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ABSTRACT

We report molecular dynamics simulations showing that a DNA molecule could be spontaneously inserted into carbon nanotube (CNT) in a
water solute environment. The van der Waals and hydrophobic forces were found to be important for the insertion process, with the former
playing a more dominant role in the DNA-CNT interaction. Our study suggests that the encapsulated CNT-DNA molecular complex can be
further exploited for applications such as DNA modulated molecular electronics, molecular sensors, electronic DNA sequencing, and
nanotechnology of gene delivery systems.

Functionalization of novel nanoscale materials with chemical
or biological molecules could lead to new types of miniature
devices for chemical/biological applicatiénzsuch as probes
and sensors. In the case of carbon nanotubes (CNTs), muct
interest has been devoted to utilizing or controllably modify-
ing their intrinsic chemical and physical properties by
attaching moleculés?® to the outside. In addition to the
sidewall or tip functionalization, it has been found that
molecules such asg! metallofullerence? water!3 or gas
molcules!can b encapsulted nside nanatubes, suagesind QTS 1, SIS SIebel o & DL SIS
alterna.tlve .Ways .to functionalize CNTSs. Recem molecular 100, and 500 ps. Water r?wlecules a’re not displayed for clarit)’/. ’
dynamics simulatiortd demonstrated that single-wall carbon
nanotubes (SWCNTSs) could be realized as molecular chan-was simulated for 2 ns at temperature 400 K and pressure 3
nels for water transport. Here we report molecular dynamics pgris-17 A time-step of 1 fs was used and full-precision
simulations of the dynamic processes of encapsulatingtrajectory was recorded every 1 ps. The snapshots of the
deOXyribOﬂUCleiC acid (DNA) inside CNTs in a water solute 0|igonuc|eotide—nanotube System shown in Figure 1 indi-
environment. Our results indicated Spontaneous insertion an%ated a very fast insertion process of O|igonuc|eotide into
confinement of single-strand DNA oligonucleotide under a npanotube. At = 30 ps, the first base of the oligonucleotide
combined action of the van der Waals and hydrophobic has begun to enter the nanotube. After 500 ps, five of the
interaction forces. eight DNA bases are fully inside the nanotube and the first
The designed DNACNT system consists of a homoge- base has reached the opposite end of the tube. The last DNA
neous single-strand DNA oligonucleotide with 8 adenine base remains outside and attached to the sidewall. Cor-
bases and an uncapped armchair (10,10) carbon nanotubeespondingly, the center of mass (COM) distadd&igure
(2.95 nm long and 1.36 nm in diameter). As initial 2) between oligonucleotide and carbon nanotube rapidly
configurations, CNT and DNA were aligned along the decreases with time up to 500 ps. The nearly consant
nanotube axis and separated by 0.6 nm. The €ENNA afterward indicated that the system has reached equilibrium.
complex was solvated in a water reservoir and its dynamics To reveal the physical mechanisms of the insertion process
of oligonucleotide, we plot the normalized radial density
* Corresponding author. E-mail: hjgao@mf.mpg.de profiles of water and oligonucleotide within nanotube in
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Figure 2. Normalized center-of-mass distances between the Figure 4. van der Waals energy between nanotubes and the first
oligonucleotide and carbon nanotube as function of simulation time. DNA base entering the nanotube as a function of their axial direction

dp is the initial center-of-mass separation. projected COM distancd,.
40r oligonucleotide, t=500ps near the nanotube center along the tube axis and between
L the tube wall and the oligonucleotide.
30Ff Strong hydrogen-bond interaction among water molecules
i is known to produce hydrophobic forces that cause hydro-
.g:" 0 _ water, t=0ps phobic solutes (_both CNT and DNA) to aggregate to reduce
I solvent-solute interface energy. This hydrophobic effect
I alone is, however, found to be insufficient to encapsulate
10LF DNA due to resistance from water molecules inside the CNT.
: water, t=500ps On the other hand, the carbon nanotube and oligonucleotide
i will also experience an attractive force from each other due
Y R S— v — to van der Waals interaction when their separation is about

' R/R, 1 nm or smaller. This attractive interaction is found to play
a dominant role in the DNA insertion process. The derived

Figure 3. Radial density profiles of water and oligonucleotide yan der Waals energy between nanotube and the first DNA
within nanotubes in units of the water bulk densiy averaged = poqe entering the nanotube (Figure 4) confirmed the rapid
over cylindrical shells centered at the axis of the nanotube, with . . . . . .
radiusr, and height determined by the carbon atoms at the nanotubed€Créase in the interaction potential energy with distance.
rim. R, = 0.68 nm is nanotube radius. The flat bottom of the van der Waals potential well in the
middle of the nanotube is about 2 nm in width, which traps
the DNA molecule inside the CNT. The importance of van
der Waals force is demonstrated by the following analysis.
We reduced the interaction between carbon nanotube and
oligonucleotide atoni$ and repeated the simulation. We
found that the insertion process of oligonucleotide is
dramatically slowed by a small reduction of van der Waals
force. With 50% reduction in the interaction, as indicated
by the derived COM distance in Figure 2, the oligonucleotide
only made random motion around the nanotube and no base

Figure 3. Due to the hydrophobic property of carbon
nanotubes, water molecules inside CNTs exhibit a continuous
radial distribution only up tdR ~ 0.7R; (Ry = 0.68 nm)
after equilibration at 0 ps. The radial density of water inside
CNT gradually decreased during the simulation. The water
density profile at 500 ps showed a discontinuous region
between 0.2B; and 0.3%R,; where the radial density of
oligonucleotide entering the nanotube exhibits a maximum.

This demonstrated that during the insertion of oligonucleotide entered the nanotube. To clarify the role of hydrophobic

some of water molecules inside the nanotube have beerx, ..o \ye simulated carbon nanotubes interacting with
repelled out of the nanotube. The water molecules inside olypeptide molecules. The attraction of a hydrophilic
nanotubes are three-dimensionally structured and the induce‘golypeptide toward a CNT was found to cause peptide

difference in the hydrogen-bond energy of water should be jnsertion into the CNT but the process is severely hindered
negligible. Since the water molecules were initially trapped jn comparison with DNA oligonucleotides, despite the
inside CNTs due to van der Waals attractithe repelling  comparable van der Waals interaction in both cases. These
of water molecules to the outside of CNTs is energetically observations suggest that both van der Waals attraction and
costly and provides an effective resistance for DNA insertion. hydrophobic interaction between nanotube and DNA play
It was further observed that the oligonucleotide entering CNT important roles in encapsulating molecular clusters or nano-
formed a hydrophobic tubular-like shell within the nanotube, particles inside CNT. In the case of DNA, the van der Waals
with the remaining water molecules inside the CNT confined attraction force is found to be dominant.
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unique electrical, chemical, mechanical and biological prop-
erties, the DNA-CNT or other CNT based bio-nano-
complex can be further exploited for applications in molec-
ular electronics, molecular sensors, electronic DNA sequencing,

Figure 5. Snapshots (sideview a, ¢ and top view b, d) of
oligonucleotide-nanotube system simulated after 2 ns. Water
molecules are not shown.

Since both the depth of the van der Waals potential well
and the size of its flat region in the middle of the CNT
depend on the diameter and length of CNT, the insertion
process of the oligonucleotide is expected to be tube-size
dependent. To explore the size effect of the insertion process,
we repeated molecular dynamics simulations of the DNA
CNT system with two different carbon nanotubes: armchair
(8,8) with 2.95 nm in length and 1.08 nm in diameter and
(10,10) with doubled length (5.90 nm). The derived COM

distances were also plotted in Figure 2, and the snapshots

of the simulated oligonucleotidenanotube systems at 2 ns
were presented in Figure 5. Despite a van der Waals potential
well deeper than the (10,10) tube, the (8,8) carbon nanotube
cannot attract more than one DNA base into its inside. It
was observed that for a time period up to 2 ns the remaining
seven DNA bases gradually wrap around the outside of the
(8,8) nanotube. A possible explanation is that the diameter
of the (8,8) nanotube is too small and the oligonucleotide
has to be severely deformed in order to enter the nanotube.
The deformation-induced energy could overcompensate the
reduction in van der Waals and hydrophobic interaction
energies. It suggests that the diameter (1.08 nm) of the (8,8)
nanotube is the critical size for inserting a single strand DNA
into a CNT. For the (10,10) nanotube with doubled length,
the flat part in its van der Waals potential well is much larger.
The oligonucleotide completely entered the nanotube after
500 ps.

In conclusion, molecular dynamics simulations have
indicated that DNA could be encapsulated inside carbon
nanotubes in a water solute environment via an extremely
rapid dynamic interaction process, provided that the tube size
exceeds certain critical value. Both the van der Waals and
hydrophobic forces are found to be important, with the
former playing a more dominant role on DNACNT
interaction. Our study has general implications on filling
nanoporous materials with water solutes of molecular clusters

or nanoparticles. Since carbon nanotubes possess many
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and nanotechnology of gene delivery systems. These studies
are currently underway.
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