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In this paper, we investigate, using molecular dynamics simulations, the conformation and diffusion
of longer and shorter single-strand DNA �ssDNA� as a function of water film thickness. While the
conformation of the shorter ssDNA is significantly affected and the diffusion is suppressed with
reduction in water film thickness, the conformation and diffusion of the longer DNA is not
influenced. We explain our observations by considering the competition between stacking
interaction of bases and solvation tendency of ssDNA. This paper suggests an approach to control
the surface motion of ssDNA in nanoscale water films using film thickness. © 2010 American
Institute of Physics. �doi:10.1063/1.3366725�

DNA separation is an essential technique for gene se-
quencing and DNA fingerprinting. The development of accu-
rate and versatile DNA separation technique is currently a
significant issue in nanobiotechnology.1 Recently, Pernodet
et al.2 reported separation of DNA chains on a surface with-
out any topological restrictions or any solution sieving me-
dia. This can be a significant benefit over conventional sepa-
ration methods. However, a detailed physical understanding
of surface transport of DNA is currently not available.3

For example, it is commonly known that the diffusion coef-
ficient of DNA decreases with increase in DNA size in free
solution4 and under two-dimensional confinement.5 How-
ever, a recent experimental study on electrophoresis of DNA
on an atomic force microscopy surface showed the faster
movement of longer DNA in a thin pure water film.6 Accord-
ing to the Nernst–Einstein relation between mobility and dif-
fusion, this implies that the longer DNA has higher diffusion
than the shorter DNA.

To understand the reasons behind the ambiguities in the
physics of surface transport of DNA, in this paper, we inves-
tigate, using extensive molecular dynamics �MD� simula-
tions, the diffusion of DNA in nanometer-thick water films
by considering DNA of various sizes. As shown in the sche-
matic in Fig. 1�a�, a single-strand DNA �ssDNA� was sol-
vated in a pure water film on a solid surface. Following the
experiment,6 the surface was made by grafting the poly�eth-
ylene glycol�-silanes �PEG-silanes� on a solid substrate. The
size of the surface is 20�20 nm2 and it consists of 1600
PEG-silane molecules. The PEG-silane has 32 atoms and
it is attached to the substrate atom �see Fig. 1�b��. The initial
configuration and the atomic partial charges of PEG-silane
molecule were obtained from PRODRG �Ref. 7� using GRO-

MOS forcefield and charge. The substrate atoms were as-
sumed frozen and their atomic charges were adjusted to
make the entire system neutral. We considered two small
ssDNAs fragments with 6 and 12 bases. Although recent
DNA sequencing technologies utilize tens of millions of
small DNA fragments,8 efficient separation of such small
fragments is still challenging.9 The longer 12-base ssDNA

of 5�−CGCGAATTCGCG−3� was prepared by unzipping
the well-known Dickerson’s B-DNA dodecamer �double
stranded�,10 while the shorter 6-base ssDNA of 5�
−CGCGAG−3� was made by repeating the initial five bases
of the 12 base DNA and ending with 3�−G. Two water films
were considered with L=2.3 nm �thick film, see Fig. 1�c��
and L=1.4 nm �thin film, see Fig. 1�d��, where L is the film
thickness defined as the distance between the crossing point
of PEG and water and the point where the water density
value is half the bulk density in water film �see Figs. 1�c� and
1�d��. All the simulations in the present study were per-
formed using GROMACS 4.0.4 �Ref. 11� in an NVT ensemble.
The AMBER-99 force field and the atomic partial charges12

were introduced into GROMACS using the AMBER force field
port.13 Periodic boundary conditions were assigned along x-
and y-directions. All the simulations were equilibrated for
1.5 ns. The sampling period was 900 ps. Water was modeled
by using the TIP3P model.14 The Nośe–Hoover thermostat15

was used to maintain the system temperature at 300 K. The
equation of motion was integrated by using the leapfrog al-
gorithm with a time step of 2.0 fs.
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FIG. 1. �Color online� �a� Molecular visualization of ssDNA in water film
on PEG-silane grafted surface. The surface lies along the xy-plane. The
snapshot was rendered with �Visual Molecular Dynamics, Ref. 23�. The red
ball is the oxygen atom, white is the hydrogen atom, blue is the nitrogen
atom, cyan is the carbon atom, and tan is the phosphorus atom; �b� Structure
of PEG-silane molecule; �c� Density plots of water and PEG for the thick
water film; �d� Density plots of water and PEG for the thin water film. For
the examples considered here, water density was not significantly influenced
by the DNA type.
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In Fig. 2, we show the temporal variation of the
z-position of each monomer of ssDNA for different film
thicknesses and DNA sizes. The typical conformations in
equilibrium state were also visualized. In the present study,
the monomer of DNA was defined as the combined structure
of a base and the linked nucleotide backbone �see the inset in
Fig. 2�b��. The equilibrium state of a biopolymer �e.g., ss-
DNA� on surface can be confirmed by investigating the mo-
tion of each monomer as each monomer may have consider-
able motion even though the center of mass motion of DNA
is in steady-state �cf. similar to equilibrium�. As shown in
Fig. 2, all the ssDNAs were equilibrated after t�1.5 ns. The
discussion below on Fig. 2 is for the equilibrated conforma-
tions unless specified otherwise. For the long ssDNA in the
thick water film with L=2.3 nm, both the 5�- and 3�-end
monomers were attached on the surface while the other
monomers were detached from the surface �see Fig. 2�a��.
The conformation of long ssDNA in thick water film did not
vary as L was reduced to 1.4 nm �see Fig. 2�c��. In contrast,
in the case of short ssDNA, a considerable difference was
observed. For the short 6-base ssDNA in the thick water film,
only the end monomers were attached on the surface while
the other monomers were detached from the surface �see Fig.
2�b��, which is similar to the conformation of long ssDNA.
However, in the thin water film, all the monomers were at-
tached on the surface �see Fig. 2�e��.

For the motion of ssDNA on the surface considered here,
there are two competing factors. The first is the structural
robustness. The bases in ssDNA can be stacked on top of
each other. The parallel interaction between stacked bases
stabilizes the DNA structure.16 Using the free energies of
stacking for base pairs with AMBER force field,17 the total
free energy reduction by stacking was computed as �60.76
kcal/mol for the longer ssDNA and �30.34 kcal/mol for the
shorter ssDNA. The longer ssDNA has more number of
bases in stacking interaction and it makes the ssDNA struc-
ture more robust. However, the shorter ssDNA has less num-

ber of bases and it makes the structure less robust. The sec-
ond competing factor is the solvation tendency of DNA.
DNA usually has strong tendency to be solvated in the water,
expressed by the low solvation free energy. The solvation
free energy of the biopolymer �e.g., ssDNA� can be esti-
mated using the generalized Born approximation.18 From the
generalized Born approximation, employing the parameters
optimized for AMBER DNA force field,19 the solvation free
energies in bulk water were estimated as �54.2 kJ/mol for
the longer 12-base ssDNA and �28.2 kJ/mol for the shorter
6-base ssDNA. Such low solvation free energy will become a
driving force for DNA to locate in the water-rich region,
which is near the water-surface interface, rather than the air-
water interface. Since ssDNA prefers to stay in the water-rich
region, with decrease in L, they approach the PEG-silane
surface. Thus, the shorter ssDNA was deformed due to the
weak structural robustness, which was not strong enough to
overcome DNA-surface interaction. However, the longer ss-
DNA was not deformed due to the strong structural robust-
ness, which was enough to maintain the structure overcom-
ing the DNA-surface interaction.

The conformational differences between the shorter and
the longer ssDNA can lead to different transport properties of
ssDNA �e.g., diffusion�. The lateral diffusion coefficient
can be computed from the mean-squared displacement plot
as D=limt→���RCM�t�−RCM�0��2� /4t, where RCM is the
�x ,y�-position of the center-of-mass of ssDNA. Throughout
this paper, diffusion coefficient refers to the lateral diffusion
coefficient unless specified, otherwise. Table I compares the
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FIG. 2. �Color online� Temporal varia-
tion of the z-position of the monomers
in ssDNA and the typical DNA confor-
mation in equilibrium state: �a� L
=2.3 nm, long 12-base ssDNA. Red
and blue lines represent the 5� and
3�-end monomers, respectively. The
green lines are the middle monomers
in the DNA; �b� L=2.3 nm, short
6-base ssDNA; �c� water density of
thick film; �d� L=1.4 nm, long 12-
base ssDNA; �e� L=1.4 nm, short
6-base ssDNA; �f� water density of
thin film.

TABLE I. Diffusion coefficient of ssDNA ��10−10 m2 /s�.

L
�nm� Long ssDNA Short ssDNA

2.3 1.76 ��0.17� 3.23 ��0.56�
1.4 1.82 ��0.48� 0.53 ��0.10�
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diffusion coefficients for the longer and shorter ssDNA in
thin and thick water films. We note from the results in the
table that the diffusion coefficient of the shorter 6-base ss-
DNA is significantly reduced in the thin water film while the
diffusion coefficient of the longer 12-base ssDNA was not
influenced by the change in L considering the error level.
This trend can be explained from the trend in molecular con-
formation shown in Fig. 2. The diffusion behavior can be
further probed by examining the interaction energy between
ssDNA and the surface. For the cases considered here, a
strong water layering was not observed, so the anomalous
behavior of water on surfaces is not significant.20 Figure 3�a�
shows the total interaction energy between monomer of ss-
DNA and surface. The total interaction energy was computed
by summing all the pairwise Lennard-Jones �LJ� and electro-
static interaction energies between atoms in DNA and those
in the PEG-silane surface. For the longer ssDNA, the inter-
action energy did not vary significantly with L, while for the
shorter ssDNA, the interaction energy decreases with de-
crease in L. The stronger interaction of DNA with the surface
lowers the diffusion coefficient.

Next, we compare the diffusion coefficients of the long
and short ssDNAs in L=2.3 and 1.4 nm �see Table I�. In
bulk, the shorter biopolymer �e.g., ssDNA� typically moves
faster compared to the longer one.4 The diffusion coefficient
of the longer 12-base ssDNA is 2.68 ��0.34��10−10 m2 /s
and the diffusion coefficient of the shorter 6-base ssDNA is
4.81 ��0.43��10−10 m2 /s in bulk solution. This trend was
also observed in the thick water film. However, in the thin
water film, the trend is opposite, i.e., the longer ssDNA
moves faster compared to the shorter one. This is because of
the considerable immobilization of the shorter ssDNA by the
water film-thickness resulting in ssDNA deformation and a
stronger short-range LJ interaction between DNA and sur-
face. Figure 3 shows that in the thin water film, both the total
and the electrostatic interaction energies were lower for the
longer ssDNA compared to the shorter ssDNA due to the
higher net charge on the longer ssDNA �see Figs. 3�a� and
3�c��. However, for the short-range LJ interaction energy, the

shorter ssDNA has the lower value �see Fig. 3�b��. The de-
formation of the shorter ssDNA on the surface causes the
increase in the short-range LJ interaction,21 which results in
lower diffusion of the shorter ssDNA.

In summary, the conformation and diffusion of ssDNA
can depend on the thickness of the water film on a surface. In
particular, the conformation and diffusion of the short ss-
DNA was affected by the reduction of water film thickness
due to the competition between structural robustness and sol-
vation tendency. In the thin water film, the shorter ssDNA
moved slower compared to the longer ssDNA due to the
stronger short-range LJ interaction. The fundamental under-
standing developed here for motion of ssDNA on a solid
surface would be helpful in enabling further advances in
surface-based DNA separations and protein fingerprinting.22
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