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Recent cytotoxicity research suggests that fullerenes can enter the cell and cross the blood-brain
barrier. However, the underlying toxicity mechanism behind the penetration of fullerenes through
biological membranes is still not well understood. Here we perform coarse-grained molecular
dynamics simulations to investigate the interactions of fullerenes and their polar derivatives (Janus)
with model regular and peroxidized bilayers. We show that the translocation of fullerenes and their
residence time in bulk water vary depending on the bilayer's peroxidation degree and fullerene
polarity. The distribution of fullerenes inside the bilayer is mainly determined by the peroxidation

degree and the saturation level of lipid acyl chains. The transport of pristine fullerenes through
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Accepted 8th February 2021 bilayers occurs at nano timescale while the complete diffusion may not be achieved for Janus
fullerenes in micro timescale. As for the toxic response of fullerenes in terms of membrane
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Introduction

Since their discovery in 1985, fullerenes (C60) have become the
focus of many studies due to their unique properties.* Their
application range includes photovoltaic devices,> composite
materials,® artificial photosynthesis,* energy conversion and
storage®* and biomedical systems.® While their superior
electron-acceptor abilities allow fullerenes to be used conve-
niently in electronic systems,* their antioxidant behavior,®
high permeability, and biocompatibility make them particu-
larly suitable for drug delivery and photodynamic therapy
agents.>’

Still, there are a limited number of studies on the envi-
ronmental risk analysis of fullerene nanoparticles,® and their
biological effects present contradictory perspectives.® There-
fore, the rapid growth of fullerene use has raised concerns
about their potential adverse impact on health and the envi-
ronment. Although fullerenes dissolve in many organic
solvents, they disperse in the form of aggregates in polar
solvents such as water.'® These colloidal suspensions have
shown that the size of fullerene nanoparticles varies between
tens and a few hundreds of nanometers.'>*> Despite their large
aggregate size, experimental evidence reveals that fullerene
nanoparticles can penetrate cells and cross the blood-brain
barrier (BBB)." Several papers have addressed the
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biocompatible nature of fullerenes'™” and their ability to
penetrate efficiently through the BBB for delivering drugs into
the brain.'®' On the other hand, reactive oxygen species
(ROS)-induced permeability increase and impairment in BBB
have also been reported.*® BBB is composed of endothelial
cells in complex junctions, being a multi-component system.
Simple models including lipid bilayers (e.g., POPC or DOPC) in
the absence® and presence® of protein molecule have been
used to study the BBB before. However, the permeation and
cytotoxicity mechanism of fullerenes through such systems as
well as biological membranes is not yet well determined.
Previous studies associated toxicity with water solubility
behavior of fullerenes.?*** It was reported that the toxicity of
pristine fullerenes is seven orders of magnitude higher than
functionalized water-soluble fullerene nanoparticles.>® Recent
research proposed that the primary toxicity mechanism
induced by fullerenes is ROS mediated lipid peroxidation.>*™>*
While water-soluble fullerenes are more prone to lipid perox-
idation, both pristine fullerene and its hydroxyl derivative
exhibited toxic responses through lipid peroxidation which
results in membrane damage.*® Paradoxically, fullerenes have
been utilized as antioxidant agents against radical-mediated
lipid peroxidation and disruption of membrane integrity.
Pristine fullerenes were found to be more favorable compared
to its polar and water-soluble conjugates in terms of the
maintenance of membrane integrity.> There is also evidence
that lipid peroxidation is a step in the chain of events involved
in cytotoxicity rather than a triggering factor.** Since this
paradigm is still a topic of discussion, understanding the
interactions between fullerenes and biological membranes
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(specifically oxidized membranes) is of central importance to
determine their toxicity mechanism.

In the current study, we compare pristine and Janus
fullerene nanoparticles through their interactions with various
lipid bilayers, including DOPC, POPC, and their different levels
of peroxidized forms, via MARTINI coarse-grained (CG) force
field.*>** Previous computational studies covered the perme-
ation of monomeric fullerene across a lipid bilayer,* solvation
of fullerene in water,** interactions of fullerene dimers inside
a bilayer,* effects of fullerene on liquid ordering,** and
fullerene aggregation on lipid membranes.*”* To our knowl-
edge, however, no study to date has examined the interactions
of fullerene molecules with peroxidized lipid membranes,
which is a so-called indicator of toxicity. This work provides an
insight into the fullerene permeation across lipid membranes
depending on the concentration and polarity of fullerene as well
as the level of peroxidation of bilayers and suggests that the
peroxidation is not likely the cause of membrane integrity
disruption in the toxicity mechanism of fullerenes at the
concentration levels tested.

Computational methods
Coarse-grained models

We performed CG molecular dynamics simulations to study the
influence of fullerenes and their polar derivatives on lipid
membranes by using the GROMACS 5.1.1 software package*®
and MARTINI force field.>"** A total of eight types of membrane
models at four peroxidation levels (0, 30, 70, 100%) were used
with either 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), or
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) phos-
pholipids that correspond to two different saturation levels.
Initial configurations of the membranes were formed by
insane.py script.** The script was modified for peroxidized lipids
based on their MARTINI force field description.*” The 16-bead
CG representation of the fullerene molecule used in this study
was developed by Monticelli et al** through Monte Carlo
simulations on the sphere surface with a diameter of 0.72 nm.
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To obtain Janus form of fullerenes, half of the CNP (Carbon
Nanoparticle) beads defined by Monticelli et al. were replaced
by the more polar P5 bead.** The structure of lipids and
fullerene models are depicted in Fig. 1.

The simulated systems contained 512 lipids, 12 312 CG
water molecules, and 0.15 M NacCl salt concentration to mimic
the physiological cell environment. Detailed information on the
simulated systems is provided in Table S1 in the ESL{ The
fullerene to lipid ratio was set to 0.002 and 0.02, which corre-
sponds to 1 and 10 fullerene particles respectively, to observe
the concentration effect on fullerene permeation. Each of 8
membrane systems was simulated both in the absence of
fullerenes, as well as in the presence of 1 and 10 pristine/Janus
fullerene molecules. Initially, fullerenes were randomly placed
in the bulk water phase, approximately 1.5 nm away from the
membrane head groups. For convenience, peroxidized POPC
was renamed as POBU while peroxidized DOPC was called as
DOBU. In the manuscript, the simulated system has been
referred to as Lipid (% Peroxidation)-Number of Pristine/Janus
Fullerene; for instance, POBU30-10P corresponds to a POPC
bilayer containing a 30 mol% peroxidized POPC (POBU) and 10
pristine fullerene nanoparticles.

MD simulation parameters

Initial systems were subjected to energy minimization using the
steepest descent method and equilibrated for 60 ns with 10 fs
time step to remove atomic overlaps and bad contacts that may
occur during molecular setup. During equilibration, pressure
was relaxed with Berendsen barostat*> with a coupling constant
of 5 ps. Simulations (a total of 40 runs) were carried out under
constant particle number, pressure, and temperature (NPT)
ensemble. Temperature was maintained at 310 K by velocity-
rescaling thermostat*® with a time constant of 1.0 ps. The
semi-isotropic pressure coupling was used by setting reference
pressure to 1 bar. Pressure of the system was controlled by using
Parrinello-Rahman barostat*” with a coupling constant of 5 ps
and a compressibility factor of 3 x 10! bar '. Periodic
boundary conditions were applied in all three dimensions, and
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Fig. 1 MARTINI representation of (a) POPC, DOPC and their oxidized analogs POBU and DOBU, (b) fullerene molecules.
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the neighbor list was updated every 10 steps. A cutoff distance of
1.2 nm was employed for non-bonded interactions. The
Lennard-Jones interactions were treated with a cut-off scheme*®
and were shifted to zero between 0.9 and 1.2 nm by using
Potential-Shift modifier.* The Coulomb potential was based on
Reaction Field scheme®** and shifted to zero between 0 and
1.2 nm with a permittivity constant of ¢, = 15. All systems were
simulated for 10 ps with a time constant of 20 fs, and the
analysis was performed by averaging the last 5 us of trajectories
that were saved for every 0.5 ns. To visualize the molecules and
trajectories, the Visual Molecular Dynamics (VMD) software*
was utilized.

MD analysis

The membrane properties and the interactions of fullerenes
with membranes were evaluated through area per lipid (APL)
and volume per lipid (VPL) values, lipid bilayer thicknesses,
lateral diffusion coefficients, density distributions, and radial
distribution functions (RDFs) by using corresponding GRO-
MACS modules. APL was calculated by dividing the box area in
xy direction to half of the total lipid number. In VPL calcula-
tion, box area in xy direction was multiplied with the z-
dimension of the bilayer which is obtained from the distance
between the headgroup peaks in the density profile and
divided by the total lipid number. Bilayer thickness was found
through calculating PO4 distance from upper to lower leaflet
of the bilayer in z-direction. The lipid lateral diffusion values
were obtained from the mean square displacement (MSD)
curves by fitting the 5 to 9 us section of the curve to MSD(t) =
4Dt + ¢ where the constant ¢ reflects the offset at ¢ = 0. The
lateral and longitudinal diffusion constants of fullerene and
water molecules were calculated by the linear fitting of MSD
curves between 8.5 and 9.5 pus.

Potential of mean force (PMF) simulations

To further understand the translocation of a single fullerene
through a lipid bilayer, the umbrella sampling technique*
with the weighted histogram analysis method (WHAM)>*** was
applied for DOPC, POPC, and their fully peroxidized forms
(DOBU and POBU). A fullerene molecule was initially placed in
the water phase at a 4.5 nm distance of the membrane center.
Once the systems were energetically minimized and equili-
brated for 60 ns, the fullerene was pulled to the center of the
bilayer with 0.1 nm intervals in which resulted in evenly
spaced 45 configurations. The distance between the center of
mass (COM) of the fullerene and the membrane was restrained
in the z-direction with a harmonic potential force constant
1000 kJ mol™'. Each umbrella window was simulated for 600
ns (100 ns equilibration) under the NPT ensemble at 310 K for
a total time of 27 ps. The energetic description of fullerene
transport through the bilayer was analyzed via combining
separate windows on WHAM to obtain additional evidence for
its translocation behavior and to calculate its free energy
minima within peroxidized lipids for the first time in
literature.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Results & discussion

Structural properties of lipid bilayers in the absence and
presence of fullerene nanoparticles are given in Table 1. Since
the excess area sourced by the undulations of bilayers is small,
the area of the periodic box can be considered equal to the
bilayer area. However, there is a significant difference
between the volume of the bilayer and the volume of the
simulation box due to the presence of water and ion mole-
cules. Therefore, VPL values have also been calculated and
given in Table 1.

The computed APL and bilayer thickness values are in close
agreement with the previous experimental and computational
results. For regular DOPC bilayer, APL and thickness values
are calculated as 0.660 + 0.005 nm? and 4.44 + 0.03 nm,
respectively, whereas the reported experimental values range
0.67-0.73 nm?” and 3.53-4.60 nm.***® In a similar fashion, the
APL and thickness in POPC bilayer are found as 0.631 & 0.005
nm?> and 4.27 4+ 0.03 nm, respectively, comparable to previ-
ously reported experimental and computational ranges of
0.63-0.68 nm? and 3.70-4.31 nm.*>**% Furthermore, Table 1
indicates that APL values increase while bilayer thickness
decrease with increased peroxidation. In fully peroxidized
DOBU and POBU bilayers, we have obtained 20.4% and 17.2%
increase in APL values but 7.2% and 8.2% decrease in thick-
ness values as reported elsewhere.*>* No significant change in
the APL and bilayer thickness values are observed upon
introduction of a single pristine/Janus fullerene molecule. In
the presence of 10 pristine fullerenes, the bilayer thickness
and APL values slightly increase except for 100% oxidized
DOPC where the thickness slightly increases but the APL
remains approximately constant. The change in thickness
values is more apparent for higher peroxidation levels while
the opposite is true for the APL. On the other hand, the pres-
ence of 10 Janus fullerenes have resulted in a slight increase in
APL values but a decrease in bilayer thickness. Nevertheless,
these changes are below 1% in all cases in agreement with the
passive diffusion of fullerene molecules.

The VPL values listed in Table 1 show that peroxidation
increases the volume of the bilayer resulting in higher VPL
values in DOBU and POBU bilayers compared to regular DOPC
and POPC. Experimental studies have reported VPL values of
1.303 nm® for DOPC and 1.256 nm® for POPC at 303 K,
respectively.®® Our results demonstrate VPL values of 1.491
nm” for DOPC and 1.373 nm® for POPC at 310 K which are 14%
and 9% higher than those of the experiments. However,
considering the approximation made in the volume calcula-
tion and the effect of temperature, this variation is in the
acceptable range. Similarly, Guo et al. have found the VPL of
DOPC and POPC as 1.488 nm® and 1.379 nm?, respectively,
which are in close agreement with our results.*> The addition
of pristine and Janus fullerenes to bilayer systems has no
significant effect on the VPL values, in general, except for 70%
peroxidized POPC. About 8% and 6% increase in VPL values
are obtained, respectively, upon the addition of 10 P/J
fullerene molecules into 30% peroxidized DOPC and 70%
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Table 1 Area per lipid, volume per lipid, bilayer thickness values as well as lateral diffusion coefficients of DOPC and POPC bilayers, and their
corresponding oxidized analogs DOBU and POBU bilayers; lateral and longitudinal diffusion coefficients of fullerenes; and longitudinal diffusion
coefficients of water molecules. Here P/J denotes pristine or Janus fullerene nanoparticle

Lateral diffusion

Longitudinal diffusion

Bilayer coefficient (um?* s %) coefficient (um?* s™%)
P/] Boxarea Area per lipid Boxvolume  Volume per thickness
Model no (nm? (nm?) (nm?) lipid (nm®)  (nm) Lipid P/J P/J Water
DOPC No 169.0 £1.3 0.660 + 0.005 2250.3 +3.8 1.49+ 0.01 4.44 +£0.03 39.8+2.2 — — 0.23 + 0.02
1P 169.1 £ 1.3 0.661 £+ 0.005 2248.7 +£3.9 1.49 +0.01 4.44£0.03 36.5+12 — — 0.23 £+ 0.00
1] 169.1 +£ 1.3 0.661 4+ 0.005 2248.7 +3.9 1.50 +0.01 4.44 £0.03 36.4 +2.3 — — 0.21 + 0.03
10P 170.5 £ 1.3 0.666 = 0.005 2252.3 +3.8 1.50 +0.01 4.44 +£0.03 38.1+3.6 54.8+2.7 —0.15 +1.13 0.24 £ 0.01
10] 169.9 + 1.3 0.664 £+ 0.005 2251.5+ 3.9 1.50+ 0.01 4.43 +£0.03 33.3+1.2 14.0+6.1 —0.00 £ 0.00 0.35 + 0.04
DOBU30 No 183.5+ 1.7 0.717 £0.007 2272.7 £3.8 1.48 £0.01 4.22+0.03 29.5+4.7 — — 0.51 £+ 0.09
1P 183.6 £ 1.7 0.717 £ 0.007 2271.3 +3.8 1.49 +0.01 4.22 £0.03 30.7 +2.1 — — 0.54 + 0.03
1J 183.7 £ 1.7 0.717 £ 0.007 2271.2 +3.8 1.51 +£0.01 4.21 £0.03 32.3+2.5 — — 0.48 £+ 0.06
10P 184.0 + 1.7 0.719 £ 0.007 2275.7 3.9 1.58 +0.02 4.24 £ 0.03 28.2+ 0.7 27.9 + 25.7 0.03 + 0.02 0.44 £ 0.08
10] 184.9 +£1.7 0.722 £0.007 2275.6 3.8 1.62 +0.02 4.21 £0.03 27.5+0.3 12.0=* 2.6 0.01 &= 0.00 0.51 £ 0.01
DOBU70 No 195.7 £2.1 0.764 £+ 0.008 2303.6 £3.8 1.64 £0.02 4.144+0.04 269+1.8 — — 1.36 £ 0.01
1P 195.8 £ 2.1 0.765 + 0.008 2301.7 + 3.7 1.64 +£0.02 4.15+0.04 24.9+29 — — 1.28 £ 0.05
1J 1959 £2.1 0.765 £+ 0.008 2301.6 +£3.8 1.63 £0.02 4.14 £0.04 30.6 3.7 — — 1.21 £ 0.02
10P 195.9 +£2.1 0.765 £ 0.008 2305.7 3.8 1.64 +0.02 4.18 £0.04 26.6 =04 35.0+9.5 0.01 +0.01 1.06 £ 0.05
10] 192.3 +£2.1 0.771 £ 0.008 2305.5 +3.8 1.64 +0.02 4.13 £0.04 23.0+ 2.5 14.4 4+ 3.6 —0.00 £ 0.00 1.20 + 0.06
DOBU No 203.5+24 0.795+0.010 2326.5+ 3.8 1.73 +£0.02 4.12 £+0.04 26.6+0.1 — — 1.98 £ 0.03
1P 203.5+ 2.4 0.795 £+ 0.009 23249 +£3.8 1.73£0.02 4.12+0.04 283 +05 — — 2.24 + 0.00
1J 203.7 £2.4 0.796 £ 0.010 2324.8£3.8 1.73£0.02 4.12+0.04 233 +£24 — — 2.10 + 0.13
10P 203.4+£2.5 0.794 £0.010 2328.6 +3.8 1.64£0.02 4.15+0.04 24.2+2.0 354+13.0 —-0.01+0.01 1.84 +0.07
10] 205.2 +2.4 0.802 £ 0.010 2328.4 +3.8 1.64 +0.02 4.10+0.04 24.1+15 158+24 —0.00 + 0.01 2.17 £ 0.12
POPC No 161.5+1.3 0.631 +0.005 2194.5+ 3.8 1.37 +0.01 4.27 £0.03 42.0+4.3 — — 0.18 + 0.04
1P 161.6 £ 1.3 0.631 + 0.005 2192.4 +3.8 1.35+0.01 4.27 £0.03 40.1+1.6 — — 0.25 £+ 0.02
1J 161.6 £ 1.3 0.631 £+ 0.005 2192.3 +£3.8 1.37 £0.01 4.26 +£0.03 41.5+03 — — 0.25 + 0.05
10P 163.1 +1.3 0.637 £ 0.005 2197.1 +3.8 1.37 £0.01 4.27 £0.03 41.4 +3.4 21.1+12.5 0.10 + 0.61 0.25 £ 0.00
10] 162.1 +1.3 0.633 £0.005 2197.2 +3.8 1.37 +£0.01 4.26 +£0.03 39.4 +2.8 10.3 +19.7 —0.00 £ 0.00 0.22 + 0.02
POBU30 No 171.8 £ 1.5 0.671 £ 0.006 2205.3 + 3.8 1.39 +0.01 4.09+0.03 359+19 — — 0.42 £+ 0.04
1P 1719 £ 1.5 0.671 £ 0.006 2203.3 +£3.8 1.36£0.01 4.09+0.03 35.8+05 — — 0.36 = 0.01
1J 1719 £ 1.5 0.672 + 0.006 2203.3 +3.8 1.37 £0.01 4.09 £0.03 34.2+4.5 — — 0.33 + 0.04
10P 173.1£1.5 0.676 £0.006 2207.5+3.9 1.38+0.01 4.10+0.03 33.0+2.8 27.3+11.2 0.01 &+ 0.12 0.26 £ 0.01
10] 173.0 £ 1.5 0.676 £ 0.006 2207.5+3.9 1.39+0.01 4.08+0.03 31.4+2.5 12.6+ 18.3 —0.00=+ 0.00 0.36 = 0.09
POBU70 No 183.6 £1.8 0.717 £0.007 2221.1+£3.7 1.38+£0.01 3.95+0.03 33.5+£1.0 — — 0.61 £+ 0.07
1P 183.6 £ 1.8 0.717 &£ 0.007 2219.3 +3.8 1.46 +0.01 3.96 £0.03 32.8+ 11 — — 0.59 + 0.12
1J 183.8 £ 1.8 0.718 £ 0.007 2219.3 +£3.8 1.45+0.01 3.95+0.03 33.1+06 — — 0.61 &+ 0.03
10P 184.0 + 1.8 0.719 £+ 0.007 2223.5 + 3.8 1.45 4+ 0.01 3.98 £0.03 28.4 +4.2 28.3 4+ 12.0 0.02 + 0.00 0.53 £ 0.01
10] 185.1 +£1.8 0.723 £0.007 2223.6 +=3.8 1.48 +0.01 3.94+0.03 30.3+2.0 274+43 —0.00 &+ 0.00 0.58 £ 0.02
POBU No 189.2 + 2.0 0.739 £ 0.008 2233.4 + 3.7 1.48+0.02 3.92+0.03 33.7+13 — — 0.81 £+ 0.07
1P 189.2 £ 1.9 0.739 +£0.008 2231.4 +3.7 1.46 +0.02 3.92 £0.03 34.8+3.0 — — 0.89 £+ 0.04
1] 189.3 £ 1.9 0.740 + 0.008 2231.4 + 3.7 1.47 +£0.02 3.92+0.03 33.8+1.7 — — 0.96 + 0.02
10P 189.4 £1.9 0.740 £0.008 2235.7 £3.8 1.49+£0.02 3.95+0.03 31.2+19 24.1+7.0 0.01 &£ 0.02 0.90 £ 0.11
10] 190.7 £ 1.9 0.745 £ 0.008 2235.7 +3.8 1.48 +£0.02 3.91+0.03 31.7 +2.0 8.4 + 6.8 —0.04 £ 0.03 0.95 + 0.01

peroxidized POPC. However, ~5% reduction in VPL is recor-
ded with 100% peroxidized DOPC when 10 P/J fullerene
molecules are added.

The lipid lateral diffusion coefficients at 310 K have been
calculated as 39.8 and 42 pum? s~ * for DOPC and POPC bilayers,
respectively, which are larger than their corresponding
experimental analogs of 16 and 15.3 um” s~ '.** However, it is
a known fact that CG simulations predict 2 to 10 times faster
diffusion than experimental observations based on the
temperature. Therefore, not the numeric value but the relative
trend of diffusion coefficients should be evaluated. In general,
the lipid mobility decreases with increasing peroxidation level.
However, the decrease is more significant at 30% lipid

7578 | RSC Adv, 2021, 11, 7575-7586

peroxidation, whereas the mobility values are about the same
between 70% and 100% peroxidation level. The diffusion
coefficients are 33.2% and 19.8% lower for fully peroxidized
DOPC and POPC bilayers, respectively, compared to their
corresponding regular bilayers. Thus, previously reported*
average 25% drop in lipid mobility is confirmed in our study.
The reduction of lateral diffusion coefficients by hydro-
peroxidation has been attributed either to stronger cohesion
between lipid molecules or increased friction between water-
bilayer interface.**

Lateral and longitudinal diffusion coefficients for pristine
and Janus molecules are also given in Table 1. Due to the large
oscillations in MSD calculations, the values are reported only

© 2021 The Author(s). Published by the Royal Society of Chemistry
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for systems including 10 pristine/Janus fullerene molecules.
The lateral diffusion of fullerene is affected by both lipid
peroxidation and saturation levels. In agreement with the
previous findings,* pristine fullerenes move faster in unsat-
urated lipids than in saturated ones. The highest fullerene
mobility is observed in DOPC bilayer, which is almost twice as
those of the POPC and its peroxidized forms. In DOBU30 and
POPC bilayers where aggregation of pristine and Janus
fullerenes is observed, the fullerene mobility is decreased, and
the collective oscillations have considerably increased the

© 2021 The Author(s). Published by the Royal Society of Chemistry

standard error values. In other words, aggregation behavior is
detected for the systems where the standard error of lateral
diffusion constant of fullerenes is high. In addition, Janus
fullerenes move slower than pristine fullerenes, indicating
higher tendency of polar derivatives of fullerenes to aggregate.
Longitudinal diffusion coefficient values of pristine and Janus
fullerenes, on the other hand, are relatively small with large
standard errors. This is due to low transport of fullerenes
within the bilayer once they reach their preferred location
(discussed further below). Another important point is the
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diffusion constant of water molecules in the z-direction. The
values increase, in general, with increasing peroxidation level.
The longitudinal diffusion constants of water molecules in the
presence of pristine fullerenes are very similar in both DOPC
and POPC bilayers. However, the mobility differs with lipid
peroxidation being higher in more peroxidized lipids. These
findings are also confirmed in our density distribution anal-
ysis (cf. Fig. S31), in which water permeability is high in per-
oxidized lipids, especially in peroxidized DOPC. In the
presence of single fullerene molecule, the longitudinal

7580 | RSC Adv, 2021, 11, 7575-7586

diffusion constants of water molecules are about the same or
slightly change, whereas increasing the fullerene concentra-
tion results in a decrease in the values especially with pristine
fullerenes at 30 and 70% peroxidation.

The density distribution profiles of lipid head, linker, and
tail groups, as well as water and ions, are presented in Fig. 2 and
3 in the presence of 10 pristine and 10 Janus fullerene mole-
cules for DOPC and POPC bilayers at various peroxidation
degrees. The density distributions for one pristine/Janus
fullerene molecule with all lipid types are given in Fig. S1 and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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S2 in the ESI.f When peroxidized lipids are compared to their
regular PC counterparts, the density profiles of head and linker
groups are found to be more broadened with a decrease in their
density peak values. This drop increases with increasing per-
oxidation level, i.e., the more peroxidized the bilayer is, the less
density peak values of head and glycerol groups are observed.
Furthermore, the density values of the water are not completely
vanished in the center of the peroxidized membranes. This is
attributed to the water diffusion across the peroxidized lipids,
which is more pronounced in DOBU bilayer as they are more
prone to peroxidation due to the presence of double unsatura-
tion in their carbon chains.
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As previously demonstrated by atomistic simulations,® the
hydrophobicity of pristine fullerene nanoparticles mainly
leads to its accumulation inside the lipid bilayer interior
region. In general, fullerene molecules traverse the interfacial
polar headgroup and place on hydrophobic part of the
membrane.*® Our simulations also confirm this observation
such that pristine fullerene nanoparticles reside close to the
linker groups within DOPC and POPC bilayers and at the
membrane center within the fully peroxidized DOBU and
POBU bilayers (c¢f. Fig. 2). Higher density distributions of
pristine fullerene near the linker groups in regular PC bilayers
may be attributed to the presence of C double bonds. The
unsaturated bonds in regular PC lipids impose an energy
penalty restricting the translocation and accumulation of
fullerenes in the central region of the bilayer as opposed to the
oxidized bilayers (cf. Fig. 2(a) and (d)).

In peroxidized DOPC, pristine fullerenes concentrate in the
center regardless of the lipid peroxidation level. Both 30% and
70% peroxidation results in fullerene translocation to the
membrane center. On the other hand, the residence behavior
depends on the peroxidation level for oxidized POPC. At 30%
peroxidation, fullerenes mimic the translocation attitude of
POPC bilayer, i.e., being close to linker groups, while at 70%
peroxidation, they behave like in POBU bilayer, i.e., accumu-
lating at the bilayer center. This may be due to the difference in
lipid saturation levels and some threshold value to exceed the
energy penalty caused by the C double bonds. DOPC bilayers
have two double bonds in their carbon chains which result in
double unsaturation, however, POPC bilayers exhibit mono
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Fig.5 The absolute center-of-mass distance of pristine fullerene NP from (a) DOPC, (b) DOBU, (c) POPC and (d) POBU bilayers, respectively. The
two dashed lines in blue denote the bilayer thickness in terms of the distance of PO4 beads between upper and lower leaflet in the corresponding
bilayer. The center dashed line in black shows the center of the corresponding bilayer. The times on the upper right of the graphs represent the
time fullerene spends in bulk water before entering the corresponding bilayer. The circular pictures demonstrate the average position of
fullerene after entering the bilayer (taken from trajectories at 175 ns, 53 ns, 95 ns, and 44 ns for DOPC, DOBU, POPC and POBU bilayers).
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unsaturation caused by the single double-bond in their carbon
chains. Thus, with a higher degree of peroxidation, it may be
easier to exceed the energy penalty imposed by C double bond.
It should be noteworthy to mention that throughout the

simulation time no pristine fullerene molecules are observed to
return to the aqueous phase after internalization in any of the

membrane systems studied.

5 6
(a) DOPC-10P (b) ——POPC-10P
s ——DOBU30-10P 5 ——POBU30-10P
——DOBU70-10P ——POBU70-10P
——DOBU-10P 4 ~——POBU-10P
3
E3
o0
2
2
: 1
0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
r (nm) r (nm)
4 3
(©) DOPC-107 d) ——POPC-10]
——DOBU30-107 ——POBU30-10J
. ——DOBU70-10] ) ——POBU70-10]
——DOBU-10J ——POBU-10J
2 o)
o0
1
1
0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
r (nm) r (nm)

Fig.7 Membrane-fullerene COM radial distribution functions for (a, b) pristine fullerenes, (c, d) Janus fullerenes at fullerene-to-lipid ratio of F/L

= 10/512.
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Fig.9 The aggregate of (a) pristine fullerene molecules interact with DOBU30 bilayer at 358 ns and 370 ns, (b) Janus fullerene molecules interact
with POPC bilayer at 3.53 ps and 3.56 ps from side view.

Fullerenes must be able to pass through the membrane in
order to be used as an effective drug carrier. In contrast to this
fact, Janus fullerenes (half polar, half hydrophobic), are found
to be directed to the head groups rather than the membrane

© 2021 The Author(s). Published by the Royal Society of Chemistry

interior regardless of the peroxidation level (¢f Fig. 3).
Furthermore, diffusion across the bilayer is not observed in any
of the membrane systems tested. The hydrophobic part of the
fullerenes is found mostly facing the membrane head while the

RSC Adv, 2021, 1, 7575-7586 | 7583
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polar part tends to the bulk water phase. It has been previously
reported** that the Janus fullerenes quickly cross the membrane
before settling in the opposite head groups. The dual charac-
teristics of Janus particles have been suggested to be advanta-
geous for drug delivery processes even though the desired exit
from membrane head to the aqueous phase was not seen.*
However, in our study, we have not observed the aforemen-
tioned rapid diffusion of Janus fullerenes across the
membranes tested. It should be noted that our CG model of
Janus particles have been formed by the exchange of the half of
CNP beads with MARTINI P5 beads and does not represent
a validated model. Therefore, our results give insight about the
penetration of Janus particles but drawing conclusions can be
misleading.

The PMF values obtained from umbrella sampling and
WHAM calculation are demonstrated in Fig. 4. The free energy
minima with respect to the bilayer center are found at around
1 nm for DOPC and POPC and at around 0 nm for DOBU and
POBU bilayers. This is consistent with the residence locations
of pristine fullerenes in our study, i.e., being close to the
glycerol groups in regular PC bilayers and at the center in
peroxidized PC bilayers. Monticelli et al. estimated the free
energy minimum as 80 k] mol ™' through POPC bilayer via both
atomistic and CG simulations.* Similarly, D'Rozario et al.
obtained about 80 k] mol~" energy through a 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) model where they used
20 beads representation of fullerene by 3-to-1 CG mapping.®’
By using a five-bead tail DOPC membrane, Wong-Ekkabut
et al approximated the depth of energy well as
110 kJ mol %" Fig. 4 confirms the free energy minima of
pristine fullerene at approximately 80 k] mol™' and
100 k] mol ! within POPC and DOPC bilayers, respectively. As
far as we know, the energy differential of fullerenes in per-
oxidized membranes have not been reported so far. Our PMF
results show that the free energy minima are around
95 kJ mol ™" for both DOBU and POBU bilayers. Therefore, we
conclude that about 10 k] mol " energy penalty is added in the
expense of peroxidation.

The residence time in bulk water is found to be lower with
the hydrophobic pristine nanoparticle than with the polar
Janus, as previously reported** (¢f. Fig. 5 and 6). Higher resi-
dence time with Janus NPs is attributed to their more hydro-
philic nature. Among all cases, fullerenes permeate into the
fully peroxidized membranes faster than into the DOPC or
POPC, which is ascribed to higher longitudinal diffusion coef-
ficients of water molecules and hence higher permeation of
water through peroxidized bilayers. The longest time in the
aqueous phase, i.e., up to 171 ns for pristine and 327 ns for
Janus nanoparticle, has been spent on the DOPC membrane
among all membrane models studied. The time difference is
more apparent when DOPC and DOBU are compared rather
than POPC and POBU membranes. Still, simulation repetitions
with different starting configurations are suggested for more
accurate results, since the time passes in the aqueous phase
depend on the initial position of fullerenes. However, our
simulations in the presence of 10 fullerene molecules also
result in a similar pattern in terms of relative residence time.

7584 | RSC Adv, 2021, N, 7575-7586
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Fig. 7 shows the COM radial distribution functions (RDFs) of
fullerene with respect to the membrane COM in the presence of
10 fullerenes. The single fullerene-membrane COM distribu-
tions are given in Fig. S4 in the ESL{ It has been observed that
the interaction of one or 10 pristine fullerene molecules with
the lipid membranes yield almost the same profiles. That is, the
pristine fullerenes display random or near-random distribu-
tions with respect to the membranes, regardless of their
concentration in the studied concentration range. On the other
hand, a concentration-dependent ordering is observed with
Janus fullerenes as demonstrated by the new peaks in RDF
profiles.

Fig. 7(a) and (b) also demonstrate that the radial distribution
profiles of pristine fullerenes in regular DOPC and POPC bila-
yers have similar peak locations. However, the intensities are
slightly higher in POPC bilayers suggesting stronger interac-
tions with fullerene nanoparticles in POPC. Increasing the
peroxidation level results in more random distributions with
pristine fullerenes, where the profiles of 70% and 100%
oxidized membranes are almost the same. With Janus fuller-
enes (¢f Fig. 7(c) and (d)), the ordering in POPC bilayers
increases with increasing peroxidation level, while the opposite
trend is observed in DOPC bilayers. This is attributed to the
different aggregation behavior of Janus NPs in different bilayers
(explained further below).

To further analyze the order and aggregation of fullerene
molecules, fullerene-fullerene COM radial distribution profiles
are presented in Fig. 8 and supported by trajectory snapshots
given in Fig. 9 and S4.1 The RDFs are found to be in reasonable
agreement with previous studies.***® The relative distances of
pristine fullerenes have been determined to be similar in all
membrane types despite the variations in peak intensities. For
example, the peak around 1.05 nm is observed to have higher
intensity in peroxidized membranes particularly in DOBU30
and POBU70 than regular DOPC or POPC. The first shell around
1 nm represents the nearest neighbor distance. As we support
with our simulations, pristine fullerenes are internalized into
the DOPC and POPC membrane as single or in double-triple
agglomerates, however, they penetrate DOBU30 membrane in
agglomerates of 7 (¢f Fig. 9(a)). What is more, the first peak is
also found to be very high indicating aggregation for Janus
fullerenes, especially in POPC bilayers. This is confirmed by our
trajectories where for all POPC and its oxidized forms, Janus
fullerenes interact with the head region of lipid bilayers in
aggregates of 7 to 9 molecules (cf. Fig. 9(b)). The second peak at
1.55 nm is attributed to the configuration when part of the lipid
tail penetrates between two fullerenes.®® Another point worth
mentioning is that an intermediate peak, which is not seen in
pristine fullerene at the tested concentrations, occurs around
1.75 nm as the second highest peak in Janus fullerenes. Ding
et al. suggested that when part of the second nearest shell is
shared by more than two atoms, the peak is splitted.®® In the
case of Janus particles, the cluster formations may be the reason
for peak splitting in the second shell which results in an
intermediate peak.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

In the current work, the interaction of pristine and Janus fuller-
enes with regular DOPC, POPC, and their different peroxidized
analogs DOBU and POBU were examined through coarse-grained
MARTINI simulations. The penetration of pristine fullerenes in
monomeric or oligomeric forms occurred easily at nano time
scale. After penetration inside the bilayers, the fullerene clusters
disintegrated. The residence time in the aqueous phase increased
with increasing polarity of the NP (in the case of Janus NPs) since
interactions with water molecules increased. The translocation
behavior of fullerenes was found to be directed to the hydro-
phobic region of the bilayer for pristine NPs and towards the head
groups for Janus NPs. In DOPC bilayer, pristine fullerenes located
near glycerol groups while they prefer to be around the center of
the membrane in oxidized forms of DOPC. At low peroxidation of
POPC (30%), pristine fullerenes mimicked the translocation
behavior in regular POPC by traversing the linker groups and at
high peroxidation (70%), they reside in the membrane center as in
fully oxidized POPC bilayers. These two characteristics of pristine
fullerenes were attributed to the difference in lipid saturation
levels of DOPC and POPC. Regardless of peroxidation, the polar
hemisphere in Janus NPs was observed facing water molecules
while the hydrophobic hemisphere interacting with the
membrane head groups. At different fullerene to lipid ratio (1/512
and 10/512), the radial distributions of pristine fullerenes with
respect to the membranes were observed to be similar and near
randomly distributed while Janus fullerenes were prone to
aggregation at high concentration. On the other hand, we did not
encounter an adverse effect on the structural properties of the
membranes (e.g. pore formation, membrane damage) at the
concentration levels tested. In summary, we did not detect phys-
ical membrane disruption or rupture during any of the model
simulations and lipid peroxidation is not addressed as the toxic
response of fullerenes in terms of membrane damage. For drug
delivery platforms, we claim that pristine fullerenes have signifi-
cant potential to be used as drug carrier agents, and lipid satu-
ration level and the degree of membrane peroxidation, as well as
fullerene concentration, are of great importance in safe and
controlled drug delivery systems. We also believe that our
conclusions can shed light on the development and analysis of
more complex systems and our membrane models can create
a basis for future studies on the ROS-induced BBB impairment.
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