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Recently, we reported new coarse grain (CG) force fields for lipids and phenyl/fullerene based molecules.
Here, we developed the cross parameters necessary to unite those force fields and then applied the model to
investigate the nature of benzene and C60 interactions with lipid bilayers. The interaction parameters between
the phenyl and lipid CG sites are based on experimental and all atom (AA) molecular dynamics (MD) data.
The resulting force field was tested on benzene rich lipid bilayers and shown to reproduce general behavior
expected from experiments. The parameters were then applied to C60 interactions with lipid bilayers. Overall,
the results showed excellent agreement with AA MD and experimental observations. In the C60 lipid systems,
the fullerenes were shown to aggregate even at the lowest concentrations investigated.

1. Introduction

The complex nature of fullerene behavior in vivo is of great
interest due to potential applications in medicine.1-17 Widespread
use of nanomaterials will require a firm understanding of the
toxicity posed by these systems.8-10 Recent studies have
indicated that carbon nanospheres can penetrate cell membranes,
enter cellular interiors, cross blood-brain barriers, and even
enter cellular nuclei.11,12

Despite much work, there still exists some confusion regard-
ing the toxicity of C60.5,13-16 Some experiments have suggested
a connection to solubility in water.14 These experiments have
focused on so-called pristine, nano- and derivatized (water-
soluble) forms of C60.14 However, certain results are at odds
with these findings, suggesting that more work is needed.17 One
question that remains open is the behavior of fullerenes in lipid
membrane systems. Although various studies have indicated
active (endocytosis) and passive (diffusion) mechanisms for
entry into cells, a firm understanding of the nature of fullerene
interactions with lipid membrane systems is still of primary
importance.3,18-20

While the complex interactions occurring between fullerenes
and biological machinery in vivo poses a currently insurmount-
able barrier to theoretical approaches, the subset of interactions
occurring between fullerenes and lipid membrane systems is
an ideal and manageable target. To this end, computational
studies have been performed using model lipid bilayer systems
(typically composed of a single biologically relevant lipid type)
in place of biological membranes.21-25 All atom (AA) molecular
dynamics (MD) studies have provided insight into the details

of these interactions. Li et al. used AA MD simulations to
determine that the equilibrium position of a single C60 molecule
in a dimyristoylphosphatidylcholine (DMPC) lipid bilayer was
!6-7 Å off center in the bilayer core.21 Further, they
determined that the effective interaction between two C60

monomers in a DMPC bilayer was less attractive than in an
alkane melt with the same molecular weight as the lipid chains.
Bedrov et al. calculated the transfer free energy profile of a
single C60 through a DMPC bilayer showing that the free energy
decreases as the fullerene enters the hydrophobic bilayer core
with no barrier associated with entry.22 Other studies investigated
the interactions of C60 and derivatized C60 with a dipalmi-
toylphosphatidylcholine (DPPC) bilayer including calculation
of a PMF for the translocation of the fullerene across the
bilayer.24 Despite these and other contributions, AA MD
simulations have been limited by the accessible temporal and
spatial scales as a result of computational overhead associated
with these calculations. More to the point, the study of
aggregation of C60 in lipid bilayers has been limited to monomer
and dimer based simulations rather than many C60 molecules
interacting simultaneously.

To circumvent these problems and make more efficient use
of current computational resources, an alternative to AA models
are the so-called coarse grained (CG) models. With CG MD, a
trade-off is made between the high level of detail inherent in
AA MD and the computational efficiency brought about by
reducing that level of detail. The process involves representing
several atoms with a single CG site. A significant increase in
the system sizes and simulation time scales results.27,26 D’Rozario
et al. used CG MD to study the interactions of pristine and
derivatized C60 with DPPC lipid bilayers and found that the
level of derivitization had a significant effect on the nature of
the interactions with the lipid bilayer.26 Wong-Ekkabut et al.
used the MARTINI CG force field to study the interactions of
C60 with dioleoylphosphatidylcholine (DOPC) and DPPC lipid
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bilayers.25 Their simulations indicate that C60 spontaneously
enters the lipid bilayer and that no aggregation takes place within
the lipid bilayer. Further, they showed that C60 clusters easily
enter the lipid bilayer but disintegrate once inside.

With the primary intention of studying the interaction of C60

with lipid bilayers, we extended our existing CG models to allow
the investigation of these systems. To do so, it was necessary
to develop interaction parameters to unite our recently developed
CG force fields for phenyl based molecules27,28 and phosphati-
dylcholine (PC) based lipids.29 The parameter sets are based
on the same model previously developed by our group.30 The
phenyl based force field was shown to be transferable and useful
for applications including C60 and carbon nanotubes (CNTs).27,28

The lipid force field parameters were shown to accurately model
PC lipid systems including monolayers, bilayers, and vesicles.29

Combined, the force fields permit the investigation of the
interactions occurring between benzene/C60 and lipid bilayers.29

The resulting force field is shown to be highly effective at
accurately representing both benzene-lipid and C60-lipid
interactions when compared to AA MD and experiment.

The methodology will be presented in section 2. Results will
be given in section 3 including details of the parametrization
along with applications to benzene-lipid and C60-lipid systems.
The current work will be summarized in section 4.

2. Methods
2.1. Coarse Grained Mapping. The CG mapping used in

our approach typically places three to four heavy atoms per CG
site.27-30 For phenyl based molecules the resolution was
increased to better maintain the planar nature of the phenyl based
molecules as was discussed in our previous work.27 This
increased resolution maps 1.5 heavy atoms per CG site for
benzene (the 6 carbons in benzene are represented by 4 spherical
noncharged CG sites). For comparison, in the case of toluene
and xylene, this mapping resolution decreases to 1.75 heavy
atoms per CG site and 2 heavy atoms per CG site, respectively.
The benzene based CG site (labeled BER) was selected to model
fullerenes.29 On the basis of the CG:AA carbon mapping ratio
of 2:3 from the CG benzene model, a CG C60 molecule should
contain 40 interaction sites. The arrangement of these 40 CG
sites to model C60 was discussed in our previous work.28 The
fullerene molecule was treated as a rigid body in the MD studies
using the rigid module in LAMMPS; the use of a rigid body
description precludes bond and angle potentials.31

2.2. Molecular Dynamics Simulation. All AA MD simula-
tions performed here were carried out using the CHARMM
PARAM27 force field parameters32 in the NAMD33 or
GROMACS 434 simulation packages. Note that for DOPC
lipid simulations in GROMACS, a conversion must be
applied according to Siu et al.35 For all simulations, periodic
boundary conditions were used in all three Cartesian directions.

For NAMD simulations, bonds involving hydrogen atoms
were constrained via the SHAKE/RATTLE method.36 A 2 fs
time step was used to integrate the equations of motion.
Nonbonded interactions were cutoff at 12 Å. The long-range
Coulomb interactions were calculated via the particle mesh
Ewald method with a grid spacing of approximately 1.0 Å.37,38

For GROMACS simulations, all bonds involving hydrogen
atoms were constrained by using the LINCS39 and the SETTLE40

(for water hydrogens) algorithms allowing a time step of 2 fs.
Nonbonded interactions were cutoff at 10 Å. Long-range
electrostatic interactions were treated using the particle-mesh
Ewald method37,38 with a grid spacing of 1.2 Å with cubic
interpolation between the grid points. Using a Berendsen

thermostat the system was coupled to a temperature bath with
a coupling constant of 1 ps-1 .

The DMPC lipid bilayer simulations employed a constant area
ensemble (NPnAT with x and y directions fixed) with an area
of 60.6 Å2/lipid molecule. As recently discussed in detail,35 the
DOPC systems require constant surface tension to ensure a
realistic area per lipid of around 72.0 Å2 .35,41 The surface tension
was maintained at 44 mN/m (22 mN/m per interface) while the
pressure perpendicular to the bilayer surface (z direction) was
kept at 1 bar using Berendsen pressure coupling with a relaxation
time of 1 ps and a water compressibility of 4.5 " 10-5 bar-1.
Simulations were run at 298 and 310 K for DOPC and DMPC,
respectively.

CG MD simulations were performed using the LAMMPS MD
package from the Sandia National Laboratory.31 All CG
simulations were carried out using a two level RESPA multitime
step integrator.42 The bond and angle potentials were evaluated
with the inner time step of 2 fs, and the nonbonded interactions
were evaluated with the outer time step of 10 fs. The temperature
and the pressure were controlled using the Nosé-Hoover
algorithm.43 Nonbonded interactions were cutoff at 10 Å and
electrostatics (including long ranged interactions) were calcu-
lated using the LAMMPS implementation of the particle-
particle particle-mesh method with a grid spacing of 2.0 Å. The
CG water model was taken from the CG force field developed
by Shinoda et al.30 The interactions involving the BER site used
the parameters we recently developed.27,28 CG lipid parameters
were taken from our recently developed model for PC lipids.29

For all simulations, visualization and analysis was performed
using the VMD visualization tool.44

2.3. Free Energy Calculation. The free energy methods used
for the AA MD calculations will be discussed first followed by
the methodology for the CG MD calculations. The AA MD
free energy calculations were performed using umbrella sam-
pling. A benzene/fullerene (solute) molecule was initially placed
in the water region approximately 20 Å from the interface in a
fully hydrated DOPC or DMPC lipid bilayer system. The
z-component (the bilayer normal) of the separation between the
solute center and the membrane center of mass was fixed and
is denoted as z0. Lateral mobility of the solute was allowed at
each separation z0. Distance constraints were enforced by
applying an umbrella harmonic spring potential with a force
constant of 24 kcal/(mol ·Å2). Initially, the system was equili-
brated for 50 ns. Thereafter, the solute was successively moved
in the z-direction to the bilayer center plane in 1.0 Å steps. At
each separation window, the system was equilibrated for 20 ns
followed by a 10 ns production run. The step size was decreased
to 0.5 Å and the run times increased in regions where the slope
of the PMF varied considerably, such as in the headgroup
regions. The recorded force histograms were combined using
the weighted histogram analysis method (WHAM)45 through
its numerical implementation by Grossfield (http://membrane.
urmc.rochester.edu). Systems contained 128 lipids total with
roughly 6200 waters for both DMPC and DOPC.

For the CG MD calculations of the transfer free energy,
steered MD simulations were carried out using the LAMMPS
MD package.31 Equilibrated fully hydrated DOPC and DMPC
bilayer systems were used as initial configurations. A single
solute molecule was placed in the water region of the system
and pulled into the center of the bilayer using a constant velocity
pulling speed of 1 Å/ns and a force constant of 100 kcal/
(mol ·Å2). Multiple pulls (!50) were performed for each system
for a total simulation time of 1.2 µs per system. Equivalent
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system sizes were used for the CG MD simulations as given
for the AA MD calculation above.

3. Results and Discussion
3.1. Partitioning in Lipid Bilayers. To fix and validate the

BER-lipid interactions, comparison to AA MD calculations was
necessary. The BER-alkane (CM, three carbon alkane segment
not at the chain terminus; CT, three carbon alkane segment at
the alkane chain terminus; CT2, two carbon alkane segment at
the alkane chain terminus) interactions were previously fixed
using water/alkane partitioning data.27,28 The remaining param-
eters to be fixed consisted of the BER-lipid headgroup (NC,
choline; PH, phosphate; GL, glycerol; EST, ester) interactions
and BER-unsaturated alkane (CMD2) interactions. The BER-
CMD2 interaction is needed for the DOPC lipid systems (see
Figure 1 of Shinoda et al.29 for CG lipid mapping). To set these
parameters, AA MD transfer free energy calculations were
performed for benzene in DMPC and DOPC and C60 in DOPC.
The nonbonded parameters fit here were ! and " from the
Lennard-Jones functional form given in eq 1.

The details of the force field were discussed in our previous
work.27 For parametrization, the Lorentz-Berthelot combining
rules (eq 2) were used.

In eq 2, !aa and "aa represent the self-interaction values for
species “a” and !ab and "ab represent those for the cross
interactions between species “a” and “b”. Using eq 2, we made
a first guess for " and !. With " held fixed, ! was adjusted to
give the best agreement for the three transfer free energy
calculations.

This simultaneous fitting of the BER-lipid interactions for
all systems gave the results shown in Figure 1-3. Figure 1
shows the AA MD and CG MD results for the transfer free
energy of benzene from water to the center (0.0 Å) of a fully
hydrated DOPC bilayer. The dotted line shows results previously

published using the Berger lipid and OPLS force field46-49 and
the solid line shows our calculation using the CHARMM force
field.32 The CG result is shown as the dashed line and a reported
experimental value of !G ) -4.34 kcal/mol is shown marked
with a circle on the y-axis.50 The calculated values for Berger,
CHARMM and the CG model are -3.1, -3.4, and -5.1 kcal/
mol, respectively. The CG model shows very good agreement
with the experimental value.

Discrepancy between the AA MD and CG MD results could
arise from the fact that the alkane interactions in the CG model
were fit to volume corrected water-alkane transfer free energy
data.27 Experiments indicate that organic phase-water partition
coefficients of benzene into nonpolar isotropic liquids, micelles,
and unilamellar lipid vesicles all agreed to within 7% of each
other.50-52 This is the case for the CG model where the water
to alkane and the water to lipid bilayer transfer free energies
agree very well. On the other hand, the AA MD models more
closely reproduce nonvolume corrected transfer free energy.
Again, for the AA MD simulations, the water to alkane
(cyclohexane) and water to lipid transfer free energies are very
similar, which was previously discussed.49

Another aspect to compare is the shape of the free energy
profile especially in the alkane region. To aid in comparison,
the CG result was divided by 1.5 and is shown marked with
triangles in Figure 1. This factor was chosen to scale the
magnitude of the CG result to match that from the CHARMM
result. With this scaling, it is easier to compare the relative
shapes of the AA and CG profiles. The results show that none
of the models predict a high level of localization of benzene in
a specific region of the hydrophobic chains but rather suggest
that the benzene is distributed throughout the hydrophobic

Figure 1. Free energy profile for the translocation of benzene from a
reference state in bulk water to the center (0.0 Å) of a DOPC lipid
bilayer. The Berger-OPLS49 result is shown as the dotted line, the
CHARMM result is shown as the solid line, and the CG result is plotted
with a dashed line. To aid in comparison, the CG result is also scaled
by 1/1.5 and shown as a solid line marked with triangles. The
experimental value for !G from Simon et al. is shown (circle) for
comparison.50
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Figure 2. Free energy profile for the translocation of benzene from a
reference state in bulk water to the center (0.0 Å) of a DMPC bilayer.
The results from the CHARMM AA MD calculation (solid line) are
compared to the results from the CG MD calculation (dashed line).
The experimental value for !G from Simon et al. is shown (circle) for
comparison.50

Figure 3. Free energy profile for the translocation of C60 from a
reference state in bulk water to the center (0.0 Å) of a DOPC bilayer.
The plot compares results from the CHARMM AA MD calculation
(solid line) and the CG MD calculation (dashed line).
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region. The Berger result shows a slightly deeper well around
the headgroup/alkane interface compared to the CHARMM
result. This is even less evident in the CG model. However,
the difference between the CHARMM result and the CG (scaled)
result is minor (compare solid line to triangles).

Figure 2 shows the results for the transfer free energy of
benzene from water to the center (0.0 Å) of a fully hydrated
DMPC bilayer. The CHARMM AA MD result is shown by the
solid line and the CG result is shown by the dashed line. Here,
the models demonstrate excellent agreement (!GAA )-4.3 and
!GCG )-4.7 kcal/mol) compared to one another and compared
to a reported experimental result of -4.30 kcal/mol (circle on
y-axis).50 The results also agree well with previous AA MD
results published using free energy methodology.53 Again, both
profiles suggest that benzene is distributed throughout the
hydrophobic region of the lipid bilayer. The CG model shows
a slightly larger barrier to entry into the bilayer compared to
the AA result. However, this must be considered in light of the
DOPC result shown above where the barriers to entry agree
well. Since the same headgroup parameters exist in the DMPC
and DOPC CG models (and in the AA model), a compromise
must be made.

Figure 3 shows the free energy of transferring C60 from water
to the center (0.0 Å) of a DOPC bilayer from CHARMM AA
(solid) and CG (dashed) MD calculations. This CG result was
based on the same parameters used for the benzene calculations
above. The CG model shows excellent agreement with the AA
results, indicating a high level of transferability of the CG model.
The transfer free energy, !G, was -21.5 and -19.5 kcal/mol
for AA and CG, respectively. In this case, neither the AA nor
the CG model predicts a barrier to entry into the bilayer.

The results shown here represent the outcome of a simulta-
neous fitting of the three systems (benzene in DOPC and DMPC
and fullerene in DOPC) along with the constraint that the
BER-alkane interactions were previously fit to reproduce
the water-alkane transfer free energy.27,28 It is noted that the
BER-CMD2 (CMD2 makes up part of the hydrophobic tail
group in our CG DOPC model) interaction was fit to give good
agreement for the benzene and fullerene DOPC systems. The
resulting BER-CMD2 parameters are consistent with those
previously determined for the alkanes using transfer free energy
calculations.27 The parameters developed here are tabulated in
Table 1. A full set of parameters for a solvated C60-DOPC
system in a LAMMPS input style is given in the Supporting
Information. The model indicates a high level of transferability
in that the parameters are capable of accurately modeling
benzene and C60. It should be noted that the atomistic simula-

TABLE 1: Nonbonded Parameters Developed for the
Interaction between the CG Lipid Sites and CG Phenyl Sitea

types ! (kcal/mol) " (Å)

BER-NC 0.1987 4.775
BER-PH 0.3997 4.600
BER-GL 0.2711 4.153
BER-EST 0.2240 4.050
BER-CMD2 0.1768 3.9025

a CG types are taken from our previous work. BER refers to the
phenyl CG site,27 NC, PH, GL, and EST are from the lipid
head-group, and CMD2 refers to the unsaturated alkane section
from the lipid tail group.29 The interactions are based on the
Lennard-Jones 9-6 nonbonded potential form (eq 1) with a 15.0 Å
cutoff.27 Note that " is based on the mixing rules given in eq 2. A
full database of parameters in a LAMMPS input style is given in
the Supporting Information.

Figure 4. Snapshot of the high concentration benzene-DOPC system.
The alkane chains are shown in green, the EST groups are shown in
red, the GL groups are shown in white, the PH groups are shown in
gold, and the NC groups are blue. The benzenes are gray. Water was
removed for clarity.

Figure 5. Profile taken along the z-axis (normal to the membrane
bilayer) for the benzene-DOPC system. The normalized number
densities for the lipid headgroup, NC (circles) and PH (squares), and
benzene (no symbol) are shown for the pure lipid system (dotted), the
50 benzene system (solid), and the 800 benzene system (dashed). Note
that the total density integrates to one in all cases.

TABLE 2: Area per Lipid Molecule and the Lipid Bilayer
Thickness for the Benzene-DOPC and C60-DOPC Systems

no. of benzene/fullerene
molecules

area/lipid
(Å2)

lipid bilayer
thickness (Å)

0 68 40
50 benzene 70 41
800 benzene 90 45
32 C60 68 40
98 C60 69 41
200 C60 70 41

Figure 6. CG order parameters for the benzene-DOPC lipid systems
calculated along the bonds (vectors) connecting the CG sites. The
measurements were taken along each chain from the EST group to the
terminal alkane CG site. The angle was taken relative to the z-axis
(membrane normal). The pure lipid, 50 benzene, and 800 benzene
systems are shown with dotted, solid, and dashed lines, respectively.
Both alkane chains, SN1 (square) and SN2 (circles), are shown.
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tions within CHARMM use different parameters to represent
benzene and C60.22,23 If more detail is required, the BER CG
type could be split into two separate CG types and refined to
model benzene and fullerenes independently as in the CHARMM
case. However, we feel the performance is more than acceptable
and choose not to pursue this approach.

3.2. Benzene Rich Lipid Bilayers. As an application of the
parameters developed here, the impact of benzene on a DOPC
lipid bilayer was investigated for various benzene concentrations.
Two systems composed of a DOPC bilayer (200 lipid molecules
total) and 4296 CG waters combined with 50 benzenes and 800
benzenes were used, resulting in a benzene:lipid ratio of 1:4
and 4:1, respectively. The simulations were carried out for 50
ns. Several simulation based studies on the interactions of
benzene with lipid bilayers have been carried out in the
past.49,54-59 Figure 4 shows a snapshot from the end of the higher
concentration benzene simulation. The behavior of the benzene

and its impact on the bilayer was observed to be concentration
dependent, as shown by earlier studies.50,60,61

Figure 5 shows the normalized number density profiles along
the normal to the membrane interface for the pure DOPC bilayer
(dotted line), the lower concentration (solid line) and the higher
concentration (dashed line) systems. Shown are the headgroup
profiles for the NC (circles) and PH (squares) CG sites and
benzene (no symbol). From this figure, it is seen that for the
lower benzene concentration system, no significant impact was
made on the density profile of the headgroups. Further, the
benzene is distributed throughout the hydrophobic region of the
bilayer. Table 2 shows that the area per molecule increased only
slightly from 68 Å2 for the pure lipid system to 70 Å2 while
the bilayer thickness remained constant at 38 Å. The area per
molecule was calculated by taking the area of the bilayer
(product of the x and y dimensions of the simulation cell) from
the simulations (where the pressure was allowed to fluctuate

Figure 7. Snapshots from above the bilayer for the initial and final configurations of the DOPC C60 simulations containing 98 fullerenes (upper)
and 200 fullerenes (lower) are shown here. In each panel, the left snapshot shows the initial (after all of the C60 has been steered into the bilayer)
configuration and the right snapshot shows the final configuration. The lipid colors are the same as those used in 4. Here, C60 is orange. The edges
of the periodic images are shown with a transparent representation to aid in visualization of the clusters that cross the simulation unit cell.
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anisotropically) and dividing by the number of lipid molecules
in a single leaflet of the bilayer.

Order parameters were measured using eq 3,

where # is the angle between the vectors created by the bonds
connecting the CG sites and the z-axis. Measurements were
made in the lipid molecules beginning at the EST site and
continuing to the terminal alkane CG site. Comparison was made
between the benzene containing systems and the pure lipid
system for the SN1 (squares) and SN2 (circles) chains, as shown
in Figure 6. Here the results indicate that there is no significant
difference in this property when the lower benzene concentration
system (solid line) is compared to the pure lipid system (dotted
line).

On the other hand, the higher benzene concentration (4:1)
leads to significant changes in the bilayer structure. The dashed
line in Figure 5 shows a significant shift of the headgroup
density profiles out of the membrane, indicating swelling of the
bilayer. Table 2 shows that the area per molecule increased to
90 Å2 while the lipid bilayer showed an increase in thickness
to 45 Å, which was also seen in the density profile. Figure 6
shows the order parameters for the higher concentration system
(dashed line) where an increase in ordering along the entire
length of both chains can be seen. Finally, the presence of free
monomers in the aqueous phase, as seen in Figure 4, suggests
that this concentration is close to the saturation point.

3.3. C60 Aggregation in Lipid Bilayers. To investigate the
behavior of C60 in a lipid bilayer, simulations of varying
fullerene concentration were performed using the parameters
developed here. Three simulations of 32, 98, and 200 C60

molecules in a DOPC bilayer composed of 2048 DOPC lipids
and 68 064 CG waters were performed. These concentrations
correspond to DOPC:C60 ratios of 64:1, 21:1, and 10:1,
respectively. The total system sizes contained roughly 110 000
CG sites (corresponding to roughly 1 million atoms) and were
carried out for simulation times ranging from 130 to 330 ns.
Figure 7 shows snapshots from above the bilayer for the 98
and 200 fullerene molecule simulations. Simulations of this size
and time scale are not practical with an AA MD approach and
rely on methods such as CG MD for exploration. In addition to
the systems containing fullerenes, a reference simulation free
of fullerene but otherwise identical was carried out. Our
simulations indicated that C60 spontaneously enters the bilayer,
which has been found in other simulation studies.24-26 However,
to cut down on the computational expense of allowing multiple
fullerenes to diffuse into the bilayer interior from the water
region, a steering force was applied over the first 1 ns of the
simulation to drive the fullerenes into the bilayer core. The
steering force was then removed. This protocol was used on all
three systems.

For the 32 fullerene system, the fullerenes started to aggregate
immediately and continued to build larger clusters as the
simulation proceeded. The average aggregation number (2 for
this system) as a function of simulation time is shown in the
upper plot of Figure 8 (circles). The aggregation number plateaus
for this system because the low concentration leads to diffusion
limited aggregation. The upper-middle plot of Figure 8 shows
the distribution of aggregate sizes for the last frame of the 32
fullerene system which is characterized by several free mono-
mers and smaller aggregates along with roughly three larger
aggregates (of 5 monomers or larger). Figure 9 shows the

normalized number density profiles for the headgroups, NC
(circles) and PH (squares), and the fullerene (no symbols) along
the bilayer interface normal. In this figure, the pure lipid and
32 fullerene systems are shown in black and red, respectively.
The density profiles indicate that the 32 fullerene system lipid
structure is not impacted relative to the pure lipid system.
Further, the CG order parameters in Figure 10 show no
significant differences for the pure lipid (black) and the 32
fullerene system (red).

The upper panel of Figure 7 shows snapshots from the 98
fullerene system for the initial configuration (after all of the
C60 is in the bilayer) on the left and the final configuration (after
330 ns) on the right. The fullerenes quickly began to aggregate
in the core of the bilayer. Due to the longer simulation time,
the aggregates grew to sizes of roughly 20 monomers on

Szz )
1
2

#3 cos2 # - 1$ (3)

Figure 8. Aggregation results are shown here for the C60-DOPC
systems. The upper panel shows the time evolution of the average
aggregation number for the 32 fullerene (circles), 98 fullerene (squares),
and 200 fullerene (triangles) systems. The lower three panels show
the distribution of aggregate sizes from the last snapshot of the three
systems with the 32 fullerene system shown in the upper plot, 98
fullerene system shown in the middle, and 200 fullerene system in the
lower plot.

Figure 9. Normalized number density profiles along the z-axis (normal
to the membrane bilayer) for the C60-DOPC system are shown here.
The headgroups and fullerene densities are shown for the pure lipid
system (black), the 32 fullerene system (red), 98 fullerene system
(green), and 200 fullerene system (blue). The NC groups (circles), PH
groups (squares), and C60 (no symbol) are shown. Note that the total
density integrates to one in each case.
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average. The distribution of aggregate sizes is shown in the
lower middle plot of Figure 8 where an aggregate of consider-
able size (35 molecules) can be seen in addition to smaller
aggregates. As shown in Table 2, no significant impact was
made on the area per molecule of the lipid or the bilayer
thickness. This indicates the degree to which the alkane region
of the bilayer can be compressed without affecting the packing
of the headgroups. The density profile in Figure 9 shows no
perturbation of the bilayer headgroups, and the fullerenes were
distributed throughout the bilayer hydrophobic core but with
an elevated tendency to occupy the center of the bilayer. The
order parameters show a very minor increase in Figure 10.

The lower panel of Figure 7 shows the snapshots for the 200
fullerene system with the initial configuration on the left and
the final snapshot after 130 ns on the right. Over the course of
the simulation, large aggregates formed and appeared to be
continuing to form albeit retarded by the slow diffusion rates
of the relatively large aggregates. Figure 11 shows a side view
from the end of the 200 fullerene simulation. Here, the
aggregates can be clearly seen. Further, no significant impact
on the lipid bilayer (in the form of induced curvature or similar
distortions) is visibly detectable. The time evolution of the
average aggregate size is shown in the upper panel of Figure 8
marked by triangles. The lower panel shows the aggregate size
distribution at the end of the simulation.

The results shown here indicate that C60 forms aggregates in
a DOPC bilayer even at the lowest concentration investigated.
These observations are in agreement with a number of experi-
mental observations.62-66 Work on charge transport across a
DPPC lipid bilayer containing C70 fullerenes yielded transit times

of the negative charge that suggests an electronic process as
opposed to diffusion of charge across the bilayer.63 These
findings could be explained by the existence of C70 aggregates
that rapidly and efficiently transport charge across the bilayer.
For C60 containing DPPC lipid bilayer systems, small angle
neutron scattering (SANS), X-ray reflectivity and grazing
incident small-angle X-ray scattering (GISAXS) studies were
used to investigate the effects of fullerene.65 This work indicated
perturbations of the bilayer thickness and suggested the presence
of C60 aggregates. The lack of perturbations in the current CG
simulations more than likely results from the relatively small
aggregates that have formed compared to those in the experi-
mental work. The results shown in Figure 8 do not indicate the
final aggregation numbers. It is expected that the aggregates
would grow larger with longer simulation times and perhaps
more importantly larger concentrations of C60. Finally, work
on the formation and dispersion of C60 in DPPC bilayers
indicated the formation of nano-C60 aggregates in lipid bilayer
systems with ratios of DOPC:C60 of 500:1.66

On the other hand, these results are in contrast to the work
by Wong-Ekkabut et al. where the use of the MARTINI model
predicted fullerene dispersion in a DOPC bilayer.25 The
concentrations investigated in those simulations (DOPC:C60 72:
1, 18:1, and 9:1) and the system size (1152 DOPC molecules)
were on the order of those used here. These discrepancies reflect
differences in the models. More work and experimental guidance
will be required to resolve these differences.

4. Conclusions

In this work, we developed parameters for the interactions
between our recently developed CG benzene (fullerene) force
field and CG lipid force field. This parametrization was based
on a combination of experimental data and AA MD calculations.
The results showed excellent agreement for three distinct
systems (benzene in DOPC and DMPC bilayers and C60 in a
DOPC bilayer) when compared to AA MD transfer free energy
calculations of solute molecules from water into lipid bilayers.
This is an indication of a high level of transferability of the
CG models. The parameters were then used to investigate the
impact of benzene and fullerene on lipid bilayer systems.

The results indicate that a high concentration of benzene can
be obtained before significant effects to a DOPC bilayer are
observed. With the system containing 1 benzene to 4 lipids, no
significant effects were noted on the lipid bilayer. However, at
a benzene:lipid ratio of 4:1, significant effects were observed.
At all concentrations, the benzene is distributed throughout the
hydrophobic core of the bilayer with an increase in density
toward the center of the bilayer. The benzene does not aggregate
but rather remains diffuse throughout the bilayer even at the
highest concentration. Further, the presence of occasional free

Figure 10. CG order parameters for the C60-DOPC systems calculated
along the bonds (vectors) connecting the CG sites. The measurements
were taken along each chain from the EST group to the terminal alkane
CG site in the lipid alkane chains. The angle was taken relative to the
z-axis (membrane normal). The pure lipid system is shown in black,
the 32 fullerene system is shown in red, the 98 fullerene system is
shown in green, and the 200 fullerene system is shown in blue. The
two chains, SN1 and SN2, are marked with circles and squares,
respectively.

Figure 11. Side view from the final configuration of the C60-DOPC simulation containing 200 fullerenes. The lipid colors are the same as those
used in 4. Here, C60 is orange.
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monomers in the aqueous phase indicates that the highest
concentration is near the saturation point.

The primary result reported here is the behavior of multiple
fullerenes in a lipid bilayer. In earlier work, our CG MD model
indicated a favorable dimerization free energy for C60 in a
tridecane melt28 which was in excellent agreement with previous
AA MD simulations by Li et al.21 On the other hand, the AA
MD simulations from Li et al. found a less favorable free energy
for the dimerization of C60 in a DMPC lipid bilayer.21 On the
basis of this result, Li et al. postulated an increased solubility
of fullerenes in the lipid bilayer interior (compared to a
hydrocarbon melt).21 In line with this postulate, Wong-Ekkabut
et al. observed complete dispersal of C60 in a DOPC lipid bilayer
using the MARTINI CG force field.26 Despite long simulation
times, no C60 aggregation was noted. In fact, aggregates in the
aqueous phase were shown to disintegrate upon entry into the
bilayer in those simulations.

The results from this work indicate that C60 aggregates within
a DOPC bilayer at all concentrations investigated. From an
initially dispersive state, the fullerenes aggregate rapidly with
the aggregates continuing to grow in size despite being
increasingly limited by the diffusion time scale. It appears that
the aggregates are still growing at the end of the simulations.
These findings are supported by several experiments, which
clearly show evidence for C60 aggregation in lipid bilayers.62-66

The validation of the CG force field developed here is
promising for the application to more advanced systems
involving the interactions of fullerenes with lipids. In addition,
the results indicate that the CG model is transferable which
opens up a realm of possible applications including different
sized fullerene spheres (C180, C540), carbon nanotubes and
derivatized fullerenes including carboxylated C60 and CNTs.
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