only a single nucleotide can adsorb at the
same time. Likely this will only be feasible with ribbons that are fabricated bottom up through
chemical synthesis [105]. Base-dependent changes in the local density of states in graphene were
confirmed in STM spectroscopy experiments. Calculations of the local tunneling conductance
through DNA bases that were physisorbed on graphene showed distinct peaks (Fig. 5C) [106],
and STM spectroscopy on a Cu(111) surface was shown to be able to distinguish G bases within
a ssDNA molecule (Fig. 5D) [107].

A wide variety of experimental studies was reported that exploit graphene-DNA inter-
actions to determine sequence variations, using electrochemical, FET and fluorescent detection
schemes. Although most of these approaches are not suitable for actual de-novo sequencing, they
have succeeded in measuring DNA mismatches (e.g. single or double DNA base mismatches).
Graphene is well fit for electrochemical detection methods due to its high electrical conductiv-
ity, large surface area, and very fast heterogeneous electron transfer [108]. Single-nucleotide
polymorphisms (SNP) were detected [109,110] with electrochemical impedance spectroscopy,
where the charge transfer between the solution and the graphene is modified by adsorption or
desorption of molecules on the surface. SNPs are sequence variations where a single nucleotide
in the genome differs from the wild-type genome. They are widely studied as they relate to
many diseases such as cancer and Alzheimers disease [4]. Electronic measurements on ssDNA
adsorption on graphene were also performed in a biochemical FET setup, where the effect of
DNA adsorption and hybridisation on the source-drain current in graphene sheets was mea-
sured upon variation of a gate potential [111,112]. Not surprisingly, ssDNA was found to act
as a negative gating agent that increased the hole density in graphene [113,114]. DNA hy-

bridisation to immobilised ssDNA probes on CVD graphene could be used to detect single base
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mismatches [114]. Multiple DNA targets and various mismatch DNA strands were also selec-
tively detected with fluorescence microscopy [115-118]. Fluorescent dyes attached to ssDNA
probes adsorbed to a graphene surface were efficiently quenched by graphene oxide, while after
hybridization to complementary or mismatched strands, the fluorescent signals reappeared in
the dsDNA. A large amount of studies have been reported on biosensing with graphene and
graphene oxide (sensing amino acids, peptides, glucose and more), and the interested reader is

referred to Ref. [119] for an extensive overview.

Summing up, adsorption of DNA onto sensitive nanographene structures, such as nanorib-
bons, can potentially lead to base-specific information. One major advantage in these adsorption
studies is that base fluctuations in position and angle are minimised, which could lead to lower
noise in the measurements. Further exploration of the approaches described above will reveal

whether these techniques may indeed lead to actual DNA sequencing.

Outlook

Many efforts have been directed at developing new DNA sequencing techniques that benefit
from graphene’s special properties. In this review, we highlighted the most prominent ap-
proaches involving graphene nanopores, nanogaps, nanoribbons, and physisorption on graphene

nanostructures.

Despite the clear progress in the nanopore sensing field, we believe that ionic current
detection will not be the ultimate approach that will lead to DNA sequencing using graphene
nanodevices. Major challenges remain in slowing down the DNA during translocation, reducing
the stochasticity in the translocation velocity, reducing conformational fluctuations of the bases
residing within the pore, and lowering noise levels. More promising, in our view, is to employ the
conductive properties of graphene, i.e., monitoring modulations in the currents running through
a graphene nanostructure upon interaction with DNA bases. We have discussed a number of
theoretical studies that calculated the variations of tunneling currents across a gap between
two graphene electrodes due to the presence of DNA bases residing within that gap. While
these theoretical results on simple model systems were promising, no experimental studies on

graphene nanogaps for DNA sequencing were reported so far, likely because of the significant

14



experimental challenges involved (creating and maintaining a few-nm gap between graphene
electrodes, slowly traversing DNA through it in a controlled way, and performing tunneling
current measurements while base, water, and ion fluctuations yield significant tunneling current
noise). Results on metallic tunneling electrodes embedded in silicon nitride nanopores [56,57]

are encouraging, however, and similar experiments using graphene electrodes are to be expected.

Many theoretical studies on graphene nanoribbons that contained a small nanopore
showed that such ribbon devices can electronically discriminate different bases that occupy
the pore, thus providing sequencing information if a DNA strand is led through the nanopore.
An advantage over tunneling current detection is that the currents in the nanoribbons are
much larger, likely yielding higher signal-to-noise ratios and lower RC times, such that one
can potentially carry out measurements at much higher bandwidths. It is to be expected that
experiments on narrow graphene nanoribbons will resolve the abilities for base discrimination

in the near future.

Electrochemical and fluorescent monitoring of adsorption and desorption of DNA on
graphene surfaces has already demonstrated discrimination of local DNA sequence variations
such as SNPs. According to several theoretical studies, DNA base adsorption onto the surface
of a graphene nanoribbon may even lead to base-distinct current modulations. Fabrication of

very narrow crystalline graphene nanostructures is, however, extremely challenging.

This emphasizes the more general point that atomic engineering of graphene will be
key to success in realizing graphene-based DNA sequencing devices. The nanodevices that are
most promising for DNA sequencing feature narrow graphene nanostructures with crystalline
edges that probe the presence of DNA through detection of a tunneling current or an inplane
nanoribbon current. Fabrication of such nanostructures with atomic-scale control is crucial, but
poses quite a challenge. Patterning graphene at elevated temperatures (>600°C) provides a way
to minimize defects to preserve graphene’s crystallinity [84]. Narrow ribbons with crystalline
edges were also produced through Joule heating [83,90], where a voltage of ~2-3 V applied
across a ribbon resulted in a local heating of 2000K, leading to recrystallization of the edges
[90]. Alternatively, narrow bottom-up graphene nanoribbons that are chemically synthesized
with perfect zigzag or armchair edges may represent the ultimate approach for ultra-sensitive

graphene devices [105]. For a more detailed perspective on the importance of defects in graphene
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nanostructures, the reader is referred to [120].

Another challenge in many DNA sequencing approaches is to control the motion of
the DNA molecule while it translocates through or along the graphene nanostructure. Many
different solutions are being explored. Lower temperatures and higher buffer viscosities help a
bit. Recently, a viscosity gradient, involving an ionic liquid BmimPF6 on the cis side and a 2M
KCI solution on the trans side, was used to lower the DNA translocation speed by two orders
of magnitude [121]. A very different approach is to employ a polymerase or helicase enzyme to
open the dsDNA helix and slowly ratchet one of its strands through the pore channel [27,28].
Such protein-graphene hybrids or DNA origami-graphene structures [122-124] could provide
means to control the motion of DNA molecules. Yet another alternative is to use plasmonics to
control a DNA molecule in a nanopore [125,126]. In this approach, gold nanoantennas around
a graphene nanopore are used to trap the DNA in a plasmonic hotspot right at the pore,
introducing a ”physical knob” to switch the motion of the DNA through the pore on or off.
Moreoever, Raman spectroscopy on the DNA bases in the plasmonic hot spot at the pore can

provide sequence information while the DNA molecule is stepped through the pore [125,127].

Graphene is a special material that offers unexpected opportunities. While this review
described a number of promising concrete proposals to sequence DNA with graphene nanode-
vices, the coming years may witness even more different approaches, for example involving DNA
in graphene liquid cells [128], or DNA translocation through carbon nanotubes [129,130]. Given
the significant efforts on single-molecule sequencing and the fabrication of graphene nanostruc-

tures, we are hopeful that DNA sequencing with graphene will indeed materialize.
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Figures

Figure 1: Four new concepts using graphene nanostructures for DNA sequencing. (a) Detection of
changes in the ionic current through a nanopore in a graphene membrane due to the passage of a DNA
molecule. (b) Modulations of a tunneling current through a nanogap between two graphene electrodes
due to presence of a DNA molecule. (¢) Variations in the inplane current through a graphene nanoribbon
due to traversal of a DNA molecule. (d) Changes in a graphene current due to the physisorption of
DNA bases on to the graphene.
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Figure 2: DNA detection with ionic current measurements through graphene nanopores. (a) Schematic
of a typical graphene nanopore device layout, where a small nanopore is created in a graphene membrane
that is freestanding over a hole (100-1000 nm) in a silicon nitride membrane on a silicon chip. Adapted
from [30]. (b) TEM image (80 kV) of a 3 nm nanopore with clean and crystalline edge drilled in STEM
mode at 600°C (scale bar is 1 nm). From [37]. (¢) dsDNA current blockades are larger for graphene
nanopores (blue) than for SiN pores (red) due to their thin membranes. Largest blockade signals were
measured with the smallest pores of ~3nm. Adapted from [31]. (d) ssDNA translocations through
nanopores in a membrane of stacked layers of graphene-Al;Os-graphene have shown that ssDNA does
translocate slower due to interactions between the aromatic groups in the DNA bases and the graphene.
Adapted from [38].

18



ci |
o

_ 10" 10° 10 10 10
Armchair Current (nA)
e
Nanogaps 6.0 nm

3.0 nm <
£
€
g
5
O

0 T T T T T T T T T T T |

0.0 nm 0 5 10 15 20 25 30

Time (ms)

Figure 3: Graphene nanogaps for DNA sequence detection. (a) Artist impression of a ssDNA molecule
(backbone in green, bases in alternating colors) that translocates through a gap in graphene. Adapted
from [45]. (b) Schematic image of two different edge geometries of graphene: zigzag and armchair.
(c) Theoretical calculations predict that the four DNA bases can be distinguished from the tunneling
currents across a graphene nanogap. The currents are very small (1071° — 1072 nA) and are widely
spread, but show little overlap. Adapted from [49]. (d) SEM and AFM images of an array of graphene
gaps (1-10nm) on silicon dioxide made with e-beam lithography and oxygen plasma etching. Adapted
from [64]. (e) Top: artist impression of tunneling electrodes functionalized with recognition agents
(benzamide groups) that bind to a single DNA base in the centre. Bottom: Current spikes produced
when dAMP nucleotides were introduced between the tunneling electrodes. Adapted from [52].
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Figure 4: Graphene nanoribbons with a nanopore for DNA sequencing. (a) Left: schematic view of
a metallic zigzag graphene nanoribbon with a nanopore, where current flows mostly around the zigzag
edges (red arrows). Middle: A guanine DNA base in the nanopore is shown to induce a (base-specific)
~ A modulation of the edge current. Right: The four different bases yield very different current
modulations. Variations in base rotation result in a spread of the conductance modulations. Shaded
areas mark the regions of overlap. From [74]. (b) TEM image of a nanoribbon in monolayer graphene,
sculpted at 300 keV at 600 °C and imaged at 80 keV at 600 °C. The graphene was heated to preserve the
single crystallinity. The white line indicates an armchair edge. From [85] (c) Simultaneously recorded
ionic current (red) and electrical current (blue) through a ~100nm wide graphene nanoribbon with a
10nm pore during translocations of dSDNA (graphene source drain voltage 20 mV). Adapted from [80].
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Figure 5: DNA detection methods based on DNA physisorption. (a) Schematic of a nanochannel
device with an armchair graphene nanoribbon along which a ssDNA passes. DNA bases temporarily
adsorb on the graphene while moving through the channel. Adapted from [101]. (b) DFT results for the
structure of a show that base-varying conductance dips appear due to Fano resonance (black arrows)
due to such DNA adsorption. Adapted from [102]. (c) DFT calculations for single DNA bases adsorbed
on to graphene show different tunneling conductances due to their differences in local density of states.
From [106]. (d) STM image of ssDNA molecules on a Cu(111) surface. The guanine sites are indicated
by red characters in the bottom sequence, and by the red arrows. Adapted from [107].
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