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We propose a water-immersed nucleobase-functionalized sus-
pended graphene nanoribbon as an intrinsically selective device
for nucleotide detection. The proposed sensing method combines
Watson-Crick selective base pairing with graphene’s capacity for
converting anisotropic lattice strain to changes in an electrical
current at the nanoscale. Using detailed atomistic molecular
dynamics (MD) simulations, we study sensor operation at ambient
conditions. We combine simulated data with theoretical arguments
to estimate the levels of measurable electrical signal variation in
response to strains and determine that the proposed sensing
mechanism shows significant promise for realistic DNA sensing
devices without the need for advanced data processing, or highly
restrictive operational conditions.

Fast, reliable, and cost-effective DNA sequencing continues to
be an important open problem, as the vast majority of sequen-
cing needs currently remains to be satisfied by the use of the
Sanger method." Despite the numerous advances made in
automation and data analysis as part of the Human Genome
Project,>” the throughput rate and cost still significantly limit
routine production of genomic data using the currently avail-
able technology.

Various alternative approaches have been proposed,
ranging from employing ionic current blockage by DNA
nucleotides in aqueous nanopores®® to the use of chemically
selective tunneling current probes.® Discovery of atomically
thin carbon allotropes and their exceptional electronic, mech-
anical, and chemical properties has reinvigorated the search
for nanoscale system based DNA sequencing methods in the
past decade. Consequently, numerous graphene-based
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approaches have been proposed, mostly centered on the use of
graphene as the ultimately thin membrane impermeable to
water-dissolved ions”'° and nanoscale graphene-based field-
effect transistor devices with nucleotide-specific electronic
response.’’ " In all proposed methods, robust single-measure-
ment nucleobase selectivity in realistic measurement con-
ditions naturally remains a fundamental challenge."®'” with
single nucleotide count errors of up to 90%,'® depending on
the approach. In addition, device noise in ambient conditions
remains one of the most serious problems in developing a
robust graphene-based sensing methodology."?

Here, we report on utilizing graphene’s electronic pro-
perties, effectively combined with the Watson-Crick base-
pairing, as a possible method of high-speed DNA sequencing
at ambient conditions in aqueous environment. The key
feature of the proposed method is a graphene nanoribbon
(GNR) with a nanoscale opening, the interior of which is
chemically functionalized with selected nucleobases. As
sketched in Fig. 1(a), a single-strand DNA (ssDNA) molecule is
inserted into the functionalized pore and translocated at a pre-
scribed rate perpendicularly to the GNR. When a base comp-
lementary to the GNR’s functional group traverses the pore
during translocation, selective hydrogen bond formation is
expected to occur, as shown in Fig. 1(b), provided there is
sufficient dwell time set by the prescribed translocation rate.
As a result of local DNA-GNR binding, the GNR is expected to
be temporarily pulled upon and deflected in the out-of-plane
direction, followed by a slip when the critical force required
for breaking the hydrogen bonds is reached. Although direct
microscopy-based methods of detecting such deflections are
possible, here we focus on the possibility of utilizing the effect
of deflection-induced strain on the electronic properties of the
GNR, and thus detecting a temporary change in the electrical
current (from the electrical bias, as sketched in Fig. 1(a)), as
discussed later. Therefore, temporary changes in the electrical
current can serve as electrically measurable nucleobase detec-
tion events. Given that C/G-functionalized GNR is a G/C-selec-
tive, while an A/T-functionalized GNR is T/A-selective,
vertically stacking a total of four independently biased and

Nanoscale, 2016, 8, 1861-1867 | 1861
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Fig. 1 A three-dimensional sketch of the proposed nucleobase sensor (a) and the Watson—Crick base-pairing principle (b). The dotted lines in (b)

represent the hydrogen bonds formed between the nucleobases.

appropriately functionalized GNRs would result in an inte-
grated sequence detector.

Here, we present the results of carefully designed atomistic
molecular dynamics (MD) simulations of the continuous
ssDNA translocation through a C-functionalized GNR in an
aqueous environment. Our simulations are aimed at assessing
the selectivity of detecting G nucleobases in terms of the
effective GNR deflection at room temperature.

Shown in Fig. 2(a) is the central portion of the sensor,
which consists of a L, = 4.5 nm x L, = 15.5 nm GNR with a
~2.5 nm - wide nanopore, whose interior is functionalized
with three cytosine molecules. The GNR is position-restrained
at the ends, mimicking suspension between solid electrodes.
The carbon atom at position six in the cytosine molecule was

periodic boundary

Fig. 2 An atomistic model of a graphene nanoribbon with cytosine-
functionalized nanopore (a), periodic ssDNA (b), and the complete simu-
lated assembly immersed in water (c).

1862 | Nanoscale, 2016, 8, 1861-1867

covalently attached to an edge carbon® in the pore of the
functionalized GNR (FGNR), as seen in the magnification in
Fig. 2(a). Such an attachment point keeps the hydrogen-
bonding groups facing the interior of the nanopore, and thus
available for interaction with the side-chains of the nucleotides
subject to sensing. The atomic-level geometry of the cytosine-
functionalized region, including the near-90° orientation (con-
sistent with previous calculations®®) of the cytosine moiety
relative to the graphene plane, was obtained from a DFT
energy optimization of an anthracene molecule, functionalized
by the cytosine moiety at position nine. As shown in Fig. 2(b),
six-residue ssDNA samples (sequences defined further) perio-
dic in the Z-direction was inserted into the nanopore, as
shown in Fig. 2(c). All DNA backbones were pre-stretched in
the Z-direction by a force of ~0.1 nN in order to promote
strand linearity. In addition, weak positional restraint in the
XY-plane was applied to the ssDNA backbone, so it on average
remained close to the center of the nanopore, essentially
mimicking a precision aperture. All MD simulations of the
DNA translocation process were performed at ambient
conditions (T = 300 K, p = 0.1 MPa). The DFT optimization of
the GNR functional region was performed with the use of
Gaussian 09>' at the B3LYP/6-31+G(d) theory level.”>** All
partial atomic charges in the functional group were calculated
according to the CHELPG scheme®* at the HF/6-31+G(d) theory
level for the optimized geometry. The MD models of the
ssDNA and the FGNR were based on the OPLS-AA force
field.”>*® The intramolecular interaction parameters for gra-
phene were obtained from the optimized bond-order potential
for carbon,®” as described elsewhere.*® As shown in Fig. 2(c),
the entire system was immersed in a rectangular box filled
with water described by the TIP4P model.”>*° Prior to the
production MD runs, the systems were carefully pre-relaxed in
NPT simulations at 7 = 300 K and p = 0.1 MPa, while the
production simulations of DNA translocation were performed
in an NVT ensemble at 7 = 300 K, using GROMACS
v. 5.0.5 software.*"*>

The results obtained in a simulated ssDNA translocation
aimed at sensing the G residues by a C-functionalized GNR are

This journal is © The Royal Society of Chemistry 2016
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discussed next. We used two arbitrarily selected six-residue
periodic sequences of GAAGCT (SEQ1) and TCGAAC (SEQ2)
translocated in the negative-Z direction at a constant rate of
5 cm s, as dictated by the MD time limitations for a system
of this size. The FGNR in all cases was pre-stretched at the
ends (along the Y-axis) by 0.5% to enable a rapid return to
post-deflection unperturbed state and to somewhat suppress
the thermal fluctuations. The total simulated time was 300 ns,
during which the sequences translocated through the pore
were repeated approximately 3.3 times. In the case of SEQ1,
this effectively corresponds to GAAGCT/GAAGCT|GAAGCT/GA,
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and thus seven passes of the G residue are expected. For SEQ2,
the corresponding sequence is TCGAAC/TCGAAC|TCGAAC|TC
with three expected passes of G. Note that the nucleobase
inside the pore at the start of a simulation (underlined) can
vary, because the pre-translocation MD relaxation steps for the
various systems discussed here allowed for spurious transloca-
tion of the sample ssDNA. As seen further, the variation in the
starting residue does not affect the clarity of our observations,
as we effectively track the passage of the G-bases. Shown in
Fig. 3(a) we present the results of SEQ1 translocation in the
form of the out-of-plane deflection of the GNR as a function of
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Fig. 3 FGNR deflection and the number of G-C hydrogen bonds as functions of simulated time for ssDNA sequence SEQ1 (periodic GAAGCT) (a)
and sequence SEQ2 (periodic TCGAAC) (b); all hydrogen bonds between the FGNR and the ssDNA sequence SEQ1 (c) and SEQ2 (d); ssDNA pulling
force during translocation of SEQ1 (e) and SEQ2 (f). The ssDNA translocation speed in these simulations was 5 cm s, approximately corresponding
to 66 million of nucleobases per second. The grey strips in (a) and (b) represent a background noise measure: the strip half-width is v/2 x deflection
RMSD from the regions of non-G translocation in (b). A low-pass filter with an effective bandwidth of 500 MHz was applied to the raw deflection
and pulling force data.
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simulated time, shown alongside the number of hydrogen
bonds formed between the functional groups and the G resi-
dues in the tested ssDNA. The latter measure enables clear
tracking of the residue of interest, as it passes through the
pore. As expected, a total of seven binding events occur
between the functional groups at the pore interior and the resi-
dues of interest. A total of three hydrogen bonds are created in
each case, as shown in Fig. 3(a), consistent with the schematic
representation in Fig. 1(b). Remarkably, in six out of the seven
G-passage events, the bond formation is accompanied by a
clear GNR out-of-plane deflection of the average ~2 A magni-
tude, followed in each case by a sharp slip when the critical
force required for breaking the G-C hydrogen bonds was
reached. The clearly missed event is located at ¢ ~ 100 ns.
Interestingly, as observed in Fig. 3(e), the critical pulling force
in the range 50-80 pN, consistent with the experimentally
measured 54.0-61.4 pN.>*** Note that for a sensor aimed at
detecting the A/T bases (with a T/A-functionalized GNR), the
corresponding critical force would be ~2/3 of the average C-G
value, reducing the corresponding deflection magnitude
accordingly (see ESIT). In Fig. 3(b, d and f), the same data is
presented for SEQ2. Similarly, the passage of the G-nucleobase
is accompanied by a temporary GNR deflection in all of the
three cases. It is noteworthy that no post-processing of the
deflection data was performed beyond basic low-pass filtering
with a bandwidth of 500 MHz, as stated in the figure legend.
Such filtering allowed effective removal of thermal noise, as
well as clear resolution of the deflection events, which, from
the presented data, took ~15 ns on average, thus corres-
ponding to an effective frequency of ~66 MHz.

The intended ssDNA-FGNR chemical coupling can be seen
in Fig. 4, where a representative deflected state of the FGNR
immediately prior to pull-off is shown. The interacting groups
are properly oriented and the hydrogen bonds are formed
between the functional group at the nanopore edge and the
passing G-base. Importantly, no false-positives occurred
during simulated translocation, likely due to no significant

Fig. 4 A representative deflected state of the FGNR prior to G-C
detachment.

1864 | Nanoscale, 2016, 8, 1861-1867
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hydrogen bond formation between the FGNR and the non-
guanine nucleobases in the test sample. This cause for the
demonstrated level of selectivity is supported by the data in
Fig. 3(c and d), where all “spurious” hydrogen bonds are
tracked throughout the simulated time alongside the intended
(FGNR-G) bonds.

The translocation rate is expected to greatly affect the
device performance in terms of the bond formation and the
overall system relaxation, resulting in effects on the noise, and
nucleobase selectivity. Therefore, we performed translocation
tests of SEQ1 at a significantly higher rate of 25 cm s, corres-
ponding approximately to 330 million nucleobases per second,
simulated for 60 ns. The resulting FGNR deflection and the
number of C-G hydrogen bonds as functions of time are
shown in Fig. 5. Although C-G bonds continue to form
between the FGNR and the passing ssDNA, and the average
deflection magnitude is higher (likely due to lack of system
relaxation), the detection quality here is noticeably worse. In
particular, we observe a noisy resolution of the G passage at
¢t ~ 10 ns and a missed event at ¢ ~ 35 ns.

Although one cannot claim true statistical significance from
the results of atomistic simulations describing translocation of
only ten sequencing events, our combined data in Fig. 3(a and
b) suggest an overall single-sensor detection error probability in
the vicinity of 1/10 for the 5 cm s~ translocation rate. Given
that no false positives were observed, one roughly estimates that
a total of four independent measurements would be required to
achieve a 99.99% fidelity at the translocation rate of 5 cm s™". In
addition, given that an experimental setup would likely use
even lower translocation speeds, the overall single-measurement
error rate may be further improved.

As mentioned earlier, the nucleotide passage can be in
principle detected in an atomic force microscopy-like setup by
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Fig. 5 FGNR deflection and the number of G-C hydrogen bonds as
functions of simulated time during ssDNA (SEQ1) translocation at the
rate of 25 cm s7'. A low-pass filter with an effective bandwidth of
2.5 GHz was applied to the raw deflection data.
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tracking the deflections directly, or by monitoring the FGNR-
DNA interaction forces (shown in Fig. 3(e and f)). However,
direct electronic detection of the nanoscale deflection is a
highly attractive option. Although a truly accurate estimate of
the electrical current changes in a transversely deflected FGNR
would depend on the GNR quality, edge geometry (zigzag or
armchair), and dimensions, a theoretical discussion at the
order-of-magnitude level is possible. Electronic deflectometry
based on the effect of strain on the electronic band structure
of carbon nanotubes and graphene has been studied in detail
experimentally®® and theoretically.***” Assuming negligible
contact resistance and positing that thermally activated car-
riers in the conduction band dominate at 7= 300 K, the Land-
auer formalism yields a relative change in electrical resistance

AR AE,
of a GNR of the order — ~ — 222 3%
R kT

resistance, AEg,, is the energy bandgap modulation at the
Dirac point due to the deflection-induced uniaxial strain
(regardless of the existing bandgap in an undeflected state due
to GNR edge type, width, etc.) and k is the Boltzmann constant.
A tight-binding estimate for the effect of uniaxial strain e is
AEg,, « 3tee (toy = 2.7 eV) is the nearest-neighbor electron
hopping energy for graphene).’® For a GNR of length L
deflected by & < L, ¢ ~ 2(h/L)?, and thus for the FGNR dimen-
sions and % = 2 A in this work, we estimate & = 0.033%, yielding

where R is the electrical

AR
a positive == 10.4% due to the largeness of the (¢,/kT) ratio,

and thus resulting in an appreciable average current decrease.
If, depending on the GNR, coherent transport dominates
the conductive process, the effect of strain on an ungated GNR
would be negligible.*® Thus, an effective use of a gate electrode
was suggested,”® which enables modification of the carrier
transmission probability and results in an effective relative
change in conductance of the order (h*/La,), where a, = 1.42 A
is the C-C bond length in graphene. The latter estimate yields
a relative change of =2% for the deflected GNR considered
here. This net change is not particularly high, but is experi-
mentally detectable and is higher in larger GNRs. Recall that
this work considers a short and narrow GNR (dictated by the
computational limitations of MD). In an experimental setup,
a considerably wider and longer GNR would be used. The

deflection-to-length ratio is 7 (Fe/w)'®, where w is the

GNR width and F, is the critical C-G shearing force (see ESIT),
and thus the amount of deflection could be increased in a
longer and wider GNR with a somewhat higher aspect ratio.
For instance, a 10 nm x 60 nm GNR would be deflected (at F. =
const) by ~6.4 A, thus resulting in a relative average current
shift by ~4.8%. In a GNR with the original dimensions and
without lateral pre-strain, the two detection mechanisms dis-
cussed above yield a relative change in resistance of 71% and
12%, respectively. See sections S1 and S2 of ESIt for details, as
well as further discussion on the GNR size effects.

Because the locally suspended FGNR is part of an aqueous
system, subject to interaction with water and the nanopore-
confined DNA molecule, the effect of dynamic ripples on the

This journal is © The Royal Society of Chemistry 2016

View Article Online

Communication

GNR can introduce an additional source of charge carrier scat-
tering and noise, compared to “conventional” solid-state
devices. As estimated in the ESI,} the ripple scattering strength
is decreased as a result of deflection-induced strain. Therefore,
if ripple scattering is expected to significantly contribute to the
overall resistance in a given GNR, the observed effect may
become a contributing mechanism, suggesting an additional
design consideration in terms of the GNR dimensions, edge
type, and doping parameters. The rippling process is intrinsi-
cally dynamic in suspended atomically thin membranes,
causing significant rippling mean-square variation in the time
domain (see Fig. S1 of the ESIf). This suggests a temporal
modulation of the local electron hopping parameters, and
thus an additional source of rippling-induced noise. However,
because the timescale of the ripple dynamics is fundamentally
linked to the flexural wave propagation velocity in graphene of
the order of kilometers per second,* the dynamic modulation
of current occurs at the picosecond timescale,’® unless the
effective GNR dimensions reach tens of microns. Thus, given
that the timescale of the deflection-induced signal is of the
order of tens of nanoseconds for the translocation rate of 5 cm
s~ (~15 ns per base), and expected to be further lowered in an
experiment (currently 1-3 ps per base’'), one can argue that
basic low-pass signal filtering should be sufficient to eliminate
the high-frequency current noise arising from the FGNR
fluctuations.

As a result of its hydrophobicity, graphene is likely to
adsorb a DNA strand in the case of lack of positional precision
during insertion and translocation in an experiment,
suggesting a significant effect on the overall measurement
accuracy. A possible way to alleviate this potential problem is
by locally tailoring graphene hydrophobicity in the vicinity of
the nanopore via non-covalent coating,’” expected to also
affect the GNR flexibility and thus the amount of strain-indu-
cing deflection. In addition, the concept outlined here is
extendable toward any non-hydrophobic atomically thin mem-
branes with sufficient sensitivity of the electronic properties to
anisotropic strain, e.g. molybdenum disulfide.**

Conclusions

We have proposed a cytosine-functionalized graphene nano-
ribbon deflectometer in aqueous environment at ambient con-
ditions for fast and accurate sensing of nucleotides during
continuous translocation of intact ssDNA. The proposed
sensing mechanism combines Watson-Crick complementary
base pairing with the sensitivity of graphene’s electronic pro-
perties to anisotropic strain, as well as the deflection-induced
field effects described in the literature. Our simulations
demonstrate single-sensor guanine detection accuracy in the
vicinity of 90% with no false-positives at the translocation rate
of ~66 million nucleobases per second. We estimate that the
strain effects on the electrical conductance of graphene nano-
ribbons at ambient conditions are measurable, requiring only

Nanoscale, 2016, 8, 1861-1867 | 1865
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basic low-pass signal filtering, and thus rapid sequencing may
be effectively reduced to an electrical current measurement in
the milliampere range (as dictated by a typical electrical
resistance of a GNR'®) without the need for microscopy-based
methods. With the exception of the proposed nucleobase
functionalization, all of the individual components of the
proposed sensing method have been previously implemented
experimentally. The proposed sensing methodology may
therefore hold significant promise for realistic DNA
sequencing devices without the need for advanced data
processing, or highly restrictive operational conditions,
especially given its extendibility toward other strain-sensitive
membranes.
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