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Abstract

In recent years, drug delivery has progressively become one of the main research areas in the
field of biomedicine. However, the graded drug release remains a serious challenge at the nano-
scales. Herein, we successfully simulated the graded release of Cgo and C1go from the graphene
box inspired by the origami technique under the control of an external electric field via
molecular dynamics (MD) simulations. Our results provide a feasible scheme for hierarchical
drug delivery at the nano-scales. The graphene origami was generated through the folding of
graphene guided by its creases which were created by combining carbon atoms with hydrogen
atoms and transforming sp? to sp® bonds at the combination line. We can construct complex
graphene origami by designing reasonable hydrogen atoms distribution on graphene. This
provides a simple and practicable program for designing complex graphene-based nanodevices
for drug delivery.
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1. Introduction

Graphene is a two-dimensional carbon nanomaterial with hexagonal honeycomb lattice
composed of carbon atoms with sp2? hybrid orbitals [1]. Graphene has excellent optical,
electrical and mechanical properties with important applications in various fields in science and
engineering such as micro- and nano-fabrication [2, 3], energy harvesting [4, 5], biomedical
applications [6, 7] and impact protection [8, 9], and it is considered as a revolutionary material
for the future [10]. Graphene has a large surface-to-volume ratio, which makes it highly flexible
in morphology, and because of the chemical diversity of carbon atoms, it has produced many
structural derivatives through chemical modification methods, and these derived structures have
novel functions [11-16]. For example, double-side hydrogenated graphene [17-20], graphene
with single-sided hydrogenation [21, 22], fluorographene [23] and graphene-oxide [24, 25].
However, it has been reported in previous experimental studies that such modification of
graphene changes its physical properties [25].

Recently, with the increasing application of graphene, it was discovered that chemically
functionalized single-layer graphene can be folded into diverse and interesting nanostructures
by rotating along the modification line [26, 27]. This interesting phenomenon shows strong
similarity to origami, which is a technique that rotates paper along creases, transforming two-
dimensional structures into complex three-dimensional structures. Based on the specific
phenomenon and origami, the concept of graphene origami was introduced. Graphene origami
can lead to various graphene-based structures that have a wide range of applications, such as
drug delivery [28], supercapacitors [29], and hydrogen storage [30].

It is well-known that the creases play a pivotal role in the origami structure. The distribution
of creases will induce the folding of the 3D structure and strengthen the stability of the structure.
Inspired by origami technology, graphene nanobelts (GNRS) can be folded and extruded by
forming sp3 bonds on graphene to generate creases. Guo et al. [31] showed that sp? bonds can
be converted into sp* bonds in graphite and multi-walled carbon nanotubes (MWCNTS) under
high pressure. Martins et al. [32] reported that the bilayer graphene will form diamondene with
interlayer sp3-bonding under high pressure. Hence, the transition from sp2 to sp? can be achieved
by employing high pressure on the graphene. However, the precise formation of sp® bonds by
employing high pressure is still a challenge.

In the hydrogenated graphene, the hydrogen atoms change the atomic bond from sp? to sp?,

which causes a local deformation of graphene structure [12, 18, 19, 30, 33-37]. Recently,



unilateral hydrogenation of pristine graphene has been studied both theoretically and
experimentally, and significant progress has been made in the precise hydrogenation of
graphene [38]. For example, studies have demonstrated that hybrid superlattices made from
functionalized hydrogenation can be fabricated in a controlled manner at both macro and micro
scales [39]. Graphene can enhance the adsorption of hydrogen atoms when it bends locally [40,
41]. It has also been shown that graphene sheets can closely adhere to the sharp features of the
substrate, resulting in local curvature of graphene [42, 43]. These indicate the feasibility of
fabricating creases on graphene by precise hydrogenation.

Zhu et al. [30] employed hydrogen-functionalized graphene nanocages to control the simple
uptake and release of nanoparticles, as well as the ultra-high density hydrogen storage. Reddy
et al. [33] used hydrogenation to control the structure of graphene, thus creating complex
graphene origami structures. It provides the possibility of graphene origami technology
application in three-dimensional nanocircuits, flexible electronics, and so on.

Despite the hydrogenated graphene origami technology has been studied in many fields, there
are few studies on the hierarchical release of nanoparticles from hydrogenated graphene
nanobox under external electric field. Petri et al. [44] studied the biological effects of human
exposure to electrostatic fields. Dawson et al. [45] reports that electric fields can be generated
in the human due to electrostatic discharges. In particular, electric field-responsive
nanoparticles and electric fields have attractive application potential in physical, chemical,
biological mechanisms and therapeutics, and they has been widely studied as reported [46].

In this paper, molecular dynamics (MD) simulations are used to study the folding behavior
of graphene monolayer with different hydrogenation modes under an external electric field.
Firstly, the structure change modes of monolayer graphene corresponding to different
hydrogenation modes are investigated. Following this, a three-dimensional graphene nanobox
model was established. Then, the absorption and release of fullerene Ceo were controlled by
applying an external electric field. Finally, the hierarchical release of fullerenes Ceo and Cigo
from the graphene nanobox was simulated by adjusting the electric field intensity. Our
simulation results demonstrate that the hydrogenated graphene origami can be precisely

controlled by the external electric field.

2. Methods
In this study, all the simulations are achieved with the Large-scale Atomic/Molecular Massively

Parallel Simulator (LAMMPS) package, and visualization of atoms is accomplished by
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where ¢ (= 0.00284 eV) is Lenard-Jones potential's depth and o ( = 0.34 nm) is the distance
at which Lennard-Jones potential equals zero and A represents the influence factor of the

external electric field effect (when there is no external electric field, A = 1, and when there is an
external electric field, 2 = 0.1) [30].

The MD simulations in Figs. 1-3, and 7-11 were performed in the NV T ensemble.

Hoover thermostat at 300K. The simulation results presented in Fig. 4 helps to demonstrate that

the hydrogenated graphene nanobox is intrinsically energetically favorable. Prior to executing
our MD simulations, we use the conjugate gradient algorithm and the steepest descent algorithm

to minimize the energy until the relative error ¢ = [(E,—E,,)/E,] <10™ which is static

simulation without kinetic energy in the system. However, the minimum iteration method may
lead to the local minimum energy rather than global minimum energy. We can conduct the
subsequent MD simulation in NVE ensemble to gain the global minimum potential energy by



running the dynamics with small or limited time steps [49]. In the NVE ensemble simulation,
the maximum moving distance of the confined atom within a timestep is 0.1 A and the initial

temperature is set at 0 K. The time step is set to 0.5 femtoseconds (fs) in all simulations.

3. Simulation results and discussion

Carbon atoms on graphene form sp® C-H bonds after contacting hydrogen atoms, while
chemically adsorbed hydrogen atoms repel other neighboring carbon atoms, which causes these
neighboring carbon atoms to start away from hydrogen atoms, breaking the original planar
structure and forming local bending. The local bending will vary depending on the location and
density of hydrogen atoms adsorbed on graphene. If hydrogenation is performed on both sides
of graphene, the resulting graphene will remain almost flat state, which is independent of the
density of hydrogen atoms chemisorbed. However, if only one side of graphene is
hydrogenated, the local bending will accumulate as the density of chemically adsorbed
hydrogen atoms increases. For example, if hydrogen atoms are introduced linearly along one
side of graphene, the local bending of graphene will form a folding angle when the structure
reaches equilibrium, and the degree of this folding angle will gradually decrease as the number
of rows of hydrogen atoms increases. This provides a possible scheme for precise and stable
control of graphene folding. Based on these findings, we used LAMMPS to conduct a
systematic MD simulation of the graded release of Ceo and C1go fullerenes from graphene which

is folded and unfolded by controlling the electric field.

3.1. Simulation of hydrogenation of monolayer graphene

Firstly, as shown in Fig. 1, we investigate how the hydrogen atom density affects the folding
angle of monolayer graphene. Graphene is generally divided into zigzag graphene and armchair
graphene. For these two types, the influence of one-line hydrogen atoms, two-line hydrogen
atoms, and three-line hydrogen atoms on the folding angle of graphene is studied, and the
simulation results are depicted in Fig. 2. With the increase of hydrogen line number on
graphene, the folding angle at equilibrium decreases gradually. Under the same hydrogen line
number, the folding angle of zigzag graphene is lower than that of armchair graphene.
Especially, under two-line hydrogen atoms of zigzag graphene and three-line hydrogen atoms

of armchair graphene, the equilibrium folding angles are close to 90 degrees.
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Fig. 1. Hlustration of single-sided hydrogenated graphene. (a) One-line, (b) two-line, and (c)
three-line hydrogenation along armchair direction of graphene. (d) One-line and (e) two-line
hydrogenation along zigzag direction of graphene. (f) The variation of the folding angle of the
armchair graphene at 300 K. (g) The variation of the folding angle of the zigzag graphene at
300 K.

The simulation results presented in Fig. 1 were obtained by introducing single-crease
hydrogenation modes on graphene, and these simulation results are consistent with previous
results [33]. If multiple hydrogenated creases are introduced into single graphene, to examine
whether these creases affect each other, we simulated multiple-crease hydrogenation modes on
graphene. Firstly, monolayer graphene on which the same creases are introduced at different
positions is simulated. As illustrated in Fig. 2(a), two-line hydrogenation is introduced
simultaneously on both sides of single-layer zigzag graphene, and then the energy relaxation is
performed by MD simulation. The energy relaxation is done in the NVT ensemble and the
temperature is controlled by Nose-Hoover thermostat at 300 K. The simulated folding angles

are close to 90°.
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Fig. 2. (a) Top view of single-layer zigzag graphene with two-line hydrogenation. (b) Side

view of the single-layer zigzag graphene after energy relaxation.

Then, the case that different creases are introduced at different positions on monolayer
graphene is simulated. As shown in Fig. 3, we introduce two-line hydrogen atoms of zigzag
graphene and three-line hydrogen atoms of armchair graphene simultaneously on the sheared
cross-shaped graphene. The simulated folding angles are also close to 90°. These results are the
same as those of the previous simulation in Fig. 1. It can be observed from Fig. 2(b) and Fig.
3(b) that multiple-crease hydrogenation gives the same results with those in single-crease
hydrogenation; that is, creases are independent of each other.
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Fig. 3. (a) Top view of graphene with multiple hydrogenation creases. (b) Folding behavior of

hydrogenated graphene sheet at 300 K

3.2. Hydrogenated graphene hexahedral nanobox

Based on the above simulations, we explore the idea of simulating a hexahedral nano box
which can deliver drug particles. The designed hexahedron nanobox model based on a single-
layer double-cross shaped graphene is exhibited in Fig. 4 (a), in which the length L = 12.8 nm
and width W = 7.1 nm. In the present structure, we introduce two-line and three-line hydrogen
atoms at the corresponding crease simultaneously, making the folding angles of these positions
close to 90 degrees. The whole double-cross graphene model is divided into nine regions. On
the six outer regions of the graphene sheet, hydrogen atoms are saturated on the edge because
there are two purposes. On the one hand, it is to prevent the formation of unnecessary bonds
due to unsaturation of carbon atoms at the edges during self-assembly, and on the other hand,
to make the edges of the six outer regions have hydrogen lines, paving the way for the
subsequent introduction of external electric field simulation.

During the energy minimization calculations, which is static simulation without kinetic
energy, the folding angles of outer region creases of double-cross graphene gradually approach
90 degrees. In the following MD simulation, the double-cross graphene closes, and its potential
energy reaches the lowest point. However, the structure does not reach a stable state at this time,
and the hexahedral nanobox structure is not regular. After a period of relaxation time, the
system reaches equilibrium due to geometrical constraints and interlayer van der Waals force
(vdW) interaction, and double-cross graphene folds into hexahedral nanobox. The potential

energy variation corresponding to the four cases in Fig. 4 is illustrated in Fig. 5.



Fig. 4. (a) Top view of double-cross hydrogenated graphene. (b-d) Structure change of

double-crosses hydrogenated graphene.
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Fig. 5. Potential energy variation of hydrogenated graphene nanobox without external electric
field.



In the simulation of hydrogenated graphene hexahedral nanobox, the interlayer vdwW
interaction is the pivotal factor to stabilize the graphene hydride nanostructure. If we can control
this interaction, it will provide a feasible solution for controlling the morphology of graphene

nanobox (for example, hexahedron nanobox open and close).

3.3. Simulation of graphene nanobox structure controlled by external electric field

The first-principles calculations reveal the dependence of effective boundary electrical
constants in graphene structures on applied electric fields. Graphene nanostructures have
various intrinsic dipole moments due to the uneven distribution of charges throughout the
structure because of chemical modification and subsequent structural changes. When there is
no external electric field, the orientation of the intrinsic dipole moment of the molecule in the
medium is irregular due to thermal motion, so the vector sum of the dipole moment is zero, and
the medium does not have macroscopic polarization strength. Under the action of an external
electric field, first, the electric field causes the polarization of atoms in graphene, and second,
the dipole moments in the molecules will be arranged along the direction of the electric field,
resulting in non-zero dipole moments. Therefore, the structural polarization induced by the
applied electric field can change the interlayer interaction.

Due to hydrogenation causing hexahedron nanostructures global polarization effect,
therefore we use ReaxFF potential to calculate charge distribution of the structure. As illustrated
in Fig. 6, because of the electronegativity difference between hydrogen and carbon atoms,
hydrogen atoms have the highest positive charge while the carbon atoms near to hydrogen
atoms have the highest negative charge. The other carbon atoms have a quite low negative
charge. When an external electric field is applied, these positively charged hydrogen atoms and
negatively charged carbon atoms will experience local electrostatic forces in the opposite
direction. Therefore, the folded edges in the nanobox experience local electrostatic torque. The
distribution of positive and negative charges in the nanobox is plotted in Fig. 6 (b). The middle
part of each surface of the nanobox is negatively charged, while the edge is positively charged.
This polarization mode results in the formation of large-scale molecular dipoles in the nanobox,
which can generate torque under the external electric field causing the spreading of graphene
nanobox. To demonstrate the effect of the external electric field on the structure change of the
graphene nanobox, MD simulations were performed by imposing different electric field

strength in a specified direction.
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Fig. 6. (a) Hydrogenation and folding induced non-uniform charge distribution in the

graphene nanobox. (b) Distribution of positive and negative charges in the graphene nanobox.

Following the above enlightenment, we demonstrate that the opening and closing of
hexahedral nanocages made of graphene hydride can be controlled by adjusting the interlayer
interaction through the external electric field from a fixed direction.

Fig. 7 shows that hydrogenated graphene under normal interlayer vdW interaction
spontaneously forms a closed nanobox structure. Firstly, a weaker external electric field is
imposed (electric field strength E = 0.1 V/ A) and the graphene structure hardly change.
However, when the external electric field strength increases to E = 0.16 V/ A, the nanobox
structure became unstable and the closed nanobox gradually opens. Conversely, after the
removal of the external electric field, the opened graphene nanostructure gradually closes.
Through the switch of the external electric field, we can obtain an opened or closed graphene

nanobox, and the entire process is reversible.

11
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Fig. 7. (a) Stable hydrogenated graphene nanobox at 300K. (b-c) The opening process of
hydrogenated graphene nanobox under external electric field. (d-f) The closing process of

hydrogenated graphene nanobox after removing the external electric field.

In the previous simulation, when the external electric field is applied or removed, the energy
of the system will change. As shown in Fig. 8, the nanobox is closed initially and the system
energy fluctuates steadily in a small range. When the external electric field (E = 0.16 V/ A) is
applied during 50-90 ps and 150-190 ps, the nanobox gradually opens, and the energy of the
system increases significantly, then it stabilizes and fluctuates in a small range. When the
external electric field is removed, the nanobox starts to close and the system energy is reduced

to the value that fluctuates steadily when no electric field is applied.
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Fig. 8. Energy variation of hydrogenated graphene nanobox with or without an external
electric field. During 0-50 ps, 90-150 ps and 190-250 ps, nanobox closes without external

electric field; during 50-90 ps and 150-190 ps, nanobox opens with external electric field

Our simulation results indicate that when imposing a weaker external electric field, the
electrostatic forces or moments generated by the external electric field is insufficient to
overcome interlayer interactions. However, when the external electric field strength is large
enough, there is enough electrostatic force or moment imposed on the hexahedral nanobox to
overcome the interlayer interaction causing the nanobox opening.

To explore the effect of the relative orientation of the cage and the electric field, we
performed a set of simulations in which an electric field with a strength of 0.2 VV/Ang is applied
from the 6 sides of the graphene box. As illustrated in Fig. 9 (a), these arrows represent the
direction of the electric field. As shown in Fig. 9 (b), the results obtained show that the graphene
box can be opened and closed normally under various conditions, which is due to the
polarization effect of hexahedral structure and the application of strong electric field (0.2
V/AnNQ).

13
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Fig. 9. (a) The electric field is applied from the 6 sides of the graphene box. (b) The unfolding

of the graphene box with external electric field.

The controllable graphene nanobox are of practical significance for effective drug delivery.
For example, as displayed in Fig. 8, graphene nanobox can serve as nanocontainers for
molecular transfer. As shown in Fig. 10 (a-d), initially, hydrogenated graphene hexahedral
nanobox is placed together with Cso molecules. Because of the thermal effect, Ceo moves
continuously in space. When an external electric field is imposed, the nanobox gradually opens.
When the nanobox opens to a certain extent, the external electric field is switched off, and the
hydrogenated graphene nanobox closes gradually. During this period, some Ceso molecules enter
the nano box driven by thermal fluctuation. It can be observed from Fig. 10 (e-h) that when the
hydrogenated graphene nanobox is completely closed, there is a Ceo molecule in the nanobox.
Then, an external electric field is imposed again, the hydrogenated graphene nanobox gradually
opens. As the nano box opens, the Ceo molecule in the nanobox keeps moving and finally leave
the nanobox. Finally, after removing the external electric field, the hydrogenated graphene box
closes.

The above investigation is to simulate the hydrogenated graphene nanobox used as a nano
container for single-molecule absorption and release. The absorption process of the
hydrogenated graphene nanobox is shown in Fig. 10 (a-d) while Fig. 10 (e-h) shows the
molecule release process. Our simulation results prove that the hydrogenated graphene nanobox
has the potential as a nanocontainer for effective molecule transfer with practical applications

in the field of drug delivery.
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Fig. 10. (a-d) The process of capturing Ceo. (e-h) The process of releasing Ceo from
hydrogenated graphene nanobox

3.4. Simulation of hierarchical release of graphene nanobox under electric field

Following the previous simulation, we again explore the hypothesis that the hydrogenated
graphene nanobox can be used as a nano container for the graded release of molecules by
controlling the external electric field. To confirm the validity of this hypothesis or idea, we
perform further MD simulations and the obtained simulation results are presented in this
section.

As illustrated in Fig. 11 (a), there are two kinds of molecules (Ceo and Cigo) in the
hydrogenated graphene nanobox. When the external electric field (E = 0.15 V/ A) is applied to
the system, the hydrogenated graphene nanobox is slowly opened and finally, the hydrogenated
graphene nanobox maintains a certain angle, as depicted in Fig. 11 (b). Fig. 11 (c) shows that
Ceo and C1g0 move continuously in the hydrogenated graphene nanobox due to thermal effect.
However, the opening size of the hydrogenated graphene nanobox can only let Ceo molecules
rather than C1go molecules in and out. Therefore, Ceo molecules moved out of the hydrogenated
graphene nanobox while Cigo remains in the nano box. Then, the external electric field is
removed and the nano-box closes, leaving the Cigo molecule in it. Afterward, a stronger electric
field (E = 0.25 V/ A) is applied and the box is completely opened, leaving both Cgo and Ciso
molecules out of it. The simulation perfectly demonstrates that by controlling the intensity of

the external electric field, the opening degree of the hydrogenated graphene nanobox can be

15



controlled. Therefore, it can be used to realize the hierarchical absorption and release of

nanoparticles.

Fig. 11. (a-d) Selectively release of Ceo from hydrogenated graphene nano box under external

electric field.
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4. Conclusion

In this work, the effect of the hydrogen atom as the crease of graphene origami and the effect
of the exogenous electric field on the hydrogenated graphene nanobox were comprehensively
studied using MD simulations. Various origami structures derived from graphene can be
obtained by adjusting the distribution of creases. Our MD simulation results show that the
opening and closure of hydrogenated graphene nanobox can be precisely controlled by
adjusting the external electric field parameters. Finally, the graded release of Cesg and C1go from
the hydrogenated graphene nanobox was successfully simulated. Our simulation results show
that the hydrogenated graphene nanobox can be used for molecular uptake, transport, and
release at the nano-scale and it widens the potential application of graphene since different
distribution of creases on graphene can be employed to derive different graphene

nanostructures.
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