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Abstract Coarse-grained molecular dynamic simulations were
employed to study the interactions of fullerene (Cgp) and its
hydroxyl derivatives (C¢o(OH),, n=4, 5, 6, 8, 12, and 16) with
a lipid bilayer composed of dipalmitoylphosphatidylcholine
molecules. It was found that the Cgy, moves towards the center
of the bilayer and laid between central and peripheral regions of
the bilayer. The potential mean force was calculated to estimate
free energy profile when pulling the fullerene from its initial
position to the center of the bilayer using an umbrella sampling
method. Results showed that the hydrophobic region of the
membrane acts as a barrier to transport a nonpolar Cgy molecule
through the bilayer. This makes a deep minimum in the free
energy profile between the center and head regions of mem-
brane. Various numbers of polar functional groups (—OH) were
then used to make derivatives of fullerene and change the
hydrophilic of the molecule. It was found that optimal number
of hydroxyl groups to facilitate the transportation of Cgo(OH),
through the bilayer is 4.
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1 Introduction

Fullerene has shown promising capabilities in biomedical
applications such as photodynamic therapy and antioxidant/
antiviral activities [1-3]. For instance, its potential of enzyme
inhibition and DNA cleavage has been reported [4]. Such
capabilities along with applications in drug and gene delivery
systems have attracted the attention of a large number of
biomedical researchers [5-7].

Nevertheless, the solubility of fullerene in aqueous solvents
and biological media is known to be quite low, hampering its
utilization in biology [4, 8]. Experimental studies have shown
that chemical functionalization of fullerene is able to increase
the solubility of fullerene in biological environments. Therefore,
functionalization of fullerene may allow design of new mate-
rials with superior performance. Additionally, the toxicity of
fullerenes that has been documented to be related to their
solubility in water—the cytotoxicity of functionalized fullerenes
with high water solubility is normally less than that of Cg [9].

Another concern to employ fullerene in medicine is its lack
of ability to pass through cell membranes to enter a living cell.
Therefore, another advantage of functionalization is to help
fullerene pass through a cell membrane. Chang et al.
[10] have experimentally studied the interaction of
Cgo(C(COOH),), with living cells and showed that this parti-
cle was able to enter the cell. They also showed that crossing
the cell membrane is a time and energy consuming process.
Furthermore, it was mentioned that the carboxylated fullerene
is able to deliver fluorescein, a molecule that cannot normally
cross cell membranes.

In recent years, computational studies have been carried out
to understand the mechanism of cells taking up fullerenes and
its derivatives. Several approaches have been used in this area,
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e.g., Lietal. [11] and Qiao et al. [12] used all-atoms molecular
simulations (AA-MD) to determine the equilibrium position of
a single Cgp molecule in a dimyristoylphosphatidylcholine
(DMPC) and a dipalmitoylphosphatidylcholine (DPPC) lipid
bilayers, respectively. The position was ~6—7 A off the bilayer
center. Their results were in agreement with that of Bedrov
et al. [13], which showed that the minimum free energy is
observed at ~6—7 A off-center of the DPPC bilayer. The
interactions of Cgy and functionalized Cgy with 20 hydroxyl
groups with a DPPC bilayer have also been investigated using
interatomic potentials [12]. In the latter work, the potential
mean force (PMF) profiles of the fullerene and its derivative
for translocation across the bilayer have been compared.

Since the accessible temporal and spatial scales limit AA-
MD simulations, coarse-grained (CG) MD has been intro-
duced as an alternative to increase computational efficiency,
especially for simulating super biomolecules. CG-MD can
actually reach the scale of current experimental techniques
[14, 15]. In this case, D’Rozario et al. [16] used CG-MD to
study the interactions of Cg, and its derivatives with DPPC
lipid bilayer. They used 3 to 1 mapping and considered 20
beads for fullerene and found that the number of functional
groups had a significant effect on the nature of the interactions
with the lipid bilayer. They showed that fullerene penetrates
inside DPPC and is located in the center of lipid bilayer with a
deep valley in free energy profile in the center of the DPPC. In
another study, Wong-Ekkabut et al. [17] used the MAR-
TINI force field to study the interactions of Cgy with
dioleoylphosphatidylcholine and DPPC lipid. Their work
comprised employing 4 to 1 mapping and proposing a
new force field for fullerene. They reported the effect of
agglomeration on the mechanical properties of the bilayer.
Although a considerable number of reports are available
on the interaction of fullerenes with cell membrane, only
one study has tried working on the optimization of fuller-
ene derivatives [12]. No report so far has identified the
structure of a fullerene hydroxyl derivative optimized to
cross the lipid bilayer.

The aim of this study is to investigate the interactions of
fullerene and its hydroxyl derivatives with the DPPC lipid
bilayer and to find optimal number of the hydroxyl functional
groups that can facilitate transporting fullerene through lipid

Fig. 1 Coarse-grained model of
fullerene a showing constraints
between interaction sites b having
16 interaction sites to build the
model according to MARTINI
force field
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bilayer. To achieve this goal, CG-MD using the MARTINI
force field has been employed. The optimization was carried
out based on comparing PMF profiles.

2 Method
2.1 Coarse-grained Mapping

Our system was composed of the DPPC lipid bilayer and one
fullerene immersed in water. CG mapping for the system was
built according to MARTINI force field as developed by
Marrink et al. [18] and composed of 4 to 1 mapping for DPPC
and water molecules. As suggested by the force field, anti-
freeze particles (BP4) were employed to prevent freezing with
molar fraction equal to 0.1 [18].

To model fullerene, a 16-bead system of SC4 type was used
as suggested by Wong-Ekkabut et al. [17] (see Fig. 1). To
model the hydroxyl groups, an —OH group was merged on one
bead of fullerene and assigned as SP1. All the connections
between beads were defined as constraints instead of harmon-
ic bonds. In this work, we first performed a simulation to find
the equilibrated location of fullerene in the system containing
the DPPC bilayer. Subsequently, the PMF profile for systems
containing Cg, with/without functional groups was calculated
in separate simulations (Table 1).

2.2 Molecular Dynamics Simulation

CG-MD simulations were performed using the GROMACS v.
4.5.4 MD package [19]. The system contained 89 DPPC,
8808 water, and one fullerene molecule or one of its hydroxyl
derivatives. Periodic boundary conditions were used in all
three Cartesian directions. Initially, the system was equilibrat-
ed for 4.0 ns in NPT condition, followed by 4.0 ns in NVT. A
20-fs time step was used to integrate the equations of motion.
Nonbonded interactions was cut off at a distance of 1.2 nm.
The long-range Coulomb interactions were calculated via the
particle-mesh Ewald sum method with a grid spacing of
approximately 1.0 A. The temperature and pressure were
controlled using the Nose-Hoover [20] and Berendsen et al.
[21] algorithms, respectively. MD simulations were run at
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Table 1 All the systems were examined in this study

Purpose of simulation ~ Title Conditions

Calculating PMF* Ceo Cgo without any functional group
Cgo(OH);  Cgo with four hydroxyl groups
Ceo(OH)s  Cgo with five hydroxyl groups
Ceo(OH)s  Cgo with six hydroxyl groups
Ceo(OH)s  Cg with eight hydroxyl groups
Cso(OH);»  Cgp with 12 hydroxyl groups
Ceo(OH)1s  Cgo with 16 hydroxyl groups

Finding equilibrated Ceo 200 ns run to find equilibrated

condition location of fullerene

In these simulations C60 with/without functional groups has been pulled
toward the center of mass (COM) of DPPC bilayer. Then, using the
umbrella sampling, the PMF has been calculated for every single system

300 K in NVT ensemble. All visualizations and analyses were
performed using the VMD v. 1.9 visualization tools [22].

2.3 Free Energy Calculation

The PMF was calculated for each system (i.e., fullerene and its
derivatives) to estimate the free energy profiles along the
reaction coordinate. A fullerene molecule was initially placed
in the water region approximately 1 nm away from the bilayer
in a fully hydrated DPPC bilayer system (i.e., ~4 nm from the
center of mass of the DPPC). The GROMACS pull code was
used to pull fullerene and its derivatives in the z-direction (one
dimensional pulling) to the bilayer center plane at a rate of
1.0 A ns™'. All simulations were carried out at constant
temperature (300 K) using semi-isotropic pressure coupling,
allowing for changes in the box size in all dimensions. There-
after, fullerene was gradually pulled, and an umbrella harmon-
ic potential was employed as a pulling force with a force
constant of 1,500 kcal mol™' A% along with application of
the umbrella sampling technique. Depending on the solute
molecule (fullerene or its derivatives), 70—140 windows were

Fig. 2 z-direction movements of
Cep toward the bilayer, jumping to

bilayer, and following s 4
movements inside the bilayer, as o
functions of time; distances are E 2
measured from according to ; 3
center of bilayer [
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chosen between the initial and final locations of fullerene. At
each separation window, the system was equilibrated for 1 ns
followed by a 40-ns data collection run. Afterwards, using
weighted histogram analysis method, the PMF profile and
histograms were produced [23].

3 Results and Discussion

In the atomistic simulations, various force fields for fullerene
modeling have been used so far, e.g., DREIDING [24],
AIREBO [25], GROMACS [26], and standard Tripos molec-
ular mechanic [27]. Additionally, a few coarse-grained force
fields have been used to model fullerene so far. Chiu et al.
used CG:AA carbon mapping ratio of 2:3 from the CG ben-
zene model. In this CG model, the Cgo molecule contains 40
interaction sites [6]. D’Rozario et al. [16] used 3-to-1 mapping
and considered 20 beads for fullerene CG model. They re-
strained fullerene CG model to preserve the overall shape of
the molecule in a sphere with diameter of ~1.1 nm. In the
current study, fullerene was modeled based on the model
proposed by Wong-Ekkabut et al. [17] with 16 interaction
sites, taking advantage of being more comparable with atom-
istic results [11, 13].

In the longer run for Cgo (200 ns), the z-direction move-
ment of fullerene towards the bilayer and its jump into the
bilayer and movement between two leaflets are shown in
Fig. 2. Initially, fullerene was located outside the membrane
at 2 nm distance from head group of the DPPC molecules.
During the first ~60 ns, the fullerene slowly moves towards
the bilayer, then makes contact with the lipid bilayer. During
the next 20 ns, Cgy “jumps” into the bilayer and is finally
located ~1 nm from the bilayer center. This finding is in good
agreement with atomistic MD results [11, 13], indicating
suitability of the model used for fullerene in this study.

Figure 3 shows some snapshots of pulling fullerene into the
membrane in four stages. In Fig. 3a, fullerene has been

40 60 80 100 120 140 160 180 200
Time (ns)
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Fig. 3 Snapshots of the pull
process to calculate the PMF
when fullerene is located a
outside, b near outer periphery, ¢
near inner periphery, and d at the
center of bilayer

illustrated outside the membrane. Figure 3b shows the particle
when it is located at the outer periphery of the membrane
interacting with hydrophilic head groups of DPPC molecules.
Clearly, Cgq creates disorders in head groups when moving
towards the center of bilayer. In Fig. 3c, the fullerene is
interacting with intermediate hydrophilic groups in bilayer
and tail groups. Finally, Cg is locating inside the membrane
as shown in Fig. 3d.

Figure 4 shows the PMF profiles of fullerene and its
hydroxyl derivatives with 4, 8, 12, and 16 —OH groups.
According to the atomistic simulations performed by Qiao
et al. [12] when crossing the lipid bilayer, the minimum value
for the PMF is located approximately 1.2 nm from the center
of bilayer. Moreover, Li et al. [11] using AA-MD illustrated
that fullerene is located 67 A off-center in DMPC which is in
agreement with the results of Bedrov et al. [13] using a similar

technique. The Cgq PMF profile in Fig. 4 clearly identifies
similar stable position for fullerene. However, previous
CG-MD results [16] showed that the location of the fullerne
at equilibrium state is at the center of the membrane, contra-
dicting the off-center stable location suggested by atomistic
simulations.

The lowest PMF value reported using interatomic force
field is ~22 kcal at 310 K for DMPC [13] and ~10 kcal at
325 K for DPPC [12]. Here, this value is approximately
20 kcal at 300 K. The difference in the obtained values may
be due to the approximations employed in CG-MD to increase
computational efficiency. Reviewing the literature, there is a
single CG result for DPPC at 323 K which shows ~ —48 kcal
for the lowest PMF [16]. Thus, the results of our CG model are
reliable from the viewpoint of mimicking the behavior of Cg
and its derivatives when passing through the lipid bilayer.

60
50 AC60(OH)16
[C60(0H)12
a0 4 aﬁm‘:‘%ﬂ
x C60{OH)8 A b
A A
30 . X C60(OH)a A nﬂdjmu‘:’n:
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T 08
2 =0 A qlx o
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"E" 10 -
a
o 4
-10
=20
-30
-4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0

Distance from membrane center, z (nm)

Fig. 4 PMF profiles of fullerene and its hydroxyl derivatives with 4, 8, 12, and 16 —OH groups. Zero on horizontal axis shows the membrane center in
the z-direction and vertical dashed lines represent approximate location of the membrane leaflets (head groups of DPPC molecules)
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Fig. 5 Comparison of the PMF profiles of fullerene hydroxyl derivatives with 4, 5, 6, and 8 —OH groups

Among the plots in Fig. 4, the optimal choice in crossing
the DPPC bilayer should be the one that has the smallest
difference between the peak and the trough of the PMF
profile. Details in Fig. 4 show that C4 has a deep valley,
while the plots for Cgo(OH);, and Cgo(OH),¢ indicate high
peaks; thus, none could be considered as appropriate for
crossing the bilayer. Hence, the best option is probably
Cs0(OH)4, Ceo(OH)g, or a similar derivative with 4 to 8 —
OH groups. Figure 5 shows the PMF profile of four to eight
hydroxylated Cgo molecules. The differences between peak
and valley for Cgo(OH)4, C0(OH)s, Cso(OH)s, and Cgo(OH)g
are about 12, 17, 17, and 25 kcal, respectively. Detailed
comparison shows that Cso(OH), is as the optimal derivative,

12

Fig. 6 Mean square
displacement (MSD) of the center
of the mass of fullerene inside
water and bilayer

showing the smallest difference between peak and valey (i.e.,
12 kcal).

In order to study the diffusion constant of the fullerene in
water and inside the membrane, the fullerene mean square
displacement (MSD) in each phase has been calculated sepa-
rately (see Fig. 6).

According to the Einstein relation [28]:

timy—( () ()|) = 6D,

where 7;(¢)—r;(0) is the distance traveled by molecule i
over a time interval of length ¢ and D 4 is the diffusion

*+++|nside Water
= |Inside Membrane

i —Linear(Inside Water)
y =0.25x

R?=0.97 —Linear(Inside Membrane)

y = 0.05x - 4.43
R?=1.00

60 80 100 120 140 160 180 200
Time (ns)
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coefficient of species A. The number 6 indicates dimension-
ality; 2, 4, or 6 for 1, 2, or 3 dimensional diffusion, respec-
tively. As in this report the three-dimensional MSD has been
calculated, the dimensionality number in the equation should
be 6. Comparison between the slopes of the two plots clearly
demonstrates that the self-diffusivity of fullerene inside water
is higher than in the membrane. It should be mentioned that
the water diffusivity of fullerene in this case may be different
from its diffusivity in bulk water. The different diffusivities of
the fullerene in these two media may be associated with the
differences in the physicochemical interactions of the mole-
cules. Especially, hydrophobic interactions between the hydro-
phobic fullerene and the acyl chains of DPPC molecules
prevent free movements of Cg, inside the membrane. We
conclude that the bilayer provides a more viscous medium
for fullerene movements.

Similar studies for the z-direction movement of Cgo(OH),
were performed comparing the results with those for Cg.
However, during a 200-ns simulation, the molecule did not
appear to move towards the bilayer. It is arguable that since the
Ceo 1s not water soluble, the water medium “pushes” the Cg
to the bilayer; thus, this particle is able to overcome the energy
barrier observed at the periphery of the bilayer. By contrast,
the water solubility of the optimal hydroxyl derivative (i.e.,
Cs0(OH),) is substantially higher. Therefore, the particle is not
able to pass the energy barrier and move towards the center of
the bilayer.

4 Conclusion

Using the force field suggested by Wong-Ekkabut et al. to
investigate the behavior of fullerene and its derivatives, we
have obtained results in closer agreement with atomistic sim-
ulations than previous CG-MD studies. Although the center of
the bilayer is the lowest density region, the hydrophobic
fullerene prefers to be located off-center of the DPPC mem-
brane. This position for Cg is in agreement with the findings
from the AA-MD approach. Among hydroxy! derivatives of
fullerene, Cgo(OH); showed the lowest difference between
peak and valley (i.e., the most suitable free energy profiles
to pass through the bilayer). This derivative can facilitate
transporting Cg through the bilayer membrane. As the aver-
age self-diffusivity of fullerene inside the bilayer is substan-
tially smaller than in the water, the bilayer appears to provide a
more viscous medium for fullerene.
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