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Graphene as a good material for sensing single small molecules is hardly believed to identify
bio-molecules via electrical currents. This is because bio-molecules tend to bind to graphene
through non-covalent bonds, such as n-7 stacking interaction, which is not customarily considered
to induce a clear perturbation of the graphene electronic structure. In contrast to these expectations,
we demonstrate that oxygen in nucleobases adsorbed on graphene with 7-7 stacking interaction can
clearly alter the electric current even in water at room temperature. This property allows us to
devise the strategies employing graphene as material of choice in bio-sensorics, bio-chips. © 2012
American Institute of Physics. [doi:10.1063/1.3681579]

Ability to detect single bio-molecules with high accuracy
and efficiency is of central importance in many areas of
biology, chemistry, and environmental science.'”’ Efficient
bio-sensors are expected to contribute to the improvement of
medicine and medical treatment.” It is, however, uncertain
whether traditional chemical techniques can be simultane-
ously fast and inexpensive.* Nano-materials can form an
excellent technological platform for single-molecule recogni-
tion due to their extreme sensitivity of the electron-transport
properties in confined materials to external perturbations.® ™'

Recently, graphene nano-ribbon (GNR) has emerged as
suitable candidates for making sensors for single small mole-
cules,13 such as H,, H,O, and NO. The concept is based on
measuring a variation in the source-drain current of a GNR-
based field-effect transistor originating from the covalent
bond formed between the molecule to be detected and a
defect (or an edge) of GNR. However, few reports exist on
the use of GNRs as bio-sensors. One of reasons for this lack
of information is that bio-molecules do not usually bind to
GNRs via covalent bonds, meaning that the electrical pertur-
bation induced by a bio-molecule on a GNR is too weak to
be detected. Although graphene has been proposed for DNA
sequencing by adsorbing single-stranded DNA (ssDNA) via
-7 stacking with photosignal,'* conventional wisdom sug-
gests that the stacking interaction, a typical non-valence
bond, is hardly expected to be the basis of devices with clear
electrical responses.

In this letter, we show an unexpected observation that
nucleobases can induce a distinguishable signal in the elec-
tric current through a GNR even in water at room tempera-
ture. Further analysis reveals the oxygen in the nucleobases
is inducing such electronic signal, while still the 7-7 stacking
interaction exploited to mechanically stabilize the bio-
molecules on the device.

A seven-armchair GNR was applied for our conducting
channel. Along the small ends, the lattice had a zigzag con-
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figuration, and it was connected by sulfur atoms to the hol-
low sites of the Al(111) electrodes. These formed the
device'® for studying the effects of nucleobases on GNR.
Then we placed a nucleobase (adenine A, thymine T, gua-
nine G, or cytosine C) in the center of the nano-ribbon and
performed geometry optimization based on density func-
tional theory (DFT) as implemented in the SIESTA pack-
age'® without allowing relaxation of the device itself (only
the nucleobase was allowed to relax). Figure 1 illustrates the
final conformation of an adenine on GNR, showing that the
adsorbed nucleobase aligned nearly parallel to the nano-
ribbon surface. To clearly present the parallel alignment, we
calculated the averaged distance between the atoms in the
nucleobase and the GNR surface. The distance fluctuations
were only *=0.1 A for A and C, =04 for T, and =0.2 for G
with an average distance of 3.0A for all nucleobases. The
weak fluctuations strongly indicate that the nucleobases are
parallel to the GNR surface.

To investigate the adsorption stability, we calculated the
adsorption energy of each nucleobase on GNR by the for-
mula E,gsorpiion = — [E(nucleobase + device) — E(nucleobase)
—E(device)]. From the results reported in Table I, we can

FIG. 1. (Color online) Molecular geometry of the GNR-based device with a
color code: Al=brown, C=light blue, H=white, S =yellow. An adenine
molecule (green fragment) is adsorbed to the GNR. The upper panel shows a
side view, and the top view is in the lower panel (enhanced online) [URL:
http://dx.doi.org/10.1063/1.3681579.1].

© 2012 American Institute of Physics
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TABLE 1. Adsorption energy (Eagsorption) Of @ nucleobase (A, T, G, or C) on
the GNR-based device.

Adenine Thymine Guanine Cytosine

Eadsorption (€V) 0.624 0.649 0.823 0.620

see that all of the adsorption energies are greater than 0.6eV.
Considering the average kinetic energy of one base at room
temperature is less than 0.1 eV, we conclude that all of the
nucleobases are efficiently confined to GNR.

For understanding the origin of this substantial confining
energy, we calculated the electronic-density re-distribution
over GNR induced by the adsorbed nucleobase. This value
was defined as

AD = D(nucleobase + device) — D(nucleobase)
— D(device),

with D indicating the electron charge density. The results are
presented in Fig. 2, in which the blue regions indicate
AD >0 (the electronic density is enhanced by the adsorp-
tion) and the red regions indicate AD < 0 (the electronic den-
sity is reduced by the adsorption). We observed that the blue
cloud appeared clearly between the nucleobase and the
GNR, indicating that the electron density in this area
increased as a consequence of the adsorption. This result
provides evidence for a 7-7 stacking interaction between the
p-orbitals residing on the nucleobase aromatic rings and the
delocalized 7-electrons of graphene.'”

Next, we studied the effect of the adsorbed nucleobase on
the electronic transport property of GNR, based on DFT and
the non-equilibrium Green’s function method (NEGF-DFT),
as implemented in the Smeagol code.'® We introduced bias
voltages (Vy,ias) between the two terminals of the device in the
interval of 0.00-0.60 V and explored five different cases: (a) a
pristine GNR; (b) a GNR with an adsorbed adenine (A-on-
GNR); (c) a GNR with an adsorbed thymine (T-on-GNR); (d)
a GNR with an adsorbed guanine (G-on-GNR); and (e) a
GNR with an adsorbed cytosine (C-on-GNR).

The results for the transport are presented in Fig. 3(a).
The currents are similar for all of the structures when
V < 0.30 V. After that, the current becomes dependent on the

FIG. 2. (Color online) GNR electronic-density re-distribution induced by
nucleobase adsorption. The blue cloud denotes regions accepting electrons
(AD > 0), the red cloud denotes regions losing electrons (AD < 0). The four
panels represent the four different nucleobases: (a) A, (b) T, (c) G, and (d)
C. Color code is the same as Fig. 1. The green fragment over the GNR
stands for the nucleobase, in which the yellow sphere denotes the oxygen of
the base (enhanced online) [URL: http://dx.doi.org/10.1063/1.3681579.2].
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specific case. The saturation current is about 4.1 uA for the
pristine GNR and the A-on-GNR after V=0.55V but drops
to about 3.6 A for the T-on-GNR, the G-on-GNR, and the
C-on-GNR. These follow a more general trend in which the
currents are almost identical for all of the investigated struc-
tures up to voltages of around 0.30 V, after which there are
clear differences between A-on-GNR and the structure con-
taining the other nucleobases. The current of A-on-GNR
always remains close to the current of the pristine GNR; we
conclude that the adenine cannot be detected clearly in this
manner. In contrast, the current of the remaining three nucle-
obases at 0.60 V was approximately 0.5 ¢A lower than that
of the pristine GNR, as shown in Fig. 3(b). Because this dif-
ference is considerably larger than the pico-ampere electrical
sensitivity for carbon-based two-probe devices,® we con-
clude that T, G, and C are detectable. In what follows, we
also show that this result is robust with respect to the thermal
motion of the nucleobase in water.

The surprisingly different behavior of adenine relative
to the other nucleobases can be traced back to the electronic-
density redistribution of the nano-ribbon induced by nucleo-
base adsorption. We need further analyzing the information
in Fig. 2. It is observed that in addition to the blue regions
(AD > 0) corresponding to the excess of electrons participat-
ing in the m-m stacking interaction, there are the depletion
regions where AD < 0 (red surfaces in the figure). These red
surfaces are always localized around the oxygen atoms in the
nucleobase, and they are almost absent for adenine. We then
conclude that it is the presence of the oxygen in a nucleobase
inducing the base electrically detectable. Oxygen produced
the largest electrical perturbations over the charge density of
the ribbon and then alters the current the most. Thus,
although the 7-7 stacking interaction between the aromatic
rings of the nucleobase and the nano-ribbon alone is not suf-
ficient to produce a detectable electrical response in GNR,
the presence of oxygen can do it. Expanding on this finding,
one can imagine situations in which each different bio-
molecule (such as nucleobase) is functionalized with differ-
ent atoms (or small molecular fragments), yielding distinct
and detectable perturbations of GNR. This scheme may rep-
resent a valuable tool for individual bio-molecule sensing.
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FIG. 3. (Color online) (a) I-V curves for a pristine GNR (H) and GNRs with
an adenine (V/), a thymine (A), a guanine ([J) or a cytosine (O) adsorbed at
the center. (b) The current difference (Al) between the current though the
GNR adsorbing a base and through the pristine GNR.
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Finally, we investigated whether thermal noise sup-
presses our ability to detect the nucleobases. This research
was performed with a combination of molecular dynamics
(MD) simulations and transport calculations. We concen-
trated only on C-on-GNR and A-on-GNR. A 2-ns MD simu-
lation was performed with a time step of 2.0 fs.'> Our results
showed the nucleobase (C or A) was efficiently confined to
GNR and skated on the surface.'

Next, we took one snapshot every 20 ps and calculated
the electric current at V=0.6V for every snapshot. It has
been reported that the thermal-motion-induced conforma-
tional changes of the nucleobases in water are the dominant
source of the noise in the current,]9 while the direct effect of
water is mainly that of shifting the conductivity at a given
gate voltage due to the dielectric environment,”® which is
expected not to influence the contrast between the transport
fingerprints of the different bases. Thereby, just focusing us
on the influence of thermal noise on the current signal, we
performed NEGF-DFT calculations without explicitly
including the water molecules in the simulation cell.

Our results are presented in Fig. 4. In the case of C-on-
GNR, the average value of the current was 3.8 uA with an
average fluctuation of *£0.2 yA. The thermal motion of the
cytosine in water decreased the detection signal (the differ-
ence between the current for the pristine GNR and the cur-
rent with the adsorbate at 0.6 V) from 0.5 to 0.4 uA. At the
same time, the noise due to thermal motion in water at room
temperature was modest, =0.2 A, and was smaller than the
current difference, which allows nucleobase detection. In the
case of A-on-GNR, the average value of the current was
4.2 uA under these conditions, which is similar to the value
of the current through the pristine GNR. The average fluctua-
tion was only *=0.1 uA, smaller than that of C-on-GNR. This
demonstrate once again that the influence of the adsorbed ad-
enine on GNR is weak compared to the cytosine, which
reflects the rather mild sensitivity of the current to the geom-
etry. The modest noise (i.e., fluctuation) of the current in
both cases can be understood by the narrow full-width at half
maximum of the atomic distribution in the direction vertical
to the GNR surface'” due to the thermal motion in water at
room temperature.

Recent reports'* have established that ssDNA can be
stably adsorbed on graphene via m-m stacking interaction
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FIG. 4. (Color online) Electric current for C-on-GNR (blue solid line) and
A-on-GNR (red dashed curve) at 0.6 V for the different molecular configura-
tions obtained from a 2-ns molecular dynamics simulation. Data are plotted
as a function of time with a resolution of 20 ps. The green horizontal dotted-
dashed line indicates the average value of the current for C-on-GNR (A-on-
GNR).
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between the graphene and the nucleobases in the sequence,
while the same is not true for double-stranded DNA
(dsDNA). This difference suggests that a ssDNA fragment
adsorbed on graphene can be removed by hybridization with
its complementary strand. Because a similar mechanism can
operate here, we envision a three-phase DNA detector oper-
ating as follows. First, a ssDNA segment is stably adsorbed
on GNR. Next, it is detected via GNR as discussed herein.
Finally, the ssDNA is removed by using its complementary
strand, which is also detected by GNR. Therefore, with the
help of the GNR’s electric properties and the complementary
ssDNA strand, we can determine the identity of the ssDNA
sequence. It is noted that other adsorbants can hardly show
this kind of behavior on the surface of graphene.

In summary, the effect of the adsorbed nucleobases on
the electronic transport properties of GNRs has been investi-
gated. On one hand, we find that adsorption of adenine alters
little the electric current and therefore the nucleobase is
undetectable. In contrast, on the other hand, the adsorption
of T, G, and C surprisingly produces a clear fingerprint in the
I-V property at 0.6V, with the current being about 0.5 uA
lower for the GNR with the adsorbed nucleobase than the
current of the pristine GNR. Remarkably, this fingerprint is
sufficient for detection and is rather robust with respect to
thermal motion in water at room temperature. We have
traced these observations to the presence of oxygen in the
nucleobase. This discovery leads to the concept of deliber-
ately functionalizing nucleobases to induce the distinguish-
able electronic signal on graphene, while still exploiting the
n-7 stacking interaction for mechanically stabilizing the bio-
molecules on the device. Considering that ssDNA can be dis-
sociated from GNR by hybridization with its complementary
strand, i.e., our GNR-based sensors are re-usable, we envi-
sion that this nanostructure may become the basis for bio-
sensors, bio-chips, and even the protocols for fast DNA
sequencing.

B.S. and H.F. were supported by NBRPC
(2010CB934504 and 2007CB936000), NNSFC (10825520
and 11174310), MDPKICAS, the International Office of
BMBF Germany (CHN 08/028), and SSC. G.C. was partially
funded by DFG within the Priority Program 1243; the WCU
program through KSEF (R31-2008-000-10100-0); and the
ESF in Saxony and the cluster of excellence “ECEMP—-
European Centre for Emerging Materials and Processes
Dresden” within the excellence initiative of the Free State of
Saxony. S.S. was partially supported by the EU-FP7 program
(nanoDNAsequencing). The Smeagol code (SS) underpin-
ning this work is supported by SFI (07/RFP/PHYF235 and
07/IN.1/1945) and CRANN.

'S. H. Lim, L. Feng, J. W. Kemling, C. J. Musto, and K. S. Suslick, Nat.
Chem. 1, 562 (2009).

°F, Bano, L. Fruk, B. Sanavio, M. Glettenberg, L. Casalis, C. M. Niemeyer,
and G. Scoles, Nano Lett. 9, 2614 (2009).

3M. Zwolak and M. Di Ventra, Rev. Mod. Phys. 80, 141 (2008).

“C. P. Fredlake, D. G. Hert, E. R.Mardis, and A. E. Barron, Electrophoresis
27, 3689 (2006).

Sp. Jonkheijm, D. Weinrich, H. Schroder, and C. M. Niemeyer, Angew.
Chem. Int. Ed. 47, 9618 (2008).

°F, Patolsky, G. Zheng, and C. M. Lieber, Nat. Protoc. 1, 1711 (2006).

1. M. Vidic, J. Grosclaude, M.-A. Persuy, J. Aioun, R. Salessea, and E.
Pajot-Augy, Lab Chip 6, 1026 (2006).

Downloaded 13 Jun 2013 to 134.226.254.162. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1038/nchem.360
http://dx.doi.org/10.1038/nchem.360
http://dx.doi.org/10.1021/nl9008869
http://dx.doi.org/10.1103/RevModPhys.80.141
http://dx.doi.org/10.1002/elps.200600408
http://dx.doi.org/10.1002/anie.200801711
http://dx.doi.org/10.1002/anie.200801711
http://dx.doi.org/10.1038/nprot.2006.227
http://dx.doi.org/10.1039/b603189g

063101-4 Song et al.

8G. Zhang, P. Qi, X. Wang, Y. Lu, X. Li, R. Tu, S. Bangsaruntip, D. Mann,
L. Zhang, and H. Dai, Science 314, 974 (2006).

°]. C. Meyer, A. K. Geim, M. L. Katsnelson, K. S. Novoselov, T. J. Booth,
and S. Roth, Nature 446, 60 (2007).

19E. Shapir, H. Cohen, A. Calzolari, C. Cavazzoni, D. A. Ryndyk, G. Cuni-
berti, A. Kotlyar, R. Di Felice, and D. Porath, Nat. Mater. 7, 68 (2008).

'IN. Kang, A. Erbe, and E. Scheer, New J. Phys. 10, 023030 (2008).

2B, Song, M. Elstner, and G. Cuniberti, Nano Lett. 8, 3217 (2008).

13y, Dai, J. Yuan, and P. Giannozzi, Appl. Phys. Lett. 95, 232105 (2009); B.
Sanyal, O. Eriksson, U. Jansson, and H. Grennberg, Phys. Rev. B 79,
113409 (2009); B. Huang, Z. Li, Z. Liu, G. Zhou, S. Hao, J. Wu, B.-L. Gu,
and W. Duan, J. Phys. Chem. C 112, 13442 (2008).

145, He, B. Song, D. Li, C. Zhu, W. Qi, Y. Wen, L. Wang, S. Song, H. Fang,
and C. Fan, Adv. Funct. Mater. 20, 453 (2010); B. Song, D. Li, W. Qi, M.
Elstner, C. Fan, and H. Fang, ChemPhysChem 11, 585 (2010).

13See supplementary material at http://dx.doi.org/10.1063/1.3681579 for the
setup of the device (SI); the details of the corresponding calculations (SII);

Appl. Phys. Lett. 100, 063101 (2012)

the details of the corresponding calculations (SIII); the details of
molecular dynamics simulations (SIV); and the further discussion of
nucleobase skating on the GNR surface (SV).

'p_ Ordején, E. Artacho, and J. M. Soler, Phys. Rev. B 53, R10441 (1996);
J. M. Soler, E. Artacho, J. D. Gale, A. Garcia, J. Junquera, P. Ordejon, and
D. Sanchez-Portal, J. Phys. - Condens. Matter 14, 2745 (2002).

173, Sponer, K. E. Riley, and P. Hobza, Phys. Chem. Chem. Phys. 10, 2595
(2008).

A, R. Rocha, V. Garcia-Suarez, S. W. Bailey, C. J. Lambert, J. Ferrer, and
S. Sanvito, Nat. Mater. 4, 335 (2005); A. R. Rocha, V. Garcia-Suarez, S. W.
Bailey, C. J. Lambert, J. Ferrer, and S. Sanvito, Phys. Rev. B 73, 085414
(2006); I. Rungger and S. Sanvito, Phys. Rev. B 78, 035407 (2008).

19, Kubaf, P. B. Woiczikowski, G. Cuniberti, and M. Elstner, J. Phys.
Chem. B 112, 7937 (2008); I. Rungger, X. Chen, U. Schwingenschlogl,
and S. Sanvito, Phys. Rev. B 81, 235407 (2010).

20¢, Jang, S. Adam, J.-H. Chen, E. D. Williams, S. Das Sarma, and M. S.
Fuhrer, Phys. Rev. Lett. 101, 146805 (2008).

Downloaded 13 Jun 2013 to 134.226.254.162. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1126/science.1133781
http://dx.doi.org/10.1038/nature05545
http://dx.doi.org/10.1038/nmat2060
http://dx.doi.org/10.1088/1367-2630/10/2/023030
http://dx.doi.org/10.1021/nl801542g
http://dx.doi.org/10.1063/1.3272008
http://dx.doi.org/10.1103/PhysRevB.79.113409
http://dx.doi.org/10.1021/jp8021024
http://dx.doi.org/10.1002/adfm.200901639
http://dx.doi.org/10.1002/cphc.200900743
http://dx.doi.org/10.1063/1.3681579
http://dx.doi.org/10.1103/PhysRevB.53.R10441
http://dx.doi.org/10.1088/0953-8984/14/11/302
http://dx.doi.org/10.1039/b719370j
http://dx.doi.org/10.1038/nmat1349
http://dx.doi.org/10.1103/PhysRevB.73.085414
http://dx.doi.org/10.1103/PhysRevB.78.035407
http://dx.doi.org/10.1021/jp801486d
http://dx.doi.org/10.1021/jp801486d
http://dx.doi.org/10.1103/PhysRevB.81.235407
http://dx.doi.org/10.1103/PhysRevLett.101.146805

