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Length feature of ssDNA adsorption onto
graphene oxide with both large unoxidized and
oxidized regions†
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DNA/GO functional structures have been widely used in biosensors, biomedicine and materials science.
However, most studies about DNA/GO functional structures do not take into account the coexistence of
both large unoxidized and oxidized regions on GO sheets. This special local structure provides the
boundary region, which is the junction area between unoxidized and oxidized regions, and exhibits a
special amphiphilic property of the GO sheets. Here based on molecular dynamics simulations, our
results predict that the adsorption eﬃciency of long strand ssDNA molecules adsorbed on GO is 43%.
Further analysis has shown that the ssDNA adsorption behaviors on the GO surface are more likely to start
in the boundary region, even for 20 mer ssDNA molecules. Looking into the adsorption dynamic process
we can see that the hydrogen bonds between ssDNA and GO are very active and easily broken and
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formed, especially for the boundary region of the GO surface, resulting in easy capture and adsorption of
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the ssDNA molecules on this region. The result provides insightful understanding of the adsorption behavior of ssDNA molecules on this amphiphilic GO surface and is helpful in the design of DNA/GO func-
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tional structure-based biosensors.

Introduction
Since its discovery in 2004 by Geim and Novoselov,1 graphene
(G) has inspired intensive research eﬀorts towards two-dimensional nanomaterials due to its unique features.2 Graphene,
an sp2 hybridized single-atom carbon sheet with a hexagonal
packed lattice structure, has shown many extraordinary properties such as a high surface area,3 fast electron mobility,4
good optical transparency,5 high Young’s modulus,6 and excellent thermal conductivity,7 which can be exploited for numerous applications in energy, environment,8 and biomedicine.9
To enhance the dispersion in an aqueous solution, graphene
is usually oxidized to graphene oxide (GO), which mainly bears
carboxylic groups at its edges and hydroxyl and epoxy groups
on its basal plane. Due to the existence of both multiple

a
Department of Physics, East China University of Science and Technology,
Shanghai 200237, China. E-mail: fanghaiping@sinap.ac.cn
b
Shanghai Advanced Research Institute, Chinese Academy of Sciences,
Shanghai 201210, China
c
Division of Interfacial Water and Key Laboratory of Interfacial Physics and
Technology, Shanghai Institute of Applied Physics, Chinese Academy of Sciences,
P.O. Box 800-204, Shanghai, 201800, China
d
University of Chinese Academy of Sciences, Beijing, 100049, China
† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c9nr10170e
‡ These authors contributed equally to the work.

This journal is © The Royal Society of Chemistry 2020

oxygen functional groups and aromatic domains, GO not only
possesses many excellent properties of G, but also exhibits
potential applications in biosensors and biomedicine.10–13 As
an important application, DNA/GO functional structures have
attracted a great deal of interest in recent years. This application is usually based on the feature that single-stranded
DNA (ssDNA) has a preferential binding of GO compared to
double-stranded DNA (dsDNA), which results from the noncovalent interactions between the DNA molecules and GO
surface.14–17 The main interactions between the ssDNA molecules and GO have been recognized as hydrophobic,18,19 hydrogen bonding,20,21 and π–π stacking interactions16,20 by the
theoretical and experimental methods. Simulation results
show that the ssDNA molecule is lying nearly flat on the GO
surface by π–π stacking interactions between the ring structures in the nucleobases and the hexagonal cells of GO.22
However, there are still controversies about the interactions
between dsDNA and GO sheets.23–25 By the simulation
methods,20,23,26 the dsDNA molecule is adsorbed with the end
base pairs stacking or by opening up the end base pairs and
then stacking on the aromatic region of the GO surface. With
the fluorescence quencher eﬀect of GO,27,28 ssDNA binding to
the GO surface induces fluorescence quenching. The ssDNA
molecule can be released from the surface in the presence of
complementary ssDNA (cDNA) (forming dsDNA), and then the
fluorescence signal is restored.29,30
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Many factors may aﬀect the physisorption of DNA on the
GO surface, such as the sequence and length of ssDNA, solvent
conditions (e.g. type and salt concentrations, range of pH,
etc.), and the size of GO flakes. To date, extensive eﬀort has
been devoted to exploring the eﬀect of the above factors. For
example, Ranganathan et al. investigated the binding of DNA
oligonucleotides on GO, and the binding aﬃnity of 5-mer oligonucleotides was found to be ∼40 times higher than that of
nucleosides.31 Recently, Lu et al. figured out a quite surprising
phenomenon that poly-cytosine ( poly-C) DNA binds strongly to
the GO surface compared to that of other homo-DNA
sequences.32,33 The length of DNA also aﬀects its adsorption
behavior on the GO surface. He and co-workers indicated that
the aﬃnity of the short ssDNA on GO was significantly weaker
than that of the long ssDNA.34 Kim et al. studied the eﬀects of
pH and salt concentration of the solution on the adsorption
behavior of dsDNA on GO.35 They showed that dsDNA molecules were adsorbed progressively as the pH changed from 6.0
to 4.0. Besides they also found that, at high pH, dsDNA adsorption was enhanced by the presence of MgCl2 rather than NaCl.
The size of GO flakes may also aﬀect DNA adsorption. Lee
et al. reported that nanosized GO can adsorb DNA faster compared to larger GO.36 However, at the molecular level, the
length-dependent adsorption of ssDNA on GO is little
addressed due to the lack of the fine structure of GO surfaces.
Recently, experimental and theoretical studies have shown
the coexistence of both large unoxidized and oxidized regions
on GO sheets.37–44 Even in oxidized regions, there are some
small areas of sp2-hybridized domains, similar to
“islands”,1,37–39,45 which can persist because of steric eﬀects.
This complex structure character greatly changes the relevant
local properties of GO, such as its hydrophilic and hydrophobic properties. The coexistence of both large unoxidized
and oxidized regions on GO not only has a great impact on the
photoluminescence emission of GO46,47 and GO cutting
processes,48–50 but also influences its interaction with bacteria.
Based on the experiments and DFT simulation, Tu et al. found
that the existence of suﬃciently large unoxidized regions on
GO was crucial to the antibacterial activity of the material.51
Perreault et al. found that the unoxidized regions on GO inhibited the growth of bacteria on the surface.52 However, most of
the previous studies about the DNA adsorption on GO did not
take into account the coexistence of unoxidized and oxidized
regions on the GO surface. Using molecular dynamics simulations, Kim et al. studied the eﬀect of the graphene oxidation
rate on the adsorption of poly-thymine single stranded DNA.
However, they only consider the GO sheets with the hydroxyl
and epoxy groups grafted on both sides of the surface in a
random manner.53 In this work, based on molecular dynamics
simulations, we systematically study the influence of GO’s
special local structure on its interactions with ssDNA molecules by changing the length of ssDNA molecules in an
aqueous environment. Analyzing three categories of structures
of nucleobases (direct stack, multilevel stack and nonstack)
that appeared in the adsorption, our simulation results predict
that the adsorption eﬃciency of long strand ssDNA molecules
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adsorbed on the GO surface is 43% and that more than half of
the nucleobases above the GO surface are still forming the π
stacking structures. Furthermore, we also present the influence
of the coexistence of both large unoxidized and oxidized
regions on GO on the dynamic adsorption process of ssDNA
molecules onto the GO surface.

Results and discussion
The control MD simulation systems were designed to study the
influence of the coexistence of large unoxidized and oxidized
regions of the GO surface on the adsorption of the ssDNA
molecules on it. By varying the length of ssDNA molecules
from 4 mer to 20 mer, systems were designed to simulate the
adsorption behavior of various length ssDNA molecules onto
the GO surface. The GO nanosheet was constructed based on
the Shi-Tu structure model, where the distribution of functional/oxidized groups on GO was generated according to the
rate-constant ratios from the computation by combining
density functional theory with conventional transition-state
theory. The oxidation loci on GO were highly correlated, which
was consistent with the recent experiment. This high correlation led to the coexistence of both large unoxidized and oxidized regions on GO with a correlation length of 4.2 ± 0.5 nm.
Besides, in oxidized regions on GO, there were some small
areas of sp2-hybridized domains that we called ‘island’
regions. Based on the correlations, the size of the patch
islands was estimated to be up to 0.65 ± 0.03 nm. Based on the
Shi-Tu structure model, the GO surface is shown in Fig. 3c. In
all simulation systems, the ssDNA molecule was placed on the
GO surface, with the helix axis parallel to the basal plane. The
centroid distance between the GO and ssDNA was 3 nm in the
y axis and the parameters of these simulation systems are
shown in Table 1.
We first present the adsorption behaviors of ssDNA molecules of 4 mer, 8 mer, 12 mer, 16 mer and 20 mer onto the GO
surfaces. Fig. 1a shows the typical final snapshots of ssDNA
molecules adsorbed on GO, the bases are colored according to
their state relative to the GO surface (direct stack, multilevel
stack and nonstack correspond to red, blue and green, respectively). The other snapshots are shown in Fig. S2.† The diﬀerences in ssDNA molecules’ length result in significant diﬀerences in their final adsorption configurations on the GO

Table 1

Length
of ssDNA
(mer)
4
8
12
16
20

Details of various systems simulated in this study

Number
of samples

Number
of DNA
contained
in each sample

Simulation
time (ns)

y dimension
of the box
(nm)

3
4
8
8
5

4
2
1
1
1

300
300
300/400
500/600
500

6
6
7
10
10
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Fig. 1 Structural characterization of ssDNA molecules on the GO surface. (a) Typical simulation snapshots of the ssDNA molecules (gray ribbons)
on the GO surface. The oxygen, hydrogen and carbon atoms on the GO surface are shown by red spheres, white spheres and cyan lines, respectively. The bases are shown in a licorice representation and colored according to their state relative to the GO surface (direct stack, multilevel stack
and nonstack correspond to red, blue and green bars, respectively). (b) Normalized average number of the intra π–π stacking structures of ssDNA
molecules (blue) and the inter π–π stacking structures between the ssDNA molecules and GO surface (black). (c) Probability distribution of the bases
in direct or multilevel stacked or nonstacked conformations when bound to the graphene oxide surface.

surface. For 4 mer ssDNA molecules, almost all the nucleobases are stacked on the aromatic region of the GO surface,
making ssDNA molecules to lie flat on the GO surface. With
the increase of the length, the ssDNA molecules formed a
more complex intra structure such as distortion, folding and
twisting when they were absorbed on the GO surface (Fig. S3†).
Fig. 1b presents the normalized average numbers of intra π–π
stacking structures of ssDNA and inter π–π stacking structures
between ssDNA and the GO surface. For 4 mer ssDNA molecules, about 89.7% of the nucleobases are stacked on the GO
surface which is more than the stacking number reported for
the graphene surface (about 75% for 5 mer),54 and the intra
π–π stacking structure of ssDNA is only about 5.6%. With the
increase of the length of ssDNA, the normalized average
number of the intra π–π stacking structures of ssDNA nonlinearly increases accompanied by the nonlinear decrease of the
inter π–π stacking structures between ssDNA and the GO
surface. For 20 mer ssDNA molecules, only 46.4% of the
nucleobases are stacked on the GO surface, which is less than
the stacking number reported for the graphene surface (about
57.5% on graphene),54 and the intra π–π stacking structure of
ssDNA increases to about 36.7%. Compared with the adsorption of ssDNA on the graphene surface which had been
studied by Chen,31 interestingly, we find that the inter π–π

This journal is © The Royal Society of Chemistry 2020

stacking structures between ssDNA and the GO surface for
short strand ssDNA (<10 mer) are much more than the adsorption on the graphene surface. For long strand ssDNA
(>10 mer), the inter π–π stacking structures between ssDNA
and GO surface are less than the adsorption on graphene
surface. To further reveal the correlation between the length of
ssDNA molecules and normalized average number of the π–π
stacking structures, we used the nonlinear function to fit our
data. The resulting functions are as follows: y1 ¼ 0:75 
 x 
 x 
1
2
exp 
þ 0:43 and y2 ¼ 0:62  exp 
þ 0:36.
8:33
5:40
Based on the fitting function, we find the stable point 0.43 for
the inter π–π stacking structures between ssDNA and the GO
surface and 0.36 for the intra π–π stacking structures of ssDNA.
The value of 43% for the inter π–π stacking structures give us
the adsorption eﬃciency of long strand ssDNA molecules
which is mostly used in the experiments. The value of 36%
obtained for the intra π–π stacking structures of ssDNA molecules indicated that more than half of the nucleobases above
the GO surface still formed the π stacking structures.
To characterize the diﬀerence of the adsorbed structures,
we classify the structure of the nucleobases on the GO surface
into three categories as direct stack, multilevel stack and nonstack. The direct stack category is the structure that the nucleo-
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bases only stack with the GO surface; the multilevel stack category is that the nucleobases not only stack with the GO
surface but also are covered by the other nucleobases on the
other side. The nonstack category is the nucleobases that do
not stack with the GO surface. Fig. 1c shows the probability
distributions of these three categories for ssDNA molecules of
diﬀerent lengths. With the increase of the length, the proportion of the direct stack is greatly decreased from 87.5% for
4 mer to 21% for 20 mer. Meanwhile the percentage of the
nonstack nucleobases greatly increases from 10.4% for 4 mer
to 53% for 20 mer and the multilevel stack nucleobases
slightly increases from 2.1% for 4 mer to 26% for 20 mer.
Particular attention is paid to 16 mer ssDNA which has 42.2%
of the nucleobases that are nonstack with the GO surface,
which means that over forty percent of nucleobases are above
the GO surface and in the solution. Based on these results, we
can draw a conclusion that the adsorption of ssDNA for long
and short length strand on GO surface is diﬀerent. For short
length strand ssDNA, the adsorption behavior is dominated by
the character of GO surface, particularly the distribution of
oxygen functional groups. While, for long length strand
ssDNA, its adsorption behavior is not only influenced by the
character of the GO surface, but also related to its specific
structures in the solution. Summing up the results, it can be
concluded that the exact proportions of long strand ssDNA
adsorption on the GO surface are 43% on the GO surface, 36%
self π–π stacking above the GO surface and the remaining 21%
free in the solution. To our knowledge, this is the first study to
show the exact structure of nucleobases when ssDNA is
adsorbed on the GO surface, which will pave the way for
improving applications of DNA/GO functional structures.
Furthermore, this structural feature of ssDNA adsorption
on the GO surface also provides more information to understand the ssDNA desorption from the GO surface. As we know,
the ssDNA molecules can form dsDNA molecules by the
pairing bases. The adsorption structures of ssDNA molecules
on the GO surface can directly influence their hybridization
with cDNA to form a dsDNA molecule, and then be desorbed
from the GO surface. For the direct stack structure, there is
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one side on the GO surface that could come in contact with
the cDNA to form the dsDNA. For the multilevel stack structure, there is no choice to hybridize with cDNA because one
side of the nucleobase is occupied by the GO surface and the
other side is occupied by the covered nucleobase. For the nonstacked structure, some of the nucleobases exposed in
aqueous solution can come in contact with the cDNA to form
the dsDNA. This result suggests that diﬀerent adsorption structures of ssDNA on the GO surface could provide diﬀerent interaction sites for the hybridization with cDNA to be desorbed
from the GO surface.
It is obvious that the diﬀerence of ssDNA adsorption behavior between short and long strands is due to the special local
structure which is the coexistence of both large unoxidized
and oxidized regions on GO surfaces. How does the special
local structure of the GO surface influence the adsorption of
ssDNA molecules? Firstly, we analyze the adsorption locus distributions of the inter π–π stacking structures between ssDNA
and the GO surface which are presented in Fig. 2a. The distributions of the inter π–π stacking structures in the oxidized and
unoxidized regions are all fluctuated around 40% to 60%.
Except for the 16 mer, the nucleobases adsorbed in the oxidized region slightly increase from 42% for 4 mer to 55% for
20 mer, which is accompanied by the nucleobases adsorbed in
the unoxidized region that slightly decrease from 55% for
4 mer to 45% for 20 mer. Why are the 16 mer ssDNA molecules
diﬀerent from the other length ssDNA molecules? Looking
into its adsorption process, we find that the 16 mer ssDNA
molecule easily folds during its adsorption process which is
related to the rigidity of the ssDNA molecule (Fig. S3†). It is
clear that the proportion of nucleobases adsorbed in the oxidized region slightly increases with the increase of the length
of ssDNA. But the change is so slight that it is diﬃcult to find
the influence of the GO local structure. Fig. 2b shows the
average interaction energy between GO and ssDNA molecules
of diﬀerent lengths. With the increase of the length of ssDNA,
the average interaction energy increases. Besides, the average
interaction energy increases about 200 kJ mol−1, and the increment is not uniform.

Fig. 2 (a) Probability distribution of bases which directly stack with the GO surface in oxidized and unoxidized regions for ssDNA molecules of
diﬀerent lengths. (b) Average interaction energy between GO and ssDNA molecules of diﬀerent lengths.
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How does the local structure of GO influence the adsorption dynamic process, especially considering the coexistence
of both large unoxidized and oxidized regions on the GO
surface? As we know, the ssDNA adsorbed on GO is a dynamic
cooperation adsorption behavior of hydrogen binding and π
stacking, which results from the faster forming hydrogen
bonding interaction compared to π–π stacking.55 Then we
investigate the dynamic process of the first inter π–π stacking
structure between ssDNA and the GO surface. Fig. 3a presents
the forming time of the π–π stacking structure between the GO
surface and ssDNA molecules of diﬀerent lengths. It is obvious
that there is a great time hopping between 16 mer and 20 mer
ssDNA molecules. For 4 mer, 8 mer and 12 mer ssDNA molecules, the forming time of the π–π stacking structure is about 6
ns (Fig. 3b). As for 16 mer and 20 mer ssDNA molecules, the
forming time is tens of nanoseconds. By carefully studying the
structure of 16 mer ssDNA, we find that nearly half of the
16 mer ssDNA molecules are self-folding before they start the
adsorption process, but it is only one fifth for the 20 mer
ssDNA molecule case. This is why the 16 mer ssDNA molecules
take more time than 20 mer to start the adsorption process (a
detailed description is provided in Fig. S3†). With the increase

Paper
of the length, the ssDNA molecules need more time to start
the adsorption process.
As shown in Fig. 3c, the GO surface contains large unoxidized and oxidized regions, and there is a boundary region.
The boundary region is defined as the region which is centered
on the oxygen atoms located at the junction area with a range
of 0.35 nm.56 Then Fig. 3d presents the distribution in the
boundary region and non-boundary region of the first adsorption loci of diﬀerent length ssDNA molecules on the GO
surface. The distribution of the first adsorption location in the
boundary regions fluctuates around 70% for the 4 mer, 8 mer,
12 mer and 16 mer ssDNA molecules. But for 20 mer ssDNA
molecules, all the first adsorptions start in the boundary
region. As we know, the hydrophilic property coexists with the
hydrophobic property in the boundary region due to the coexistence of both large unoxidized and oxidized regions on GO
sheets. For this reason, a control system with the GO surface
embedded in the water box was set to study the hydrogen
bond (H-bond) between water and the GO surface (Fig. S5†).
Fig.
S5†
shows
the
autocorrelation
function
hhð0ÞhðtÞi
CH‐bond ðtÞ ¼
, where h(0) = 1 indicates that water
hhð0Þhð0Þi

Fig. 3 (a) Averaged time for ssDNA molecules of diﬀerent lengths to form the ﬁrst π-stacking structure on the GO surface (a typical snapshot is
shown in the inset map). (b) Speciﬁes the time when the length of ssDNA is less than 12 mer which is highlighted with shading in (a). (c) Snapshot
(top view) of the model GO sheet. C, O and H atoms are represented by yellow, red and white spheres, respetively. Oxygen atoms at the junction of
oxidized and unoxidized regions are highlighted in blue spheres. The boundary region is deﬁned as the region which is centered on the oxygen
atoms located at the junction area with a range of 0.35 nm, which is highlighted by a dotted line. (d) Region of the ﬁrst adsorption site of diﬀerent
length ssDNA molecules on the GO surface.
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Fig. 4 Normalized radius of gyration (a) and averaged number of internal hydrogen bonds (the diagram is shown in the inset map; the hydrogen
bond is indicated by a blue dotted line) at the last 20 ns (b) for ssDNA molecules of diﬀerent lengths.

and the oxidized group form a hydrogen bond initially, h(t ) =
1 means that water and the oxidized group were still bonded at
time t, and otherwise h(t ) = 0. We adopted a geometric definition of the hydrogen bond; namely, water molecules and oxidized groups are considered to be hydrogen bonded if their
oxygen–oxygen distance is less than 3.5 Å, and the angle H–
O⋯O is less than 30°.57 By fitting the autocorrelation function
with an exponential decay function yt = e−t/τH-bond, we can obtain
the lifetime τH-bond of the H-bond between water molecules
and oxidized groups (Fig. S5†).57–60 The hydrogen bond lifetime between water molecules and oxidized groups located in
the boundary regions is smaller than that located in the oxidized regions, corresponding to 9.46 ps and 9.92 ps respectively. It means that the hydrogen bonds are very active and are
easily broken and formed in the boundary region. When the
adsorption dynamic process starts, the ssDNA molecule first
captures the GO surface by the formation of a hydrogen bond
between the phosphate backbone of the ssDNA and the GO
surface. Then the regions of the active hydrogen bonding have
a high probability to be captured. This is why the boundary
regions also have a high probability to start the adsorption
process even in the situation that the area of the boundary
regions is much smaller than the oxidized and unoxidized
regions. And with the increase of the length of ssDNA molecules, the dependence of the first adsorption loci on the
boundary region also increases. When the length of the ssDNA
molecules increases to 20 mer, all the adsorption processes
start in the boundary region.
To fully understand the influence of the GO local structure
on the ssDNA molecule adsorption process, we also calculate
the normalized radius of gyration (Rg) compared to the initial
configuration and the number of internal hydrogen bonds of
the ssDNA molecules. In Fig. 4a, we present the normalized
radius of gyration for ssDNA molecules of diﬀerent lengths.
We find that the normalized Rg decreases with the increase of
the ssDNA molecule length. For 4 mer, 8 mer, 12 mer and
16 mer, Rg is always greater than that in the initial configuration, which means an extended configuration compared with
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the initial configuration. For 20 mer, Rg is always smaller than
the initial configuration, which means a coiled configuration
compared with the initial configuration. The analysis of the
normalized Rg proves that the collapsed structure of nucleobases on the GO surface increases with the length of the
ssDNA molecules. As a result, the probability distribution of
the nonstack structure above the GO surface increases with the
increase of the ssDNA length as shown in Fig. 1c. In Fig. 4b,
we present the average number of internal hydrogen bonds
when the ssDNA molecules are stably adsorbed on the GO
surface. With the increase of the ssDNA length, the number of
the internal hydrogen bonds also increases from 1 to more
than 7. This indicates that the complexity of the nonstack
structure increases with the length of the ssDNA molecule.

Conclusion
Based on the Shi-Tu structure model, using the molecular
dynamics simulation methods, we systematically study the
influence of GO’s special local structure on the interactions
between the GO surface and diﬀerent length ssDNA molecules
in an aqueous solution. Analyzing three categories of structures of nucleobases (direct stack, multilevel stack and nonstack) that appeared in the adsorption, our results predict that
the adsorption eﬃciency of long strand ssDNA molecules
adsorbed on the GO surface is 43%, which will be helpful in
the design of DNA/GO functional structure-based biosensors.
Looking into the adsorption dynamic process, we find that the
adsorption behaviors are more likely to start in the boundary
region; especially for 20 mer ssDNA molecules, all the adsorption processes start in the boundary region. Due to the coexistence of both large unoxidized and oxidized regions on GO,
the hydrophilic property coexists with the hydrophobic property in the boundary region, which makes the hydrogen bonds
in this region very active and easily to be broken or to form.
Then the hydrogen bonds in the boundary region can be easily
captured by the ssDNA molecules compared with in the oxi-
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dized and unoxidized regions. From the above discussion, the
structure of the GO surface can also aﬀect the physisorption of
ssDNA. Overall, atomistic understanding the influence of GO’s
local structure on the adsorption of the ssDNA molecules on
the GO surface provides us a clear image of ssDNA adsorption
behavior which will be helpful in the design and improved
sensitivity of DNA/GO functional structure-based biosensors.

Methods
Systems
The system comprising ssDNA molecules and GO was solvated
in a water box. The basal plane of GO was parallel to the xz
plane and has dimensions 10.084 × 10.224 nm2 (Fig. S1†). The
GO model utilized in this study was constructed based on the
high correlation between oxidation loci, as reported by Yang
et al.44 We studied repeats of (ATGC)n, where n = 1, 2, 3, 4, and
5. Then, the ssDNA molecule with diﬀerent bases was placed
on the GO surface, with the helix axis parallel to the basal
plane. The centroid distance between the GO and ssDNA was
3 nm. The initial structures of the ssDNA molecules in the
canonical B-form were generated using the AmberTools
package,61 which corresponded to (ATGC)n. To investigate the
eﬀects of diﬀerent length ssDNA molecules on the adsorption
of GO, simulation systems were constructed as shown in
Table 1. The whole system was filled with water molecules,
and sodium ions were added to neutralize the negative
charges from the ssDNA molecule.

Paper
DNA simulations.69–72 Initially, the ssDNA molecule was constrained by position restraints and the system was simulated
for 5 ns until reaching an equilibrium state. Then, the constraints were removed and the simulations are run for 300 ns
or longer time.
Analyses
The interaction energies (Edg) between the ssDNA molecule
and the GO surface, which consist of the van der Waals energy
and the electrostatic energy, were calculated by the analysis
tool g_energy provided by GROMACS.62 The radius of gyration
(Rg) for every simulation sample was calculated with the
P 2 !1=2
program g_gyrate as follows: Rg ¼

r i mi

i
P

mi

, where mi is the

i

mass of atom i and ri is the position of atom i with respect to
the center of mass of the molecule. The hydrogen bond was
determined using geometrical criteria: H–A distance <0.27 nm,
D–A distance <0.335 nm, and D–H–A angle >90°, in which H,
A, and D denote a hydrogen, acceptor, and donor atom,
respectively. The geometrical criterion of the π–π stacking
structure was defined so that the vertical separation between
the base and GO is less than 0.5 nm.73
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All MD simulations were performed with the NVT ensemble
using GROMACS 4.5.4.62 The temperature was maintained at
300 K using the v-rescale method. Periodic boundary conditions were imposed in the xyz directions. The time step in all
simulations was set at 2 fs and the data were collected every
2 ps. The Lennard-Jones (LJ) interactions were treated with a
cutoﬀ distance of 1.2 nm, and the particle mesh Ewald (PME)
method63 with a real-space cutoﬀ of 1.2 nm was used for the
long-range electrostatic interactions. The TIP3P model was utilized for the water molecules.64 The detailed force field parameters of GO can be referred to our previous publication.
Briefly, carbon atoms were modeled as uncharged LennardJones particles with a cross-section of σCC = 3.58 Å and a depth
of potential well εCC = 0.0663 kcal mol−1.65–67 The C–C bond
length of 0.142 nm, the C–C–C bond angle of 120°, and the C–
C–C–C planar dihedral angles were maintained by harmonic
potentials with spring constants of 322.55 kcal mol−1 Å−2,
53.35 kcal mol−1 rad−2, and 3.15 kcal mol−1, respectively. The
OH group was vertical to the plane with a C–O bond length of
1.36 Å, O–H bond length of 1.0 Å, O–C–C (graphene) bond
angle of 90°, and H–O–C bond angle of 109.5°. The parameters
of epoxy are a C–C bond length of 1.481 Å, C–O–C bond angle
of 57.3°, O–C–C bond angle of 61.35°, and O–C–C (graphene)
bond angle of 103.9°. The Amber03 force field68 was chosen to
simulate the ssDNA molecules, as it had been widely used in
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