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ABSTRACT

We investigate the interaction of individual DNA nucleosides with a carbon nanotube (CNT) in vacuum and in the presence of external gate
voltage. We propose a scheme to discriminate between nucleosides on CNTs based on measurement of electronic features through a local
probe such as scanning tunneling spectroscopy. We demonstrate through quantum mechanical calculations that these measurements can
achieve 100% efficiency in identifying DNA bases. Our results support the practicality of ultrafast DNA sequencing using electrical measurements.

DNA strands and carbon nanotubes (CNTSs) are prototypical change$and hybridizatiohby near-infrared fluorescence of
one-dimensional structures; the first plays a central role in CNTs or CNT-field effect transisto’® has opened the
biology, and the second holds promise for analogous possibility of DNA sequencing through electronic means.
significance in nanotechnology applications. While each What is currently missing from all of these attempts is a
structure in its natural form and environment is well detailed understanding of the nature of the DNGNT
established (e.g., the B-DNA form in solutiéror isolated interaction and its dependence on the nucleoside identity.
CNTs), their interaction has been the subject of intense  Here we investigate the interaction of individual DNA
investigation lately=** Segments of single-strand DNA are  ycleosides with a CNT in vacuum and in the presence of
extremely flexible, strongly hydrophilic biopolymers, while  external gate voltage. We propose a scheme to discriminate
CNTs are extremely stiff, strongly hydrophobic nanorods. petween nucleosides on CNTs based on measurement of
This motivated many studies and possible applications. For gjectronic features through a local probe such as scanning
example, CNTs are proposed to be used as the template fof,nneling spectroscopy (STS). We employed force field and
DNA encapsulatiof, intracellular DNA transport, DNA ab initio quantum mechanical calculations to determine the
conformation transformatiohDNA hybridization? electro-  getajled geometrical, energetic, and electronic features of
chemical detection of DNA,and ultrafast DNA sequenc-  gingle DNA nucleosides adsorbed on single-wall CNTs. The
ing.1® A different set of applications involves single-stranded jteraction between the nucleosides and the nanotube are
DNA (ssDNA) wrapping around C_NTS in a d|amef[er- an_d described by van der Waals (vdW) forces and by forces due
sequence-dependent manner, which would make it possibleyg, thejr mutual polarization when they are in close contact.
to dissolve the naturally hydrophobic CNTSs in water and 10 g jnteraction leads to distinct features in the electronic

sort them by their chirality:* Finally, ssDNA-decorated  gicture of the combined system, which are sufficiently
CNTs have been examined as a chemical sensor to d'scr'm"dependent on nucleoside identity to allow for accurate

nate gaseous odofswhile double-stranded DNA (dsDNA) - 4anification, when the signal is processed by a carefully
in contact with a CNT array has been proposed as the bas'strained artificial neural network.

for electronic switches involving electron transport in both
component$ and for high a k dielectrics field effect
transistor:3 Recent success in detecting DNA conformational

The basic idea for an experimental set up that will allow
nucleoside identification is illustrated in Figure 1A: a
fragment of ssDNA is brought in close contact with the CNT

" ) ) ) _ and wraps partially around it. A force can be exerted on one
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abundant in CNT synthesis. Compared to the planar structure
of graphite, CNTs have a curved structure that perturbs only
slightly the nucleoside adsorption positions but results in
many inequivalent adsorption geometries. We determined the
energetically favorable configurations of the bases on the
nanotube with the CHARMM prograif;we augmented the
CHARMM force field for nucleoside’8 with a force field

for the CNT?? The CNT has a length along its axis equal to
five times its repeat unit. We performed the quantum
mechanical calculations in the local density approximation
(LDA) of the density functional theory (DFT) with the VASP
code?! From these calculations, we obtained the electronic
structure features that allowed us to determine the ENT
base signaturé.

We performed an extensive search of the potential energy
surface of each adsorbed nucleoside with the successive
confinement methoéf The potential energy surfaces of
biomolecules are extremely complicatécand currently
preclude direct exploration with ab initio methods. The search
returned~1000 distinct potential energy minima for each
Figure 1. (A) Proposed experimental setup for single base bgs&CNT system. This systema_tic search. removgd artificial
measurement: a ssDNA fragment is in partial contact with the CNT bias about the possible geometries of the interacting system.
and is being pulled at one end. (B) Representative optimal structuresThe room-temperature populations of each minimum ranged
of adenine on the (10,0) CNT. The gray, blue, red, and white balls from 10710 to ~ 50%. Despite the numerous configurations,
represent C, N, O, and H atoms, respectively. we found that only very few of them are dominant with

fragment, the bases along it will successively interact with Significant room-temperature populations. For instance, there
the CNT, allowing for measurements of the interaction. A &'€ three most stable configurations for A with populations
setup in which the CNT can rotate in synchronization with 28-4%; 27.6%, and 10.1% (shown in Figure 1B). Together,
the DNA pulling process may facilitate the motion. As a these three structures represes5% of the total population
possible way of identifying the bases, we propose measuring®f configurations. The remaining 35% of the population
the electronic structure of the combined system by a probecontams 808 configurations. Therefore, it is reasonable to
sensitive to local electronic states, such as STS, using gfocus on the dominant configurations only in our evaluation

stationary scanning tunneling microscopy (STM) tip in the of the DNA—CN.T |ntgractlons. S|m|IarIy, the_re are three
geometry similar to that in ref 16. This type of method has most stable configurations for G, with pppulatlons of 45.9%,
high resolution of~2 A and is routinely applied to 20.8%, and 7.2%, four for C (populanc_)ns: 25.2%, 6.8%,
investigate the local electronic structure of adsorbates on4-3%, and 3.2%) and four for T (populations: 11.2%, 5.0%,
semiconductor surfacésTo maximize the sensitivity of such ~ 4-1%, and 2.0%). All of these configurations were included
measurements, it is desirable to have a semiconducting CNTIN our analysis of electronic features.
as the substrate. Such a setup also overcomes the difficulty The preferred configurations for each base have certain
in the older proposals to distinguish DNA bases by measuring Similarities, but all are different from their ideal geometries
the transverse conductance of an electrode/ssDNA/electrodelpon adsorption on a planar graphene layer. The nucleoside
junction, where it is found that transverse conductance cannotbinds on carbon nanotubes through its base unit, located
be used to distinguish nucleotides because ssDNA is free3.3 A away from the CNT's wall. While the base unit
and too flexible while in proximity to the electrod&ln our remains planar without significant bending, the sugar residue
case here, the DNA is bound on the CNT, forming a very is more flexible. It lies farther away from the CNT, usually
stable and robust complex that would constrain the DNA/ having its OG plane perpendicular to the CNT wall with
electrode geometry in a desired, very well-controlled manner. the O atom pointing toward it (Figure 1B). On a graphene
The problem then involves identifying the relevant atomic layer, the N and C atoms of A are found to occupy the hollow
geometries for a DNA nucleoside in contact with a semi- sites of the hexagonal rings.Here, however, because of
conducting CNT and identifying the electronic signature of the curvature of the CNT, the C and N atoms of the base do
those combined structures, as it would be measured by amot necessarily reside on the top of hexagonal C rings; instead
STS experiment. We address these two aspects of thethey can shift position to maximize the vdW attraction
problem separately. between C, N, and O atoms in the base and C atoms in the
To study the local interaction of DNA and CNTs micro- CNT. Moreover, because the CNT structure is highly
scopically, we used the nucleosides, consisting of a base, aasymmetric with a long axis, the orientation of a base with
deoxyribose sugar, and terminated by OH at thar®l 5 respect to the tube axis can be very different. For instance,
ends. We focused our study on the semiconducting (10,0)in one of the preferred geometries, C is rotated yr8tive
nanotube; this nanotube, with a diameter of 7.9 A, is to the most stable configuration on graphene. Interestingly,
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most of the dominant configurations upon nucleoside adsorp- A
tion on the CNT are those with the sugdrase direction
pointing perpendicular to the tube axis or slightly tilted. This
geometry, consistent with previous simulations of ssDNA
wrapped around CNTSwould favor the binding of ssDNA

on the CNTs, making nanotube dissolution and sorting more
likely.

The force field approach discussed so far relies on
empirically derived vdW interactions. In the context of the
DFT/LDA quantum approach, it is the explicit polarization
of electronic charge that contributes to interaction between
the nucleosides and the CNT. The structures obtained from
the force field calculations were further optimized using DFT/
LDA until the calculated forces on each atom had a
magnitude smaller than 0.005 eV/A (which is considered a &
fully relaxed structure). The local structure, i.e., covalent &
bond lengths and bond angles, show minor changes (on the &
order of 0.02 A and 9, while the CNT-base distance was &
reduced by~0.3 A. The base adsorption induced a very small
distortion of the CNT geometry, consisting of a 0.02 A inden-
tion of the side wall on the adsorption side and a 0.007 A
protrusion on the opposite side. The calculated interaction
energy is 0.430.46 eV for A, C, G, and T in increasing
order. This value is very close to the LDA calculation of
adenine on graphite (0.46 e¥but is significantly lower
than the vdW energy of 0-70.8 eV from the CHARMM C
calculations. For comparison, the experimental value ex-
tracted from thermal desorption spectroscopy for A on
graphite is 1.01 eV

The interaction between nucleosides and CNT, as de-
scribed by the quantum approach, is illustrated in Figure 2A,
where the isodensity surface of the charge density difference
upon adsorption of A on CNT is shown. The interaction
mainly involves ther orbitals of the base atoms, especially
the NH, group at its end, and of the C atoms in the CNT. _ o
The mutual polarization of orbitals in the DNA base and Figure 2. (A) Isodensity surface of the charge density differenceat

the CNT i bvi in th | d ch levels of £0.002 e/& in superposition to its atomic structure for
e IS MOre obvious In the planar-averaged chargeé o _cnr, the charge density difference is calculated by subtracting

density along the normal of the base plane, shown in Figure the charge density of the individual A and CNT systems, each fixed
2B. Upon adsorption, the base plane is positively charged, at their respective positions when they are part of theCAT
with electron accumulation (near the base) and depletioncomplex, from the total charge density of the-&NT combined
(near the CNT) in the region between the two components. SYStem. i-e.Ap = p[A/CNT] — p[A] — p[CNT], wherep is the

Int ting thi di . | ch distribution in th charge density. Electron accumulatiesiepletion regions are shown
ntegrating this one-dimensional charge distribution in the ., blue)/red(-). (B) One-dimensional charge density distribution,

base and the CNT region, respectively, reveals a net chargejustrating the mutual polarization of orbitals. (C) The isodensity
transfer of 0.01% from A to the CNT. A detailed analysis  plot of HOMO and LUMO of A on CNT under an electric field of

of the contributions to the total energy of the system reveals 0.5 VIA.

that the attraction between the nucleoside and the CNT iS(depending on the po|arity), while it leaves almost unchanged
due to exchangecorrelation interactions, in agreement with  the adsorption structure. TakingACNT as an example, we
similar calculations for A adsorbed on graphitand on Cu find that, although a negative fiel = —0.5 V/A (CNT
surfaces’ negatively charged) hardly changes the adsorption energy
In electric measurements of the DNANT system, agate  (0.436 eV), this energy increases significantly to 0.621,
voltage is usually applied to control the conductaRaghile 0.928, and 1.817 eV undéf, = +0.25,+0.5, and+1.0
the STM tip itself introduces a field on the order of 0.1 V/A.  V/A, respectively. Here the adsorption energy Ha, is
Thermal fluctuations of counterions and water will average defined as the energy difference between the total system
out to a zero contribution to the local field around the DNA  underEcy with respect to the energy of the CNT und&y;
CNT system. We studied the effect of electric fields on DNA and the free nucleoside. The baseNT distance, on the
nucleoside adsorption on the CNT by treating the field as a other hand, only changes slightly: it is 0.04 A larger than
planar dipole layer in the middle of vacuum region. The the zero field value foEe. = —0.5 V/A and 0.04 A smaller
external field affects the interaction energy significantly for Ee« = +1.0 V/A, respectively. The most prominent
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Figure 3. (A) DOS for adenine on the nanotube;(ACNT, solid black line), the CNT (dashed green line), and the differé&i2®S (red

line). The zero of the energy scale is set to the conduction band minimum of the CNT (same for the combi@dTAsystem). (B)

ADQOS for three configurations of adenine on the CNT, labélgd?,, andAs. The features-,, F,, andF; are identified. The HOMO and
LUMO levels are indicated by vertical arrows. (C) Variation of the HOMO energy level (filled symbols) and the LUMO energy level
(empty symbols) of A and G nucleosides on CNT. Shaded area is the energy gap of the CNT. (D) Same for the C and T nucleosides.

change in structure comes from the angle the; gkbup at configurations of A on CNT have essentially the same
the end of the base makes with the base plane (Figure 2C)features. TheADOS peaks for the different bases differ
It switches from—27° at Ee,y = — 0.5 V/A to +25° at Eey significantly from each other, which is encouraging as far
= +1.0 V/A, indicating the softness of-€NH, bond. The as base identification is concerned. In parts C and D of Figure
configuration under positive field resembles that on Cu- 3, we show the positions of the first peak below and above
(110)27 Other nucleosides have the same behavior given their Fermi energy in thA\DOS plots for A, C, G, and T adsorbed
similarity in structure. Therefore, the applied electric field on the CNT. These two peaks correspond to the highest
stabilizes the DNA bases on the CNT without disturbing the occupied molecular orbital (HOMO) and the lowest unoc-
zero-field adsorption geometry. The more profound effect cupied molecular orbital (LUMO) of the bases, respectively.
of the electric field lies in the change of electronic structure, The HOMO and LUMO positions of the different bases are
discussed below. clearly distinguishable, while for a given base, the different
The electronic density of states (DOS) describes the adsorption geometries produce essentially indistinguishable
characteristic features of the electronic structure of a single peaks.
DNA nucleoside adsorbed on the (10,0) CNT. The DOS When a gate voltage is applied, the HOMO and LUMO
peaks for the combined nucleosid€NT system, Figure 3A,  peaks of the bases continuously shift with respect to the CNT
differ significantly from those of the bare CNT. The DOS features. The latter change little under small gate
calculated energy gap of the CNT is 0.8 &.he difference  voltage or an electric field. For example, the band gap of
in DOS between the bare CNT and one with a nucleoside the CNT shrinks by only 0.03 eV for a field & = 0.5
(ADOS, red curve in Figure 3A for A) has features that V/A, relative to its zero-field value. As is evident from Figure
extend through the entire range of energies; those close ta3C,D, it is possible to induce a shift of the DNA base peaks
the Fermi level are the most relevant for our discussion. relative to the CNT features with external voltage so as to
These features can serve as the signal to identify DNA basedacilitate experimental measurements. The HOMO and
in current-voltage measurements (STS) or photoelectron LUMO peaks of all bases shift monotonically with applied
spectroscopy. This “electronic fingerprint” is independent of external field by~0.7 eV forEe, = 0.25 V/A. Interestingly,
the relative orientation of the nucleoside and the CNT, as when the external field is sufficiently large, the HOMO of
shown in Figure 3B: theADOS for the three dominant all four bases falls within the band gap of the CNT (see
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Figure 4. Efficiency (%) of DOS features in identifying DNA
bases. (A) Efficiency of individual features and pairs of features at
zero external field; the paifs,—F,, F;—F3, andF,—F3 give perfect
efficiency. (B) Efficiency of features taken in groups of three, at
an external field of 0.25 eV/A: the row number is the first feature,
and the number at the top (bottom) of each column is the second
(third) feature; the combinatiors;—F,—F¢ and F;—F3;—Fg give
perfect efficiency.

Figures 2C and 3C), which should enhance the sensitivity
experimental measurements to the type of base. At the
highest field we studiedEe; = 0.5 V/A, the band gap of
the combined CNFDNA systems is 0.51 eV for A, 0.45
eV for T, 0.27 eV for C, and 0.11 eV for G on average,
sufficiently different from each other to be clearly distin-
guished.

To test the validity of the proposed detection of DNA bases
through CNF-base interactions, we evaluated the efficiency
of base identification using data generated fromARROS
calculations as input to a classifier, which was trained to
produce as output the label of the DNA base (A, C, G, or
T). Specifically, we extracted six simple representative
featuresj, i = 1—6) in an energy window from-3to 3 eV
around the Fermi level: (1) the location of the base HOMO,
(2) the location of the base LUMO, (3) the band gap of the
base (LUMGO-HOMO distance), (4) the number of promi-
nent peaks below the Fermi level, (5) the location of the
highest occupied peak, and (6) the integral of the occupied
states from—3 to 0 eV

The feature$-,, F2, andF; are indicated in Figure 3B for
A. We produced a robust scheme for identifying the bases
by employing artificial neural networksand find that the
network can deliver 100% efficiency, even after taking into
consideration the measurement errors (e.g., an erref of
0.10 eV in energy?y (see Figure 4). For practical applications,
it is important to evaluate the significance of each feature
individually. To this end, we tested the discriminating ability
of each one of the six features defined and found that the
location of base HOMO/LUMOK,/F;) and the HOMG-
LUMO gap (3) are the most informative features, while
the number of occupied statelS,) and the location of the
highest peakKs) less so. The HOMGLUMO gaps alone,
which are 3.93-4.02 eV for A, 3.34-3.62 eV for C, 3.93
4.02 eV for G, and 3.583.69 eV for T, could easily
discriminate A and G from C and T. Certain features are
complementary, and combinations of just two features can
actually yield 100% efficiency. For instance, if the location
of HOMO (—2.02 eV for A,—1.68 eV for C,—1.51 eV for
G, and—1.98 eV for T), which is well defined in experiments
with respect to the DOS peaks of the CNT, is used in addition
to the HOMO-LUMO gap, A is easily discriminated from
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G (and C from T), resulting in a 100% efficiency for the
combination of featureB;—F3. The external field magnifies

these differences, making the base classification even more

robust. With a field of 0.25 eV/A, several triplets of features
produce 100% efficiency in base identification (see Figure

4),
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