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Pore formation of lipid bilayers under mechanical stress is critical to biological processes. A series of

coarse grained molecular dynamics simulations of lipid bilayers with carbon nanoparticles different in

size have been performed. Surface tension was applied to study the disruption of lipid bilayers by
nanoparticles and the formation of pores inside the bilayers. The presence of small nanoparticles
enhances the probability of water penetration thus decreasing the membrane rupture tension, while
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big nanoparticles have the opposite effect. Nanoparticle volume affects bilayer strength indirectly, and
particle surface density can complicate the interaction. The structural, dynamic, elastic properties and
lateral densities of lipid bilayers with nanoparticles under mechanical stress were analyzed. The results

demonstrate the ability of nanoparticles to adjust the structural and dynamic properties of a lipid
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1 Introduction

In recent years, the use of nanotechnology has been rapidly growing.
As the most promising imaging materials and biomolecule carriers,
nanoparticles are extensively used in medical and biological
studies.”™ The application of nanomaterial is underway.®

Nanoparticles are materials with dimensions between 1 and
100 nm. The small size of nanoparticles facilitates the uptake of
nanoparticle-based drugs in biological systems. However, it also
brings considerable risk. As their toxicity has been reported,
more attention is paid to the effect of nanoparticles on human
health and the environment.''*? For instance, nanoparticles were
found to significantly enhance the rate of protein fibrillation
involved in many human diseases such as Alzheimers, Creutzfeld-
Jacob disease, and dialysis-related amyloidosis."*""*

Fullerenes are well studied nanoparticles with various bio-
logical applications."® However, fullerene derivatives were
proved to be quite toxic in cultured cells and showed hemolytic
effects.’® Previous simulations on the interaction of fullerenes
and lipid bilayers have focused on the interaction of Ce, inside
a lipid bilayer, translocation of C4, and thermodynamics prop-
erties of a tension free lipid bilayer."” Recent molecular
dynamics simulations showed that Ce, would disperse in the
membrane interior without inducing mechanical damage."”
While larger fullerenes are suggested to induce membrane
distortion and affect bilayer stability."®
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membrane, and to efficiently regulate the pore formation behavior and hydrophobicity of membranes.

Biological membranes are fundamental elements of all living
organisms. It is known that mechanical properties of biological
membranes affect membrane protein configurations and thus cell
functions. The influence of nanoparticles on the stability of bio-
membranes is of great concern. However, little is known about the
effect of nanoparticles on the pore formation of biological mem-
branes, though it has been shown to be important in various
biological processes such as membrane fusion,' the controlled
transport of materials across cells. Moreover, irreversible pore
formation may lead to cell death in the form of membrane rupture,
e.g., hemolysis. Membrane surface tension plays an important role
in pore formation of biomembranes and many other biological
processes. Mechanical strength, which is determined by the
rupture tension, is critical to biomembrane function. It is known
that mechanical properties of a lipid membrane are determined by
the membrane composition, e.g., the addition of 50% cholesterol
was found to significantly strengthen the DOPC bilayer by
increasing the rupture tension from 10 mN m " to 199 mN m *.*°
Therefore, we suggested that the addition of nanoparticles would
affect the mechanical properties and stability of the lipid membrane
which may be related to cytotoxicity.

However, the mechanism and the effect of nanoparticles on
mechanical strength and structural properties of biomembranes
remain uncertain. The interaction between nanoparticles and bio-
membranes is complicated, determined by the properties of nano-
particles such as surface coatings, size, shape and roughness.**!
Geometry is considered seriously when designing nanoparticles as a
drug carrier. Unsuitable geometric design would lead to more
disruption to the bilayer, e.g., discs with larger radii have significant
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influence on the packing state of the bilayer.*" Silica nanoparticles
were shown to increase biomembrane permeability*> and were
observed to induce hemolytic activity in a concentration- and
size-dependent manner.>*** Moreover, surface tension is suggested
to trigger the toxicity effect of nanoparticles. Recent molecular
dynamics simulations showed that nanoparticles could induce
pores in the lipid bilayer under surface tension but not in the
tension free lipid bilayer.>®

In this study, we have estimated rupture (lysis) behavior of lipid
bilayers under mechanical stress in the presence of various carbon
nanoparticles having different sizes using coarse grained molecular
dynamic simulations (CG-MD, see Methods and ref. 26). The CG-MD
simulations offer a powerful way of studying interaction of nano-
particles and lipid bilayers at a molecular level, and allow the use of
larger system sizes and time scales for at least one order of
magnitude than in the traditional all-atom molecular dynamic
simulations. To determine the effect of nanoparticles on the
membrane structure and mechanical properties under surface ten-
sion, lipid tail order parameter, membrane area-stretched modulus,
diffusion coefficient and lateral density profiles are calculated.

2 Methods

We use the Martini coarse grained force field in the molecular
dynamics simulation.””*® A coarse grained model enables us to
simulate larger systems and longer time. The Martini force field
has been extensively studied and successfully shown to repro-
duce many crucial properties of lipid membranes, including
phase behavior of lipid bilayers, the interaction with membrane
proteins and nanoparticles. Based on the previous simula-
tions,"” we developed six coarse grained carbon nanoparticles
different in size using the 4 to 1 mapping scheme, four carbon
atoms are represented by a single coarse grained particle. Three
CG nanoparticles Cys5, C15 and C, are models of real fullerenes
C1g0, Ceo and C,, with diameters 1.2 nm, 0.72 nm and 0.4 nm,
respectively. The CG beads were initially placed on a spherical
surface with diameters 1.2 nm, 0.72 nm and 0.4 nm, respec-
tively. The final configurations were obtained using an energy
minimization scheme in Gromacs simulation software.***° The
CG beads were then connected by harmonic bonds with a force
constant of 1250 k] mol ' nm 2. Nanoparticle C, represented
small hydrophobic nanoparticles, and nanoparticles C,;, and
C,pr, which have the same shape as C, (regular tetrahedron) but
larger diameters (0.52 nm and 0.70 nm, respectively) repre-
sented nanoparticles with less density or rough surface. The CG
beads were assigned to ‘“SC4” interaction sites in MARTINI.

The simulations under zero surface tension were started
from fluid patches, which were obtained from standard lipid
bilayer coordinate files from the website of Marrink’s group
(http://md.chem.rug.nl/ ~ marrink/coarsegrain.html). The par-
ticle free bilayers containing 128 lipids (with a box dimension
of ~6 nm) were fully hydrated with 4037 coarse grained
water beads.

The nanoparticle-bilayer systems were prepared by mixing
the nanoparticles in a fully hydrated lipid bilayer simulation
box at nanoparticle-lipid molar ratios from 1 : 16 to 1 : 1. The
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Fig. 1 Schematic illustrations of the tense lipid bilayer system. (a) Top view,
nanoparticles are dispersed in biomembranes. (b) Side view, mechanical stress is
applied at the lateral direction. Phosphate groups are shown as blue spheres,
nanoparticles are in red and water beads are in cyan. Lipid tails are not shown
for clarity.

nanoparticle aggregates were initially placed ~3 nm above the
bilayer and they penetrate the bilayer spontaneously within micro-
seconds. Three types of coarse grained lipids (dipalmitoylphos-
phatidylcholine (DPPC), dilaureoylphosphatidylcholine (DLPC)
and distearoylphosphatidylcholine (DSPC)) different in lipid tail
length were used in the simulations.

In the experiments, stretch and rupture of lipid bilayers were
usually induced by a micropipette with a suction pressure
applied on vesicles.>**? In our simulation, a semi-isotropic
pressure coupling was therefore applied to the bilayer systems
to realize the mechanical stress (see Fig. 1), allowing for
changes in the normal pressure and lateral pressure indepen-
dently. The fluid phase lipid bilayer systems were prepared by
holding at high tension close to the threshold for rupture
(~5 mN m™" below rupture tension) prestress by coupling to
high lateral pressure (—60 bar to —120 bar, depending on the
normal size of simulation box), and equilibrated at 325 K (well
above the fluid to gel phase transition) during a multi-micro-
second time. Then the bilayers were coupled to higher lateral
pressure, which lead to the breakage of the lipid membrane.
Five individual simulations up to 800 ns were performed at
every set of lateral pressure in order to reduce the error induced
by thermal fluctuation. Surface tension when membrane
rupture occur was measured to estimate the lateral strength
of the lipid membrane.
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The surface tension was calculated from the average surface
tension given by the difference of the normal and lateral
pressure in the box,

Y =L,(Py — P)

where L, is the box normal size, P, and Py are the lateral
component and the normal component of the pressure tensor,
respectively.

Simulations were performed with the Gromacs simulation
software,”*>? version 4.0.3. Periodic boundary conditions were
used, with constant temperature and pressure achieved using
the Berendsen scheme.?’ The coupling constant is 0.1 ps for the
temperature, and 0.2 ps for the pressure. Short-range electro-
static and Lennard-Jones potentials were cut off at 1.2 nm,
corresponding to the standard Martini force field. The time
step of simulations was set to 40 fs. Visual images were
prepared using the VMD (Visual Molecular Dynamics)
software,*® version 1.8.7.

3 Results and discussion

The strength of the lipid bilayer was quantified by the value of
critical tension at the instant of irreversible pore formation

View Article Online

which has the maximum area stretch, the smaller the critical
tension required, the easier the cell bursts.

3.1 Effect of fullerenes on the rupture tension of
biomembranes

To clarify the size-dependent effect, we performed a series of
coarse grained molecular dynamics simulations of lipid bilayers
containing coarse grained carbon nanoparticles different in size
(see Fig. 2(a)). The rupture tensions of lipid bilayers in the
presence of nanoparticles are shown in Fig. 2.

Firstly, we examined the effect of fullerene nanoparticles
Cys, Cy5, C; and nanoparticle C; on the strength of the most
extensively studied DPPC bilayer. The strength of bilayer was
found to depend on the size of the embedded nanoparticle. The
strength of the nanoparticle embedded lipid bilayers decreased
with increasing concentration of small nanoparticles C; and C,
(e.g., decreasing by ~14% at C;-DPPC molar ratios of 1 : 1). On
the other hand, bilayers containing larger nanoparticles Cjs
and C,s were much stronger (e.g., increasing by ~10% at
C;5-DPPC molar ratios of 1 : 1) than pure lipid bilayers.

To confirm the size effect of nanoparticles on the membrane
rupture tension, we performed additional simulations
involving two kinds of nanoparticles with the same structure
as C, (the coarse grained model of fullerene C,,) but with
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Fig. 2 (a) Coarse grained model of Cy5, Cy5, C4, Cq, C4. and Cyy . nanoparticles. (b) Rupture tension of lipid bilayers containing Css, Cys5, C4 and Cq nanoparticles as a
function of nanoparticle concentration. Larger nanoparticles C45 and Cys strengthen the bilayer, causing higher rupture tension than the pure lipid bilayer. Smaller

nanoparticles C4 and C; weaken the bilayer. (c) Rupture tension of lipid bilayers con

taining C4, C4. and Cyy nanoparticles as a function of nanoparticle concentration.

The weakening effect of nanoparticles was enhanced with the increasing size of nanoparticles. (d) Coarse grained model of lipid DPPC, DSPC and DLPC different in lipid
tail length. (e) Rupture tension of nanoparticle C;s embedded DPPC, DSPC and DLPC bilayer. The strengthening effect of the Cy5 nanoparticle increased in bilayer with
shorter lipid tail length. (f) Rupture tension of nanoparticle C, embedded DPPC, DSPC and DLPC bilayer. The C4 nanoparticle weaken the long tail length lipid bilayer,
however, strengthen the short tail length lipid bilayer. The error bars indicate the spread of values obtained from multiple independent simulations.
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different diameters. The size effect of nanoparticles is completely
different (see Fig. 2(c)). The weakening effect is more pronounced
in the presence of larger nanoparticles C4;, and Cyyy.

Moreover, lipid tail length and degree of unsaturation have
always been thought to be important in relation to pore formation.
Here, additional lipids DLPC and DSPC different in tail length are
taken into account. The results show that the effect of nano-
particles on the strength of lipid bilayers also depends on the lipid
tail length. For lipid DSPC with longer tail length, the addition of
50% C,5 nanoparticles increases the rupture tension for 4%, lower
than that of DPPC (7%). However, for lipid DLPC with shorter tail
length, the addition of 50% C;s nanoparticles increases the
rupture tension for 22%. On the other hand, the presence of small
nanoparticle C, which weakens the DPPC and DSPC bilayers has a
strengthening effect on the DSPC bilayer. The difference in
weakening or strengthening effect of nanoparticles on lipids with
different tail length suggested that the influence of nanoparticles
on the membrane strength is strongly dependent on the nature of
the lipid tails. The results indicated that the size effect of nano-
particle induced change in bilayer strength is lipid tail length
sensitive and related to the ratio of the size of nanoparticles and
the lipid tail length.

3.2 Pore formation behavior of biomembranes in the
presence of nanoparticles

A cell membrane is a fluid membrane self-assembled by the
hydrophobic effect of amphiphilic lipids with a bilayer structure.
Therefore, the membrane can be considered as a two-dimensional
liquid. When a small hydrophobic pore was induced manually in a
membrane under zero surface tension, a rearrangement occurs
with the polar head of lipids around the pore line in the rim of the
pore and lipid tails buried inside the bilayer. After the transforma-
tion to a hydrophilic pore, lipids around the pore would move
forward to the pore center to fill the space occupied by water,
finally the pore resealed. During our simulation, the lifetime of
transient pores is within nanoseconds, depending on the size of
the pore. The rearrangement process is governed by forces that
minimize exposure of hydrophobic chains to water. The driving
force of self-healing is arised from the competition of the water/
bilayer interfacial energy and energy cost of pore formation.

However, the energy barrier is found to be lowered under
mechanical stress. The cell membrane is expected to be unstable
and an unhindered growth of a transient pore leading to the
membrane rupture under high negative surface tension. When
the mechanical stress applied on the lipid bilayer is higher, water
penetration occurs more frequently than under low mechanical
stress. As found in previous investigation, small hydrophobic pores
are observed to form in the lipid head group due to the thermal
and mechanical fluctuation.””*>>*” The hydrophobic pore was then
filled by water. When the water forms a channel in the interior of
bilayers, the formation of a hydrophobic pore is indicated, after-
wards local lipids restructuring occurs. The heads of lipid around
the pore reorganized and line in the rim of the pore, heading
toward the pore center, making the pore hydrophilic.

When the membrane is under external mechanical stress,
the water/bilayer interfacial area would increase, results in

This journal is © the Owner Societies 2013

View Article Online

higher interfacial energy. The pore formation would effectively
decrease the bilayer surface area thus interfacial energy, leading
to a more stable system with lower free energy. The pore
formation is irreversible. During the process of membrane
rupture, no metastable pore was found, consistent with the
former results that the rupture tension of pore free bilayer is
higher than that of a bilayer containing preexisting pores.*”
Interestingly, the location of the forming pore shows significant
correlation with the presence of the nanoparticles. The carbon
nanopatrticles translocate in the membrane interior spontaneously
by the hydrophobic effect and disperse in the lipid tail region,
consistent with previous investigation."” To investigate the effect of
nanoparticles on the pore formation of the lipid membrane, we
performed 24 unbiased simulations (400 ns each) of a large
nanoparticle embedded DPPC lipid bilayers containing 512 DPPC
lipids and 16 nanoparticles for nanoparticle-DPPC molar ratios of
1 : 32. Two kinds of nanoparticles Cyyp, (12 simulations) and Cys
(12 simulations) which showed a significant weakening or strength-
ening effect on biomembranes, respectively, were investigated in the
trajectories analysis. In the pure lipid bilayer, a transient pore was
formed in the bilayer surface due to the surface area fluctuation. In
the presence of nanoparticles, the surface area fluctuation was
affected by the nanoparticles. The small pore exist at the bilayer
surface was never found near the larger nanoparticle C45 in all the
12 simulations. In contrast, the pore formation shows great
tendency to occur near the small nanoparticle Cyp;. In two simula-
tions the rupture pore formed in the nanoparticle-free region,
similar to the behavior of pore formation in pure lipid bilayers. In
all other cases (10 simulations), a rupture pore appears to be
induced by the presence of the Cy;, nanoparticle. From Fig. 3, it
can be seen that the water defects in the bilayer hydrophobic tail
region form near the small nanoparticles, leading to the opening of
a hydrophobic pore, implying that the presence of nanoparticles
facilitates the pore formation. After the formation of a stable water
line, nanoparticles move toward the hydrophobic region during the
transformation from hydrophobic pores into hydrophilic pores.

3.3 Lipid tail order parameter under tension

The nanoparticle is found between the bilayer center and water/
bilayer interface. Therefore, the nanoparticle is believed to affect
structural, dynamic and elastic properties of the membrane.
Previous simulation studies of the Cq, nanoparticle showed that
the mechanical damage of a tension free membrane is not very
large."”” However, it is known that bilayer thickness would
decrease under high surface tension,*® the disruption of nano-
particles on lipid bilayers is expected to be more pronounced in
that case. The nanoparticle induced deformation can be revealed
by the order parameter, which can be used to express the
packing orientation of lipids in the bilayer. The order parameter
for C1B-C2B-C3B of lipid tails is shown in Fig. 4 as a function of
particle concentration and applied surface tension.

When the surface tension is high, the lipids become clearly
disordered (order parameter decreased), as was found in pre-
vious atomistic study of pure lipid bilayers.*® Analysis of the
order parameter of lipid tails shows the different effect of
smaller and larger nanoparticles on the lipid chain order.
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Fig. 3 Mechanism of pore formation in a lipid bilayer composed of 1 : 32 nanoparticle-lipid under high mechanical stress. Mechanical stretch was applied to a tension
free lipid bilayer (0 ns), then the bilayer is largely expanded and becomes unstable. Rupture pore formation occurs when the surface tension higher than the rupture
tension. (a) A hydrophobic pore was formed in the particle-free region in the bilayer in the presence of large nanoparticles. (b) A hydrophobic pore was formed in the
position of a small nanoparticle (211.6 ns). The hydrophobic pore rapidly transformed into a hydrophilic pore and irreversibly expanded. The nanoparticles were shown
in red, the lipid head groups in blue, and lipid tails in cyan. The water is not shown for clarity. The simulation time is indicated in each snapshot.
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Fig. 4 (a) Average order parameter of the lipid tails as a function of nanoparticle
concentration. (b) Average order parameter of the lipid tails as a function of
applied surface tension. The perturbation of membrane structural properties
could not be ignored.

The inclusion of small nanoparticles slightly disrupts the lipid
packing while the larger nanoparticles ordered the lipid
packing significantly. The relationship of lipid tail ordering
and bilayer strength is consistent with previous experimental
finding.*®
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3.4 Structural and dynamical properties of nanoparticle rich
lipid bilayers under tension

To characterize the effect of nanoparticles on bilayer structure,
area-stretch modulus, diffusion coefficient and lateral density
profiles were calculated.

As shown in Table 1, before the rupture, the bilayers were
much more resistant to change in area (e.g.,, ~233 mN m" for
pure DPPC bilayer) than following the rupture (e.g,, ~62 mNm ™ *
for pure DPPC bilayer). The elastic response is consistent with
previous experiments.”® The changes in area-stretched moduli
indicate a stiffening of the membrane in the presence of large
nanoparticles, while the small nanoparticle has the slight soft-
ening effect on the membrane. The change in area-stretched
moduli may due to the change in lipid packing (Fig. 4). Lipids are
disordered under high surface tension, result in lower area-
stretch modulus. Similarly, the significant ordering effect of
larger nanoparticles C,5 and C,5 (Fig. 4(a)) increases the packing
of lipid bilayers thus enhance the lateral strength. While the
slightly disordering effect of small nanoparticles (Fig. 4(b)) leads
to lower lateral strength.

The diffusion of lipids and nanoparticles is also related to
the stability of the lipid membrane. To characterize the
dynamics of nanoparticle embedded in the bilayer under
surface tension, we calculated the local lateral diffusion
coefficients. The diffusion coefficients were obtained from the
mean-square displacements. For DPPC lipids in the absence of
nanoparticles, the diffusion coefficient (2.06 x 10~” cm”s™ ") is
in agreement with experiment.*® A C;5 concentration of 12.5%
reduces the lateral diffusion coefficients by ~47%, close to
values previously reported for DOPC bilayers 40%."7 The
presence of large nanoparticles reduces the diffusion of lipid
significantly. However, the small nanoparticle reduces the
diffusion coefficients by less than 10%. The reduction of lateral
diffusion coefficient of lipid by adding large nanoparticles can
be ascribed to the increase in the ordering of the lipid acyl
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Table 1 Dynamic and elastic properties of the DPPC lipid bilayer included different types of nanoparticles

Cys Cis No NP Cy Cy CaL CarL
Karow” (x107* Nm™* 312 286 233 225 224 218 198
Kanigh” (x10 > Nm™! 108 59 62 62 60 63 61
Dyipia° (1077 em® s~ 1) 0.22 1.09 2.06 2.00 2.01 2.07 1.84
Dnp? (x1077 em? s7Y) 0.02 1.06 — 5.74 28.69 5.62 5.31

“ Area-stretched modulus of the bilayer under low tension (7 mN m™?). ? Area-stretched modulus of the bilayer under high tension (55 mN m ™).
° Lateral diffusion coefficient of DPPC lipids. ¢ Lateral diffusion coefficient of nanoparticles.

chains upon nanoparticle addition. The effect of large nano-
particles on the lateral diffusion coefficient is similar to the effect
of cholesterol in previous experimental and simulation studies.*>*>

Moreover, the diffusion of nanoparticles is also strongly depend
on the size. The diffusion of small nanoparticles which weakens
the bilayer is two to three orders of magnitude higher than in the
case of larger nanoparticles with the strengthening effect.

To further characterize the structural changes induced by
nanoparticles, lateral density profiles are developed (Fig. 5) for
pure lipid bilayers and the bilayer containing nanoparticles C;5
and Cy4p which has the opposite effect on bilayer strength.

2]
o
o

Density (kg/m3)

Density (kg/m3)

-3 -2 -1 0 1 2 3
Distance from bilayer center (nm)

Fig. 5 Lateral density profiles for lipid bilayer systems containing different
nanoparticles. (A) Bilayer systems under zero surface tension. Bilayer thickness
was not affected obviously by the inclusion of nanoparticles. (B) Bilayer systems
under high surface tension (58 mN m~"). The solid line, dashed line and dotted
line stand for lipids, water and nanoparticles, respectively. The black line, red line
and green line correspond to nanoparticle free lipid bilayers, C4.. embedded
bilayer and C;5 embedded bilayer, in respective order.
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Under high mechanical stress, the lipid tails are strongly
spread to cover the free volume induced by the surface tension.
A significant increase in lipid occupied area was observed.
However, the value in the center of density profiles which
demonstrates the interdigitation of lipid tails from the two
monolayers does not decrease as the other region of bilayer,
indicated that the interdigitation of lipid tails increased with
the increasing surface tension. The results show qualitative
agreement with atomistic studies of pure lipid bilayers,*®
although the coarse-grained model suggests a higher rupture
tension. The deviations from atomistic results can be ascribed
to differences in the details of the force fields.

We found a redistribution of small nanoparticles in the tense
membrane. At low surface tension, small nanoparticles induce
membrane thickening and reduce tail interdigitation, for the
preference to stay in the center of the bilayer (Fig. 5(a)). When the
surface tension increased, the bilayer spreads at a fast rate due to
the low area-stretch modulus. Under higher surface tension, a
redistribution occurs. As the high interdigitation of lipid tails,
lower free volume is available to hold permeant nanoparticles,
small nanoparticles tend to locate near the head group region of
the two monolayer, and induce membrane thinning and instability.
The small nanoparticles move closer to the lipid head group region.
On the other hand, the distribution of larger nanoparticles would
not be affected by the surface tension significantly. Moreover, the
nanoparticles were somewhat exposed to the water phase, thus lead
to high energy due to the unfavorable hydrophobic contact. Similar
to the tensionless bilayer, translocation of nanoparticles outside is
never observed, consistent with the energy barrier for transfer from
the bilayer to water.

As shown in the inset of Fig. 5(b), density of water in the
center of lipid bilayers is higher for the one containing small
nanoparticles, indicated that water penetrated easier in the
thinner bilayer (higher permeability) in the presence of high
diffused small nanoparticles. Indeed, membrane thinning and
permeability are crucial for the pore formation of lipid bilayers.
Recently, experimental investigation of water permeability of
a single-component bilayer and bilayers containing raft showed
a prominent correlation between permeability and rupture
tension.?’*" Water is less soluble in the hydrocarbon interior
of lipid bilayers,*® the penetration of water strongly depends on
the creation of “free volume” defects in the hydrocarbon region
driven by thermal fluctuation.>®

The lipid bilayer is thinner under tension, from ~4.3 nm at
zero surface tension to ~2.5 nm at 58 mN m™ " in our simulations.
Therefore, the small pore induced by the thermal fluctuation is
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large enough to reach the lipid tail region, would disrupt the
hydrophobic barrier represented by the lipid tails. The decrease in
bilayer thickness and the reduced tail order facilitates the water
penetration of lipid bilayers, water molecules can pass the bilayer
easier. The observation in the simulation is consistent with former
experimental finding.*!

Based on our simulation, the strengthening and weakening
effect on membrane strength is mainly due to the nanoparticle
induced thickening and thinning effect on bilayer thickness
under high surface tension. The inclusion of large nano-
particles which have high interaction strength with lipids
results in the ordering effect on lipid packing, thus increases
the area-stretch modulus and reduces the thinning effect of
mechanical stretch. In contrast, the inclusion of small nano-
particles which have low interaction strength with lipids
increases the thinning effect of mechanical stretch.

On the other hand, the enhanced weakening effect for small
nanoparticles C4;, and Cypy, points to a different underlying
mechanism. Small nanoparticles with higher diffusibility are
suggested to disturb lipid packing, induce larger local undula-
tion and transient “free volume” in the interior of the lipid
membrane. The “free volume” was filled by water afterward
thus facilitates water penetration and increases the permeability.
The highly diffused nanoparticle unstablized the lipid
membrane and triggered the opening of a transient pore. While
the low diffusible large nanoparticles with a large surface
binding site tend to stabilize the surrounding lipids, thus
reduced the possibility to produce “free volume” by thermal
fluctuation near the particle. Namely, the effect of large nano-
particle addition to the bilayer is to occupy ‘‘free volume”.

The results reveal two competing mechanisms: disruption
on a bilayer hydrophobic barrier depending on dynamics,
distributions of embedded nanoparticles governed by the
geometric of nanoparticles, and hydrophobic matching (binding)
interaction of nanoparticles and lipid tails.

The hydrophobic nature of the carbon nanoparticles is
crucial for this behavior since the nanoparticles only interact
with the hydrophobic tails of lipid, thus affect the hydrophobic

<R,
lllll(l!l!ll

%‘%

Fig. 6 Mechanism of the fullerene strengthening or weakening effect on a lipid
membrane. (a) Lipid bilayers under zero surface tension. (b) Water penetration of
lipid bilayers under critical rupture tension. (c) Smaller fullerenes facilitate water
penetration under lower critical rupture tension. (d) Larger fullerenes inhibit
water penetration nearby under higher critical rupture tension.
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barrier. The increase of the size of nanoparticles leads to higher
disruption to the bilayer structure. High diffusion of small
nanoparticles is suggested to induce ‘“free volume” in the
bilayer interior. The small nanoparticle induced thinning effect
on bilayer structure and increased permeability by disturbing
the hydrophobic barrier of lipid bilayers, therefore decreased
the bilayer strength (Fig. 6).

On the other hand, the diameter of large nanoparticles is
comparable to the length of lipid tails (~1.5 nm), indicated
that the energy gained from hydrophobic binding of nano-
particles and lipid tails could not be ignored. When the
nanoparticle is large enough to become a part of a hydrophobic
barrier, the inclusion of nanoparticles would lead to an
ordering effect and increase the strength of lipid bilayers. The
simulation of lipid bilayers with different tail length is consis-
tent with our expectation that the energy gained from the
binding of nanoparticles and short tail lipid (DLPC, in
Fig. 2(D) and (E)) is comparably higher thus influences the
pore formation process.

The nanoparticle C,4y;, also represents a large nanoparticle
with a rough surface, e.g., a nanoparticle with four surface
bumps. The presence of surface bumps decreases the binding
site (or contact surface) between nanoparticles and lipid tails
and induces larger deformation of lipids nearby, thus increases
the free energy of hydrophobic interaction. Therefore, we
suggested that roughness of the nanoparticle surface is also a
factor of the instability of biomembranes. However, for small
nanoparticles, the disruption of lipid bilayers is due to the high
diffusion of the particle, it is the size of nanoparticles that
dominates the rupture behavior of lipid bilayers.

Somewhat similar behavior was observed in bilayers with
different inclusions in recent experiments. The presence of
certain peptides such as antimicrobial peptides, was found to
weakened the biomembrane.**™° In contrast, the addition of
cholesterol and lipid rafts increases the strength of the
membrane.***° Cholesterol is a hydrophobic molecule with a
rigid planar backbone the length of which is comparable to that
of the lipid tail. It is well know that addition of cholesterol
reduces lipid mobility and permeability, and is accompanied by
an increase in lipid packing, lateral compressibility and rupture
strength. The same trend is observed in our simulation with
large nanoparticles. It is suggested that the strength of
biomembranes depends on the strength of the interaction
between lipids and the surrounding membrane inclusions,*’
consistent with our findings.

In summary, we showed that both the small particles and
large particles would disturb the pore formation process by
strengthening or weakening the biomembrane. The cytotoxicity
of the tested nanoparticles is strongly correlated to their size,
the smaller nanoparticles may be more harmful than larger
particles, for the potential to kill the cell in the form of cell lysis
under high surface tension (e.g., in osmotic swelling). The
strengthening or weakening effect of lipid bilayers by nano-
particles would disturb the pore formation involving the
process of cell, such as membrane fusion," the controlled
transport of materials across cells. And the changes in the
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permeability may destroy the concentration balance of the ions
between the inside and outside environments of cells, which
related to cytotoxicity. Changes in cell membrane area-stretch
properties may also alter cellular functions by modifying the
properties and functioning of membrane proteins.’® Namely,
the potential risk of exposures of human to nanoparticles is
non-ignorable.

Furthermore, by controlling the size of carbon nano-
particles, it is possible to improve the strengthening or
weakening effect on specific cells in certain medical purpose,
e.g., kill specific cells by rupture the membrane. A typical
example is the application to replace antibiotics. Antibiotics
are used to kill or slow down the growth of bacteria. The
overuse of antibiotics weakens their defensive capabilities
(multidrug resistance) and cause the development of new
antibiotics more difficult and expensive. The use of nano-
particles to mimic the behavior of antimicrobial peptides is
underway.*® Importantly, our results also provide new insight
of protein induced membrane strengthening. Recent simulation
study suggests that the membrane protein MscL embedded
membrane system is 22% more difficult to expand than the
pure lipid membrane.’® Similar to the effect of large nano-
particles on the area stretch modulus in our simulation.

4 Conclusions

In the present study we described the mechanical properties,
dynamics and mechanism of rupture behavior of lipid bilayers in
the presence of nanoparticles under mechanical stress, based on
coarse grained molecular dynamics simulations. We have shown
the strengthening and weakening effect of large and small
nanoparticles on the strength of lipid bilayers, respectively.

The inclusion of small hydrophobic nanoparticles induced free
volumes (defects) in the hydrophobic barrier of bilayer, thus causes
disruption to bilayer structure and benefits water penetration and
pore formation in a lipid membrane. On the other hand, the
hydrophobic binding of larger nanoparticles and lipid tails
increases the lipid tail packing thus lowering the free energy of
the system, strengthening the bilayer by preventing the formation
of hydrophobic pores nearby in bilayer interior.

Our study gives possible undesirable results that the inter-
actions of nanoparticles and biological systems may be harmful,
with the potential to disturb the pore formation process and
generate toxicity by weakening the strength of cell in the form of
decreasing the rupture tension of biomembranes.

This study helps in better understanding the role of length
scales involved in the mechanisms of cytotoxicity of carbon
nanoparticles upon pore formation of the nanoparticle rich
lipid membrane under mechanical stress. It is also helpful in
the selection of dimensions and shapes for drug delivery
cargo, altering the geometry of nanoparticles can minimise
hazard and bring about new applications. Furthermore,
the size effect of nanoparticles may also help our understand-
ing of the interactions between biomacromolecules and the
cell membrane in the pore formation process, e.g., membrane
fusion.

This journal is © the Owner Societies 2013
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