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Effect of Cgo nanoparticles on elasticity of small unilamellar vesicles
composed of DPPC bilayers*
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The interaction between Cg nanoparticles and biomembranes has been of great interest in researches over the past
decades due to their novel applications as well as potential cytotoxicity. In this work, we study the deformation of the small
unilamellar vesicles composed of dipalmitoylphosphatidylcholine (DPPC) lipid bilayers infiltrated with Cg( nanoparticles
of different molecular concentrations through coarse-grained molecular dynamics simulations. By employing the Helfrich
spontaneous curvature model, the bending modulus and the spontaneous curvature of the vesicles with Cgy nanoparticles
of different concentrations are obtained according to the simulation data. The results show that the bending modulus and
the spontaneous curvature of pure DPPC vesicle membranes are approximately 1.6 x 1071% J and 1.4 nm~', respectively.
Both of them increase linearly approximately as the Cg concentration increases from 0 to 16.3%. The density profiles of
vesicles, the order of lipid packing and the diffusion characteristics of DPPC and Cg are also investigated.
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1. Introduction

In the past decades, nanomaterials have been devel-
oped rapidly due to their remarkable physical and chem-
ical characteristics and numerous potential applications in
the biological and medical fields."* Among these nano-
materials, fullerenes, including functional Cgy, Cgo deriva-
tives and polymer/Cgy composites, have attracted massive
attention.'>-%1 Those Cgo nanomaterials exhibit crucial physic-
ochemical properties like solubility in diverse solvents, re-
dox properties, optic properties, etc.>~7! Therefore, they are
candidates for such hopeful biomedical applications as anti-
oxidation, enzyme inhibition, antiviral activity, electron trans-
fer and photodynamic therapy. >~ Despite a broad and fasci-
nating prospect of Cgq in biomedicine, they potentially lead to
cytotoxicity. 1% Cases in point are studies about Cgy caus-
ing oxidative damage to cell membranes,[!!"'? changing the
morphology of vascular endothelial cells,!'3! inhibiting cell
differentiation and suppressing cell proliferation.!!*!>] Conse-
quently, it is necessary to investigate the interaction between
Cso and cells for biomedical applications.

Biomembranes play an indispensable role in many im-
portant functions of cells. Although biomembranes are com-
plexes of various types of molecules, they all consist of a
lipid bilayer serving as a backbone for membrane proteins and

[16.17] Usually, the bilayer containing only one

carbohydrates.
kind of lipid molecules is employed as a simplified model in
the study of biomembranes. Due to the amphipathic charac-
ter of lipids, the lipid bilayer in water could assemble spon-

taneously into a unilamellar vesicle, which is employed as a
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simple model of cell in the literature.!'82!1 In recent years,
it has been found that vesicles could be taken as the nano-
encapsulation agents for medicine.?>~%4]

Investigating the mechanic effects of Cgy on biomem-
branes (e.g., the alteration to rigidity) are vital for understand-
ing its cytotoxicity and targeted drug delivery.[>>-28] Zhang
and co-workers concluded experimentally that Cgg nanoparti-
cles make human red blood cell membranes softer.*°! Drasler
et al. reported a drop in the bending rigidity of POPC bilay-
ers by the addition of 10% of Cg.*") Meanwhile, Skorkina
et al. found that the aqueous solution with the Cgo concentra-
tion of 0.1 mg/ml can increase the stiffness of the lymphocyte
membrane by 41%.3!! In addition, Zhou et al. revealed that
the incorporation of Cgy with a molar concentration of 0.8%
can increase Young’s modulus of gel phase lipid bilayers, but
barely changes that of fluid phase bilayers. 3%

On the other hand, molecular dynamics (MD) simula-
tions showed that Cgy molecules are capable of translocat-
ing to the internal region of lipid bilayers spontaneously, af-
fecting the structures and mechanic properties of plane mem-
branes as well as inducing the dynamic interactions.[3340]
Wong-Ekkabut et al. carried out a simulation study on a plane
lipid membrane and concluded that Cgy with a concentration
lower than 10% alters the elasticity of lipid bilayers, but is not
enough to mechanically disrupt the membranes.*!! Recently,
Xie et al. suggested that the initial aggregation state of Cgg has
an influence on the interactions between Cgo and lipid bilay-
ers: small Cgq clusters expand the area and thickness of plane
membranes while large ones decrease the membrane area by
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the protrusion of lipids.!**!

The shapes of closed vesicles are well described by the
Helfrich spontaneous curvature model.*3! Accordingly, the
elastic energy E of a closed vesicle is

E—= %gﬁﬁ(c1+c2—co)2dA, 1)

where K. represents the bending modulus, C; and C; are the
principal curvatures, Cy is the spontaneous curvature./*! As
for open vesicles with free edges, Tu and Ou-Yang obtained
the total free energy of the surface and the boundary curve,
and derived the equilibrium equation and the boundary condi-
tions of biomembranes.*> Tu also discussed the compatibility
between the shape equation and the boundary conditions. 46!
Recently, Zhou studied the boundary behaviors of open vesi-
cles in the axisymmetric case to look into the continuous trans-
formation from a closed vesicle to an open vesicle.*’! In the
present work, we consider closed vesicles only. In the follow-
ing, we refer to closed vesicles simply as vesicles.

The bending modulus and the spontaneous curvature are
critical parameters evaluating the elastic properties of lipid bi-
layers quantitatively. So far, there have been some researches
on measuring the bending modulus of simple lipid bilayers
through simulations or experiments. However, the obtained
values are not consistent. [*3-0 Moreover, few researches have

5L1.56] Venable ef al. uti-

determined the spontaneous curvature. !
lized the method of thermal fluctuations to calculate the bi-
layer bending modulus and the monolayer spontaneous curva-
ture of pure lipid bilayers through MD simulations.>®) Nev-
ertheless, they did not obtain the spontaneous curvature of bi-
layer directly.

In this work, we employ the Helfrich spontaneous cur-
vature model to obtain the dependence of the bending modu-
lus and the spontaneous curvature of dipalmitoylphosphatidyl-
choline (DPPC) lipid vesicles on the concentration of Cgg
nanoparticles through MD simulations. The results show that
the infiltration of Cgg nanoparticles into the vesicles increases
the bending modulus and the spontaneous curvature linearly
approximately. Furthermore, other structural and dynamic
properties of the vesicles with Cgq infiltration are studied to
explain the elastic alteration.

2. Methods
2.1. Simulation methodology

The MD simulations were performed through Gro-
macs 5.1.1,161-631 ysing the Martini coarse-grained (CG)
force field.!%%%] The visual images were produced by VMD
1.9.3.161 The Martini CG models of DPPC and Cg are shown
in Fig. 1.

The lipid vesicle used in the current simulations was
generated by Martini Vesicle Maker of CHARMM.[67-681 A
lipid vesicle was placed in a cubic simulation box with a side

length of 24.5 nm. Each simulation box contains 2637 DPPC
molecules and 95252 CG water beads. The system was equi-
librated at the temperature of 303 K and the isotropic pressure
of 1.0 bar (ambient pressure py).
The coordinate file of a single Cggp molecule
was extracted from the website of Martini force field
(http://cgmartini.nl/index.php/example-applications2).  Cgo
molecules were inserted into the aqueous solution of pure
DPPC vesicle and located randomly in the beginning to pre-
pare the systems with different Cgp molecular concentrations,
noted as ¢(Cgg), varying from 0 to 16.3%. Each of these sys-
tems was equilibrated at 303 K and ambient pressure until all
Cgo molecules spontaneously entered the internal region of the

DPPC bilayer.

NC3
GL2
C1A
C1B
CNP
C2A 2B
C
C3A C3B o0
C4A C4B

DPPC

Fig. 1. CG molecular representations of DPPC and Cgy. A DPPC
molecule consists of 12 CG beads labeled by names and colors. A Cgo
molecule consists of 16 CNP CG beads.

For each of the equilibrated Cg-vesicle systems, the dy-
namic simulations were performed applying a semi-isotropic
pressure coupling in three-dimensional Cartesian rectangular
coordinates. In this way, the components of the mechanic
stress along x and y directions (horizontal direction) main-
tained ambient pressure, while the component along z direc-
tion (vertical direction) was assigned as 4.0, 8.0, 12.0, 16.0,
and 20.0 bar, respectively. The constant pressure was imple-
mented by the Berendsen scheme with a coupling constant of
5.0 ps. The temperature was constantly set at 303 K by the
velocity-rescaling scheme with a coupling constant of 1.0 ps.
Both the electrostatic cut-off and the van der Waals cut-off
were at 1.1 nm. The time step of simulations was 30 fs.

The systems were regarded to achieve equilibrium when
the side length of the system boxes remained stable relatively.
Then the simulations were terminated. In our case, each sim-
ulation of the semi-isotropic pressure coupling was run for
300 ns.

2.2. Theoretic model of the elastic deformation

As a consequence of the vertical pressure, the initially
spherical vesicle will deform. According to the simulations,
the deformed vesicle can be abstracted into a geometry con-
sisting of a rotationally symmetric side surface and two round
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planes at top and bottom, depicted in Fig. 2. It should be em-
phasized that the shape shown in Fig. 2 is not a solution to
the equilibrium shape equation obtained by Ou-Yang and Hel-
frich in 1987.1%) The length parameters L and R (annotated in
Fig. 2) are parameters describing the shape of vesicle.

At a constant temperature, the exchange of molecules be-
tween the membrane and the solution is negligible, and the
membrane is hardly stretchable.*3] Thus, the area of the vesi-
cle membrane during pressurization is assumed to be a con-
stant. Accordingly, L is represented as a function of R,

R+ /7R +8 (R} — R2)
2 b

where Ry is the radius of the initial spherical vesicle. There-

L= )

fore, R is the only independent parameter characterizing the
shape of the deformed vesicle.

27k (2 — CoRo)’,
E =

On the other hand, one has

, dE
—2prwl® = IR’ 4)
where p is the vertical pressure.

Using Egs. (2), (3), and (4), we can obtain the bending
modulus and the spontaneous curvature by fitting the simula-

tion data.

< 2
I [(2R+nL) (2—CoR)> —27L(2—CoR) +L? [F m?%} + K. C3L?, 0<R<Ry.

(b)

front view

top view

Fig. 2. Geometric model of the deformed vesicle. The vesicle is abstracted
into a geometry consisting of a rotationally symmetric side surface and two
round planes at top and bottom. (a) Three-dimensional view. A fixed global
right-handed Cartesian coordinate system is set up, with its origin labeled
as O, at the center of the vesicle. (b) Front view and top view. In the front
view, the outline of the vesicle is constituted by two horizontal straight lines
with length 2L, and two semicircles with radius R. The vertical pressure p
is along the z axis. In the top view, there appear conceivably two concentric
circles with radius L and R + L, respectively.

One can obtain the elastic energy of the vesicle based on
the Helfrich spontaneous curvature model

K= fo 3)

‘3. Results and discussion

3.1. Bending modulus and spontaneous curvature of the
vesicle membranes with different C¢, concentrations

The typical deformation of vesicles under different ver-
tical pressures at equilibrium is shown in Fig. 3(a). The de-
formation of the vesicles with Cgo nanoparticles of different

(a)
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(b) - : . . .
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Fig. 3. (a) Deformation of the vesicle under vertical pressures. Plotted is the front view of the vesicle with the Cgo concentration of 4.6%
at equilibrium. The first vesicle is the initial spherical one. The second and third ones are under the vertical pressures of 8pg and 20po,
respectively. Color code as used in Fig. 1. Water and carbohydrate tails of lipids are not shown for clarity. (b) The relation between the
geometric parameter R of the vesicle with different Cgy concentrations and the vertical pressure. The vertical pressure p is scaled by ambient
pressure pg, and R is normalized by the radius of the initial vesicle Ry. (c) Dependence of the bending modulus of DPPC bilayer on the Cgg
concentration. (d) Dependence of the spontaneous curvature of DPPC bilayer on the Cgp concentration. In (c) and (d), symbols are the results
from our simulations, and solid lines indicate linear fitting with the equations aside.
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molecular concentrations under various vertical pressures are
quantitatively described by R vs. p, plotted in Fig. 3(b).

The bending modulus k. and the spontaneous curvature
Cy of the vesicle membranes are obtained by fitting our simu-
lation data to Egs. (2), (3), and (4) in the least-squares sense.
The results are shown in Figs. 3(c) and 3(d).

Our results show that the bending modulus of the pure
DPPC vesicle membrane is approximately 1.6 x 10717 7,
roughly in agreement with the values obtained in previous

[49,52,53,55,58,59,70] It is suggested

simulations and experiments.
that our simulations and theoretic analyses should be reliable,
though the size of vesicle used in our simulations is not so
large that the thickness of membrane can be neglected. The
bending modulus increases linearly approximately as the Cgg
concentration increases from 0 to 16.3%.

The spontaneous curvature of the pure DPPC vesicle

1

membrane is 1.4 nm~". It also increases linearly approxi-

mately with the increasing Cgo concentration.

3.2. Size and structural properties of the vesicles: density
profiles

The density profiles of DPPC, water and Cg in the vesi-
cles at different vertical pressures and Cgo concentrations are
shown in Fig. 4(a).

According to the radial density profiles (density vs dis-
tance from the center of the spherical vesicle, rg) under am-
bient pressure (Fig. 4(a), 1st row), Cgo nanoparticles tend to
distribute in the inner leaflet of DPPC bilayer more than in the
outer leaflet. The peak of the DPPC density curve reduces and
the width increases with the increase of Cgy. Moreover, the in-
ner leaflet shows a lower peak compared with the outer leaflet
as Cg nanoparticles infiltrate into the membrane.

The density profiles under pressurization are depicted by
the density distributions along the z axis (Fig. 4(a), 2nd and
3rd rows) and the radial density distributions in the xy plane
(Fig. 4(a), 4th and 5th rows). From the density profiles under
pressurization, one can notice the similar phenomena to that
from the density profiles under ambient pressure.
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Fig. 4. (a) Density profiles of water, DPPC and Cg in the vesicles at different vertical pressures (annotated on the left) and Cgo concentrations
(annotated at top). The radial density profiles under ambient pressure (1st row) are depicted by density vs distance from the center of the
spherical vesicle, rp. The density profiles under pressurization are depicted by the density distributions along the z axis (2nd and 3rd rows,
where the vertical dashed lines indicate the boundary of systems) and the radial density distributions in the xy plane (4th and 5th rows, where r
is the distance from the center of the vesicle in the xy plane). (b) Distribution of Cgg concentration in the inner (solid cubic symbols, all above
the dashed line) and outer (open circle symbols, all below the dashed line) leaflets at different vertical pressures and total concentrations in the
bilayers, plotted with the solid lines as guides to the eyes. The dashed black line with a slope of 1 is drawn as a reference. (c) Radial density
profiles of some CG beads under ambient pressure in the system with Cg( concentration of 8.9%. (d) Radius of the initial vesicles as a function
of the Cg concentration. (e) Thickness of DPPC bilayers as a function of the C¢y concentration. In (d) and (e), symbols are the measured data
from our simulations, and solid lines indicate the results of linear fitting.
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The Cgp concentrations in the inner leaflet and the outer
leaflet are quantitatively measured (Fig. 4(b)). As the total
concentration of Cg in the bilayer and the vertical pressure
vary, the concentration in the inner leaflet (Fig. 4(b), above the
dashed reference line) is always larger than that in the outer
leaflet (Fig. 4(b), below the dashed reference line). The un-
even distribution of Cgp may be attributed to the fact that the
curvature of the inner leaflet is larger than that of the outer one,
so there is more room for nanoparticles near lipid tails in the
inner leaflet.

The radial density profiles of some CG beads under am-
bient pressure are illustrated in Fig. 4(c). Cgp nanoparticles
are inclined to distribute near the first two beads of carbohy-
drate tails, as a probable consequence of the atomic interaction
between the constituents of Cgy and DPPC.

Additionally, the infiltration of Cgp into the bilayer
changes the size of the vesicle membrane. Both the radius of
the initial spherical vesicle and the thickness of DPPC bilayer

increase linearly with the Cgy concentration (see in Figs. 4(d)
and 4(e)).

3.3. Structural properties of the vesicles: order of lipid
packing

The angle between two carbohydrate tails of the lipid is
chosen as the order parameter.!”!! The tail angle distributions
of membranes at diverse vertical pressures and Cg( concentra-
tions are illustrated in Fig. 5(a). In a vesicle, the tail angle
distribution of the inner leaflet (Fig. 5(a), red curve) is broader
and has a peak farther from 0° than that of the outer leaflet
(Fig. 5(a), blue curve). Nevertheless, as the Cgp concentration
in the bilayer increases, the angle distributions of the inner and
the outer leaflet tend to coincide. In addition, the angle distri-
butions of bilayer (Fig. 5(a), black curve) and two monolayers
are broader and have peaks farther from 0° at a lower Cg con-

centration or under a higher vertical pressure.
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Fig. 5. (a) Tail angle distributions of the vesicles with various Cgy concentrations (annotated at top) under diverse vertical pressures (annotated
on the right). (b) Relation between the average of tail angles in the membrane and the Cgp concentration under different pressures, presented
separately for the bilayer and each monolayer. Symbols are the measured data from our simulations, and solid lines indicate the results of linear
fitting to each set of data.
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The average of tail angles in the membrane is calculated,
seen in Fig. 5(b). The tail angle averages of bilayer (Fig. 5(b),
left) and two monolayers (Fig. 5(b), middle and right) all de-
crease with the increasing Cgo concentration in the layer. They
increase with the increasing vertical pressure.

The broader distribution with a peak farther from 0° sug-
gests that the packing of lipids is less ordered. Similarly, the
smaller average of tail angles means the higher order of the
vesicle membrane. Altogether, we could draw three conclu-
sions: in a vesicle, the lipid packing is less ordered in the inner
leaflet than in the outer leaflet, but the difference in lipid pack-
ing between the two monolayers becomes less obvious as more
Cgo nanoparticles enter the bilayer; the vertical pressurization
forces the vesicle membranes into a more disordered state; the
infiltration of Cg( enhances the order of lipid packing.

3.4. Dynamic properties of the vesicles: molecular diffu-
sion coefficients

The diffusion coefficients of DPPC molecules and Cg,
nanoparticles in the vesicles under ambient pressure are shown
in Fig. 6. In a vesicle, Cgp nanoparticles diffuse more slowly
than DPPC molecules.

and Cg in the vesicle are in the range of the values obtained

The diffusion coefficients of lipids

by previous simulations on the plane membranes. [36-3941.72.731
Both the diffusion coefficient of DPPC and that of Cgy descend
on the whole as the Cg concentration in the vesicle increases.
This means that the fluidity of the membrane becomes worse.

F ® DPPC
+ e Cg

D/1077 cm?-s™!

0 4.0 8j0 12.0 16I.0
C(C(;(])/%

Fig. 6. Diffusion coefficients of DPPC molecules and Cgo nanoparticles
in the vesicles with different Cgo concentrations under ambient pressure.

3.5. Discussion

According to our simulations and analyses, the native
structures of vesicles and the atomic interaction between Cg
and lipids affect the spontaneous infiltration and the uneven
distribution of Cg in the bilayers. The infiltration and distri-
bution of Cgp nanoparticles, in turn, alter the sizes, the struc-
tural and the dynamic properties of the vesicles. The modula-
tion of structures and dynamics has an further influence on the
elasticity of the vesicles. On the one hand, Cgy nanoparticles

induce the order of lipid packing, reduce the fluidity of mem-
branes, then strengthen the vesicle, and increase the bending
modulus. On the other hand, Cgp nanoparticles change the
asymmetry between the two monolayers of the bilayer (i.e.,
the infiltration of Cgp modifies the density profiles and the tail
angle distributions of inner and outer leaflets), and thus alter
the spontaneous curvature of the vesicle membrane.

4. Conclusion

We have explored the effect of Cgy nanoparticle infiltra-
tion on the vesicles composed of DPPC lipid bilayers through
CG MD simulations.
taneous curvature of the DPPC vesicles with Cgp nanoparti-

The bending modulus and the spon-

cles of different molecular concentrations have been obtained
based on the Helfrich spontaneous curvature model. The bend-

ing modulus and the spontaneous curvature of pure DPPC

1

vesicles are approximately 1.6 x 107! J and 1.4 nm™!, re-

spectively. It is concluded that both the bending modulus
and the spontaneous curvature increase linearly approximately
with the Cg( concentration (0—16.3%).
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