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The conformation and electronic structure of DNA in single-walled carbon nanotubes (SWCNT) were studied by combining molecular
dynamics and first-principles methods. It was found that the & orbital of the SWCNT inner wall induces a conformational change in single
stranded DNA (ssDNA) and promotes the adsorption of general-sequence oligonucleotides on the inner walls of the SWCNTs due to 77
stacking interactions. Moreover, they found that the adsorbed oligonucleotides form a helix because of electrostatic and torsional

interactions within the sugar—phosphate backbone.

1. Introduction: Single-walled carbon nanotubes (SWCNT) have
found great utility in electronics detection, optics, mechanics, and
heat transport [1, 2], especially in the field of biological and
chemical sensing [3, 4]. In addition, their interactions with
biological molecules have received widespread attention in recent
years [5, 6]. Compared with biological systems, SWCNT are
newer and more complex systems. Recently, molecular dynamic
(MD) simulations demonstrate that SWCNT can be utilised as
molecular channels for transferring water in DNA and RNA
[7-9]. This is important because nanotube flow channels used for
confining and transporting molecules are ubiquitous in biology
and chemistry.

DNA is a complex long-chain polymer comprising deoxyribo-
nucleic acid, usually generated through complementary base
pairing of nucleotide bases. DNA is held together by hydrogen
bonding of the double helix, and base pairs are matching bases
linked by hydrogen bonds, hydrogen bonds can be broken and
rejoined with relative ease because they are not covalent.
SWCNT have excellent physical properties because of complete
covalent sp? hybridisation, and they are characteristic of a graphene
sheet without defects. Since the sp> carbon of SWCNT easily forms
a non-covalent 7—7 bond with an aromatic ring, the structural
changes of the aromatic can occur. Many studies [10-21]
demonstrate that 7 stacking of the aromatic bases of DNA and
the graphene-like surface of carbon nanotubes (CNT) prevent
DNA-CNT interactions. Johnson and colleagues [17, 18] per-
formed classical all-atom MDs simulations to explore the self-
assembly mechanisms, structure, and energetic properties of
DNA-CNT interactions. Studies have shown that CNT induce
natural conformational changes in a single-stranded DNA
(ssDNA), and DNA adsorption on CNT surfaces through 7—r stack-
ing of the base pairs.

The transfer of DNA or RNA along a CNT channel has been
reported both experimentally and through theoretical calculations
[5, 8]. Zhou et al. [5] reported the translocation of multi-walled
CNTs in breast cancer cells and demonstrated that the tube has
the ability to target the cytoplasm when there is no cell membrane
damage. Gao et al. [8] reported on MDs simulations that show a
DNA molecule could be spontaneously inserted into a carbon
nanotube in water solution. Liu er al [22] reported stable
polymer-SWCNT complex can be formed via the multivalent 7—x
stacking interaction of the lateral pyrene functional groups and
the polyfluorene backbone with the outer surface of carbon
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nanotubes, and the lateral alkyl chains can impart good solubility
to the complex.

Recently, Lindsay and Nuckolls reported that the electrophoretic
transport of small ssDNA oligomers through CNT is marked by
large transient enhancements in ion current. The authors suggest
that one of the important reasons for the increase in ion current is
a change in DNA conformation during ssDNA translocation
though the CNT. Hence, understanding how CNT affect the
structure of DNA is highly valuable. To determine the general
characteristics of DNA in CNT, we simulated a 12-base random se-
quence (rand14) adsorbed on the inner wall of the CNT in a water
solution. The force field and ab initio quantum mechanical methods
employed in this paper have provided detailed information regard-
ing the geometry, energetics, and electronic features of single DNA
nucleosides adsorbed onto single-wall CNT. We found that the
ssDNA undergoes important conformational changes, which leads
to the natural adsorption of DNA on the inner wall of the CNT
and interactions between the inner wall of the SWCNT and DNA
base through 7— stacking. Moreover, we discovered that hydrogen
bonds form between adjacent DNA bases during DNA adsorption
on the inner wall of the CNT.

2. Experimental: We performed MDs simulations under constant
pressure (1 atm) and constant temperature (300 K) with the
GROMACS MD package using a 1fs time step. We used the
AMBER99 force field [23] to model ssDNA. On the basis of
previous studies [9, 24], we modelled the SWCNT atoms as
uncharged Lennard—Jones particles using sp” carbon parameters
from the AMBER99 force field. Electrostatic interactions were
determined using the particle mesh Ewald method. In the
AMBER99 force field, stacking interactions among aromatic
species are parametrised within the van der Waals parameters of
each atom type. Specific electrostatic interactions among &
electrons are averaged. We performed all simulations with an
explicit solvent using the TIP3P water model [25].

Classical MDs simulations are carried out to determine the
binding of ssDNA on the inner wall of an SWCNT. The sizes of
the simulation box were initially set to 5 x 5 % 8 nm. The primary
simulation system consisted of the SWCNT fastened along the
z-axis at the centre of the box. We chose a (18, 18) zigzag
SWNT containing 2400 carbon atoms. The simulation was initially
performed on a random oligonucleotide containing 12 bases in the
centre of SWCNT. The ssDNA was initialised in a helical-stacked
conformation, which is a reasonable structure for short
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Fig. 1 Simulation of ssDNA adsorption on the inner wall of carbon at dif-
ferent times

a Initial configuration

b Configuration after 2 ns

¢ Configuration at 7 ns

oligonucleotides in aqueous solutions. The time step was 2 fs. The
time step of 2 fs, reference temperature of 300 K, and isotropic
coupling pressure was chosen from the Berendsen scheme with a
coupling constant of 1.0 ps. The reference pressure in all directions
is 1 bar. The goal of using the steepest descent method was to min-
imise system energy. At an equilibrium temperature of 300 K and
friction constant of 0.5 ns, a long run was performed with a leapfrog
stochastic dynamics integrator.

The first-principles calculations are based on pseudopotentials
derived from the density functional theory as implemented in
SIESTA [26, 27]. The Ceperley—Alder version of the local
density approximation (LDA) was used for electron exchange and
correlation [28], and the optimised Troullier—Martins [29] pseudo-
potentials were used for the atomic cores in this calculation. A
linear combination of numerical atomic orbitals with double-{
polarisations is used in the basis set to describe the valence elec-
trons [30]. Real space integration was performed on a regular grid
corresponding to a plane-wave cutoff around 200 Ry, for which
the structural relaxations and electronic energies are fully con-
verged. Previous studies [31] have indicated that LDA attained a
good result for CNT studies.

3. Results and discussion: To obtain microscopic images of
ssDNA on the inner wall of an SWCNT, a simulation was carried
on a random oligonucleotide containing 12 based, initially in the
centre of an (18,18) SWCNT (Fig. la). ssDNA exhibits a spiral
stacking structure, which is reasonable for short oligonucleotides
in aqueous solution. Within the first 2 ns, several ssDNA
segments make contact with the inner wall of the CNT. These
fragments lead to a conformational change, which is rotated by
~30° relative to the nucleotide sugar phosphate backbone, thus
separating from its neighbours. This enables the accumulation of
the individual base pairs on the inner surface of DNA with a
weak surface of the CNT. We found that these bases form tightly
against the inner wall of the CNT and strongly depend on the
inner wall of the CNT (Fig. 2b). At 7 ns, most of the nucleobases
are adsorbed on the inner wall of the SWNCT (Fig. 1¢).

The rotating motions of the bases along the backbone of DNA
were analysed using a pseudo-dihedral angle defined by the angle
of the two planes shown in Fig. 34: the base plane, A, and the
sugar plane, B. Fig. 3B shows the dihedral angle as a function of

Fig. 2 Side view of ssDNA adsorption on the inner wall of carbon nanotube
at 20 ns

a main view

b side view
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Fig. 3 Angel between base and sugar plan as time
A Pseudo-dihedral angle
B Dihedral angel

time. From Fig. 3, the initial dihedral angle between A and B is
~70°. At 0.5 ns, the dihedral angle is slightly enlarged because of
the elongation of the DNA chain during the simulation. At the
0.7 ns, the dihedral angle decreases from 75° to 40°. The decreasing
dihedral angle leads to facile interactions between the base and the
inner wall of the SWCNT. As shown in Fig. 15, nearly the entire
ssDNA backbone is closer to the inner wall of the SWCNT,
which allows the extra base to interact with the inner wall. In the
following 7 ns, many of the remaining non-bound nucleobases
adsorb to the inner wall of the SWCNT. In addition, ssDNA
spontaneously wraps around a left-handed helix and adsorbs on
the inner wall of the SWCNT. Fig. 4 shows the average distance
between the base and the inner wall of the CNT during the
simulation. In fact, in initial helical conformation, the distance
between the base and inner wall of the CNT is ~16A.
Subsequently, at 0.7 ns, the distance significantly decreases from
16 to 6 A, which indicates that there are parts of the bases that
interact with the inner wall of the CNT through 77 stacking. At
2.0ns, the distance is spontaneously reduced to 3.6 A. This
indicates that before 3 ns, most of the DNA bases nearly interact
with the inner wall of the CNT via z—r stacking. Moreover, the
motions of the base clearly correlate with the 7— stacking distance
between the DNA bases and CNT, which also results in the
elongation of the ssDNA backbone. The structural change of
DNA in CNT is driven by strong van der Waals attraction
between the DNA base and the inner wall of the CNT due to 7=
stacking. Furthermore, the hydrogen bond between adjacent
nucleobases significantly contributes to the total bond energy
(Fig. 2b). Since the driving forces for helix formation and ssDNA
adsorption are independent of the specific base sequence, the
general ssDNA sequence is expected to package SWCNT in a
similar way is generally observed here.

Since the methods discussed currently rely on the force-field-
derived vdW interactions and electron charge polarisation explicitly
leads to nucleoside-CNT interactions, density functional theory
(DFT)/LDA methods used for understanding quantum interactions
must be explored. To understand the mechanisms behind the inter-
actions on an electronic level, the force-field calculation using the
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Fig. 4 Distance between base and wall of CNT as time
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Fig. 5 Equilibrium geometries of DNA in CNT
a forming structure A
b forming structure B

DFT/LDA method was further optimised. In this study, the
adsorbed molecules include a phosphate salt bridge to connect
two adenine nucleoside molecules, and the termination of the
sugar rings with a hydrogen bond was stopped to produce an elec-
tronic environment for nucleic acid bases, it is similar to a more in-
timate situation, not for a single-isolated base. DNA adsorption in
the (18,18) CNT was studied using two models: ssDNA backbone
molecular axes (A) parallel and (B) perpendicular to the tube axis
(Fig. 5). The local structure (A), i.e. covalent bond lengths and
bond angles, exhibits minor changes compared with the MD
results. The distance between the base and inner wall of the CNT
in Structure A is ~3.2 A, which is slightly shorter than that in the
MD study. Moreover, the distance between base and inner wall of
the CNT in Structure B is 3.97 A, which is larger than in
Structure A. Slight curvature around the nanotube is shown to maxi-
mise the bulk interactions of the base unit, which is similar to the
results from MD simulations. According to previous calculations
[20], we found that sugar residues were more flexible. Evidence
shows that the interactions between sugar residues and CNT are
non-covalent.

The adsorption energy of the DNA-CNT system was calculated
using the following equation:

EB = E(DNA/SWNT) — E(DNA) — E(SWNT),

where E(SWNT) is the total energy for the isolated pristine tube,
E(DNA) is total energy of isolated DNA molecule and E(DNA/
SWNT) is the total energy of the DNA adsorbed on the SWNT.

The calculated interaction energy is 1.72 and 0.98 eV for
Structures A and B, respectively. The interaction energy of
Structure A is low in comparison to the two absorption energies
of graphite according to the thermal absorption spectrum and is
lower than that of DNA adsorbed on a CNT. Moreover, in our
dual system, the DNA is made up of two adenine molecules,
which have four aromatic rings. Therefore, in this combined
system, the absorption energy may largely result from the contribution
of the four aromatic groups.

The density of states (DOS) of the isolated CNT, the isolated
DNA and their combination, DNA@CNT, are displayed in
Fig. 6. The Fermi energy level (Ef) of CNT was —2.18 eV, while
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Fig. 6 DOS for structure A and B
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Fig. 7 Isosurface of the wave functions of the HOMO (lefi panel) and
LUMO (right panel) for A and B

for the DNA@CNT, the Ef was —2.38 and —-2.26eV for
Structures A and B, respectively, which implies that the non-valent
interaction between DNA and the CNT in Structure A has a greater
effect on the electronic structure of DNA@CNT than in Structure
B. The DOS calculations demonstrate that the nucleobase group
contributed important components at the Fermi energy band for
Structure A. However, there are no such components for
Structure B. The highest occupied molecular orbita(HOMO) and
lowest unoccupied molecular orbital(LUMO) of the CNT, DNA
and DNA@CNT are given in Fig. 7. Fig. 7 also shows that there
are large differences between the electronic structures of A and
B. All of these results suggest that the conformational change of
DNA in CNTs greatly affects the electronic structure and DOS of
CNTs. Lindsay and Nuckolls reported electrophoretic transport
of small ssDNA oligomers in CNTs is marked by large transient
increases in ion current. Moreover, the conformational change of
DNA during transport through the CNT leads to instantaneous
maldistribution in electronic density, resulting in a strong ion
current. Fig. 8 shows the isodensity surface of the charge density
for Structures A and B. The isodensity surface of the charge density
for Structure A indicates that the interaction mainly involves the
7 orbitals in the DNA base and the CNT. However, the polarisation
of x orbitals is clearer in Structure A than in Structure B.

In Structure A, the HOMO contribution is largely from DNA. In
contrast, for Structure B, both the HOMO and LUMO are mainly
derived from the CNT, with no contribution from DNA. This
demonstrates that the interaction between CNT and DNA in
Structure A is stronger than that in Structure B, where the carbon
nanotubes act as the donor and the aromatic molecules act as the
acceptor. Additionally, the strong interactions between DNA and
the CNT result in DNA structural changes. Moreover, the calculated
charge transfer between the CNT and nucleobase indicates that

Fig. 8 Isodensity surface of the charge density difference at levels of
0.0004 e/A3 for A and B
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there is greater charge transfer from CNT to DNA in Structure A
than in Structure B. As demonstrated in Fig. 5, this indicates that
there are strong 7—r interactions between the CNT and DNA base
because of z—r stacking strong orbital hybridisation between
CNT and DNA.

4. Conclusion: In conclusion, the conformation and electronic
structure of DNA in SWCNTs were studied by using a
combination of MDs and first-principles methods. We found that
the 7 orbital of the SWCNT’s inner wall induces a
conformational change in ssDNA, leading to general-sequence
oligonucleotide adsorption through z—z stacking interactions.
Simultaneously, interactions between the adsorbed
oligonucleotide helix formation and the torsion of the sugar
phosphate backbone occur, which leads to a coating of ssDNA on
the CNT wall. First-principles calculations indicate that the
presence of a strong non-covalent 7—7z stacking interaction
between the nucleobase and the inner wall of the CNT produces
the most stable structure. The adsorption energies were 1.72 and
0.98 eV for Structures A and B, respectively.
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