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ABSTRACT: We have performed molecular dynamics simulations of
nanomanipulation experiments on short single-stranded DNA chains
elastically driven on a graphene surface. After a brief transient, reproducible
stick−slip cycles are observed on chains made by 10 units of thymine,
cytosine, adenine, and guanine. The cycles have the periodicity of the
graphene substrate, and take place via an intermediate stage, appearing as a
dip in the sawtooth variations of lateral force recorded while the chains are
manipulated. Guanine presents remarkable diﬀerences from the other bases,
since a lower number of nucleotides are prone to stick to the substrate in this
case. Nevertheless, the magnitudes of static friction and lateral stiﬀness are
similar for all chains (30 pN and 0.7 N/m per adsorbed nucleotide
respectively).

■

INTRODUCTION

noticeable exception of Br ions artiﬁcially arranged by Kawai et
al. on NaCl in a Swiss cross pattern.7
A rather unexpected breakthrough came in 2009, when Gross
et al. were able to resolve single atoms in a pentacene molecule
also using AFM.8 Operating this technique in the repulsive
regime, intramolecular C−C bonds could be clearly distinguished, which was not the case in STM measurements of the
same system. This extraordinary result was achieved thanks to a
CO molecule which was deliberately picked-up, thus forming a
well-deﬁned atomically sharp tip apex. A similar functionalization approach was exploited by Kawai et al. not only to image
but also to drag single polyﬂuorene chains7 and graphene
nanoribbons9 on the Au(111) surface. In their measurements,
the authors were able to estimate mechanical force variations
from resonance frequency shifts of the probe which were
recorded during the manipulation. On both systems the force
variations revealed a complex stick−slip pattern with the
periods of adsorbate and substrate variously combined and a
considerable inﬂuence of the herringbone reconstruction of the
Au(111) surface on the adsorption and sliding motion.
It is hoped that, in the near future, these types of
measurements will be extended to diﬀerent systems. One of
the most challenging and interesting candidates in this context

Investigating the dynamics of a nano-object sliding on a solid
surface is one of the most challenging tasks in current scanning
probe microscopy research. The goals of these studies can be as
diﬀerent as developing new structures for molecular electronics
or understanding the functioning of complex organic molecules.
The possibility of displacing objects as small as single atoms in
a controlled way was spectacularly demonstrated in the pioneer
work of Eigler and co-workers on Xe and Fe manipulated on
metal surfaces using STM.1,2 Several examples of STM
manipulation on atoms and small organic molecules have
been reported since then by several groups (see, e.g.,3 for a
review). Evidence of stick−slip associated with pushing and
pulling mechanisms has been also found using STM.4 In spite
of its extraordinary precision, the STM technique cannot be
used to measure mechanical forces accompanying the
manipulation process. This is on the other hand possible
using AFM, which, as a drawback, is generally less accurate in
terms of resolution and positioning, due to the broader range of
the forces acting between the probing tip and the object to be
manipulated (as compared to the exponentially decaying
tunneling current used as a control parameter in STM). Single
atom manipulation was ﬁrst reported by Oyabu et al. using
noncontact AFM,5 but in this case the manipulated atoms were
part of the solid (silicon) surface and not adsorbed on it.
Otherwise only manipulation of nanoparticles (in the 10−100
nm range) grown or deposited on a solid surface has been
routinely performed with AFM for long time,6 with the
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ﬁeld.19 This force ﬁeld is known to properly describe
mechanical and hydration properties20−22 as well as the
interaction with biological systems23,24 such as DNA/
ssDNA.25−27 Furthermore, in recent joint experimental and
theoretical works,28,29 we showed that this force ﬁeld is not
only capable of correctly characterizing the adsorption process
of large proteins onto a graphene surface, but it also describes
graphene tribological properties in UHV and water conditions
accurately.
MD Parameters. MD simulations were carried out using
the AMBER14 software suite12 with NVIDIA GPU acceleration.30−32 Periodic boundary conditions and Particle Mesh
Ewald (with standard defaults and a real-space cutoﬀ of 1 nm)
were used to account for long-range electrostatic interactions.
van der Waals interactions were truncated at the real space
cutoﬀ, and Lorentz−Berthelot mixing rules were used to
determine the interaction parameters between diﬀerent atoms.
All simulations were performed in the NVT ensemble, i.e., the
volume of the system was kept ﬁxed and temperature was kept
constant by means of a Langevin thermostat. SHAKE algorithm
was used to constrain bonds containing hydrogen, thus
allowing us to use an integration step of 2 fs. Coordinates
were saved every 1000 steps.
MD Simulation Protocol. In all the molecules studied
here, we applied a MD simulation protocol composed by six
stages. In the ﬁrst stage we position the canonical B-form
ssDNA molecule over the graphene surface so that the long axis
of the molecule lays parallel to the surface with a minimum
distance of 0.5 nm, as shown in Figure 1a. In the second stage,

is DNA, the mechanical properties of which has been already in
the focus of optical and magnetic tweezers experiments at single
molecule level also for long time.10,11 However, these last
techniques can only be applied to very long chains (thousands
of base-pairs), and are not sensitive to mechanical processes
occurring locally within the chains. This would be not the case
in AFM manipulation experiments, which, as demonstrated in
refs 7 and 9, must in any case be accompanied by carefully
planned molecular dynamics (MD) simulations. This is simply
due to the fact that the information provided by the AFM is
limited to position and force variations occurring at the tip
level, and all details on structural variations inside the
manipulated objects are embedded in “global” signals recorded
at such speciﬁc location. These limitations are easily overcome
in a computational approach, where the displacement of each
atom in the chain can be recorded during the entire
manipulation process and associated with speciﬁc features
observed in theoretical force-(lateral) distance curves. The
complex three-dimensional structure of a DNA chain will
demand even more care, as compared to graphene nanoribbons
and simple polymer chains,7,9 when attempting to reproduce
AFM-based manipulation numerically.
With the previous results in mind, the goal of this work is to
simulate the force variations of relatively short (10 base units)
chains of thymine, cytosine, adenine and guanine, when each
one of them is laterally pulled by a spring along a solid surface
as in a “thought” AFM experiment. Regarding the substrate, we
wanted to avoid complications caused by possible reconstructions, as the herringbone patterns formed on the Au(111)
surface, and thus considered a graphene surface, which, due to
its simple structure and weak interaction with adsorbates, is also
a very suitable candidate for AFM manipulation experiments.
As a main result, stick−slip is clearly recognized in all cases,
although peculiar diﬀerences are observed in the simulations
and precisely related to transitions between diﬀerent equilibrium conﬁgurations of the short DNA chains on the substrate
induced by the pulling spring.

■

METHODS
Atomic Level Models. In all our simulations, the substrate
was modeled as a 7 × 12 nm2 AB stacked three layered
graphene surface. The positions of the atoms in the bottommost layer were kept ﬁxed during all MD runs via an harmonic
restrain of 21 kJ/mol. For the molecules, we have considered
four diﬀerent ssDNA decamers. More speciﬁcally, we
considered: a 10-mer-thymine (10A), a 10-mer-cytosine
(10C), a 10-mer-adenine (10A) and a 10-mer-guanine (10G).
The initial structure was generated using NAB12 software. This
allowed us to reproduce a double helix with the canonical Bform with the desired sequence. Then, by removing the
complementary strand from the B-form double helix we
obtained each of the above-mentioned ssDNA molecules.
Given that the phosphate groups in the backbone of the ssDNA
are charged, to achieve charge neutrality, nine sodium
counterions were added per each ssDNA molecule.
Force Fields. The ssDNA atoms were described using both
the parmbsc013 and the χOL3 reﬁnements14 of the Cornell ﬀ99
force ﬁeld.15 The choice of this force ﬁeld is motivated by the
fact that it is able to describe with accuracy the mechanical
properties of DNA.16 The sodium counterions were described
using the recently improved Joung/Cheatham parameters.17,18
In order to model graphene atoms, we used the OPLS aromatic
carbon force ﬁeld included in the AMBER generalized force

Figure 1. Diﬀerent stages in our MD simulation protocol. (a) Initial
conﬁguration top and side (inset) views. (b) Top and side (inset)
views of the ﬁnal conﬁguration of stage 4 (see text). (c) Top view of
the ﬁnal conﬁguration obtained after quenching, stage 5. (d) Top view
of initial sliding conﬁguration, stage 6. In red we represent the virtual
bead displaced at constant velocity v0 = 1 m/s tethered to the terminal
C5′ atom of the ssDNA molecule via a spring (represented in green)
with an elastic constant of 50 kcal/mol. The atoms are represented as
liquorice with the following color scheme: red (oxygen), cyan
(carbon), blue (nitrogen), brown (phosphorus). A second representation is added which shows the backbone (cyan ribbon), the desoxyribose sugar (cyan pentameter) and the nucleotide bases (represented
in dark blue). Scale bars = 1 nm.

we perform an energy minimization to prevent steric clashes
arising from the system preparation. During this stage the
backbone of the ssDNA is ﬁxed via an harmonic restrain so to
prevent the adsorption. In the third stage, we heat up the
system from 0 to 300 K using a 1 ns long NVT simulation,
while restraining the position of the ssDNA backbone atoms. In
the fourth stage, having previously thermalized the system, we
perform a 2 ns long NVT simulation at T = 300 K. Here we
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Figure 2. Final adsorption conﬁgurations of the four ssDNA molecules. (a) 10-Thymine; (b) 10-Cytosine; (c) 10-Adenine; (d) 10-Guanine. The
backbone is represented with a purple tube, and the nucleotide bases as well as the desoxyribose sugars are represented as liquorice sticks. The latter
are colored accordingly to their distance to the substrate, and the z-color scale bar is provided in image a. The magenta and cyan arrows highlight
places of the ssDNA chain where stacking with the surface is prevented by intramolecular interactions or due to the torsional tension built up in the
chain, respectively. Scale bars = 0.5 nm.

■

RESULTS AND DISCUSSION
Adsorption Conﬁgurations of ssDNA. In Figure 2 we
show the ﬁnal adsorption conﬁgurations obtained after the ﬁfth
(quenching) stage of the MD protocol for each of the four
ssDNA decamers considered. Overall, we observe that the
adsorption is mostly governed by the stacking of nucleotides
with graphene, while the backbone adsorption is prevented by
the torsional rigidity between the nucleotides and the
desoxyribose sugar, as can be clearly seen in the inset of
Figure 1b. Additionally, Figure 2 shows that, albeit stacking of
the nucleotides with the substrate is allowed by the ssDNA
ﬂexible backbone, in some regions this behavior is hampered.
Our MD simulations indicate that this behavior mostly stems
from two local features of the ssDNA adsorption which are (i)
the presence of a nearby adsorbed nucleotide that prevents the
adsorption to the surface of another by favoring intramolecular
stacking with it, and (ii) the intrinsic torsional rigidity of the
ssDNA backbone partially responsible for DNA canonical Bform helical structure.
Concerning intramolecular stacking, one example can be
seen in Figure 2c. In particular, the ﬁfth nucleotide (counting
from left to right) is stacked on top of the neighboring base
(the fourth), thus preventing its adsorption to the surface.
Other examples of intramolecular stacking are highlighted with
magenta arrows in Figure 2.
As for the torsional rigidity of the backbone, one case where
it possibly aﬀects the stacking of the nucleotides to the surface
is seen in Figure 2b. In this case, both the fourth and seventh
nucleotides (counting from left to right) are unable to adsorb
to the surface. Considering that both these nucleotides dispose
of free space to adsorb to the surface and that this nucleotide/
surface stacking is a favorable stable conﬁguration,43 we
conclude that an additional mechanism is preventing their
adsorption. Indeed, if these two bases were to adsorb then this
would lead to a situation of zero twist between 6 consecutive
nucleotides (from the third to the eighth), as they would all be
oriented along the same direction. Bearing in mind that the
relaxed B-form DNA has a twist of 34.3° between consecutive

remove the restrain from the ssDNA backbone atoms so to
allow for the adsorption to occur. Additionally, as indicated in
Figure 1b, during the adsorption process we apply a stretching
force in the terminal nucleotides to elongate the ssDNA by 2
nm (at a constant velocity of 1 m/s) with respect to the helical
canonical B-form. As a result, the ﬁnal adsorption conﬁguration
resulting from this stage is a ssDNA that is laying almost
straight and ﬂat on top of the graphene surface as shown in the
Figure 1b and its inset. This adsorption conﬁguration is in
agreement with other theoretical and experimental25,27,33−36
works on ssDNA/graphene, where it was observed that DNA
bases accommodate parallel to the surface with a large number
of bases simultaneously attached to the substrate. Therefore,
through the application of force we are able to accelerate the
adsorption process, which could have been also achieved
through thermal annealing or very long MD runs. In the ﬁfth
stage, we cool down the system from 300 to 6 K using a 1 ns
long NVT simulation, so to mimic experimental conditions of
LT-UHV single molecule friction.37−40 The ﬁnal adsorption
conﬁguration of 10T ssDNA molecule is shown in Figure 1c. In
the last and sixth stage, we displace the terminal atom (C5′) of
the ssDNA molecule at a constant velocity of 1 m/s along the
armchair direction of the graphene, as shown in Figure 1d,
while recording the sliding force and the displacement of the
molecule. This displacement is made using constant velocity
steered MD simulations 4 ns long in the NVT ensemble at T =
6 K. The displacement is achieved via a stiﬀ harmonic restrain
(34.7 N/m) in which the equilibrium position (x0, where F =
2k(x0 − x)) is moving at a constant velocity of 1 m/s. In this
way the force variations during lateral displacement can be
readily tracked.28,29,41 Note that this approach is based on the
stiﬀ-spring method proposed by Park et al.42 that has shown to
be in an excellent agreement with more evolved free energy
methods in the elongation of a deca-alanine, a system that bears
some similarity with the ones considered here.
842

DOI: 10.1021/acs.jpcb.7b06952
J. Phys. Chem. B 2018, 122, 840−846

Article

The Journal of Physical Chemistry B

Figure 3. Force curves and atomic conﬁgurations corresponding to the sliding of ssDNA over graphene. In the plot we represent the sliding force
curved for the diﬀerent decamers. The stiﬀness of the stick-phase is obtained through linear ﬁts as shown in red (their units are in N/m). Second row
images correspond to the atomic representation of the 10T molecule at diﬀerent stages, i.e.: (a) Initial stick phase. The initial pining sites are colored
in green. (b) Intermediate slip event. The new pining sites arising from this event are colored in yellow. (c) Final slip event. The new/ﬁnal pinning
sites are colored in red. Second row images (d−f) correspond to the atomic representation of the 10G molecule at diﬀerent stages of the stick−slip
event (analogous to the 10T). To simplify the representation, in a−f images we only represent the nucleotides that are initially laying parallel to the
surface.

bases, such situation would result in a large cumulated tension
in the backbone, and therefore it is prevented. Note,
nevertheless, that this torsional rigidity seems to give a smaller
contribution to the ﬁnal conﬁguration state than the stacking
with neighboring nucleotides, and even more so near terminal
nucleotides where tension is naturally released by the ending of
the chain.
Continuing the analysis of the results shown in Figure 2, the
number of nucleotides laying ﬂat on the surface, i.e., with z <
0.39 nm, is 7 for 10T, 7 for 10C, 8 for 10A and 5 for 10G. The
fact that DNA bases adsorb parallel to the surface with not all of
the bases simultaneously attached to the substrate is already
known from previous theoretical and experimental
works.25,27,33−36 In our case stacking with the surface occurs
for a signiﬁcant amount of nucleotide bases, and the guanine
decamer appears to be the sequence with the least amount of
adsorbed nucleotides.
It is also important to comment on the interaction between
the adsorbed nucleotides and the substrate. As graphene is an
uncharged surface, it follows that only dispersive interactions
such as the ones holding graphene layers in a AB stacking in
graphite play a role. In fact, a close inspection of insets in Figure
2, allows us to see that some nucleotides are aligned in an ABlike stacking with the substrate. Here again, our MD

simulations are in good agreement with previous works, in
particular with DFT studies concerning the adsorption of single
nucleotides to graphene.26,43,44 More speciﬁcally, the alignment
between substrate and nucleotides is consistent with the
minimum energy orientation predicted by van-der-Waals
corrected DFT simulations. Note, nevertheless that we are
considering the desoxyribose sugar as well as the attachment of
these two to the backbone, which was not the case in the
reported DFT simulations.43,44 As a result of the additional
strain imposed by the backbone, as explained above, in some
cases the alignment occurs as an imperfect AB-stacking (and in
some cases even as an AA-stacking) with the substrate. The last
aspect that builds up conﬁdence in our results is the distance of
the nucleotides to the surface. According to the aforementioned
DFT simulations, one would expect a distance ranging from
∼0.32 to 0.35 nm, which is in good agreement with the results
in Figure 2. The small deviations observed occur near the
desoxyribose sugars, which, laying almost perpendicular to the
surface, partially lift oﬀ the adsorbed nucleotide.
To summarize this part, our results extend to previous
works26,43,44 highlighting the important role played by other
elements in the ssDNA chain, such as the backbone and the
desoxyribose sugars, on the ﬁnal adsorption conﬁguration.
Furthermore, they also point out the strong interaction at
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particular three more nucleotides are now aligned with the
substrate. If we keep on applying the pulling force, the tension
becomes high enough to unpin all these sites at the same time,
and promote the molecule to slip to new pinning sites
represented in red in Figure 3f. Here again we observe that the
stick−slip occurs as a movement between consecutive armchair
rows of graphene. Additionally, similar to the other sequences,
10G also performs this movement in a two step process. The
diﬀerence is that, initially it is the sequence with the least
amount of nucleotides that is stacked with the graphene surface.
Guanine presents also a striking diﬀerence concerning the
average values of friction force and of the eﬀective lateral
stiﬀness, as obtained from the slope of the stick curves in Figure
3. As shown in Table 1, both these quantities approximately

nucleotide level between graphene and ssDNA molecules. This
is especially noteworthy, considering that this interaction is at
the core of the working principle of many diﬀerent graphene
physisorption based DNA sequencing techniques.27,35,45 This
aspect is further investigated in simulations of friction below.
Friction of ssDNA on Graphene. In order to characterize
the friction of ssDNA chains on graphene, we have considered
the ﬁnal conﬁgurations shown in Figure 2, and dragged the
chains along the armchair direction as explained in the
METHODS section and schematically shown in Figure 1b. In
Figure 3 we plot the lateral (static friction) force as a function
of the displacement for each of the four decamers here
considered. During an initial transient the chains and the
substrate get more and more commensurate. Incidentally, a
similar eﬀect was recently reported on a very distinct system,
i.e., when dragging amorphous SiO2 tips on graphene and other
lamellar materials.46 Note also that the transient appears to be
longer, 1.44 nm, in the case of 10G. Once the maximum degree
of commensurability (compatibly with other eﬀects discussed
below) is established, all ssDNA chains move in a repetitive
stick−slip fashion over graphene showing that the commensurability is able to endure throughout very long sliding lengths.
Not so surprisingly the periodicity of the stick−slip is 0.24 nm,
i.e., equal to the graphene lattice constant, for all chains.
Superimposed to the characteristic sawtooth shape of the lateral
force curve we also observe minor dips during the stick phase,
suggesting that the lateral displacement occurs in two steps.
Note that this is the case for all the decamers considered here,
although its extent seems to depend on the particular sequence
considered.
To shed light on the dynamics of the stick−slip process, a
series of consecutive snapshots illustrating the lateral displacement of the 10T sequence is presented in Figure 3a−c. Bright
green spots in Figure 3a correspond to the ﬁve initial pinning
sites on the substrate. As the chain is pulled, tension is slowly
built up in the nucleotides at these locations. At some point, the
tension is so high that 4 out of the initial 5 nucleotides suddenly
move along a zigzag direction of graphene to neighbor pinning
sites, represented in yellow in Figure 3b. This partial slip event
is the one responsible for the dip appearing in every stick−slip
cycle shown in the upper part of Figure 3. Note that this
movement is made possible by the internal ﬂexibility of the
ssDNA chain as this displacement occurs partially along the
puling direction and partially along a direction perpendicular to
it. In the ﬁnal stage, the tension that keeps growing up in the
backbone causes a sudden slip of all nucleotides to new pinning
sites, which are highlighted in red in Figure 3c. At the end of
the second slip event, the process starts over. Therefore, the
nucleotides originally aligned on top of graphene carbon atoms
along armchair rows move to the following armchair row atom,
located 0.24 nm away, via an intermediate step to the nearest
carbon atom, i.e., in a zigzag motion. Similar processes of stick−
slip via an intermediate stage occur also for other two
sequences, i.e., 10C and 10A, but slightly diﬀerent for 10G.
For comparison, Figure 3d−f shows a complete stick−slip
cycle for the 10G sequence. Here, two guanine nucleotides, the
ﬁrst and second (counting from right to left) are initially
pinned to the graphene substrate as highlighted by the green
atoms in Figure 3d. Then, as the tension builds up, the two
nucleotides move to the closest carbon atoms through a slip
that occurs partially along the pulling direction and partially
perpendicular to it. This motion results also in the appearance
of new pinning sites (highlighted in yellow in Figure 3e), in

Table 1. Average Friction, Average Contact Stiﬀness and Its
Standard Deviation, and Number of Initially AB Stacked
Nucleotides for Each ssDNA Sequence during the Last 1.44
nm of Slidinga
sequence
deca-Thy
deca-Cyt
deca-Ade
deca-Gua

avg. stiﬀness (N/m)

avg. friction (nN)

pinning nucleotides

±
±
±
±

0.129
0.147
0.128
0.061

5
4
5
2

2.8
2.5
2.3
1.40

0.2
0.3
0.2
0.06

a

The average of the contact stiﬀness has been computed using linear
ﬁts to the slopes of the stick phases.

reach only half of the values observed on thymine, cytosine, and
adenine chains of the same length. However, considering that
the number of pinned nucleotides is also approximately half in
the case of guanine, this result does not come as a surprise, but
is simply associated with the number of atoms in contact with
the substrate. The stiﬀness and friction values “per pinning
nucleotide” have an average value of 0.6 N/m and 30 pN,
respectively, and are comparable for all chains.

■

CONCLUSIONS
To summarize, we performed virtual AFM manipulation
experiments of short thymine, cytosine, adenine, and guanine
chains laterally pulled along a graphene surface at a temperature
of 6 K. As a result, all chains were found to move in a clear
stick−slip fashion with a period of 0.24 nm (corresponding to
the lattice constant of the substrate) and, within each period,
they showed peculiar subfeatures (dips) associated with
intermediate chain conﬁgurations on the substrate. Guanine
behaves anomalously in this context, since the number of
nucleotides pinned to the substrate considerably changes in the
intermediate step. Nevertheless, the lateral stiﬀness and static
friction per chain unit, as estimated from the stick−slip curves,
present similar values in all cases, suggesting that AFM-based
nanomanipulation could hardly ﬁnd applications for DNA
sequencing. We also notice that the friction force is extremely
small (in the order of 30 pN per pinned nucleotide) and
comparable with the values recently measured by Kawai et al.9
for graphene nanoribbons pulled along a Au(111) surface. Our
MD simulations thus conﬁrm the superlubric properties of
graphene not only against a metal counterpart, but also against
complex macromolecules as those of ss-DNA. Even if not useful
for sequencing, the AFM-based manipulation process that we
have simulated could thus be exploited for creating artiﬁcial
DNA nanostructures out of the manipulated chains.
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X.; Müllen, K.; Passerone, D.; Pignedoli, C. A.; Ruffieux, P.; et al.
Superlubricity of graphene nanoribbons on gold surfaces. Science 2016,
351, 957−961.
(38) Pawlak, R.; Ouyang, W.; Filippov, A. E.; Kalikhman-Razvozov,
L.; Kawai, S.; Glatzel, T.; Gnecco, E.; Baratoff, A.; Zheng, Q.; Hod, O.;
et al. Single-Molecule Tribology: Force Microscopy Manipulation of a
Porphyrin Derivative on a Copper Surface. ACS Nano 2016, 10, 713−
722.
(39) Gnecco, E.; Pawlak, R.; Kisiel, M.; Glatzel, T.; Meyer, E. In
Nanotribology and Nanomechanics; An Introduction; Bhushan, B., Ed.;
Springer International Publishing: Cham, Switzerland, 2017; pp 519−
548.
(40) Pawlak, R.; Kawai, S.; Meier, T.; Glatzel, T.; Baratoff, A.; Meyer,
E. Single-molecule manipulation experiments to explore friction and
adhesion. J. Phys. D: Appl. Phys. 2017, 50, 113003.
(41) Vilhena, J. G.; Rubio-Pereda, P.; Vellosillo, P.; Serena, P. A.;
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