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Polyhedral vesicles: A Brownian dynamics simulation
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Polyhedral vesicles with a large bending modulus of the membrane, such as a gel phase lipid membrane,
were studied using a Brownian dynamics simulation. The vesicles exhibited various polyhedral morphologies
such as tetrahedron and cube shapes. We clarified two types of line defects on the edges of the polyhedrons:
cracks of both monolayers at the spontaneous curvature of the mon@gyed, and a crack of the inner
monolayer ailCy,=0. The inner monolayer curved positively around the latter defect. Our results suggest that
the polyhedral morphology is controlled I63,.
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I. INTRODUCTION restrictions of computational timgl2—14], coarse-grained
molecular simulation§15—26 have been applied. We stud-

Amphiphilic molecules such as lipids and detergents formied the fusion and fission dynamics of vesicles using Brown-
various structures such as micelles, cylindrical structuresan dynamics[20-23. The self-assembly into vesicles is
and bilayer membranes in aqueous solufiby2]. In particu- ~ Simulated by our moddl19], a lattice Monte Carlo method
lar, closed bilayer membranes, i.e., vesicles, are biologically16], and dissipative particle dynamif85]. However, these
important as model systems for the plasma membrane argimulated vesicles were flexible, and no polyhedral vesicles
intracellular compartments in living cells. Various morpho- have been obtained.
logical changes in the vesicles are understood via the In the present paper, we developed our previous model to
Helfrich elastic mode]1-5]. However, this model cannot be control the bending modulus of the monolayers by the addi-
applied to nonbilayer structures. For example, in an invertedion of the curvature potential of a monolayer. Since the
hexagonaH,, phase, the hydrophobic interstiteid) space  regular arrangement of the molecules in the gel phase is not
opens among three cylindrical monolayers. Recently, it i necessary condition to form a polyhedral vesicle, we used
considered that this interstice space is filled by the tilt deforthe fluid phase membrane with a large bending modulus.
mation of amphiphilic molecules, as shown in Figa)16,7]. Polyhedral vesicles and two types of defects at the edges, as
The molecules tilt with respect to the monolayer surfaceshown in Figs. tb) and Xc) are obtained. The morphology
around the junction of the three bilayers. The monolayer surof the polyhedral vesicles and the defect type depend on the
faces are sharply bent at the junction. The effects of the tilspontaneous curvature of the monolay@y,
deformation have also been studied with regard to the fusion
intermediates of the fluid phase membraf@&$)].

On the other hand, polyhedral-shaped vesicles of mi-

crometer scale size were observed in a gel phase: a anamphiphilic molecule is modeled as rigid rods consist-
triangular-pyramid or prism-shaped vesicle of a MONOCOMing of one hydrophilic segmenf € 1) and two hydrophobic
cationic and anionic surfactar(ts1]. The membranes are flat ; “golvent molecules are not explicitly taken into account,
on the faces of the polyhedrons and sharply bent at thgnq the “hydrophobic” interaction is mimicked by the multi-
edges. Since the bending modulus is very large in the g&logy |ocal density potential of the hydrophobic segments. As
phase, the polyhedral vesicles would be more stable than thge getails of the basic model were described in our previous
spherical vesicles. The free-energy loss of the defects at tq@apers[lg,zﬂ, we briefly explain the model here. The mo-
edges would be _Iess than the loss of the constant pending abn of the jth segment of théth molecule follows the un-
the membranes in the sphere. Thus, the large bending modgardamped Langevin equation with the constraint of a linear

lus of the gel phase would be an essential condition for polymgjecule. Amphiphilic moleculesi €1, . . . N) interact via
hedral vesicles. However, the defect structure at the edges is

unresolved. Information on the edge structure is significant b

to control the morphology of the polyhedral vesicles. These (@) (b) (c)

vesicles are expected to be of practical value for drug deliv- ‘{g ﬁ% M

ery.

To clarify the edge structure, theories or simulations with m m ﬁg

molecular resolution are needed. Since molecular dynamics

simulations with atomic resolution have only been applied FiG, 1. Three types of line defectéa) Tilt deformation in the

for the ~10 ns dynamics of 1000 lipid molecules due to thejnverted hexagonal phasé) Cracks of both monolayers. Hydro-
phobic segments are partially exposexl.Crack of the inner mono-

layer. Amphiphilic molecules in the inner monolayer tilt with re-
*Electronic mail address: noguchi@ims.ac.jp spect to the boundary surfaces of the two monolayers.

Il. METHOD
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a repulsive soft-core potentiél,,, an attractive hydropho-
bic potentialUy,, and a curvature potentiélc,, .

U= 2, Urep(|ri,j_

ri’,j’|)+_2 Unpg(pij)+Ucy, (1)
i =23
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membrane, and.,~5e. In previous papers, we estimated
the bending modulug,/e=0.5 (half of the bending modu-
lus of bilayers at «/,=0 [21]. Since«x,, is tenfold larger
than g, the bending elasticity is mainly given by, and
the bending modulus of the monolayes= «, .

We mainly used the number of moleculls=1000 and

wherep; ; is the local density of the hydrophobic segmentsk,T/e=0.2, wherekg is the Boltzmann constant afds the
for the jth segment of théth molecule. Both segments have temperature. Amphiphilic molecules spontaneously form

the same soft radiud) ¢ r)/e=exd —20(r/c—1)]. The

vesicles in a fluid phase &T/e=0.2 andx;,=0. The unit

hydrophobic interaction is mimicked by the potential length o corresponds to~1 nm. The unit time stepr,

Uhp(p)-

>

i#i’,j'=23

pii= h(lrij—ri /D, 2

where

h(r)=

exp20(r/o—1.9}+1"

pi,j is the number of hydrophobic segments in the sphere

whose radius is=1.9.

—0.% (p<p*—1)
Upg(p)/e=1 0.28p—p*)?—c (p*—1=p<p*), (3)
—c (p*=<p),

where ¢ is given byc=0.5* —0.25. We used the values
p*=10 and 14 afj=2 and 3, respectively. At low density
(p<p*—1), Upp) acts as the pairwise potential
—eh(r).

To give the bending modulus and the spontaneous cur-
vatureC, of the monolayer membranes, we use the potenti
Uy of the orientational difference of neighboring mol-
ecules:

Uecv= > 0.5k N (1 i) (Uj— Ui — Cgri i1)?,
i#i’

(4)

where the vectou; is the unit orientational vector of th¢h
molecule, an(fi,i, (rii») is the unit vector(distance be-
tween theith andi’th moleculesu;=(r; ;—r; 3)/|r 1~ r; 4
andr; ;. =(r;—r;.)/|r;—r;/|, wherer; is the center of mass
of theith molecule. AtC{=0, this potential is similar to the

=[o?le corresponds to~1 ns estimated from the lateral
diffusion constant of phospholipids at 30° €,10 ’ cn¥/s
[29,30, where{ is the friction constant of the segments of
the molecules. We used three methods to obtain the vesicles
at k. /e =3 andkgT/e=0.2: quenching, annealing, and,
increasing. In quenching, the simulation starts with spherical
vesicles atx,,=0 and the temperature is fixed BgT/e
=0.2. In annealing, vesicles are annealed friwil/e
=0.5-0.2. Temperature decreases wikaT(t)/e=(0.3
+a)expIn[a/(0.3+a)]t/ty)+0.2—a, where a=0.00001
andty=500000C. In ., increasing, the coefficient,, lin-
early increases fronk.,/e=0 to 3 for 1 000008, starting

with the spherical vesicles at,,=0.

Ill. RESULTS AND DISCUSSION
A. Morphology of vesicles

Vesicles exhibit various polyhedral morphologiesdf,
=3e. The number of facesy, of a polyhedron increases as
Cy increases. Figure 2 shows examples of the polyhedral
vesicles. The edges of the polyhedrons are formed by the line

a?efects[Figs. 1b) and Xc)]. The molecules at the line de-

ects are distinguished using the number of neighboring mol-
eculesn™, as shown in Fig. 3. The numbe}® is defined as
ni“b=2h(ri,i,). The inner monolayers are divided intg
faces by the defects. &L ,=0, the cracks of the inner mono-
layer[Fig. 1(c)] occur on the edges, and the outer monolayer
consists of one curved fadérigs. 2b) and 4c)]. At C,
<0, the outer monolayer also exhibits cra¢ksy. 1(b)] on

the edges. When the deformation of the left or right side of
Fig. 2@ is formed on the entire circular-line defects, the
outer monolayer of the disk-shaped vesicles is divided into
three facestwo disks and one cylindgor two faces, respec-
tively.

bending elastic potential used in the tethered membrane Figyre 4 shows the mean number of facés), at

models[27,28. When the orientational vectors are equal

kgT/e=0.2 using three methods: quenching, annealing, and

to the normal vectors of the monolayers with no tilt defor- . increasing. The results of annealing are the closest to the

mation,
ucv=f 0.5k (C1+ Co—Cg)2—2C,C,+ C3]dA (5)

in the continuum limit, where&C, andC, are the two princi-
pal curvatures of a monolayer. The spontaneous curvatyre

is equal toCqya/r ., Wherer , is the mean distance between
neighboring molecules ang,=1.50. On the assumption of

equilibrium values. With the other methods, the vesicles are
often trapped in metastable states.@¢>0, vesicles with
larger or smallen; values are obtained through quenching or
Key INCreasing, respectively, than through annealing. Thus,
the annealing method should be used to obtain regular poly-
hedrons. It also suggests that polyhedral vesicles with
smallern; are formed wherC, is altered by changes in the
solution conditions, such as the salt concentration, after a
fluid-gel transition.

the hexagonal packing of molecules in the monolayers, we Flip-flop motion, which is the transverse motion between

obtain ko, = \3k/,. We usedk,,=3s to represent the rigid

the inner and outer monolayers, frequently occurkgdt/ e
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FIG. 3. Line defectdedge$ of the tetrahedral vesicle in Fig.
2(b). The snapshot is viewed from the same viewpoint. The mol-
ecules with the number of neighboring moIecuté§<4.5 in the
inner monolayer are shown.

In the polyhedrons obtained, three edges are connected at
any vertex. The connections of more edges are unstable and
are not formed. The number of edges,, then equals
1.5-fold the number of vertices,,, because each edge con-
tacts two vertices. We obtain.=3(n;—2) and n,=2(n;

—2) from this relationship and Euler’s formula for a convex
polyhedron (;+n,—n.,=2). At n=6, multiple types of
polyhedrons with the same number of faces exist in this rule.
However, we obtained only one or two types of polyhedrons:
i.e., cube (&) at n=6; pentagonal prism &5° and
(31,4 5% atn;=7; (4% 5% atn;=8; (4%,5°) and (4,5%6)
atn;=9, where (9% represents a polyhedron withp gons.
Thus, polyhedrons with low symmetry or including small
faces are not formed very much.

At a large spontaneous curvatu@;o=0.35 andkgT/e
=0.5, a vesicle divides into two or three vesicles as shown
in Fig. 5. Some regions of the membrane bend outside with
cracks of the outer monolayer, and the membrane is divided
at these crackfFigs. §b) and Hc)]. At kgT/e=0.2, these
cracks of the outer monolayer are stable, and vesicles exhibit
complex morphologies with concave edges. The morphology
of the polyhedral vesicles depends on the size of the vesicles.
Vesicles withN=2000 exhibit concave edges evenGjo
=0.23.

FIG. 2. Sliced snapshots of vesicles at temperalgie e = 0.2
and number of moleculesl=1000. (a) A disk-shaped(dihedra)
vesicle at the spontaneous curvature of the monola@go
=—0.11. (b) A triangular-pyramid shapegetrahedral vesicle at
Co0=0.058. (c) A pentagonal-prism-shapetheptahedral vesicle
at Coo=0.23. Gray spheres and white cylinders represent hydro- [T T T T [ T T T T [ T T T T[T
philic and hydrophobic segments of amphiphilic molecules, respec- 8

tively.

— —H8—annealing

=0.5. The number of molecules in the inner monolayer de- 6

— - #&-— quenching
—-—-e—-—k increasing
cv

creases with an increase m at kgT/e=0.5, since tilting c
molecules on the line defects share a larger area. The ratios 4
vin Of the molecules in the inner monolayer are
0.31(x=0.01) and 0.292¢0.003) atCyo=—0.11 (N;=2)

and Cy0=0.23 (n;=7.3), respectively. On the other hand,
flip-flop motion rarely occurs and the ratig,, is fixed at
vin=0.328(+ 0.003) at the fixed temperatukgT/e =0.2. In
typical experimental conditions, flip-flop motion is very
slow, and the half-life is more than several hours, even in the
fluid phas€31,32. Thus experimentally, the ratig;, of the FIG. 4. Spontaneous curvatuf@, dependence of the mean
polyhedral vesicles should not reach an equilibrium value aaumber of facegn;) of polyhedrons obtained by three methods at
well as the simulation at the fixed temperatkgd /e =0.2. N=1000 andkgT/e=0.2.
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FIG. 5. Sequential sliced snapshots of vesicle fissio€ gt FIG. 7. Probability distribution of the curvatures,,,, for mol-

=0.35, kgT/e=0.5, andN=1000. The initial state is a spherical ecules atc,=0. Solid line: flat bilayer with 1.11 molecules pef.
vesicle atx/,/e=0 andkgT/e=0.5 Broken line: inner monolayer of vesicles witti=1000. Broken-
& .5.

and-dotted line: outer monolayer of vesicles wik= 1000.

B. Curvature of the membrane

. . . =-0.11. On the other handC" } of the inner monolayer
In this section we describe two types of the curvature of dCan) ! y

monolayer membrane: the curvatuigplay for molecules increases with an increase o and ny, since the inher
and the curvature of membrane surface. The difference béponolayers curve positively arounig the crack of the. inner
tween these two curvatures is caused by the tilt deformatiofonelayers. The mean curvatw€y,) for a largern; is

[7]. Figure Ga) shows theC, dependence of the curvatures ©19S€" 10 Co, although more hydrophilic - segments
of four polyhedrons aCy=0, whereC,,, is the curvature contact the hydrophobic segments at the line defects. The
(splay for amphiphilic molecules, (C m>r— ~[3(u curvatureC,,, does not coincide with the curvature of the

' a nb™ i

- o monolayers, since molecules can tilt with respect to the
—Ui)ri,ih(ri i) J[Zh(ri;)]. The mean curvatur¢Cy monolayer surface. To clarify this tilt, we estimated the cur-
of the outer monolayoeur is almost independenCgfandn; at vature Cy for the monolayer surface{Ce)r,=[=(n;

Co=0. At Cy<0, (C2" decreases because of the cracks of

ou B —ni/)Fiyi/h(l’iyi/)]/[Eh(l’i’i/)], Whereni is the normal vector
the outer monolayers{Cgy o=0.0325(-0.0005) atCor of the monolayer surface at. We definedn; as the vector

minimizing &;==h(r;;/)(nif;;)> when n™>25. This
minimizing vector is the eigenvector with the smallest eigen-
value of the moment tensor of inertia of the neighboring
molecules. Figure @) shows the curvatureéCg) of the
inner monolayer surface and the differenelj;) between

the two curvatures. The inner monolayer surface tilts with
respect to the boundary surfaces of the two monolayers, and
the molecules in the inner monolayer tilt with respect to the
%2:3@32335I inner monolayer. Both tilts increase,,. Since the molecu-

F——— lar tilt in the inner monolayer Cf), is almost independent
of n¢, the length of the line defects only changes the curva-
ture (CY) of the inner monolayer surface. The length of line
defects increases with;. Thus the polyhedral morphology
at equilibrium should be determined by the effects of the line
defects on(C¢;) and the hydrophobic interaction.

The curvature differenc€y; is also a useful parameter
for the flexible membranes. We found that the spontaneous
curvatureC, can be estimated using this tilt deformation
with respect to the monolayer surface. The flexible mem-
branes atk.,=0 have positive spontaneous curvature in-

FIG. 6. Spontaneous curvatués dependence ofg) the mean duced by the asymmetric attractive interaction. Three seg-
curvature for amphiphilic molecule¢C,) and (b) the mean cur- Ments have the same excluded volume, and the segment of
vature for the monolayer surfacéCgy), and the difference(Cg4;)  the hydrophobic end,=3, has an attractive interaction, al-
=(Cam—Cg) at N=1000, kgT/e=0.2, andy;,=0.328(+0.003).  though the segment of the hydrophilic end=1, has no
The superscripts “in” and “out” represent the inner and outer attractive interaction. The probability distribution Gf,,, ex-
monolayers, respectively. Circles: rugby-ball shaped trihedronhibits an asymmetric shape rather than the Gaussian curve, as
Squares: tetrahedron. Triangles: triangular prism. Diamonds: cubeshown in Fig. 7. We estimated the effective spontaneous cur-

mean curvature <C>o
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0.005 ' ' ' ' tilt with respect to the monolayer surfaces to reduce the cur-
vature energy. The effective spontaneous curvature of a
membrane can be estimated using this tilt deformation.
The line defects may be interpreted using the correction
0 terms of the Helfrich model, the local minimum at a large
L 4 C,+C,. The morphology of the polyhedral vesicles may
L - then be obtained from the Euler-Lagrange differential equa-
: - tion. Similar deformations to the crack of the inner mono-
- \ . layer are seen in our daily experience. When a rubber hose is
| . | g strongly bent, one side of the hose becomes hollow and the
0.02 0.04 0.06 0.08 0.1 other side bends smoothly.
The morphology of polyhedral vesicles depends on the
<Csfc> properties of the molecules. The regular arrangement of mol-
ecules in gel phase membranes affects the morphology. The

) ) hexagonal packing of molecules should stabilize the triangu-
ence of the two curvature§y;. These values are obtained in the

imulati ‘ fat bil tube.shaped icl d spheri lar and hexagonal faces. The simulation results suggest that
\S/gilélae ;Ons or a flat briayer, fube-shaped vesicles, and sp er'Cg’f:l’jlolyhedral vesicles are experimentally formed even in the

fluid phase when the bending modulus is sufficiently large.
The stability of the cracks is dependent on its atomic struc-
ture. Molecular simulations with atomic resolution are ex-
pected to solve the crack structure of lipid membranes. In
some multicomponent vesicles, phase separation occurs at
the edges or vertices of the polyhedrons. Duletisl. re-
ported that the segregated anionic surfactants form pores at
the verticeg 11]. Various polyhedral vesicles are likely to be

IV. CONCLUSION experimentally observed under the control@f and other

We have clarified that a vesicle with a large bendingconditions.
modulus forms polyhedral morphologies. The cracks of the
inner or both monolayers are formed on the edges of the
polyhedrons. The face numbeyof the polyhedron increases  This work was supported in part by a Grant-in-Aid for
with Cy. At a large spontaneous curvature, a vesicle dividescientific Research from the Ministry of Education, Culture,
into smaller vesicles. In the polyhedral vesicles, moleculesSports, Science, and Technology of Japan.

<C Git®>
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1

-0.005

FIG. 8. Curvature of the monolayer surfa€gy, vs the differ-

vatureC, from theC; dependence o€ 4;, as shown in Fig.
8. At C4<Cy or Ci>C,y molecules tilt to reduce
|Cam— Col and Cy; shows a positive or negative value, re-
spectively. Thus, we obtairCq0=0.04 at x.,=0 and
kgT/e=0.2.
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