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Abstract
A biomimetic nanochannel coated with a self-assembled monolayer (SAM) can be used for
sensing and analyzing biomolecules. The interaction between a transported biomolecule and a
SAM governs the mechanically or electrically driven motion of the molecule. To investigate the
translocation dynamics of a biomolecule, we performed all-atom molecular dynamics simulations
on a single-stranded DNA in a solid-state nanochannel coated with a SAM that consists of octane
or octanol polymers. Simulation results demonstrate that the interaction between DNA and a
hydrophobic or a hydrophilic SAM is effectively repulsive or adhesive, respectively, resulting in
different translocation dynamics of DNA. Therefore, with proper designs of SAMs coated on a
channel surface, it is possible to control the translocation dynamics of a biomolecule. This work
also demonstrates that traditional tribology methods can be deployed to study a biological or bio-
mimetic transport process.
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Introduction
Advances in the manufacture of silicon-based nano-devices and the self-assembly of
biological or chemical molecules (such as alkanethiol self-assembled monolayers (SAMs)1)
have enabled the fabrication of biomimetic devices, which can create biologically
compatible environments for sensing and/or analyzing biomolecules. A solid-state nanopore
with a SAM-coated surface has been experimentally studied2,3 and could potentially be
employed to analyze the transport of ions, water, nutrients or other biomolecules, mimicking
a biological protein channel.4,5 When a transported molecule is inside a nanopore, the
blockage of an ionic current through the same pore could be used to discern physical
features of the molecule. Additionally, the life-time of current blockage, related to the
transport speed of the molecule, could be in part affected by the interaction between the
molecule and a pore surface. Thus, the selectivity of a biomimetic channel or nanopore
could be tuned by adjusting the affinity between a transported molecule and a channel
surface, as has been investigated both theoretically6,7,8 and experimentally9. Additionally, to
control the motion10 and to sense11,12 a charged biomolecule (such as DNA) in a solid-state
nanopore, metal electrodes may be fabricated inside the nanopore whose lifetime can be
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significantly extended by coating with SAMs to prevent electrochemical reactions, such as
corrosion13. While essential to the design of a biomimetic device, the dynamics of a
biomolecule through a SAM-coated solid-state nanopore has not been examined. Here, we
study, using all-atom molecular dynamics simulations (MD), how a single-stranded DNA
(ssDNA) molecule transits solid-state nanochannels coated with designer SAMs with
different affinities for ssDNA. The simulations reveal the critical dependence of
biomolecular transport through nanochannels on nanotribology.

Simulation Methods
Figure 1 illustrates the simulation setup. Two SAMs are considered: a hydrophilic
organosilane octanol and a hydrophobic organosilane octane. The density of coating is about
one orgnaosilane molecule per 27 Å2. The silicon atoms in organosilane molecules are
positioned in a triangular lattice distorted to lie on the cylindrical surface (radius ~ 2.5 nm),
which is shown in the Supporting Information. Other silicon and oxygen atoms in the
amorphous solid either fill the space outside or are on the cylindrical surface during melting
and quenching processes.14 The average tilt (away from the surface normal) angle of a
coated molecule is about 30°. After coating, the channel radius is about 1.3 nm. An ssDNA
molecule containing 20 adenine nucleotides is solvated in a 0.1 M KCl electrolyte (explicit
water and ions) inside the channel. Periodic boundary conditions are applied in all three
dimensions. ssDNA is covalently linked to itself through the periodic boundary (PB). As
ssDNA is electrically and hydrodynamically stretched during translocation15, the average
spacing (enforced by PB) between neighboring phosphates of the stretched ssDNA in
simulation is taken to be 6.8 Å. Water molecules are added to fill each channel (pressure ~ 1
bar); water in the hydrophilic channel is about 30% more than in the hydrophobic one whose
surface is covered by a water-vapor layer. The entry of water into a hydrophobic
nanochannel might be energetically favorable16 but it can be additionally facilitated by
increasing pressure.17 In a previous theoretical study15, ssDNA was harmonically confined
to the center of the nanochannel and ions were harmonically pushed away from the channel
surface, to prevent ssDNA or ions from being bound to the solid surface. Because of the
SAMs, these radial harmonic constraints are released in present simulations. Water and ions
are not observed to enter the SAMs. The whole system contains about 56,000 atoms and
measures 72×72×136 Å3.

The program NAMD18 was used to perform the all-atom MD simulations reported here
using the Bluegene supercomputer. We employed the CHARMM27 force-field19 to model
ssDNA and orgnaosilane molecules, and used the TIP3P model to treat the water
molecules20. All simulations were carried out in the NVT (T=300 K) ensemble. To maintain
the system at constant temperature T, Langevin dynamics was applied to atoms in the SiO2
matrix which were additionally restrained harmonically to occupy amorphous lattice sites.

Results
The dependence of the freely diffusive motion of ssDNA on the coating of a solid-state
nanochannel is shown in Figure 2. As ssDNA is in a linear conformation, we define the
ssDNA position as the center of mass of all phosphorus atoms. The z-component and the
radial-component of the ssDNA position are denoted by z and r, respectively. Figure 2a and
2b describe the axial (z) and radial (r) motion of ssDNA, respectively. When ssDNA is in
the octane-SAM-coated nanochannel, ssDNA diffuses freely in the axial direction. From the
radial motion of ssDNA, the average deviation from the center of the channel is only about 2
Å, i.e. ssDNA is always near the center. When ssDNA is in the octanol-SAM-coated
nanochannel, ssDNA moves freely at the beginning. The axial motion fully stops after about
30 ns. Correspondingly, ssDNA moves from the center to the octanol-SAM-coated surface
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and remains there for the rest of simulation time (also see movies in Supporting
Information). This indicates that the contact is effectively “repulsive” between ssDNA and
the octane-SAM coating but is effectively “adhesive” between ssDNA and the octanol-SAM
coating. These different kinds of contacts therefore can result in different friction on ssDNA
during transport.

To quantify the friction force, a key tribological quantity, the steered molecular dynamics
method21 was used to mechanically drive ssDNA through the SAM coated channels. Figure
3a illustrates the simulation setup. A spring, whose spring constant is 10 pN/Å, is deployed
to drive ssDNA forward, mimicking an optical tweezer pulling of ssDNA through a solid-
state nanopore22. One end of the spring is attached to a pulling stage that moves at a
constant velocity (v0 = 2 Å/ns), while the other end is attached to the center of mass of all
phosphorus atoms. Because of this setup, the pulling force is distributed equally to all
phosphorus atoms and as such cannot impart any stretching force to the ssDNA.

Figure 3b and 3c show time-dependent forces in the spring during a pulling process.
Because of the dramatic difference in friction, the dynamics of ssDNA translocation in these
two channels are also quite different. After ssDNA diffuses away from the channel center
and binds to the octanol-SAM, force in the spring increases linearly with time as shown in
Figure 3b. Since the pulling stage moves forward at a constant speed v0, the driving force f
in the spring can be written as k(v0t-z). When the force in spring is comparable to the friction
force, ssDNA quickly catches up with the pulling stage (a slip event) and the force in spring
drops (Figure 3b). When the pulling force is smaller than the friction force, ssDNA is stuck
again. As the pulling stage keeps moving forward, force in the spring will build up again and
trigger another slip event. So forces in the spring periodically increases and decreases as
shown in Figure 3b, corresponding to the stick-slip motion of ssDNA. In the Figure 3b, the
value of the first peak (~ 1.9 nN), which can be considered as the static friction force Fs, is
bigger than those of following peaks. The kinetic friction force Fk can be estimated from the
average pulling force, and is about 1.5 nN. When ssDNA stops, the peak value of friction
forces depends on the relaxation time τ for ssDNA to form hydrogen bonds with octanol
polymers. If the relaxation time is shorter than the time τ′ for force in the spring to reach the
peak value, i.e. τ < τ′ = 2(Fs–Fk)/kv, stick-slip events should be more pronounced. This
relation can be satisfied when using a weak spring or a slow pulling velocity. Consequently,
subsequent force peaks in Figure 4a should be as high as the first one, if thermally activated
processes can be ignored. When τ ≫ τ′, the motion of ssDNA is steady sliding.

When ssDNA is in the octane-SAM-coated nanochannel, the average pulling force is much
smaller than in the octanol-SAM-coated channel (Figure 3c). As ssDNA is always near the
center for the octane-SAM-coated channel during a pulling process, the interaction between
ssDNA and the SAM is much weaker. The pulling force in spring is balanced only by the
hydrodynamic friction Fh (=ζ v).

The motion of ssDNA described above is further demonstrated in Figure 4, showing the
relation between the average driving force < f > and radial motion of ssDNA. When ssDNA
is in the octane-SAM-coated nanochannel, the force < f > in the spring is only about 8 pN, as
shown in Figure 4a. The radial motion of ssDNA (Figure 4b) shows that ssDNA is not close
to the SAM surface. The friction coefficient ζ = < f >/v = 4 pN·ns/Å. When ssDNA is in the
octanol-SAM-coated nanochannel, ssDNA gradually moves in the radial direction to the
coating surface (Figure 4b). In the beginning, while ssDNA is still near the center, the
average driving force in the spring is only a few pico-Newton. But the driving force
increases to 1.9 nN after ssDNA is attracted to, and then effectively trapped on, the SAM
surface. Note that the measured pulling force (~ 1.9 nN) depends on the pulling velocity (2
Å/ns) that is much faster than what would be used in an actual experiment. The following
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driven motion of ssDNA is stick-slip like (see below). The inset in Figure 3b illustrates the
interaction between ssDNA and octanol polymers. As many as three hydrogen bonds can be
formed between a phosphate group in ssDNA and hydroxyl groups in octanol polymers,
which explains the found strong friction.

DNA can also be driven through a SAM-coated channel by a biasing electric field as shown
in Figure 5a. Figure 5b and 5c show the time-dependent axial motion of ssDNA in the
octane-SAM- and octanol-SAM-coated nanochannels, respectively. In the octane-SAM-
coated nanochannel, negatively charged ssDNA moves opposite to the field direction. The
electric driving force is applied to each negatively charged phosphate group in ssDNA. The
slowest speed of simulated electrophoretic motion of DNA is about 2.5 Å/ns, close to the
spring pulling velocity v0. The average translocation speed v is linearly proportional to the
field strength E. The electrophoretic mobility of ssDNA μ can be computed as, μ = v/E = 2.6
Å2/(ns·mV). Due to the electric screening by counterions and hydrodynamic screening by an
electro-osmotic flow on ssDNA surface15, the effective charge of ssDNA qeff =ζμ = 6.5 e (e
the charge of an electron) at the ion concentration (0.1 M) examined here. Thus, about 70%
of the charge of bare ssDNA (20e) is screened and the effective driving force on ssDNA can
be written as f = qeff··E. Note that when ssDNA is in an alpha-hemolysin protein nanopore,
even more percentage of the charge of bare ssDNA is screened23.

When ssDNA is in the octanol-SAM-coated nanochannel, ssDNA moves in the electric field
in the beginning and the axial motion stops after tens of nano-seconds (Figure 5c). Even in a
high biasing electric field 24.96 mV/Å, ssDNA can be stuck on the SAM surface of the
nanochannel, showing a constant position of ssDNA in Figure 5c. From the radial motion of
ssDNA (Figure S2 in Supporting Information), the axial motion stops when ssDNA is close
to the SAM surface. During the time when ssDNA moves from the center to the SAM
surface, ssDNA moves a longer distance in a higher electric field before ssDNA is stuck on
the SAM surface. In applied electric fields, while the thermally activated motion of ssDNA
from a stuck state is difficult to study in limited simulation time, a theoretical study of this
motion is possible as discussed below.

Discussion
The motion of ssDNA in a SAM-coated nanochannel along the z-axis can be described using
a coarse-grain model,

(1)

where m is the mass of ssDNA, Fh the hydrodynamic friction force, Fsurf the friction
between ssDNA and a SAM surface, f the mechanical or electrical driving force, and FT the
instant random force from a thermal bath (such as that used in the Langevin dynamics). In
equation 1, Fsurf is unknown and is dependent on properties of a SAM coated inside a
nanochannel. In the case of octane-SAM coating, Fsurf is negligible. For ssDNA in the
ocatnol-SAM-coated nanochannel, Fsurf, much bigger than Fh, can be modeled by a function
varying from −Fs to Fs. Depending on the functional forms of Fsurf and f, the axial motion
of ssDNA could be steady-sliding as in the octane-SAM-coated channel or be stick-slip as in
the octanol-SAM-coated channel. For example, if the stiffness of a pulling spring is weaker
than that of the maximum interfacial stiffness, i.e. k < (dFsurf /dz)max, the motion of ssDNA
is stick-slip like assuming that Fsurf (z) is a sinusoidal function24. Additionally, as the
electric field driving is the limit of a weak spring pulling24, ssDNA should also advance
forward in a stick-slip fashion when electric driving force is comparable to the friction force
between ssDNA and a SAM. Note that the theoretical model described in Equation 1 is
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mathematically similar to the Tomlinson model25 that is deployed to study friction between
solid surfaces. Fundamentally, the translocation of ssDNA inside a coated nanochannel is
dominated by friction.

Conclusions
It has been demonstrated that the dynamics of ssDNA in a nanochannel is strongly
influenced by the tribological effects induced by the choice of SAM coating. In a biasing
electric field, the fast ssDNA translocation in an octane-SAM-coated nanochannel results
from the weak interaction or low affinity between ssDNA and octane molecules. With the
strong affinity between ssDNA and octanol molecules, the translocation of ssDNA is
hindered. ssDNA could be stuck on the coating surface intermittently or even permanently.
Surface imperfections of a solid-state channel are likely to cause fluctuations in the density
and in the surface curvature of a coated SAM, which could affect the interaction between
ssDNA and the SAM. These effects will be investigated in the future. The tribological
effects stated above can, therefore, be dominant factors influencing the motion of ssDNA.
Recently, the importance of interactions between a transported polymer and a protein (alpha-
hemolysin) channel has also been demonstrated in experiment.26,27 As it is possible to
design and synthesize vast varieties of SAMs,28 the interaction between ssDNA and a SAM
can be modified and the translocation speed of ssDNA in a SAM–coated nanochannel could
be controlled by the selection of a proper SAM. One important application is to reduce the
ssDNA translocation speed, increasing the accuracy for sensing each nucleotide of ssDNA
in a solid-state nanopore12. More generally, the study of the transport of a biological
molecule in a biomimetic channel, as demonstrated in this work, interfaces both tribology
and biology — nanotribolbiology. It therefore is encouraging to apply traditional theories in
tribology29 to study biological or bio-mimetic transport processes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Simulation system: (a) A top view of an amorphous SiO2 (Si: yellow; O: red) nanochannel
containing a layer of octanol coating, a ssDNA molecule and KCl electrolyte. K+ and Cl−
ions are shown as tan and cyan spheres. (b) A side and cross-section view. The amorphous
SiO2 solid is shown as a molecular surface. For clarity, hydrogen atoms in octanol
molecules and ions are not shown. In both (a) and (b), each adenine nucleotide is colored
differently and water is not shown. The z-axis is parallel to the channel orientation.
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Figure 2.
The motion of ssDNA in octane-SAM- and octanol-SAM-coated nanochannels, without a
driving force on ssDNA. (a) The axial motion of ssDNA. (b) The radial motion of ssDNA.
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Figure 3.
Mechanically driving ssDNA through a SAM-coated nanochannel. (a) simulation setup. v0 is
the pulling velocity of the stage (green dot); k is the spring constant; the blue dot represents
the ssDNA position. Water and ions are not shown. (b) Force-time dependence when ssDNA
is mechanically driven by the harmonic spring in the octanol-SAM-coated nanochannel. (c)
Force-time dependence when ssDNA is mechanically driven by the harmonic spring in the
octane-SAM-coated nanochannel.
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Figure 4.
Effects of a SAM coating. (a) Force in the pulling spring f vs. the ssDNA position z. The
inset shows the strong interaction between ssDNA (top) and octanol polymers (bottom). (b)
Radial motion of ssDNA vs. the ssDNA position.
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Figure 5.
Electrically driving ssDNA through a SAM-coated nanochannel. (a) Illustration of the
simulation set-up. E is the biasing electric field that drives ssDNA. Water and ions are not
shown. (b,c) The electrically-driven axial motion of ssDNA in the octane-SAM- (b) and the
octanol-SAM- (c) coated nanochannels
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