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ABSTRACT

We study the electrophoretic transport of RNA through
a transmembrane carbon nanotube (CNT) using Molec-
ular Dynamics (MD) simulations. The CNT acts as
an artificial prototypical nanopore across the dimyris-
toylphosphatidylcholine (DMPC) lipid bilayer and the
RNA is driven through the pore by an electrostatic po-
tential difference across the lipid bilayer. Upon entrance
into the tube, the nucleotides of the RNA are folded
backwards with regards to the direction of transport
and they interact strongly with the tube wall. The
transportation of RNA is largely influenced by the lipid
head groups that avoid the CNT surface and are directed
into the pore opening. We quantify the transport pro-
cess and discuss the implication for CNT based artificial
nanopores.
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1 INTRODUCTION

Transport across cellular membranes is the key to
many biological processes [1], [2]. The transport may be
regulated by the structure and dynamics of membrane
embedded proteins or it may be initiated externally, e.g.
by a virus that punctures a cell membrane [3].

The understanding of transmembrane transport pro-
cesses is crucial to the rational design of devices such
as nanosyringes and molecular channels [4], [5]. While
these devices are envisioned as engineered replacements
of natural transmembarne pores, it is not possible to
replicate today the complex structure of biological nanopores.
In turn well chracterized nanostructures such as CNTs
when properly embedded in membranes may serve as
effective components for artificial channels. CNTs have
unique physical properties and a structure [6]–[8] that
suggests their use as a canonical model of nanosyringes
or stabilizing pores in biological membranes during elec-
troporation. Pores stabilized by CNTs can persist over
a broad range of voltages and they are inert to a large
number of chemicals. These properties of CNTs make
them suitable candidates for DNA gene delivery [9] and
DNA storing [10].

Several recent studies assessed the interaction of small
CNTs and CNT arrays with water [12]–[15], ions [16],
[17] and RNA/DNA [18]–[20] and Aksimentiev et al. [21]–[24]
reported on the electrophoretically driven transport of
DNA in nanometer size silica pores. In this study we
focus on a functionalized CNT embedded in a DMPC
membrane and we present molecular dynamics simula-
tions of electrophoretic RNA transport across the pore
formed by the CNT. We demonstrate the importance of
quantifying the interplay of the membrane lipids with
the CNT and we report on the electrostatic potential
maps of the CNT in the DMPC lipid bilayer.

2 METHODS

We study the transport of a RNA fragment, con-
sisting of a single strand of 20 adenosine nucleotides,
through a CNT embedded in a DMPC lipid bilayer us-
ing Molecular Dynamics (MD) simulations. The sim-
ulations were performed using the MD package FAST-
TUBE [25] and the results were visualized with VMD
[26]. The systems are equilibrated to atmospheric condi-
tions using a Berendsen barostat. Constant temperature
of 323K throughout the simulation is ensured using a
Berendsen thermostat. The simulations are carried out
at constant volume and temperature and equilibration
was pursued at constant area. The alectrostatic inter-
actions are computed with the Smooth Particle Mesh
Ewald method [27] and the van der Waals interactions
were cut off at 1 nm. All simulations employ the AM-
BER 96 force field [28] with the extension of Smondyrev
and Berkowitz [29] for phospholipids. The bond, an-
gle and dihedral interaction potentials for the CNT are
modeled as in Walther et al.[30]. The rims of the CNT
are doped with alternating hydroxyl and hydrogen ter-
mini in order to render the nanotube amphiphilic and to
facilitate its embedding in the membrane. The diameter
of the CNT is chosen to be comparable to the constric-
tion region of the α-hemolysin channel [18], [22], [31] and
the CNT length was chosen such that the hydrophobic
mismatch with the DMPC membrane would be mini-
mal: we used a (14,14) “armchair” type CNT with a
length of 2.35 nm that has a 1.87 nm carbon-to-carbon
diameter.

Coordinates for the DMPC lipid bilayer were ob-
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tained from the Tieleman group 1. From this topology
14 lipid molecules were removed, 7 from each side of the
lipid bilayer and the CNT was inserted into the resulting
cavity. The RNA was added and the whole system was
resolvated in an approximately 1 molar potassium chlo-
ride solution and equilibrated. The system is illustrated
in figure 1 with a snapshot from one of the simulations.
For a more detailed description of the methodology we
refer to [32].

Figure 1: Snapshot of the simulation. A CNT with hy-
drophilic rims is embedded in a lipid bilayer. A single
stranded RNA fragment consisting of 20 adenosine nu-
cleotides is translocating through the tube. The translo-
cation direction is from top downwards. Outside the
CNT the nucleotides are stacked. Inside the CNT they
are folded backwards with regards to the direction of
translocation and they are attached flat on the CNT
wall. The lipid heads (ammonium groups indicated in
blue and phosphate in yellow) protrude into the tube
opening hindering translocation. The solvent (water
and potassium chloride) is not shown for clarity.

3 RESULTS

3.1 The electrostatic potential

We determine the electrostatic potential map of the
system following an approach presented by Aksimentiev
et al.[22]. We evaluate the electrostatic potential us-
ing the SPME [27] routine of our molecular dynamics
package [25]. The instantaneous electrostatic potential

1We used the PDB file dmpc npat.pdb from
http://moose.bio.ucalgary.ca/index.php?page=Downloads

is then radially averaged, resulting in an axisymmetric
electrostatic potential map.

In figure 2 we show the electrostatic potential map
for an CNT with hydrophilic rims embedded in a DMPC
lipid bilayer subject to an electrostatic potential differ-
ence of 1.05V. The electrostatic potential map is the
result of 1 ns of sampling, with samples taken every 1 ps
after 1 ns of equilibration.

We observe a constant electrostatic potential on both
sides of the membrane. On the side of high electrostatic
potential, we observe a barrier in the electrostatic po-
tential that spans the tube opening, 2. On the side
of low electrostatic potential a similar barrier is absent
and the pore opening is reflected in a bay of low electro-
static potential extending into the pore. A strong cor-
relation exists between the electrostatic potential map
and the corresponding radially averaged density profiles
of lipid atom groups. The electrostatic potential differ-
ence across the membrane in conjunction with the geo-
metrical restriction of the whole lipid molecules causes
an asymmetric reorientation of the head groups which
in turn results in the electrostatic potential described
above. The head groups are pushed into the area of the
tube opening on the side of high electrostatic potential
and they are pulled out of the area of the tube opening
on the other side [33].

3.2 RNA translocation through a

Carbon Nanotube

We report on the transport of a single-stranded frag-
ment of RNA through a CNT in a DMPC bilayer. The
system is subject to a potential difference of 1.6V. The
RNA is initially inserted into the CNT and the simula-
tion is run freely thereafter [33].

The translocation of the RNA across the pore takes
approximately 12 ns which corresponds to a speed of
translocation of approximately 1.5 nucleotides per nanosec-
ond. During translocation the lipid head groups of the
DMPC membrane extend over the CNT and interact
with the RNA, see figure 1. This slows down the mo-
tion of the RNA and results in a sterical hindrance of the
RNA translocation, as the lipid heads partially obstruct
the pore opening.

Before entering the CNT the nucleotide bases of the
RNA are stacked. When a base enters the CNT the
spatial restriction inside the tube forces the hydropho-
bic contact to its neighboring base to be broken and the
interfacial area is hydrated. Simultaneously water is ex-
pelled from in between the base and the CNT wall and
the base attaches to the tube wall Along this process
the RNA bases are folding backwards with regards to
the direction of transport 1.

When a nucleotide base enters the CNT an energy
barrier has to be overcome, which leads to a temporal
trapping of the RNA. The overall motion of RNA ex-
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Figure 2: Electrostatic potential map (right) in Volt for
a carbon nanotube with hydrophilic rims in a DPMC bi-
layer. The system is subject to a electrostatic potential
difference of 1.05V. On the left contour lines of radially
averaged density profiles are shown for the DMPC ni-
trogen (blue) and the CNT carbon atoms (red). The
x-axis shows the in-plane distance [nm] from the tube
center. The y-axis depicts the dimension perpendicular
to the membrane [nm].

hibits periods of fast displacement and periods of trap-
ping [32]. The transport of RNA within the CNT trans-
membrane pore shows several characteristics which were
previously reported on synthetic silica nanopores [23],
i.e. the nucleotide bases are attached flat onto the pore
wall and folded backwards with regards to the direction
of translocation. Upon leaving the exit area of the CNT
the RNA protrudes into solution, and it is not adsorbed
to the membrane surface. After translocation the ter-
minal nucleotides remain hydrophobically attached to
the CNT [21] and do not detach for the duration of the
present simulations.

4 CONCLUSIONS

We report on RNA transport through CNTs act-
ing as transmembrane nanopores. The electrostatic po-
tential affects the arrangement of lipid heads near the
pore opening and results in an asymmetric configuration
across the CNT with blocking and opening lipid heads.
In the region of high potential, lipid heads protrude into
the opening of the nanotube creating an electrostatic
barrier and hindering sterically the translocation of the
RNA through the CNT opening. Present work exam-

ines the parameters that influence the maximum speed
of translocation of RNA through a a membrane embed-
ded CNT.
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