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Molecular interactions between carbon nanoparticles (CNPs) and a double-stranded deoxyribonucleic acid (dsDNA) fragment
were investigated using molecular dynamics (MD) simulations. Six types of CNPs including fullerenes (C

60
and C

70
), (8, 0)

single-walled carbon nanotube (SWNT), (8, 0) double-walled carbon nanotube (DWNT), graphene quantum dot (GQD), and
graphene oxide quantum dot (GOQD) were studied. Analysis of the best geometry indicates that the dsDNA fragment can bind to
CNPs through pi-stacking and T-shape. Moreover, C

60
, DWNT, and GOQD bind to the dsDNA molecules at the minor groove

of the nucleotide, and C
70
, SWNT, and GQD bind to the dsDNA molecules at the hydrophobic ends. Estimated interaction

energy implies that van der Waals force may mainly contribute to the mechanisms for the dsDNA-C
60
, dsDNA-C

70
, and dsDNA-

SWNT interactions and electrostatic force may contribute considerably to the dsDNA-DWNT, dsDNA-GQD, and dsDNA-GOQD
interactions. On the basis of the results from large-scale MD simulations, it was found that the presence of the dsDNA enhances
the dispersion of C

60
, C
70
, and SWNT in water and has a slight impact on DWNT, GQD, and GOQD.

1. Introduction

Carbon-based nanomaterials (CNMs) have attracted special
attention owing to their excellent properties, for exam-
ple, mechanical properties, electric characteristics, chemical
quality, and large specific area [1]. Various CNMs have been
extensively investigated since the discovery of fullerenes
(C
60
/C
70
), carbon nanotubes, graphene, and graphene oxide

[2].The huge application potentials of CNMs in diverse areas
have strongly stimulated their production and consumption
[3]. Inevitably, carbon nanoparticles (CNPs) have come into
both environment and biological systems [4] and incurred
potential environmental and ecological risks [5]. Thus, the
related behavior and effect of CNPs in environmental and
biological systems need to be urgently estimated.

There are an endless number of natural biomac-
romolecules in the environment. Adsorption of these
biomacromolecules can occur in all environments [4].

On uptake by biological organisms, due to their strong
adsorptive ability CNPs may be subjected to alterations
through interactions with biomacromolecules (e.g.,
deoxyribonucleic acid, DNA) [4, 6–8]. It is known that
DNA is a naturally occurring polymer which plays a central
role in biology [9]. For the case of the interaction Pang et
al. [10] found that C

60
molecule can interact strongly with a

double-stranded deoxyribonucleic acid (dsDNA) molecule.
Bonanni and Pumera [11] found that DNA is assembled onto
graphene surface by physical adsorption. Lei et al. [12] also
found that dsDNA can bind to graphene oxide spontaneously
and form a complex. Despite its relevance, understanding
the mechanism of the DNA-CNP interaction is still elusive.

Moreover, several authors noticed that adsorption of
biomacromolecules can affect nanoparticle aggregation, dis-
solution, uptake, and biodistribution [4]. For the case of
the DNA-CNP interaction Zheng et al. [9] found SWNTs
are effectively dispersed in water by their sonication in
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Figure 1: Schematic diagram showing the studied carbon nanopar-
ticles.

the presence of single-stranded DNA (ssDNA). Nakashima
et al. [13] also found that DNA molecules dissolve SWNTs
in aqueous solution. However, comprehensive experimental
mapping of CNP aqueous behavior for the large number of
present and anticipated emerging CNMs is a daunting and
possibly impractical task. To date, molecular simulation has
emerged as a promising and powerful tool that can effectively
probe the interaction mechanism of organic molecules upon
the surface of CNPs [14–17]. Therefore, more studies are
needed to probe the potential adsorption and dispersion
behaviors of CNPs in the presence of biomacromolecules at a
molecular level.

In this paper, we present the results of molecular simula-
tions on interactions between six types of CNPs and a dsDNA
fragment, obtained by using molecular dynamics (MD) sim-
ulations. Optimum geometry and interaction energy (𝐸int)
of the CNPs with the dsDNA fragment were carried out to
explore the interaction mechanism. Besides providing the
interaction mechanisms, the present study also described the
aqueous dispersion process of the CNP aggregates in the
presence of the dsDNA fragment by means of a large-scale
MD simulation.

2. Computational Methods

2.1. Annealing Simulations. Six representative CNPs, that is,
C
60
, C
70
, single-walled carbon nanotube (SWNT), double-

walled carbon nanotube (DWNT), graphene, and graphene
oxide, as well as a dsDNA fragment, were selected as model
molecules (Figure 1). The constructed adsorbents included
a SWNT (8, 0), DWNT (8, 0), and graphene quantum dot
(GQD), which are composed of 512, 1600, and 70 carbon
atoms and 16, 50, and 22 saturated hydrogen atoms, respec-
tively. A graphene oxide quantum dot (GOQD) consists of 50

carbon atoms, 11 oxygen atoms, and 24 saturated hydrogen
atoms.

To search for the best geometry for each dsDNA-CNP
complex, a classical annealing simulation was carried out
using the Forcite Plus code [18]. The universal force field was
adopted to perform this simulation. The cutoff radius was
chosen to be 18.5 Å.The annealing simulation was performed
as follows: a total of 200 annealing cycles were simulated with
an initial temperature of 200K, a midcycle temperature of
300K, and 50 heating ramps per cycle, with 100 dynamic
steps per ramp. The canonical ensemble (NVT ensemble,
in which the number of molecules [𝑁], volume [𝑉], and
temperature of the system [𝑇] are kept constant)was used and
the MD simulations were performed with a time step of 1.0 fs
and a Nosé thermostat. After each cycle, the lowest energy
configuration was optimized. van der Waals, electrostatic,
and total potential energies of the studied systems were
calculated using the annealing simulation.

For the interaction systems, 𝐸int is used to evaluate the
stability of the dsDNA-CNPs complexes. The magnitude of
𝐸int is an indication of the magnitude of the driving force
towards complexation. A negative 𝐸int value corresponded to
a stable adsorption on the CNMs. 𝐸int was calculated by

𝐸int = 𝐸dsDNA-CNP − 𝐸dsDNA − 𝐸CNP, (1)

where 𝐸dsDNA-CNP, 𝐸dsDNA, and 𝐸CNP represent the energies
(van der Waals, electrostatic, or total potential energies) of
the complex, the individual dsDNA, and the isolated CNP,
respectively.

2.2. MD Simulations. Aqueous dispersion processes of CNP
agglomerate in the presence of the dsDNA fragment were
modeled by full atomistic MD simulations in NVT ensemble
using the universal force field, subjected to periodic boundary
conditions in all three directions. The initial configuration of
each system consists of an agglomerate species of the CNPs.
For the [CNP + H

2
O] binary system, 900 SPC/E [19] water

molecules were incorporated in each unit cell. For the [CNP
+ dsDNA +H

2
O] ternary system, one dsDNAmolecular and

900 SPC/E water molecules were incorporated in each unit
cell. OurMD simulations were performed at the temperature
of 298K. 100000 simulation steps were carried out to relax the
system into equilibrium at a time step of 0.1 fs and the final
one 10 ps for production.

The mean square displacement (MSD) that describes the
average displacement of an atom during a fixed time 𝑡 was
employed to characterize the dispersion process of the CNPs
in the [CNP + H

2
O] binary system and [CNP + dsDNA +

H
2
O] ternary system. The MSD for each CNP in the studied

systems was calculated by preparing several time series data
items of length 𝑡, averaging those data items, and averaging
those data items based on the number of atoms (𝑁); then
MSD is defined as follows:

MSD = ⟨|𝑟 (𝑡) − 𝑟 (0)|2⟩

=
1

𝑁𝑀

𝑁

∑

𝑖

𝑀

∑

𝑘

𝑟𝑖 (𝑡𝑘 + 𝑡) − 𝑟𝑖 (𝑡𝑘)


2
,
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Figure 2: Optimized structures of the dsDNA-CNP complexes.

where 𝑀 is the number of time series data and 𝑡
𝑘
is the

starting time of 𝑘th time series data. The self-diffusion
coefficient (𝐷) was calculated from Einstein’s equation as
follows:

𝐷 =
1

6𝑡
MSD. (3)

All the simulation parameters for each structure studied
are shown in Table 1. The large-scale MD simulations were
carried out by using Material Explorer (Version 5.0).

3. Results and Discussion

3.1. Features of the Interaction between the dsDNA and
the CNPs. The optimized conformations obtained after the
annealing simulation are shown in Figure 2. The optimized
geometries for the dsDNA on the CNP surface indicate
that the dsDNA can bind to the CNPs through pi-stacking
and T-shape. Zheng et al. [9] also found that the 𝜋-type of
interaction contributes to the ssDNA-assisted dispersion and
separation of SWNT. In addition, it was also found that the
C
60
, DWNT, and GOQD bind to the dsDNA molecules at
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Figure 3: Perspective snapshot for the dispersion state of the fullerene agglomerate in the [fullerene + H
2
O] binary systems and [fullerene +

dsDNA + H
2
O] ternary systems after 100000 simulation steps.

Table 1: List of the simulation parameters.

Number Symbol Description
1 TPE Total potential energy
2 VWE van der Waals energy
3 EE Electrostatic energy
4 𝐷 Self-diffusion coefficient

the minor groove of the nucleotide and the C
70
, SWNT, and

GQD bind to the dsDNAmolecules at the hydrophobic ends.
Previous studies also indicate that C

60
can bind with the

hydrophobic ends or the minor groove of dsDNA [20, 21].
In order to reveal the mechanisms of the dsDNA-CNP

interactions, the interaction energies (𝐸int) derived from the
van derWaals (𝐸v-int), electrostatic (𝐸e-int), and total potential
energies (𝐸p-int) are summarized in Table 2. 𝐸int indicates the
strength of the interactions. The computed 𝐸int values are
negative, indicating that the CNPs can form stable complexes
with the dsDNA molecules. Among these six CNPs, the

DWNThas the highest absolute𝐸p-int with the dsDNA,which
suggests the relatively strong adsorption strength between
the DWNT and dsDNA. Generally, the adsorptive affinity of
the dsDNA onto the CNPs increases in the order of C

70
<

GOQD < SWNT < C
60
< GQD < DWNT. Furthermore, as

indicated by absolute 𝐸v-int and 𝐸p-int, the contribution of the
van der Waals interaction between the dsDNA and the CNPs
increases in the order of GQD (ca. 22%) < DWNT (ca. 28%)
< GOQD (ca. 46%) < C

60
(ca. 51%) < SWNT (ca. 61%) <

C
70
(ca. 90%).This implies that the van derWaals interaction

considerably contributes to the mechanisms of the dsDNA-
C
60
, dsDNA-C

70
, and dsDNA-SWNT interactions. As indi-

cated by absolute 𝐸e-int and 𝐸p-int, the contribution of the
electrostatic interaction between the dsDNA and the CNPs
increases in the order of C

70
(ca. 1%) < SWNT (ca. 26%)

< C
60

(ca. 36%) < GOQD (ca. 49%) < DWNT (ca. 51%) <
GQD (ca. 61%). This implies that the electrostatic interaction
mainly contributes to themechanisms of the dsDNA-DWNT,
dsDNA-GQD, and dsDNA-GOQD interactions. This may be
caused by the vertical aromatic rings of the dsDNAmolecule
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Table 2: Interaction energies (𝐸int) of the dsDNA fragment on the surface of the carbon nanoparticles (CNPs).

CNP 𝐸int (Kcal/mol) 𝐷 (A2/ps)
van der Waals Electrostatic Total potential [CNPs + H

2
O] [CNPs + dsDNA + H

2
O]

C
60

−99 −69 −193 0.26 7.30
C
70

−84 1.3 −93 0.08 0.44
SWNT −109 −47 −178 0.05 0.07
DWNT −115 −208 −405 8.93 9.04
GQD −66 −127 −207 0.47 0.40
GOQD −51 −54 −110 0.84 0.86

on the CNP surfaces because attractive electrostatics is the
most important factor affecting the T-shape configuration
[22].

3.2. Impacts of the dsDNA on Aqueous Dispersion of the CNP
Agglomerate. To evaluate the impacts of the dsDNA on the
dispersion of the CNPs in water, the dispersion of the CNP
agglomerate in the [CNP + H

2
O] binary systems and [CNP

+ dsDNA + H
2
O] ternary systems was performed by the

large-scale MD simulations. Take C
60

and C
70
; for example,

snapshots corresponding to the dispersion state and spatial
distribution of the fullerene agglomerate in the [fullerene +
H
2
O] binary systems and [fullerene + dsDNA+H

2
O] ternary

systems are shown in Figure 3. Obviously, the presence of
dsDNA improves the dispersion extent of both C

60
and C

70

in water. Moreover, the dsDNA has more significant impacts
on the aqueous dispersion of C

60
. Furthermore, the 𝐷 value

was calculated to quantitatively evaluate the dispersion extent
of the CNPs in the [CNP + H

2
O] binary systems and [CNP

+ dsDNA + H
2
O] ternary systems (Table 2). The 𝐷 value

of C
60

in the [C
60

+ dsDNA + H
2
O] ternary systems is

approximately 24.3 times more than that in the [C
60
+ H
2
O]

binary systems. The 𝐷 value of C
70

in the [C
70

+ dsDNA +
H
2
O] ternary systems is approximately 5.5 times more than

that in the [C
70

+ H
2
O] binary systems. Therefore, the 𝐷

analysis also indicates that the dsDNA influences the aqueous
dispersion of C

60
more than C

70
. This also implies that the

presence of the dsDNA significantly enhances the aqueous
dispersion of the fullerenes. For the SWNT, the observed 𝐷
value in the [SWNT + dsDNA + H

2
O] ternary systems has a

difference of 29% to the𝐷 value in the [SWNT+H
2
O] binary

systems, suggesting that the dsDNA moderately increases
the aqueous dispersion of SWNT. Nakashima et al. [13] also
found that DNA molecules can dissolve SWNTs in an aque-
ous solution by transmission electron microscopy, atomic
force microscopy, and UV-Vis-NIR absorption spectroscopy.
However, for the DWNT and GOQD, the computed𝐷 values
extremely approach the observed values. This means that the
dsDNA has a slight impact on the aqueous dispersion of
DWNT and GOQD.Moreover, for the GQD, the predicted𝐷
value in the [GQD+ dsDNA +H

2
O] ternary systems is lower

than that in the [GQD + H
2
O] binary systems, indicating

that the dsDNA slightly decreases the aqueous dispersion of
GQD.

4. Conclusions

Through molecular dynamic simulations, we have mainly
addressed the molecular interactions between the dsDNA
and the six CNPs (C

60
, C
70
, SWNT, DWNT, GQD, and

GOQD). The optimized conformations obtained show that
the dsDNA can bind to the CNPs through pi-stacking and
T-shape. Moreover, the C

60
, DWNT, and GOQD bind to the

dsDNAmolecules at the minor groove of the nucleotide, and
the C
70
, SWNT, and GQD bind to the dsDNA molecules at

the hydrophobic ends. The estimated interaction energy sug-
gests that the van der Waals force may mainly contribute to
the molecular mechanism for the dsDNA-C

60
, dsDNA-C

70
,

and dsDNA-SWNT interactions and the electrostatic force
may contribute considerably to the dsDNA-DWNT, dsDNA-
GQD, and dsDNA-GOQD interactions. The self-diffusion
coefficients estimated at different dsDNA-CNP interaction
systems indicate that there exist different dispersion states of
the CNP agglomerate in the presence of the dsDNA.
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