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Abstract Molecular dynamics (MD) simulations are per-
formed to study adhesion and peeling of a short fragment of
single strand DNA (ssDNA) molecule from a graphite sur-
face. The critical peel-off force is found to depend on both
the peeling angle and the elasticity of sSDNA. For the short
ssDNA strand under investigation, we show that the sim-
ulation results can be explained by a continuum model of
an adhesive elastic band on substrate. The analysis suggests
that it is often the peak value, rather than the mean value, of
adhesion energy which determines the peeling of a nanoscale
material.
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Adhesion - Peeling

1 Introduction

Recent advances in bioengineering and nanotechnology are
opening new frontiers in physical sciences. Functional bio-
nano-hybrid materials which join synthetic nanoscale mate-
rials with biological or chemical molecules show enormous
promise in combining unique mechanical, electrical, opti-
cal and chemical properties of nanostructures with molecu-
lar recognition capabilities of biological or chemical species.
Various functionalized nanoparticles, nano- tubes and nano-
wires are finding applications [1-6] in drug delivery, enzyme
immobilization, medical diagnostics, molecular probes and
sensors, etc. On the other hand, biomolecules can also be used

* The project supported by the Distinguished Young Scholar Fund
of NSFC (10225209) and key project from the Chinese Academy of
Sciences (KJICX2-SW-L2)

X. Shi - Y. Kong - H. Gao (X))

Max-Planck Institut fiir Metallforschung,
Heisenbergstr. 3, D-70569 Stuttgart, Germany
E-mail: hjgao@mf.mpg.de

X. Shi-Y. Zhao

State Key Laboratory of Nonlinear Mechanics (LNM),
Institute of Mechanics,

Chinese Academy of Sciences, Beijing 100080, China
E-mail: yzhao@Inm.imech.ac.cn

as molecular templates to fabricate novel nanostructures [7-
11] for applications in nanoelectronics and nanotechnology.
The rapid technological developments are stimulating funda-
mental understanding, description and regulation of interac-
tions between biomolecules and nanostructures. Mechanics
of bio-nano-hybrid materials has the potential of becoming
a new research field for the mechanics community to play
an important role in guiding the design and manufacturing
of nanodevices. In this paper, we perform molecular dynam-
ics simulations to study the adhesion and peeling of a short
fragment of single-stranded DNA (ssDNA) oligonucleotide
on a solid surface. To simplify the chemical side of the prob-
lem, we consider a chemically inert non-polar graphite sur-
face which interacts with the ssDNA primarily via van der
Waals forces. A simple analytical model originally developed
for peeling of an adhesive elastic band [12-15] from a sur-
face is adopted to describe the peeling of the short sSSDNA.
This model, while neglecting the entropic contribution to free
energy, takes into account the nonlinear elastic property of
ssDNA backbone and the non-homogeneous binding energy
of different nucleic bases along the ssDNA chain. The pre-
dicted peel-off force by this simple model is found to agree
quite well with the simulation results.

2 Methods
2.1 Topology and parameters

The standard topology and parameters for nucleic acids [16]
in molecular simulation code CHARMM [17] were used
to model ssDNA molecules. For non-bond interactions, the
carbon atoms in the graphite substrate were treated as un-
charged Lennard-Jones particles with o, = 3.85Aand ¢, =
0.105 kcal/mol [18]. The covalent carbon-carbon bonds with
bond length of 1.42 A and bond angle of 120° were main-
tained by a Morse bond, a harmonic cosine angle, and a
cosine torsional potential [18]. The Lennard-Jones param-
eters for graphite-water interaction were o, = 3.19A and
g = 0.075kcal/mol [19], and those for interaction
between graphite and nucleic acid atoms were set according
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to a common used combination rules based on geometrical
average [20].

2.2 System setup

A short homogeneous ssDNA oligonucleotide containing 8
adenine bases in the B-helix form was placed on top of three
graphite layers each containing 928 carbon atoms. The hybrid
system was solvated in a periodic 90 x 36 x 60 A box with pre-
equilibrated TIP3P water molecules as solvent [21]. Sodium
ions were added as counterions to neutralize the negative net
charges on the oligonucleotide.

2.3 Simulation methodology

The molecular dynamics simulations were performed using
CHARMM 28b1 [17]. The SHAKE algorithm [22] was used
to fix hydrogen bonds during the simulation. Leapfrog algo-
rithm [23] was employed for integrating the Newton’s equa-
tion of motion for each atom, with a time step of 1 fs. The
cutoff for non-bonded interaction was taken to be 12 A, and
the non-bonding pair-list was updated every 10 steps. The
non-bonded interaction potentials and forces were smoothly
shifted to zero at 10 A. In the initial configuration, an sSDNA
was placed on graphite with an average separation of about
7A. The system was equilibrated for 400 ps at 300 K. The
temperature was monitored every 100 steps and maintained
by scaling velocities only if the deviation of the system aver-
age temperature was larger than 10 K. During the simulations,
the size of the water box was kept fixed, making it effectively
under aconstant NVT system. In order to simulate the process
of peeling ssDNA from graphite, a dummy atom was linked
to one end of the sSDNA with a constraint force constant K =
8 kcal/mol/ A2, By fixing the graphite and pulling the dummy
atom in the designated direction under a constant pulling
velocity, steered MD simulations were performed to resem-
ble an AFM experiment [24-29]. The simulations were per-
formed on the equilibrated graphite-oligonucleotide system
at different peeling angles. For each peeling angle, multiple
pulling rates were selected from 0.01 A/ps to 0.4 A/ps.

2.4 Data processing

In comparison with MD simulations, the molecules in real
AFM experiments are usually pulled at a much lower veloc-
ity with much smoother thermal fluctuations. In the simu-
lated peeling, the computed force profiles were processed
by Gaussian filter with a half-width of 4 ps. The simulated
peeling forces were then extrapolated to a low-velocity limit
comparable to the experimental condition.

3 Results
3.1 Adhesion of ssDNA on graphite

We simulated ssDNA interacting with graphite in water at
300 K. The ssDNA adsorbed on the graphite surface after

equilibrium (Fig. 1). All images of the MD results were pro-
cessed by the VMD software [30]. Since the carbon atoms of
graphite are considered to be chemically inert and non-polar
Lennard-Jones particles, the vdW attraction is the primary
interaction between the ssDNA molecule and the substrate.
Figure 2 indicates that the adsorption of ssSDNA is mainly due
to the vdW interaction between adenine bases and graphite.
The planar DNA bases were observed to be parallel to the
substrate, with a trend to maximize the contact area, which
increases the adhesion energy and stabilizes the sSDNA on
substrate. Interestingly, not all nucleic bases were simulta-
neously attached to the substrate due to the constraint from
the ssDNA backbone conformation. With one base attached
to the substrate, its nearest-neighbors are forced to stay at
a distance away from the substrate. In such a configuration,
the work of adhesion between ssDNA and graphite changes
according to the relative position of the DNA bases.

The work of adhesion of four DNA bases, adenine, thy-
mine, cytosine and guanine, on the graphite is separately
investigated. The simulated adhesion energies, which were
listed in Table 1 together with those of deoxyribose (base
and sugar ring) on graphite, confirmed that the base-graphite
interaction is the primary contribution to the ssDNA-graph-
ite adhesion. For adenine, the simulated adhesion energy of
—21kcal/mol is in excellent agreement with previous simu-
lations (—21 kcal/mol [31]) and experiments (—23 kcal/mol
[31]). Meanwhile, the simulated adhesion energies of DNA
bases in different sites of graphite surface are almost the
same; no preferential adsorption configurations on graphite
surface were found. This implies that the lateral corrugation
barrier of bases on graphite surface is small.

3.2 Peeling of ssDNA from graphite

Starting from the equilibrated graphite-oligonucleotide sys-
tem, steered MD simulations were performed to simulate the
peeling of ssDNA from graphite. Figure 3 depicts several
snapshots of ssDNA peeled away from graphite at the peeling
angle of & = 90°. During simulation, one end of the ssSDNA
oligonucleotide was pulled at a constant velocity of 0.1 A/ps.
The computed force profile in Fig. 4 indicated remarkable
variations in the pulling force during the simulated peeling
process: both the pulling force and the interaction energy
reach a maximum value when a tightly attached DNA base is
pulled off the surface. On the other hand, the pulling force and
the interaction energy decrease to a minimum before the next
tightly attached base is to be pulled off. The peel-off force
can be calculated from the global maximum of the force pro-
file. The simulations were performed under various pulling
rates (from 0.01A/ps to 0.4A/ps) and peeling angles (75°,
90°, 120° and 135°), with the calculated peel-off forces sum-
marized in Fig. 5. The error bar indicates the uncertainties
introduced by filtering high-frequency thermal fluctuations
in the force profile using Gaussian filters with different half
widths. Figure 5 shows that the simulated peel-off forces are
strongly dependent on the pulling rate: the higher the rate, the
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Fig. 2 The non-uniform adsorption profile of sSDNA on graphite leads to variations of adhesion energy along the contour length
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Fig. 3 Steered MD simulation snapshots of peeling ssDNA from graphite at a peeling angle of 90°

Table 1 Simulated adhesion energies of DNA bases with graphite in
water by MD. Energy values are given in kcal/mol

Base only Deoxyribose
guanine -23 -30
adenine -21 -27
thymine -19 —26
cytosine —17 —24
1200 T T T
1000 4
800 4
2
8 600 |
&
400 |
200
0
0 100 200 300
time/ps

Fig. 4 The pulling force exerted on one end of an adsorbed sSDNA
as a function of simulating time. To eliminate excessive thermal noise,
the pulling force is smoothed with a Gaussian filter of half width 4 ps
(green line)

larger the peel-off forces. Usually, the pulling rate used in MD
simulations is several orders of magnitude larger than those
in experiments. We thus extrapolated the simulated peel-off
forces at multiple pulling rates to the lower limit of the pulling
rates to estimate the critical peel-off force for a given peel-
ing angle. The derived critical peel-off forces for the four
simulated peeling angles were plotted in Fig. 8.

4 A generalized elastic band model for peeling of short
DNA strands

Peeling of a thin film or an elastic band from substrate has
been traditionally treated by a linear elastic continuum model
[12-15]. It has been shown that elasticity of the film tends
to reduce adhesion, but the effect of elasticity is significant
only for materials capable of supporting very large stresses
comparable to elastic modulus or for the case that the peel-
ing angle is very small [12]. Here we apply such a model to
interpret the simulated peeling of a short ssDNA. To do this,
we will first generalize the elastic band model to a non-linear
elastic chain with non-homogeneous adhesion energies.
Consider an adhesive elastic chain subject to a peeling
force F at an angle 6 from a substrate (Fig. 6(a)). Under a
virtual infinitesimal decohesion §a, the energy variation con-
sists of a change of potential energy F(1 — cosf)da and a
change of elastic energy in the chain. We assume that the
elasticity of the polymer obeys a nonlinear law F = g(g),
where ¢ is the elastic strain along the length of the chain. At
thermodynamic equilibrium, the critical peel-off force can be
determined by the principle of virtual work balance

Féa(l — cos6) + (Sa(Fs - /g(s)ds) — SaAy, )
0

where, Ay denotes the work of adhesion between the chain
and the substrate. Eliminating da yields

F(1—cosf)+ Fe — /g(s)ds = Avy. (2)
0

This equation is applicable to peeling of a general nonlinear
elastic adhesive band on a substrate. When g(¢) is a linear
function, Eq. (2) reduces to a linear elastic peeling model
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Fig. 5a-d Simulated peel-off forces as a function of pulling rate at the peeling angles of a 75°, b 90°, ¢ 120°, d 135°. The error bars show the
estimated uncertainty. The dot-dashed line shows a linear extrapolation of the peel-off force to velocities less than 0.01 A/ps

[12-15] used to model the peeling of rubber bands from glass
substrates over a range of peeling angles [12]. When the work
of adhesion Ay is taken as a material constant, the model
described by Eq. (2) can be referred to as the homogeneous
peeling model.

In order to apply the peeling model of Eq. (2) to the
ssDNA adsorbed on graphite, we have determined the elastic
function g(e) from MD simulations of stretching sSDNA in
water. Figure 7 shows the obtained force-strain law F = g(¢)
of ssDNA, which shows consistent trend as experiments [32—
35]. We used 6-12 Lennard-Jones potential to model van
der Waals force between atoms of DNA oligonucleotide and
graphite. From the MD simulation of the sSDNA oligonucleo-
tide adsorbed on graphite in water, we estimated the value of
Ay to be about 5 kcal/mol- A. Solving Eq. (2) with the esti-

&

mated Ay and g(e)de, the critical peel-off force is calcu-

lated as a functign of the peeling angle and plotted in Fig. 8.
The result shows that the homogeneous peeling model pre-
dicts correct trend but significantly underestimates the criti-
cal peel-off force. The critical peel-off forces obtained from
the MD simulations are almost twice of those predicted by
the homogeneous peeling model. For example, at the 90°
peeling angle, the model predicts a critical peel-off force of
about 322 pN and the MD simulation gives a number of about
600 pN.

In the homogeneous peeling model, the work of adhesion
between DNA and substrate is treated as a material constant.

However, as the diameter of sSDNA is on the order of 1 nm,
the assumption of a constant work of adhesion is no longer
accurate. Our simulations indicate that the work of adhesion
between ssDNA and graphite changes along the backbone
according to the relative positioning of DNA bases. Vari-
ations in adhesion energy appear to be a general feature in
adhesion and peeling of nanoscale materials from a substrate.
To improve the homogeneous peeling model, the homoge-
neous peeling model is modified as

&

F(1l —cosf) + Fe — / g(e)de
0
I H T
= Ay (l ‘sm ZXD’ 3
where the constant work of adhesion is replaced by a sinusoi-
dal function with £ being the period of modulation of adhe-
sion energy and x denoting the position along the chain. In
the present case, ¢ is the space between two adjacent adhesive
peaks. Equation (3) is referred to as the generalized elastic
band model (Fig. 6(b)).

For the problem of peeling an ssDNA oligonucleotide
from graphite, MD simulations suggested that the spacing
between adjacent adhesive peaks should be taken as twice
of the spacing » between adjacent nucleic bases, i.e. £ =
2b (Fig. 2). The position x = 0 along the backbone cor-
responds to a base tightly attached to the substrate so that
the interaction energy has a maximum value of Ay’. At the
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Fig. 6 a Schematic illustration of a homogeneous peeling model of an
elastic band on substrate subjected to a peeling force F atangle 6. b The
generalized peeling model. ¢ Non-uniform backbone variation of adhe-
sion energy between ssDNA and graphite. In the generalized peeling
model, the adhesion energy per unit length is periodically modulated
along the backbone, with mean value Ay and peak value Ay’

position x = b, where the next base remains at a distance
away from the substrate, the interaction energy is roughly
zero. The non-uniform backbone variation of the interaction
energy of ssDNA with substrate is schematically plotted in
Fig. 6(c). The value of Ay’ is estimated from the calculated
adhesion energies between DNA and graphite in water, which
were listed in Table 1. The value of Ay’ for adenine-graphite
interaction was estimated to be about 11 kcal/mol- A. Solving
Eq. (3) yields the critical peel-off forces of ssSDNA on graphite
according to the generalized elastic band model. The results
plotted in Fig. 8 agree well with the simulated values. For
instance, at the 90° peeling angle, the generalized model pre-
dicts a critical peel-off force of 622 pN, and the MD result is
600 pN. This analysis indicated that it is the peak value, rather
than the mean value, of adhesion energy along the backbone
which determines the critical peel-off force of ssSDNA. The
same conclusion could be expected for nanoscale peeling in
general.

How important is the effect of elasticity in peeling of ss-
DNAZ? To answer this question, we have recalculated the crit-
ical peel-off force of ssSDNA on graphite without the elastic

strain

Fig. 7 The simulated stretching force of sSDNA as a function of strain.
An 8-base segment of ssDNA is stretched in water at room tempera-
ture. Inset is experimental data where extension of ssDNA has been
normalized by the contour length of an equivalent sSDNA molecule
[35, 36]

1290 % oo without elastic term  ~
——— generalized elastic
Z 1000 - \\ band model .
-9'_ | L, —4A—MD results il
8 homogeneous mode
= 800+ s
2 _
=
9 600} e .
[
] ~ e
— 400} & e
© 3
9 ) P 1
= 200 L Al % i =
o i e} A
time sequence =
pEYT———— . s . v
20 40 60 80 100 120 140 160
peel angle @

Fig. 8 (a) The critical peel-off forces of an ssSDNA oligonucleotide
on graphite as a function of the peeling angle. The black line shows
the prediction of the homogeneous peeling model, the red line that of
the generalized elastic band model and the blue closed triangles are the
results of direct MD simulations at peeling angles of 75°, 90°, 120°, and
135°. The dashed line shows the predictions of the generalized peeling
model without accounting for the effect of elasticity

term in Eq. (3). The results, plotted in dashed line in Fig. 8,
showed that the elasticity of SSDNA plays an important role,
with increasing effect as the peeling angle decreases. Whereas
the difference in calculated critical peel-off force is negligible
for the peeling angles larger than 120°, the peel-off force cal-
culated for smaller angles without the elastic term is signifi-
cantly larger than those of the MD simulation (Fig. 8).

5 Discussion

The simulated critical peel-off forces of ssDNA on graphite
showed strong dependence upon the peeling angle. In an ear-
lier study of cell-cell adhesion, Bell [36] pointed out that the
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strength of biomolecular bonds should depend on the slope
of the free energy along the unbinding path rather than on
the free energy difference. In the case of adhesion of a short
ssDNA fragment on substrate, our simulations and models
demonstrated that, for the same adhesion energy, the crit-
ical peel-off forces also depend on the peeling angle and
elasticity.

A disadvantage of our elastic peeling model is that the
effect of entropy is not explicitly considered. For the short
ssDNA fragment under investigation, the entropic contribu-
tion to elasticity can be considered lumped into the nonlinear
elastic function g(e) in Egs. (1)—(3). This simplification is
expected to break down as the contour length of the chain in-
creases. In general, statistical mechanics approaches must be
adopted to describe the behavior of polymeric chains. Further
discussion in this respect is beyond the scope of this work.

6 Conclusion

In conclusion, we have used molecular dynamics simula-
tions to study the adsorption and peeling of a short fragment
of ssDNA molecule on a graphite surface. The simulated
critical peel-off forces of ssDNA depend on both the peeling
angle and the elasticity of the chain. We found that the simu-
lation results can be explained by a generalized elastic band
model accounting for both the nonlinear elasticity and the
non-uniform adhesion energy along the length of ssDNA.
The calculated critical peel-off force for different peeling
angles agrees well with the MD simulation results.
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