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Graphene has been regarded as one of the most hopeful candidates for transporting drugs to target cells
because of its huge surface area and high cellular uptake. In this work, we performed molecular
dynamics simulations to investigate the potential application of graphene as a substrate to carry and
deliver drug molecules. Bortezomib (BOR) was selected as a model drug, as its atomic structure and
polarity are suitable to be adsorbed on pristine graphene (PG) and graphene oxide (GO). First, BOR
molecules are loaded on graphene surface to form graphene—BOR complexes, then these complexes
readily enter the lipid bilayer and finally BOR releases from graphene surface into the membrane. The
entry of graphene—BOR complexes into the membrane is mainly driven by the hydrophobic interactions
between lipid tails and the basal plane of nanosheets, while the electrostatic interaction between the
polar groups of BOR and lipid headgroups contributes to the release of BOR from graphene into the
membrane. Different from PG, BOR molecules are hard to remove from GO surface after the complex
enters the lipid bilayer. The electrostatic attraction from the oxygen-containing groups enhances the
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Accepted 23rd February 2020 binding of BOR on GO. Potential of mean force calculations confirm that BOR on GO has lower free
energy than it adsorbed on PG surface. The results indicate that the adsorption intensity and release rate

DOI 10.1039/d0ra00261e of graphene nanosheets can be tuned by oxidation and electrification, and graphene served as substrate
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Introduction

Graphene and its derivatives have shown increasing potential in
the fields of biomedicine and biotechnology because of the
unique atomic structure, physical and chemical properties.'
For biomedical applications, graphene and its derivatives have
been found as potential carriers for drug and gene delivery due
to their large specific surface area available for efficient drug
loading and abundant functional groups for easy surface
modification.*® The graphene-based composites are often
water-soluble and show high cellular uptake. The significance
of loading drugs on nanocarriers is avoiding enzymatic degra-
dation or hydrolization before reaching the target cells.*” In
early 2008, Dai et al. first introduced graphene-based nano-
materials into the field of biomedical sciences.® They success-
fully synthesized PEGylated graphene oxide (GO) sheets to
adsorb SN38, a camptothecin analogue. The formed GO-PEG-
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to transport and release particular drug molecules is feasible.

SN38 composite can access the cell interior via passive pene-
tration or endocytosis.

Since then, interest in its biomedical applications has gained
great momentum. Functionalized nano-graphene has been
extensively explored for applications in biosensors,”™** cellular
imaging"™® and drug delivery.'*® For example, the same group
used GO-PEG composite to load another anticancer drug
(doxorubicin, DOX) and the loaded drug exhibited a pH
responsive release property.” Zhang et al. further investigated
the targeted delivery of multiple anticancer drugs by using
functionalized GO.*® In their work, two types of anticancer
drugs, DOX and camptothecin (CPT), were loaded together onto
folic acid (FA) conjugated GO (GO-FA) to specifically target
MCF-7 human breast cancer cells. The GO-FA complex
possesses a selective cytotoxicity to those positive cells. In the
delivery of paclitaxel (PTX), Xu et al. developed GO-PEG/PTX
composites, which exhibit a relatively high loading capacity.
Compared with free PTX, GO-PEG/PTX of same amount led to
lower cell viability, with an approximately 30% and 10% relative
cell viability of A549 and MCF-7, respectively.”* Except the
delivery of small therapeutic molecules, graphene-based nano-
materials have also been explored for gene delivery due to their
unique physiochemical properties. Plasmid DNA or small
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interfering RNA loaded on GO-PEI complex is delivered into
cells to knockdown the expression of its target gene.**>*
Complementary to experimental studies, density functional
theory (DFT) and molecular dynamics (MD) simulations have
been extensively employed to study graphene loading and
delivering drug molecules.***° The theoretical calculations can
provide the detailed interactions between drugs and their
nanovectors, such as - stacking, electrostatic interaction and
hydrogen bonding. For example, Mahdavi et al. performed MD
simulations to investigate the drug DOX loading and release on
pristine graphene (PG) and GO.?® They found that the adsorp-
tion and desorption of drug on graphene are pH-dependent.
The neutral pH is beneficial to the drug loading on GO, while
the release occurs in an acidic condition (pH = 5). Using DFT
and MD simulations, Hasanzade et al investigated the
adsorption of anticancer drug thioguanine (TG) on GO sheets.*
DFT calculations show that the hydrogen bond interactions
between TG molecules and the functional groups of GO play the
main role in the adsorption. MD results demonstrate that the
drug takes longer time to bind with GO and the system becomes
unstable when water and ethanol exist. Similarly, Safdari et al.
performed DFT and MD simulations to study the interaction of
another anticancer drug 5-fluorouracil (5-FU) with GO.** The
results illustrate that the adsorption of 5-FU on GO is
exothermic and increasing the simulation temperature is
beneficial to form hydrogen bond between their polar groups.
However, the above calculations are only performed at gas
phase or in the water solution without cell membranes. The
passive penetration of graphene-drug complex into the
membrane and the subsequent drug release have yet to be
studied theoretically. In this work, we use classic MD simula-
tions to investigate the loading of small drug molecule borte-
zomib (BOR) on PG and GO in the water solution and the release
of this drug into the lipid membrane. We find that the gra-
phene-BOR complexes can readily penetrate the lipid bilayer
and then BOR molecules begin to release from PG into the
bilayer but are difficult to leave from GO surface. Potential of
mean force calculations confirm that the binding affinity of
BOR to GO is much stronger than that to PG. The hydrogen
bonding enhances the adsorption of BOR on GO surface.

Computational methods

The simulation system consisted of a fully hydrated lipid
bilayer, a graphene nanosheet and small drug molecules. The
hydrated bilayer developed by Tieleman et al. was composed of
128 dipalmitoylphosphatidylcholine (DPPC) lipids and about
5000 water molecules.** Bortezomib (abbreviated as BOR), an
anticancer drug, was adopted as a model drug molecule, which
has two aromatic rings and is prone to form m-m stacking with
graphene. Two kinds of graphene nanosheets (PG and GO) were
constructed. GO was developed based on the Lerf-Klinowski
model with epoxy, hydroxyl groups attached on the basal plane
and carboxyl groups bonded to the edge randomly.?* The ratio
of carbon atoms to epoxy, hydroxyl and carboxyl groups was
20:2:2:1, representing a typical oxidation of PG.* The force
field parameters for DPPC lipids and PG were taken from Berger
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et al. and Patra et al., respectively.**** The force field parameters
for BOR were developed by Automated Topology Builder.*®
Water was represented by the SPC model.*” The carbon atoms in
PG were treated as uncharged Lennard-Jones (LJ) spheres with
a cross section of o.. = 0.34 nm and a depth of the potential well
of ec. = 0.36 k] mol~*.*® All parameters are compatible with
GROMOS 53a6 force field.*

All simulations were performed under the isothermal-
isobaric (NPT) ensemble by using the Gromacs package 5.1.2
with periodic boundary conditions in all three directions.***?
The vdW interactions were calculated with a smooth cutoff of
1.2 nm, whereas the particle-mesh Ewald (PME) method was
used to calculate the long-range electrostatic interactions.*>**
The pressure was controlled semi-isotropically by a Berendsen
barostat at 1 bar and the temperature was kept stable at 323 K
using the V-rescale method.*>** Bond lengths within water and
non-water molecules were constrained by the SETTLE and
LINCS algorithms, which allowed a time step of 2.0 fs.**®

The adsorption energy of BOR on PG at aqueous phase was
computed from the potential of mean force (PMF) using
umbrella sampling.*® First, we conducted steered MD simula-
tion to pull the molecule away from the PG surface along the
normal to PG surface (z-axis).*® Then, 32 windows were gener-
ated, in which the z coordinates of COM distance between the
molecule and PG in each window differed by about 0.1 nm to
ensure sufficient sampling. Each window was run for 10 ns, and
data in the last 5 ns was used for sampling. Finally, the PMF
profile was obtained by the Weighted Histogram Analysis
Method (WHAM), implanted in the GROMACS package as ‘gmx
wham’.** The free energy of BOR across the lipid membrane was
calculated by the same approach.

Results and discussion
1. The loading of BOR on PG and GO

To evaluate the stability of graphene-BOR complexes at the
aqueous phase, we first investigate the distribution of BOR in
the water solution with a fixed PG or GO nanosheet. Graphene
nanosheets as drug carriers are interesting because both sides
of a single sheet could be accessible for drug binding. As shown
in Fig. 1A, all BOR molecules are adsorbed on both sides of PG
and GO nanosheets after equilibrium. Mass density of BOR
demonstrates that they are distributed almost evenly on both
sides of the basal plane (see Fig. 1C). The two symmetric peaks
were localized at z = 4+0.38 nm, close to the vdW radius of
carbon atoms on PG. The adsorption intensity can be more
quantitatively elucidated by the PMF of BOR at different posi-
tions along the normal to graphene surface (Fig. 1D). The PMF
of BOR in the aqueous phase far away from the PG/GO surface,
where the interactions between BOR and graphene can be
neglected, is set as zero. We find that the minimum value of
PMF is at z = 0.39 nm. Such position is in good agreement with
the mass density profile, further confirming the energetically
favorable location of BOR on both PG and GO surface. The
binding energies at this point reach highly —60.1 + 1.3 k] mol "
and —81.9 + 2.2 k] mol ', implying that the adsorption of BOR
on PG/GO surface is thermodynamically stable.

RSC Adv, 2020, 10, 8744-8750 | 8745
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Fig. 1 The adsorption of BORs on PG and GO nanosheets. (A and B) The structures of BOR molecules on PG/GO surface, (C) mass density
profiles of BOR. The center of PG/GO is set as z = 0. (D) PMF profiles of BOR on PG/GO surface. Error bars denote the standard deviation as

calculated using the bootstrap error analysis.>

The strong adsorption of BOR on graphene surface mainly
originates from the hydrophobic m-m stacking interactions,
which are determined based upon two geometrical criteria: the
distance between two adjacent aromatic planes (d < 0.48 nm)
and the angles between axes normal to the two adjacent planes
(a < 30°) of the aromatic structures.”>* It is found that one or
two aromatic rings on BOR stick to the PG/GO surface in the
first adsorbed layer. The typical structures of - stacking are
presented in Fig. 2A and B, in which the two aromatic rings are
close to the PG/GO surface with almost parallel orientations. As
to GO, it should be pointed out that m-m interactions are
established between aromatic rings and unoxided regions of
GO. Two parameters, namely, the vertical distance and included
angle between two aromatic rings and PG/GO, are employed to
characterize these interactions, as shown in Fig. 2C and D. The
most probable vertical distance between aromatic rings and PG/
GO surface is located at z = 0.36 nm, which is consistent with
the vdW radius of carbon atoms. Meanwhile, the most probable
included angles between BOR and PG/GO are approximately 10°
and 22°, indicating that the aromatic rings of BOR are almost
parallel to the PG surface. These results further confirm that the
loading of BOR on PG/GO is highly stable and w7 stacking is
the main force in such adsorption. Besides m-m interactions,
there are averaged 1.4 hydrogen bonds (Fig. 2E) formed between
BOR and GO because of the oxygen-containing groups, which
can explain the higher adsorption energy (~20 kJ mol ") of BOR
on GO than that on PG surface.

8746 | RSC Adv, 2020, 10, 8744-8750

Similarly, because of the hydrophobic - stacking inter-
actions, BOR molecules are prone to form cluster in the water
solution. We therefore calculate the cohesive energy of BOR at
aqueous phase, which is described by the PMF of BOR at the
different position, as shown in Fig. 3. The cohesive energy of
BOR cluster is approximately —48.5 + 0.8 kJ mol *, slightly
weaker than the adsorption energy of BOR on PG
(—60.1 k] mol ™, Fig. 1C), indicating that BOR can be preferably
adsorbed on PG/GO surface. On the other hand, this strong
cohesive energy makes BOR molecules stacked tightly. As
aresult, the complexes of PG/GO surrounded by BOR molecules
are highly stable in the water solution.

2. The entry of PG/GO-BOR complexes in the membrane

We then begin to study the passive lipid membrane permeation
of the PG-BOR complex. According to the size of membrane, we
cut an ultra-small graphene nanosheet (~2 x 2 nm?). First, the
PG sheet is covered by BOR molecules. Then the first layer of
BOR molecules is retained to form a PG-BOR conjugate, which
consists of a PG nanosheet and 6 BOR molecules. Each side of
PG loads 3 drugs. The complex is initially placed out of the lipid
bilayer (Fig. 4A, snapshot at ¢ = 0 ns), and then released. It
diffuses slowly towards the interface between lipid headgroups
and water solution at the beginning. As shown in Fig. 3B, the
COM distance between the complex and bilayer decreases
gradually from 3.93 nm to 2.09 nm in the first 23 ns. BOR
molecules remain adsorbed to the PG outside of the bilayer.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The interactions between BOR and PG/GO. (A and B) The stru
distance and included angle between two aromatic rings and PG/GO,

Fig. 3

Once reaching the interface, the complex is fast adsorbed into
bilayer (Fig. 4A, snapshot at ¢t = 21, 27 ns), as there is a sharp fall
in COM distance curve. The COM distance continues to decline
from 2.09 nm to 0.51 nm in the following 3 ns. In this stage, the
insertion is driven mainly by the electrostatic interactions
between polar groups on BOR and DPPC lipids. After insertion,
the complex remains in the bilayer center until the end of
simulation. The COM distance fluctuates slightly in the range of
0 to 0.5 nm.

However, both PG and lipid tails as well as BOR are much
hydrophobic, therefore, the hydrophobic interactions play the
dominant role when the complex enters the membrane. To
obtain a more quantitative picture of these interactions, we
calculated the interaction energy between the complex and lipid
bilayer. Here, the interaction energy was defined as the vdw
interaction between the complex and membrane, as the carbon
atoms on PG were uncharged. And the energy can be divided
into two parts, since the complex consists of PG and BOR
molecules. The energy curve presents the same trend as that of
COM distance (Fig. 4B). The energy difference of PG-BOR
complex in and out of the bilayer reaches approximately

This journal is © The Royal Society of Chemistry 2020
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(A) Schematic illustration of sampling structure, (B) PMF profile of BOR cluster at aqueous phase.

2000 k] mol™" (PG contributes about 600 k] mol ™, while BOR
molecules provide the rest 1400 k] mol ™). It is clear that the
huge fall of the energy makes the complex fast adsorbed into the
membrane.

Similarly, the GO-BOR complex can also spontaneously
enter the membrane and reach the bilayer center, as shown in
Fig. 5A. Since GO has the same size as PG and is localized at
bilayer center with similar orientation, the vdW interactions of
GO-BOR complex and bilayer are close to those of PG-BOR. We
therefore only calculated the electrostatic energy between GO
and lipid membrane (Fig. 5B). It is found that the electrostatic
energy is only —57.8 k] mol ™" averaged over the last 100 ns,
which can almost be neglected compared with the vdW energy
of PG-BOR complex and bilayer (highly —2000 k] mol ). That
is, the driving force of GO-BOR complex entering the
membrane is still dominated by the hydrophobic interactions.
However, the oxygen-containing groups on GO surface are
unfavorable to drug release. Only one BOR molecule breaks
away from GO surface after the complex entering the membrane
(see snapshot at ¢ = 200 ns).

RSC Adv, 2020, 10, 8744-8750 | 8747
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3. BOR unloading from PG/GO into the membrane

After entering the membrane, BOR molecules gradually leave
the PG surface and permeate into the bilayer (Fig. 4A, snapshot
at ¢ = 200 ns). Interestingly, it is found that if the complex is
positioned out of but close to the membrane (in detail, the PG

Fig. 5
between GO and lipid bilayer as functions of simulation time.
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Insertion of the PG-BOR complex in the membrane. (A) Snapshots at critical time points. Water molecules are not shown for clarity. (B)

sheet is restrained while BOR molecules are free to move), BOR
molecules still remain on the PG surface (see ESI, Fig. S11). That
is, only when the complex inserts the membrane, will the drug
molecules release. To verify the robustness of the release of BOR
from PG to membrane, we performed independent simulation
that the complex was initially embedded in the bilayer center
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Insertion of the GO-BOR complex in the membrane. (A) Snapshots at critical time points. (B) COM distance and electrostatic energy
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Fig. 6 The release of BOR from graphene to membrane. (A and B) Initial and final snapshots of BOR release from PG/GO surface, (C) mass

density and PMF profiles of BOR across the lipid bilayer.

(Fig. 6A, t = 0 ns). At the end of simulation, all BOR molecules
break away from the adsorption of PG and permeate into the
lipid membrane (Fig. 6A, t = 200 ns). Different from PG, BOR on
GO embedded in bilayer center (Fig. 6B, t = 0 ns) turns to be
difficult to release. Only 4 of 6 BOR molecules leave GO surface
and permeate into the membrane. This is because the adsorp-
tion of BOR on GO is much stronger than that on PG surface,
due the electrostatic interactions of the oxygen-containing
groups on GO and polar groups of BOR. Then, BOR molecules
prefer to stay at the conjunctions between lipid headgroups and
tails, as shown in the mass density profile (Fig. 6C and ESI,
Fig. S27), and such positions are in good agreement with PMF
profile of BOR across the lipid bilayer. The minimum of PMF is
about —72.3 4 1.2 k] mol " at the symmetric positions (z = +
1.0 nm) from the bilayer center, indicating that BOR molecules
are energetically favorable at these positions. The middle peak
of red line corresponds to the BOR molecules that are not
released. We repeated the entry and release of the complex with
graphene loading more BOR molecules (see ESI, Fig. S31), and
obtained the similar results, indicating that using graphene to
load and unload specific drug molecules is feasible.

Conclusions

In summary, using MD simulations, we have investigated the
adsorption of small anticancer drug BOR on graphene surface
in the water solution, the insertion of graphene-BOR complexes
in the lipid bilayer and the release of BOR from graphene
surface into the membrane. The results show that the formed
graphene-BOR complexes are highly stable in the water solu-
tion with or without lipid bilayer. The complexes can sponta-
neously permeate into the membrane and reach the bilayer

This journal is © The Royal Society of Chemistry 2020

center, mainly due to the hydrophobic interactions between the
complex and lipid tails. Then, the drug BOR molecules release
one by one from PG into the lipid membrane, which is driven
mainly by the electrostatic interactions between lipid head-
groups and BOR polar groups. As comparison, BOR molecules
become difficult to leave from GO surface because of the elec-
trostatic interactions between oxygen-containing groups and
polar groups on BOR. Graphene exhibits prospective potential
as nanovehicle to carry and deliver small drug molecules
through oxidation or modification on its surface charge.
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