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Adsorption dynamics of double-stranded DNA on a graphene oxide
surface with both large unoxidized and oxidized regions
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The adsorption dynamics of double-stranded DNA (dsDNA) molecules on a graphene oxide (GO) surface are im-
portant for applications of DNA/GO functional structures in biosensors, biomedicine and materials science. In this work,
molecular dynamics simulations were used to examine the adsorption of different length dsDNA molecules (from 4 bp to
24 bp) on the GO surface. The dsDNA molecules could be adsorbed on the GO surface through the terminal bases and stand
on the GO surface. For short dsDNA (4 bp) molecules, the double-helix structure was partially or totally broken and the
adsorption dynamics was affected by the structural fluctuation of short dsDNA and the distribution of the oxidized groups
on the GO surface. For long dsDNA molecules (from 8 bp to 24 bp) adsorption is stable. By nonlinear fitting of the contact
angle between the axis of the dsDNA molecule and the GO surface, we found that a dsDNA molecule adsorbed on a GO
surface has the chance of orienting parallel to the GO surface if the length of the dsDNA molecule is longer than 54 bp. We
attributed this behavior to the flexibility of dsDNA molecules. With increasing length, the flexibility of dsDNA molecules
also increases, and this increasing flexibility gives an adsorbed dsDNA molecule more chance of reaching the GO surface
with the free terminal. This work provides a whole picture of adsorption of dsDNA molecules on the GO surface and should
be of benefit for the design of DNA/GO based biosensors.
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1. Introduction
Due to their characteristics of structural stability, spe-

cific base pairing and high information storage,[1] DNA
molecules, as molecular devices, have attracted extensive
attention in recent years when coupled with nanomateri-
als such as gold nanoparticles[2–5] and quantum dots.[6–8]

The functional structures formed by the coupling of DNA
molecules and the two-dimensional nanomaterials graphene
and graphene oxide (GO) have been widely used in the
fields of biosensors,[9–12] biomedicine,[13–15] nanotechnology
and materials science.[16,17] GO, as the water-soluble disper-
sion of graphene, not only processes unique optical, elec-
tronic and mechanical properties but also has excellent bio-
compatibility and has been extensively applied in DNA/GO-
based biosensors.[18–20] The applications of DNA/GO-based
biosensors are based on the preferential binding of GO
to single-stranded DNA (ssDNA) molecules compared with
double-stranded DNA (dsDNA) molecules.[21,22] When hy-
bridized with the complementary ssDNA molecules, the ss-
DNA molecules adsorbed on a GO surface can be released
from the GO surface by forming dsDNA molecules, caus-
ing a fluorescence signal to be restored.[23] To improve the

performance of this application, for example for fast, sensi-
tive and selective detection of biomolecules,[10] it is impor-
tant to understand the mechanism of interaction between DNA
molecules and GO nanosheets. Up to now, extensive studies
have been performed to understand the mechanism of interac-
tion between ssDNA molecules and GO surfaces. Experimen-
tal and theoretical studies have proved that hydrophobic,[24,25]

hydrogen bonding[26] and π–π stacking interactions[27] are
important for the interaction between ssDNA molecules and
GO nanosheets, and molecular dynamics (MD) simulations
have shown that ssDNA molecules can be stably adsorbed with
their nucleobases lying nearly flat on the surface by π–π stack-
ing interactions between the nucleobases and the hexagonal
cells of GO.[28]

Despite these studies, understanding of the interactions
between dsDNA molecules and GO remains elusive. There
is some experimental evidence that dsDNA molecules can be
adsorbed on GO surfaces, possibly facilitated by partial de-
formation of the double helix on GO.[19,26] Kim et al. exper-
imentally studied the effects of pH and salt concentration of
the solution on the adsorption behavior of dsDNA on GO.[29]

They showed that the adsorption efficiency of dsDNA was
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greatly increased, especially at pH 6.0 and 7.2 in the presence
of 10 mM MgCl2 and 0.1 M NaCl. Moreover, MD simulations
also provide insights into the mechanism of interaction of ds-
DNA molecules with one-dimensional and two-dimensional
nanomaterials such as carbon nanotubes, graphene, GO and
phosphorene. When exploring the molecular details and self-
assembly mechanism by MD simulations, Zhao founded the
primary driving force to be the π–π stacking interaction be-
tween the end base pairs of dsDNA and the carbon rings of
the graphene and carbon nanotube surfaces.[30] He also found
that a dsDNA segment can ‘stand up’ on carbon surfaces as
well as lie on them. Kabelac et al. investigated the role of
the surface charge density of graphene in the structure and
orientation of attached dsDNA via MD simulations.[31] They
showed that the dsDNA kept its geometry close to the canon-
ical B-DNA form, even at surfaces with high charge densi-
ties. They also found that the dsDNA remained oriented more
or less perpendicularly to the graphene at uncharged surfaces.
Zeng et al. studied the mechanism of DNA adsorption on GO
via MD simulations.[32] They found that dsDNA was prefer-
entially oriented upright on the surface of GO, resulting in a
weaker adsorption energy. Li et al. used both MD simulations
and experimental techniques to investigate the binding patterns
and dynamics of a dsDNA segment on a phosphorene surface
and found that dsDNA adopted an upright orientation on the
phosphorene surface regardless of its initial configuration.[33]

Using a MD approach, Muraru et al. explored chloride (Cl−)
and magnesium (Mg2+) ions that influenced dsDNA adsorp-
tion on GO.[34] They worked out that unlike Cl−, divalent
Mg2+ ions formed bridges between the GO surface and DNA
molecules, promoting adsorption through electrostatic inter-
actions. Recently, theoretical and experimental works have
proved the coexistence of both large unoxidized and oxidized
regions on the GO surface.[35–38] There are some small areas
of sp2-hybridized domains, similar to ‘islands’, in oxidized
regions.[36,37] This complex structure greatly changes the rel-
evant local properties of GO, such as its hydrophilic and hy-
drophobic properties. Based on MD simulations, Xu et al.
found that ssDNA segments could be stably adsorbed on a GO
surface through hydrogen bonding and the π–π stacking inter-
action, with preferential binding to the oxidized region com-
pared with the unoxidized region of the GO surface.[39] More
importantly, there was a dynamic cooperative adsorption pro-
cess between the hydrogen bonding and π–π stacking. Ma et
al. used MD simulations to reveal the dependence of absorp-
tion of ssDNA molecules onto a graphene-based surface on the
degree of oxidation.[40] We need to ask how the distribution of
the oxidized groups on the GO surface influences the adsorp-
tion dynamic process of dsDNA on the GO surface. This is
very important for a complete understanding of the interaction
mechanism between DNA and GO, especially the desorption

of DNA from a GO surface.
In this work, we present the adsorption dynamics of ds-

DNA molecules from 4 bp to 24 bp on a GO surface in an
aqueous environment using MD simulations. Our simulation
results indicate that dsDNA can stably bind with a GO surface
through the nucleobases at the terminus, but the short dsDNA
(4 bp) and long dsDNA (8 bp–24 bp) molecules have quite dif-
ferent dynamic behaviors and form different adsorption con-
figurations on a GO surface. For 4 bp dsDNA molecules, the
structural fluctuation of short dsDNA and the distribution of
the oxidized groups on the GO surface have a great influence
on the dynamic adsorption process, and the double-stranded
structure is partially or totally broken during its dynamic ad-
sorption. Long dsDNA (8 bp–24 bp) molecules can stably ad-
sorb on the GO surface through the terminal bases and stand
on the GO surface. To describe the orientation of different ds-
DNA molecules on a GO surface, we calculated the contact
angle αag between the axis of dsDNA molecules and the GO
surface. By nonlinear fitting of the contact angle αag, we found
that the length of dsDNA is longer than 54 bp when αag = 0◦,
which means that a dsDNA molecule adsorbed on a GO sur-
face can orient parallel to the GO surface if its length is longer
than 54 bp. We attributed this behavior to the flexibility of ds-
DNA molecules. The results from this work give a whole pic-
ture of the adsorption of dsDNA molecules on a GO surface,
and will benefit the design of DNA/GO based biosensors.

2. Methods
2.1. System

The system is composed of dsDNA molecules and GO
filled with water molecules; sodium ions are added to neu-
tralize the negative charges from the dsDNA molecules. The
basal plane of GO (10.084 nm × 10.224 nm) is parallel to
the xz plane, and the carbon atoms of GO are constrained at
y = 0.5 nm using position restraints. The GO model utilized
in this study is constructed based on the high correlation be-
tween oxidation loci, as reported by Yang et al.[41] The ds-
DNA molecule repeats as (ATGC) n, where n = 1, 2, 3, 4,
5, 6. As shown in Fig. 1(b), a dsDNA molecule is placed on
a GO surface with its helical axis parallel to the basal plane.
The distance between the surface of GO and the centroid of
dsDNA is 3 nm. Then the minimum distance between the ds-
DNA molecule and the GO surface is 2.024 nm and the maxi-
mum distance is 3.892 nm in the initial state. The initial struc-
ture of the dsDNA molecule in the canonical B-form is gener-
ated using the AmberTools package,[42] which corresponds to
(ATGC) n. To investigate the length-dependent adsorption of
dsDNA on GO in an aqueous environment using MD simula-
tions, simulation systems were constructed as in Table S1.
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Fig. 1. (a) Top view of the GO structure. The oxygen and hydrogen atoms
on GO are shown as red and white spheres, respectively. The carbon atoms
are represented by the cyan line. (b) The initial system setup for simulations
where a dsDNA molecule is embedded in a water box adopting a parallel
orientation relative to the GO surface. Na+ is shown as blue van der Waals
spheres. Water is shown as transparent.

2.2. MD simulations

Simulations were performed with the NVT ensemble us-
ing GROMACS version 4.5.4[43] and the Amber 99SB-ILDN
force field was chosen to simulate the dsDNA molecules.[44]

Energy minimization was done with dsDNA molecules and
GO fixed with a positional restraint of 1000 kJ·mol−1·nm−2,
ensuring that only the water molecules and the sodium ions
move during energy minimization. All the MD simulations
were performed with no restraints on dsDNA molecules. Tem-
perature coupling used velocity rescaling with a stochastic
term.[45] The reference temperature for coupling of each group
was set to 300 K. Periodic boundary conditions were applied
in three dimensions. The time step was set at 2 fs and the
data were collected every 2 ps in all simulations. Long-range
electrostatics were treated using the particle mesh Ewald[46]

method with a short-range cutoff of 1.2 nm and the Lennard–
Jones potentials were treated with a cutoff distance of 1.2 nm.
The system was solvated using the TIP3P water model.[47] The
detailed force-field parameters of GO can be found in previous
publications.[48–50] As for the simulation model of graphene-
based materials, carbon atoms were modeled as uncharged
Lennard–Jones particles with van der Waals parameters of
σCC = 3.58 Å and εCC = 0.0663 kcal·mol−1.[49,51–53] The C–C
bond balance length was 0.142 nm and the C–C–C bond bal-
ance angle was 120◦ by harmonic potentials with spring con-
stants of 322.55 kcal·mol−1·Å−2 and 53.35 kcal·mol−1·rad−2.
The planar dihedral angles of C–C–C–C were maintained by
spring constants of 3.15 kcal·mol−1. The simulation parame-
ters of –OH, –O–, and –COOH groups on the graphene-based
surface were set according to the Amber 99SB-ILPN force
field. Molecular graphic images were produced using the vi-
sual molecular dynamics VMD package.[54]

3. Results and discussion
To measure the adsorption dynamics of dsDNA

molecules on a GO surface, a series of control MD simula-
tion systems were designed by varying the length of dsDNA

molecules from 4 bp to 24 bp (4 bp, 8 bp, 12 bp, 16 bp, 20 bp,
and 24 bp). The GO surfaces were constructed based on the
Shi–Tu structure model, on which the distribution of oxidized
groups was generated according to the rate constant ratios
from the computation by combining density functional theory
and conventional transition-state theory.[41] In all systems, the
dsDNA molecules were initially placed above the GO surface
with their helical axis parallel to the basal plane and a centroid
distance of 3 nm on the y axis. The parameters of these simu-
lation systems are shown in Table S1. Three simulation sam-
ples were calculated for each length of dsDNA molecule. All
typical snapshots of adsorbed dsDNA molecules on the GO
surface are shown in Fig. S1. Long dsDNA molecules could
stably adsorb on the GO surface through the terminal nucle-
obases and adopted a perpendicular orientation relative to the
GO surface. These results are consistent with the former study.
Unexpectedly the adsorbed short dsDNA (4 bp) molecules had
a complex configuration on the GO surface. Three simulation
samples formed different adsorption configurations and one
was even adsorbed on the GO surface as two separated ssDNA
molecules. It is obvious that the GO surface influences the
adsorption dynamic of dsDNA molecules.

3.1. Analysis of short dsDNA (4 bp) molecules adsorbed on
a GO surface

We first present the adsorption behaviors of 4 bp dsDNA
molecules on a GO surface. Figure 2(a) shows side and top
views of 4 bp dsDNA molecules adsorbed on a GO surface. It
is clear that short dsDNA molecules have a different adsorp-
tion configuration on the GO surface. For sample 1, a dsDNA
molecule was adsorbed in the unoxidized region of the GO
surface through the terminal bases. For sample 2, a dsDNA
molecule was also adsorbed in the unoxidized region of the
GO surface, but separated into two ssDNA molecules. For
sample 3, the dsDNA molecule was adsorbed in the bound-
ary region close to the oxidized region, but there was a broken
configuration on the adsorbed terminal compared with long ds-
DNA. The different adsorbed configurations of short dsDNA
molecules on the GO surface indicate that the GO surface has
a great influence on the adsorption dynamics of short dsDNA
molecules on the GO surface.

To quantitatively characterize the dynamic adsorption ob-
served in the trajectories, we calculated the number of π–π

stacking structures between the dsDNA molecule and the GO
surface. Here, a π–π stacking structure is defined as a ver-
tical separation between the base and the GO surface of less
than 0.5 nm. As shown in Figs. 2(b)–2(d), there is no con-
tact at the early stage when the dsDNA molecule move freely
in bulk water for several to tens of nanoseconds before touch-
ing the GO surface. For sample 1, the terminal base formed
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the first π–π stacking structure with the GO surface at about
25 ns, then its final π–π stacking structure formed with the
GO surface at about 150 ns. Finally the dsDNA molecule
was stably adsorbed on the GO surface. For sample 3, the
dsDNA molecule quickly stood on the boundary region of the
GO surface through the terminal pairing bases at about 75 ns,
like the long dsDNA molecule. At about 100 ns, one of the
two adsorbed terminal bases moved to the unoxidized region
and dragged the other adsorbed base to the unoxidized region.
In the drag dynamic process, the hydrogen bonds of the base
pair adsorbed on the GO surface were broken during the in-
teraction between the GO surface and the dsDNA molecule.
This behavior makes the neighboring bases directly face the
GO surface, and then form one more π–π stacking structure
with the GO surface, as shown in Fig. 2(a). Compared with
sample 1, the dsDNA molecule is inclined on the surface and
forms three π–π stacking structures with the GO surface. For
sample 2, the dsDNA molecule quickly stands on the unoxi-
dized region of the GO surface through the terminal pairing
bases at about 45 ns, like the long dsDNA molecule. But from
75 ns onwards the dsDNA molecule is unzipped step by step
during the interaction between DNA and the oxidized group
of GO. Finally there are eight π–π stacking structures formed
with the GO surface.

To obtain more information about the adsorption dynam-
ics between dsDNA molecules and the GO surface, we present
typical snapshots of the sample 2 system to highlight the ad-
sorption dynamics shown in Fig. 3(b). The dsDNA molecule
is initially parallel to the GO surface (Fig. 3(b), t = 0 ns). At
t = 37 ns, the dsDNA molecule establishes two π–π stack-

ing structures with the GO surface through the terminal bases,
and stands on the unoxidized region of the GO surface like the
long dsDNA molecules. Then the dsDNA molecule maintains
this upright orientation and moves on the unoxidized region of
the GO surface. During this movement, the adsorbed terminal
bases contact the oxidized functional groups of the boundary
region again and again, unbalancing the interaction between
the adsorbed pairing bases. At t = 75 ns, the hydrogen bonds
between the adsorbed base pairing are broken during the con-
tinuous unbalancing of the interaction; meanwhile the dsDNA
is unzipped. From then on, the dsDNA molecule moves to
the unoxidized region with a forked shape on the GO surface.
The forked nucleotides provide two directions for the dsDNA
to contact the boundary region, and in turn this behavior ac-
celerates unzipping of the dsDNA. At t = 210 ns, the second
base pairing is broken and the increased number of forked nu-
cleotides provide more opportunity to contact the boundary
region. At t = 358 ns, the dsDNA molecule is completely sep-
arated into two ssDNA molecules; one ssDNA molecule is ad-
sorbed on the boundary region and the other ssDNA molecule
still moves in the unoxidized region. After the separation,
we were surprised to find that the ssDNA molecule adsorbed
along the boundary region moves all the way into the oxida-
tion region. As shown in Fig. 3(b) (t = 358 ns and 400 ns),
the terminal nucleotide of ssDNA adsorbed on the boundary
region has a displacement of about 0.79 nm into the oxidized
region. These results provide clear evidence that the distribu-
tion of functional oxidation groups on the GO surface has a
great influence on the adsorption dynamics of short dsDNA
molecules.
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Fig. 2. (a) Side and top views of 4 bp dsDNA molecules adsorbed on a GO surface. The oxygen and hydrogen atoms in the GO surface are shown by red and
white lines, respectively. The carbon atoms are represented by the silver line. The phosphate backbone and nucleobases of dsDNA are shown by the yellow
and blue bonds, respectively. The time evolution of the vertical separation between the bases of sample 1 (b), sample 2 (c) and sample 3 (d) of a 4 bp dsDNA
molecule and the GO surface. The black curve represents the number of π–π stacking structures between the 4 bp dsDNA molecule and the GO surface.
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Fig. 3. Typical snapshots of sample 1 (a) and sample 2 (b) of 4 bp dsDNA molecules adsorbed on a GO surface to show the adsorption dynamics of short
dsDNA molecules. The oxygen and hydrogen atoms in the GO surface are shown by red and white lines, respectively. The carbon atoms are represented by
the silver line. The phosphate backbone and nucleobases of dsDNA are shown by the yellow and blue bonds, respectively. (c) The ratio of the intra-molecular
hydrogen bonds in a 4 bp dsDNA molecule as a function of simulation time. Time evolution of the contact surface area (d) and the interaction energy (e)
between a 4 bp dsDNA molecule and GO. The data for Traj1, Traj2, and Traj3 were collected from three independent samples. The data in water were
collected from 4 bp dsDNA molecules alone in a water environment.

As we know, the structural stability of 4 bp dsDNA
molecules is weaker than that of long dsDNA molecules. Does
this structural characteristic cause the structure to break? The
intra-molecular hydrogen bonds of dsDNA molecules are es-
pecially important for maintaining its double-helix structure.
We therefore calculated the time evolution of the ratio of
the intra-molecular hydrogen bonds of dsDNA molecules ad-
sorbed on a GO surface compared with that in water. Fig-
ure 3(c) shows the ratio of the intra-molecular hydrogen bonds
in a dsDNA molecule as a function of simulation time during
different dynamic processes. In water, the intra-molecular hy-
drogen bonds fluctuate around the initial structure, and some-
times even 40% of the intra-molecular hydrogen bonds are
broken, but the 4 bp dsDNA molecule maintains its initial
structure well during the whole dynamic process. We present
typical snapshots of the sample 1 system to illustrate the influ-
ence of structural stability on the adsorption dynamics shown
in Fig. 3(a). The dsDNA molecule was initially parallel to
the GO surface (Fig. 3(a) t = 0 ns). At t = 35 ns, the ds-
DNA molecule contacts the GO surface by forming two π–π

stacking structures on the unoxidized region of the GO surface
through the terminal bases, and stands on the unoxidized re-
gion of the GO surface like the long dsDNA molecules. Then
the dsDNA molecule moves to the unoxidized region. Dur-
ing the adsorption and motion, the intra-molecular hydrogen

bonds of the other end are broken and close frequently, as
shown in Fig. 3(a) (t = 41 ns, 61 ns, and 126 ns), and the ratio
is around 80%, fluctuating between 60% and 100% as shown
Fig. 3(c). When 60% of the intra-molecular hydrogen bonds
are broken it means that nearly two base pairings are broken.
At t = 157 ns, one free terminal base is bent to the GO surface
and forms one more π–π stacking structure. Finally, the ds-
DNA molecule maintains 60% of its intra-molecular hydrogen
bonds in samples 1 and 3. It should be pointed out the fluctu-
ation of the intra-molecular hydrogen bonds after stable ad-
sorption on the GO surface is much smaller than in water. For
sample 2, the fluctuation of intra-molecular hydrogen bonds
decreased from 100% to zero during the interaction between
dsDNA molecules and the GO surface. From the change in
sample 1, it is obvious that the structural fluctuation of short
dsDNA molecules also has a great influence on the adsorption
dynamics.

3.2. Analysis of long dsDNA molecules (8 bp–24 bp) ad-
sorbed on a GO surface

Side views of different length dsDNA molecules from
8 bp to 24 bp adsorbed on a GO surface are shown in Fig. 4. It
is clear that dsDNA molecules can be stably adsorbed on a GO
surface through the nucleobases at the terminus. Compared
with the complex adsorption configurations of short dsDNA

018701-5



Chin. Phys. B 32, 018701 (2023)

molecules (4 bp), the long dsDNA molecules with terminal
nucleobases are all perpendicular to the GO surface. A previ-
ous study on the interactions between dsDNA molecules and
graphene showed that a dsDNA molecule can ‘stand up’ on the
carbon surface and also lie on it.[30] We calculated the angle
βrg between the adsorbed bases and the GO surface, defined
as the angle between the normal vectors of the bases’ plane
and the normal vectors of the GO plane as shown in Fig. S4.
From Fig. 5, the angle βrg between the adsorbed bases and the
GO surface is maintained at about 12.5◦, which means that the
adsorbed bases are almost parallel to the GO surface whatever
the length of the dsDNA molecule. Using MD simulations,
the influence of the role of the surface charge density of the
graphene in the structure and the orientation of the attached
dsDNA molecule were investigated, and dsDNA molecules
maintain their geometry well even at surfaces with high charge
densities.[31] The ratio of the intra-molecular hydrogen bonds
of dsDNA molecules adsorbed on a GO surface was calculated
to evaluate the structural stability of dsDNA molecules on a
GO surface. As shown in Figs. S5(a)–S5(e), the ratio of the
intra-molecular hydrogen bonds of the long dsDNA molecules
fluctuated around the initial structure and remained relatively
constant during the whole adsorption dynamics process. It is
clear that dsDNA molecules maintain their double-helix struc-
ture well when adsorbed on a GO surface.
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Fig. 4. Typical snapshots of adsorbed long dsDNA molecules on a GO sur-
face. The phosphate backbone and nucleobases of dsDNA are shown by the
yellow and blue bonds, respectively. The oxygen and hydrogen atoms in the
GO surface are shown by red and white lines, respectively. The carbon atoms
are represented by the silver line.

From Fig. 4 we can see that the orientation of dsDNA
molecules on a GO surface is quite different for dsDNA
molecules of different lengths. Does the distribution of the
oxidized groups on a GO surface influence the orientation of
dsDNA molecules? The work of Kabelac et al. showed the
orientation of dsDNA molecules on a graphene surface to be
affected by different surface charges on the graphene surface.
To better understand our question, we calculated the orienta-

tion of dsDNA molecules adsorbed on a GO surface as de-
scribed by the contact angle αag between the axis of the ds-
DNA molecule and the GO surface as shown in Figs. S6(a)–
S6(e). The contact angle αag is defined as the average com-
plementary angle between the normal vectors of base pairs
(dsDNA) and the normal vectors of the GO surface.[31] Fig-
ure 6(a) shows the average contact angle αag during the last
50 ns, and the average αag declines from 72◦ for 8 bp to 55◦

for 24 bp. The decrease of the average αag from 8 bp to 24 bp
means that the axis of the dsDNA molecule is gradually in-
clined to the GO surface from 8 bp to 24 bp, and the decrease
is not uniform. To further reveal the correlation between αag

and the length of the dsDNA molecule, we used a nonlinear
function to fit our data. The resulting functions are as follows:

αag(Lx) = α0 −A · exp(γLx), (1)

where α0 = 89.6329, A = 12.7766, and γ = 0.0359. Based
on the fitting function, we can conclude that the length of a
dsDNA molecule is longer than 54 bp when αag = 0◦, which
means that a dsDNA molecule adsorbed on a GO surface can
become parallel to the GO surface if the dsDNA molecule is
longer than 54 bp. With increasing length the flexibility of a
dsDNA molecule also increases, and this increasing flexibility
gives the adsorbed dsDNA molecule more chance to contact
the GO surface with the free terminal. It is not hard to ex-
plain why the relevant length of a dsDNA molecule is 54 bp
when αag = 0◦ as it is very close to the persistence length of
short dsDNA molecules. We know that the flexibility of the ds-
DNA molecule, observed experimentally as various deforma-
tions such as twisting, bending and stretching, plays an impor-
tant role in its biological function and nanomaterial applica-
tions. Long dsDNA (kilobase pairs) molecules can be well de-
scribed by the wormlike chain model with a persistence length
of 50 nm, but short dsDNA molecules are more flexible than
kilobase pairs of dsDNA, as proved by experiment.[55,56] Con-
sidering that DNA packaging occurs at a short DNA length
scale (< 50 nm) during active biological processes, our simu-
lation results offer new insight to help understand the mechan-
ical properties of short dsDNA molecules.
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Fig. 5. The average angle βrg between the adsorbed bases and the GO surface
in the last 50 ns for different length dsDNA molecules.
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Fig. 6. (a) The average contact angle αag between the axis of a dsDNA
molecule and the GO surface in the last 50 ns with different length dsDNA
molecules. A schematic of αag is shown in the inset. (b) The averaged contact
angle αag between the axis of a dsDNA molecule and the GO surface in the
last 50 ns with different length dsDNA molecules fitted by a nonlinear func-
tion. Black dots, the average contact angle αag between the axis of a dsDNA
molecule and the GO surface; red curve, the nonlinear fitting function.

4. Conclusion
In summary, the adsorption of dsDNA molecules of dif-

ferent lengths (4 bp–24 bp) onto a GO surface was system-
atically studied by MD simulations. Our simulation results
reveal that dsDNA molecules can be adsorbed on a GO sur-
face through their terminal bases and stand on the GO surface,
but the adsorption stability is different for short (4 bp) and
long (8 bp–24 bp) dsDNA molecules. The adsorption stabil-
ity of short dsDNA (4 bp) molecules is affected by the struc-
tural fluctuation of short dsDNA and the distribution of the
oxidized groups on the GO surface after dsDNA molecules
have stood on the GO surface. Among our three 4 bp ds-
DNA molecule simulations, the double-helical structure of
one dsDNA molecule was broken and one ssDNA bent to the
GO surface due to structural fluctuation; the other two ds-
DNA molecules were partially or completely unzipped during
interaction between the dsDNA molecules and the oxidized
groups. It is obvious that the adsorption dynamics of dsDNA
molecules on a GO surface is affected by the structural fluc-
tuation of short dsDNA and the local structure of the GO sur-

face. For long dsDNA (8 bp–24 bp) molecules, adsorption is
stable. By nonlinear fitting of the contact angle between the
axis of a dsDNA molecule and a GO surface, we find that ds-
DNA molecules adsorbed on a GO surface have the chance
of becoming parallel to the GO surface if the length of the
dsDNA molecule is longer than 54 bp. We attribute this be-
havior to the flexibility of dsDNA molecules. With increasing
length, the flexibility of dsDNA molecules also increases, and
this increasing flexibility gives the adsorbed dsDNA molecules
more chance to contact the GO surface with their free termi-
nals. This work provides a whole picture of the adsorption
of dsDNA molecules on GO surfaces and offers new ways to
understand the mechanism of interaction between DNA and
GO, which may prompt further investigation into the design
of DNA/GObased biosensors.
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