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Morphologies of genus-1 and 2 toroidal vesicles are studiigderically by dynamically triangulated membrane modets ex-
perimentally by confocal laser microscopy. Our simulatiesults reproduce shape transformations observed in periexents
well. At large reduced volumes of the genus-1 vesicles,inbthvesicle shapes agree with the previous theoreticdlgiien, in
which axisymmetric shapes are assumed: double-neckedsioyte, discoidal toroid, and circular toroid. However, $mall
reduced volumes, it is revealed that a non-axisymmetriwodtigl toroid and handled discocyte exist in thermal efQuitim in
the parameter range, in which the previous theory predidtymmetric discoidal shapes. Polygonal toroidal vesieed sub-
sequent budding transitions are also found. The entropgechioly shape fluctuations slightly modifies the stabilityheftesicle
shapes.

1 Introduction area. It is defined a¢* =V /(411/3)Ra3 with Ry = /A/4m,
whereV andA are the vesicle volume and surface area, respec
Vesicles are closed bilayer membranes that show a wide vaively. Since transverse diffusion (flip—flop) of phosplpitis
riety of morphologies depending on the lipid architectuse a petween two monolayers is very slow, the number differenc -
well as their environment. Since fluid lipid membranes aee th ANy of lipids between two monolayers can be conserved on &
main component of biomembranes, lipid vesicles are considtypical experimental time scale. In the bilayer couplingjB
ered as a simple model system of cells. In particular, vesicl model, the area differena®A is fixed as the preferred value
shapes with genug = 0 have been intensively investigated AA, = ANjpajip, Whereay, is the area per lipid in tensionless
and are well understod®. For example, the shape of red membranes. In the area-difference-elasticity (ADE) mpael
blood cells, discocyte, can be formed by a lipid membraneharmonic potential for the differena@® — AA is added as a
without proteins. In contrast to the genus-0 vesicles,clesi  penalty for the deviation of the area difference. For genus'
with nonzero genus have been much less explored. In this p@ vesicles, various observed morphologies can be reprdduce:
per, we focus on vesicles with= 1 andg = 2. well by both BC and ADE models* stomatocyte, disco-

In living cells, organelles exist in various shapes. In somecyte, prolate, pear, pearl-necklace, and branched stditish
organelles, lipidic necks or pores connect biomembrangs su shapes. However, shape-transformation dynamics is leetter
that they have nonzero genus. For example, the nuclear merptained by the ADE modél
brane and endoplasmic reticulum are connected and together
form complicated shapes. The nucleus is wrapped by two bi- The vesicle shapes with= 1 andg = 2 were studied in the
layer membranes connected by many lipidic pores. Thus, it39904%-18 Forg = 1, the phase diagrams of axisymmetric
shape is considered as a stomatocyte of a high-genus vesidfapes were constructed for the BC, ADE, and spontaneou.:
connected with a tubular network. It is important to under-curvature models by Jillicher et &. They assumed axisym-
stand how their topologies affect their morphologies. metry of the vesicle shape and the region of non-axisymmeti

Vesicle shapes are determined by the curvature energy arghapes is only estimated by a stability analysis of the ax
the area differenc@A of two monolayers of bilayer mem- jsymmetric shapes. However, the stability is only examined
branes with a constraint on the reduced volurié=, which  with respect to special conformal transformations and non:
is the volume relative to a spherical vesicle of the sameserf axisymmetric shapes were not directly explored. Thus, tre
full phase diagram of genus-1 vesicles has not been com-
a | nstitute for Solid State Physics, University of Tokyo, Kashiwa, Chiba 277- pleted. Forg = 2, conformational degeneracy was found in
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b Department of Physics, Ochanomizu University, 2-1-1 Otsuka, Bunkyo, the ground state af* > 0.7, where the vesicles can trans-

Tokyo 112-8610, Japan form their shapes without changing their curvature energy
¢ Department of Physics, Faculty of Science, Tohoku University, 6-3 Aramaki,  with fixedV* andAA#15:17 |n this paper, we revisit the phase
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where axisymmetric shapes were assumed in'Refin all of  between the two monolayers. The BC model can be consid-
the previous theoretical studies on non-zero genus veftide ered as the ADE model witkyge = . The area differences
thermal fluctuations are neglected. However, experimgntal are normalized by a spherical vesiclefss= AA/81hR, and
neck diffusion of toroidal vesicles and bending and lengthAay = AAy/8mhRa to display our results. For the spherical
fluctuations of lipid tubes were report&d®20 We also in-  vesicle withAag = 0, Aa = 1 andUape = 87 Kade
vestigate the effects of thermal fluctuations and compare ou The mean curvature at tfih vertex is discretized 42526
simulation results with shape transformations observexim
experiments fog = 1 and 2. (CL+Co)ni = 1 Aijrij 7 3)

The simulation and experimental methods are provided in Ai fm i
Sec. 2. In Sec. 3.1, vesicle shapegat 1 are described.
First, the stable states for the curvature energy withoat thwhere the sum ovej(i) is for the neighbors of thieth vertex,
bilayer-coupling constraint or ADE energy is explained as awhich are connected by bonds. The bond vector between the
starting point. Subsequently the free-energy profilesale@e  verticesi andj isr; j, andr; j = |ri j|. The length of a bond in

clarifies discrete shape transitions from non-axisymmeis- 6, and 6, are opposite to bonid in the two triangles sharing
coidal shapes to circular toroids in the ADE model. The sim-this bond, and\j = O.25zj(i))\i’jri,j is the area of the dual
ulation results are compared with experimental images. Theell. The normal vecton; points from inside of the vesicle to
budding transitions are also discussed. In Sec. 3.2 thésesu outside.

for g = 2 are described. The summary and conclusions are The bonds are reconstructed by flipping them to the di-
givenin Sec. 4. agonal of two adjacent triangles using the Metropolis MC
procedure. Triangle formation of the bonds outside of the
membrane surface is rejected such that the minimum pore i
vesicles consists of four bonds [see the middle snapshot iz
Fig. 1(a)]. In the present simulations, we usgy, = 1000,
0'1/00 = 1.67, kV =4, kA =8, andk = ZG(BT, WherekBT

We employ a dynamically triangulated surface model to deJS the thermal energy. The deviations of reduced voline
scribe a fluid membrarf€:22 The vesicle consists dfly, oM the specified values are less thaBl0 We primarily
vertices connected by bonds (tethers) to form a triangudar n l}s_ek%dg: Kade/K = 1, which is a typical value for phospho-
work. The vertices have a hard-core excluded volume of diliids>®. In the previous study, the phase diagram of genus-
ametergy. The maximum length of the bondds. In orderto 1 vesicles was constructed using this value.

keep the volum¥& and surface are constant, harmonic po- ~ The canonical MC simulations of the ADE model are per-
tentialsUy = (1/2)ky(V —Vp)2 andUp = (1/2)ka(A—Ag)2  formed with various parameter sets for the potentlak=

are employed. A Metropolis Monte Carlo (MC) method is Uev +Uv +Ua +Uape. To obtain the thermal equilibrium

2 Materialsand Methods

2.1 Dynamically Triangulated Membrane M odel

used to move vertices. states, one of the generalized ensemble MC mettfotfsis
The curvature energy of a single-component fluid vesicle i€€mployed for genus-1 vesicles. Instead of the ADE poten-
given by?3:24 tial Uape, a weight potentialy (AA) is employed for a flat
probability distribution oveMA. Since the weight potential
K Uw(AA) is not known a priori, it has to be estimated using ar
U = [ = (C1+Cp)%dA 1) oW\ : : :
v /2( 1+C2)"dA @) iterative procedure. After long simulations, the canohéca

o .. semble of the ADE model is obtained by a re-weighting prc
whereC; andC; are the principal curvatures at each point in ceduré®. In the case of the BC model, the canonical ensemb:z

the membrane. The coefficiektis the bending rigidity. The ¢, ihe potentially = Ugy + Uy -+ U is calculated for a small
spontaneous curvature vanishes when lipids are symmistrica p; ot Aa with a bin width of 00025. We perform annealing
distributed in both monolayers of the bilayer. The integrer ;. |ation toT = 0 and the canonical MC simulations with
the Gaussian curvatuf®C, is omitted because it is invariant Nmp — 4000 at several parameter sets to confirm the enercy.

for a fixed topology. _ e minimum shapes and the finite size effects of the triangudati
In the ADE model, the ADE energyape is added™>: respectively.

e (aA— A" @

Unpe = 2.2 Experimental Method

The areas of the outer and inner monolayers of a bilayer vesWe prepared single-component vesicles from DOPC (1,2-
cle differ by AA = h [(Cy + C,)dA, whereh is the distance dioleoyl-sn-glycero-3-phosphocholine, Avanti Polar idig)

2| Journal Name, 2010, [vol] 1-10 This journal is © The Royal Society of Chemistry [year]
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using the gentle hydration method with deionized wa-
ter’. TR-DHPE (Texas Red, 1,2-dihexadecanoyl-sn-glycero-
3-phosphoethanolamine, Molecular Probes) was used as th a
dye (1% mole ratio). We kept vesicle suspensions at room
temperature (24-2%) and observed them using a fast confo-

cal laser microscope (Carl Zeiss, LSM 5Live). At this stage, sto
most vesicles spontaneously formed either a sphericabar tu
lar shape. We observed vesicles with gegus1 or 2 by an-
alyzing numerous microscopy images.

We observed shape transformations of the vesicles-ofl
and 2. The intrinsic area differendag is varied without
changing the osmotic pressure. In FBefwe calculated/, A,
andAa using the 3D images of genus-0 liposomes and found
that during shape transformatiods is changed, whereas 0.7 |—
andA are constant. We concluded that small lipid reservoirs =
such as small lipid aggregates and bicelles are likely ptese
on the membrane, and the laser illumination of the micro-
scope induces fusion into either monolayer of the lipidy®ia > F
which leads to changes if\ag. We applied this method to
toroidal vesicles here. It is difficult to measure 3D shapfes o
the observed toroidal vesicles owing to smallness of the li- B
posomes or low contrast of the images. It is not distinguish- 04 —
able only from the experiments whether observed shapes are
in thermal equilibrium or in metastable state. We compage th
experimental vesicle images and simulation snapshotsend d 0.3
termine that they are in equilibrium or not.

Fig. 1 Stable and meta-stable shapes of vesicles in the curvature

3 Resultsand Discussions energy model. (a) Snapshots of vesicles of ganssl atV* = 0.5.
] ) The labels ‘sto,’ 'disk,” and 'ring’ represent stomatocytiéscocyte,
31 Genus-1Toroidal Vesicles and circular toroids, respectively. The side views of ftaif-

. snapshots are also shown for disk and ring shapes. (b) Area
3.1.1 Curvature Energy Model. First, we compare the differenceAa of (meta-) stable shapes at (ragi- 1 and (blue)

(meta'_) stable shapes of genus-1 vesicles ar?d genust Veﬁ": 0. The green solid line represemta at the budding transition.
cles without the ADE energy or the BC constraint (see Fig. 1)The dashed black lines are the resuits obtained using simple
The vesicles are simulated for the pOtenU@l We call this geometrical models for stomatocye and ring shapes.
model the curvature energy model. For the genus-0 vesi-
cles, three axisymmetric shapes—stomatocyte, discoayte,
prolate— are formed. It is known that stomatocyte, disco-
cyte, and prolate are the global-energy-minimum states for
0<V*<0.59,059<V* <0.65 and 65< V* < 1, respec-
tively3. The shape transformations between these shapes af)
discrete transitions such that these shapes exist as aldtast
states in wider ranges df*. The free-energy-minimum states
including metastable shapes are indicated by the blueilines
Fig. 1(b).

The genus-1 vesicles also have three energy-minimu
shapes. For stomatocyte and discocyte, an additional small
neck or pore appears. Instead of the pro|ate’ a circulardtoro Flg 2 MinOSCOpy images of genus-l Iiposomes. (a.) Double-necked
is formed. Here, we abbreviate the shapes as 'sto, 'diski’ a Stomatycote. (b) Open stomatocyte. (c) Ellipsoidal tar¢i)
ring’ for stomatocyte, discocyte, and circular toroidspec- Discocyte with a tubular handle and arm. Scale baru
tively. The discocyte exists in a narrower rang&6fforg=1
than forg = 0 [see Fig. 1(b)]. The previous theoretical stéitly

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |3



Page 5 of 11 Soft Matter

1 Aa, Aao 15

Fig. 3 Shape transition lines of the genus-1 vesicles with the ADE
and BC models. The red and blue solid lines represent theeshap
transitions in ADE and BC models, respectivelyideand D
represent the continuous and discrete transitions betogem
stomatocyte and disk and between elongated disk and aircula
toroid, respectively. The black and gray lines are ADE and BC
boundaries extracted from Julicher's phase diagrams inte
respectively. The dashed lines represent phase bountetieeen
axisymmetric and non axisymmetric shapegs(f). The filled
circle represents the Clifford torus (CL). The magenta line
represents the free-energy minimum states of the ring fheesas
in Fig. 1(b)].

predicts these three types of the vesicles by minimizing the
energy of the axisymmetric shapes. The circular toroid @n b
approximated by the revolution of a circle as follows:

r(0,p) = ((r1+rocosp)cosh, (ry+racosp)sinb,rasing).

4)
In particular, the toroid withy /ro = v/2 is the Clifford torus
and has the lowest curvature eneldpy/k = 412 andVg, =
3/254,/~ 0.71'°. Note that thermal fluctuations give an
additional curvature energy &ky ~ Uc| + (Nmp— 1)kgT /2
in the simulations because each bending mode is excited
with kg T /2. It was predicted that the ring vesicles are non-
axisymmetric aV/* > V¢, but axisymmetric av* < Vg L.
Our simulation results confirm their prediction for the ring
Although the circular shapes ¥t < V¢, are not exactly ax-
isymmetric, its deviation is small and can be understood as
thermal fluctuations around the circular toroids. The aiita d
ferenceAa of the revolution expressed in Eq. (4) is shown in
the right black dashed line in Fig. 1(b). Our simulation tesu
agree well with this estimation.

The axisymmetric double-necked stomatocyte (called &
sickle-shaped toroid) is predicted as the global-minimtates
at low V* in the previous stud¥*. In our simulations, two
necks (or pores in the top view) of the stomatocyte ar -
not typically along the center axis [see the left snapshot in
Fig. 1(a)]. Experimentally observed double-necked stoma-
tocytes are also off-center [see Fig. 2(a)]. The narrow neck
shape is nearly catenoid, and its mean curvature is nepigib
small. The energy difference between the axisymmetric an¢'
non-axisymmetric stomatocytes is small unless two neaks ar
close to each other. The entropy of this diffusion is estadat
as Syore ™ ks In(A/2d§0re), wheredpore is the diameter of the
pores andA/2 is the average area of inner and outer spheri-
cal components of stomatocyte. We obt&jgre ~ 5kg from
A= 82002 anddsi~ 20 in our simulation. This is not a large
value but it seems to be sufficient to overcome the energy dif-
ference. Thus, two necks can diffuse on the surface of the ves
cle by thermal fluctuations. Vesicle deformation couplethwi
neck diffusion is observed. The membrane between two necks
typically has large curvature [see Figs. 1(a) and 2(a)]. e
tropy of these shape fluctuations and pore shape fluctudfions
may also increase stability of non-axisymmetric shapebef t
stomatocyte. The left black dashed line in Fig. 1(b) show.
the values ofAa of stomatocytes modeled using two spheres.
The shape deformation caused by thermal fluctuations blight
shift Aa to larger values.

The pore in the discocyte is also off-center. We discuss
this in detail in the next subsection. In Jilicher’s phase d
agrams3, the equilibrium shapes are axisymmetric in large
region including the stomatocyte and ring (see Fig. 3). We
will show non-axisymmetric equilibrium shapes in this @yi
for low V*.

4| Journal Name, 2010, [voll1-10
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<Ugp>/k, F/k

~
o

05 1
Aa, Aag 05

1 Aa, Aao 1.5

Fig. 4 Dependence of shape da (BC) or Aag (ADE) for genus-1 _
vesicles av/* = 0.6. (a) Snapshots dta = 0.6, 0.9, 11, 1.2, and Fig. 5 Dependence of shape da (BC) or Aag (ADE) for genus-1

1.35. The side views of half-cut snapshots are also shown at vesicles av* = 0.5. (a) Snapshots &@a = 1.25, 14, and 155. The
Aa= 1.1 and 12. (b) Free-energy profilE and mean potential side views of half-cut snapshots are also showheat 1.25 and

energy(Up) for the BC model. (c) Mean asphericitgsp) for the 1.4. (b) Free-energy profile and mean potential energyo) for

BC and ADE models witt 4= 1. (d) Mean area differenc@a). the BC model. (c) Mean asphericifgisp) for the BC and ADE
The solid lines represent the ADE models witfy, = 0.25, 05, 1, models withkg ;e = 1. (d) Mean area differenc@a). The data are
and 2. The dashed line represents the BC mode)(= Aa). The presented in the same form as in Fig. 4.

error bars are smaller than the line thickness.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |5
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3.1.2 BC and ADE Models. To clarify the phase behav-
ior of the genus-1 toroidal vesicle, the generalized ensem-
ble MC simulations are performed ¥t = 0.4, 0.5, and 06
(see Figs. 3—6). The free-energy profilesre calculated us-
ing probability distributions,(Aa) of the curvature energy
model:F(Aa) = —kgT In(Pey(Aa)) +C. The constant is un-
known. Thus, we cannot obtain the absolute valueB bfit
can compare its relative values. In Figs. 4-6(b), we $hiid
be close tqUp) in order to make the comparison of two curves
easier. The difference betweAa dependences & and(Up)
is caused by the entropy of membrane fluctuations.

To quantify the vesicle shapes, a shape parameter called as-
phericity, asp, is calculated. It is defined &5

e — (A1 —=A2)° + (A2 = A3)* + (A3 — A1)? 5)
P 2(A1+ A2+ A3)? ’

whereA; < A, < Az are the eigenvalues of the gyration tensor
of the vesicle. The asphericity is the degree of deviatiomfr
a spherical shapeysp = 0 for spheresgsy = 1 for thin rods,
andasp = 0.25 for thin disks. The stomatocytes hawg ~ 0.
The disk and ring shapes hawg, ~ 0.15, 019, and (21 at
V* =0.6, 0.5, and 04, respectively.

For V* = 0.6 with increasingAa, a neck of the stomato-
cyte opens, and subsequently the stomatocyte transfotms i..
a discocyte (see Fig. 4). Asa increases further, the pore in
the discocyte becomes larger, and ultimately a circulanidor
is formed. AsAa increases even further, the toroid elongates
in one direction. This elongated shape is also observed i1
our experiment [compare Figs. 2(c) and 4(a)]. These trans
formations are continuous in both BC and ADE models with
Kiqe=> 1. When the vesicle transforms from the discocyte to
the open stomatocyte, mirror symmetry breaks, and the slogs
of F(Aa) and the other quantities are changed. This is a
second-order type of the transition, but the transitiompisi
rounded by the finite energy increase. Since the curvature en
ergy is independent of the vesicle size, the transition is no
sharp even alNy, = «. The area differenceSa andAap at
this transition point are estimated from the second devieat

0.5 1 ha, Aag 15 of asp curves in Fig. 4(c). They agree with Julicher’s results
for both ADE and BC models (see the curves denoted iy C
Fig. 6 Dependence of shape &va (BC) or Aag (ADE) for genus-1 in Fig. 3). The pore of the discocyte appears near the cefiter u

<Ug>/k, Flk
S
[

80

0.3

asp>

<

0.2

0.1

IIIIIIIIIIIII-I-—II

<A\a>
XI L1

0.5

vesicles aV* = 0.4. (a) Snapshots &a = 1.3, 15, 1.7, and 19. the disk. As the vesicle is annealedTte= 0, the pore moves
The side view of the half-cut snapshotf# = 1.3 is also shown. (b)  to the center. Thus, it is considered that the stable shape .s
Free-energy profilé and mean potential energyo) for the BC the axisymmetric discocyte predicted in Réfand that the

model. (c) Mean asphericitjosp) for the BC and ADE models with
K:ge= 1. (d) Mean area differenc@a). The data are presented in
the same form as in Fig. 4.

discocyte is slightly deformed by thermal fluctuations. Th:
discocyte does not have a minimum in the free-energy profile
in Fig. 4(b), and no clear transitions are observed betwaen t
discocyte and circular toroid. The neck in the open stoma-
tocyte can also be off-center. Such a non-axisymmetric open
stomatocyte is experimentally observed, as shown in Fip). 2(
At V* = 0.5, the vesicle transforms from a stomatocyte to
a circular toroid via a discocyte [see Figs. 1(a) and 5]. The

6| Journal Name, 2010, [vol] 1-10 This journal is © The Royal Society of Chemistry [year]
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0.0002
Probability
0.0001

) ) ) ) ) ) Fig. 9 Probability distribution of asphericitgrsp for genus-1
Fig. 7 Time-sequential microscopy images of genus-1 liposomes. esicles in the BC model &* — 0.4.

(a) Transformation from a circular toroid to racket shapeavi
handled discocyte. From left to right= 0, 160, 180, 188, and 192
s. (b) Transformation from a handled discocyte to stomadéoeia a
discocyte with a small pore and open stomatocyte. Fromdeft t
right: t =0, 62, 80, 91, and 131 s. Scale bar: (1.

panded at this off-center position, and the vesicle becanes
elliptic discocyte [see the left snapshot in Fig. 5(a) ang th
peak atha = 1.25 in Fig. 5(c)]. In the BC model, the vesicle
then becomes a circular toroid via an elongated circulaidor
[see the middle snapshotin Fig. 5(a)]. In contrast, in theEAD
model withk} .= 1, the vesicle exhibits a discrete transition
from an elliptic discocyte to a circular toroid Agy = 1.36.
This transition point agrees with the prediction in Réfsee
Fig. 3), despite the fact that only axisymmetric shapes arc:
considered in Ret3. This good agreement might be due tc
the small energy difference between the axisymmetric disc
cyte and elliptic discocyte.

Fig. 8 Snapshots of genus-1 vesicles. (&), Aag) = (0.3,2.2). (b) At V* = 0.4, the vesicle forms pronounced non-
(V*,0a0) = (0.4,1.9). (c) (V*,Aq) = (0.5,2.2). (d) axisymmetric shapes between the off-center circular digeo
(V*,bap) = (0.5,2.2). and circular toroid (see Fig. 6). The pore is not in the diraple

of the discocyte but outside of the discotye, which is simila

to a handle, as shown in the right snapshot in Fig. 6(a). We
difference fromV* = 0.6 is that the discocyte is at a minimum  also observed this shape experimentally (see the left image
of F(Aa) and non-axisymmetric elongated discocytes appeajh Fig. 7). Such handled discocyte has not been reported pre-
between two energy minima of the discocyte and ring. In theyiously. With decreasiny*, the elliptic discocyte becomes
stable discocyte [the middle snapshot in Fig. 1(a)], the@®r more elongated, and subsequently the large flat parts forn.
off-center and stays on the edge of the dimple. As the vesidimples. Astaincreases, the pore becomes larger and the dis-
cleis annealed td = 0, the pore remain on the edge. We alsocoidal part becomes narrower. Whaa is further increased
confirmed the formation of these non-axisymmetric discegyt in the BC model, the vesicles form a tubular arm similar to
at Nmp = 4000. Michalet and Bensimon experimentally ob- the grip of a racket [see Fig. 6(a)] and subsequently becomc s
served this off-center discocyé They reported that itis an a circular toroid. In the ADE model, the racket-shaped vesi-
energy minimum state by using the energy minimization, bucle is skipped in the phase diagram, and a discrete transitic
they did not clarify whether itis the global- or local- minim  from the elongated handled discocyteaf = 1.25 to the cir-
state'®. Our simulation revealed that the off-center discocytecular toroid ofAa = 1.81 occurs abag = 1.77 [see Fig. 6(c)].
is the global-minimum state in both BC and ADE models. InThe transition point is slightly shifted from the previousp
the axisymmmetric discocyte, the pore opens in the almosgiction for the transition from axisymmetric disk and ritig
flat membranes at the middle of the dimples. As the pore ap(see Fig. 3), because of a large deviation of the discocyta fr
proaches the edge of the dimples, the curvature of the edge ife axisymmetric shape. The racket-shaped vesicle exists a
partially reduced. Similar pore formations on the edge ef th 3 |ocal-minimum state at larger values/s, [see Fig. 8(b)].
highly curved structures are obtained in membrane-fusieni |n the experiment, a handled discocyte with a tubular arm is
termediates. The fusion pore opens at the edge of hemifusiaghserved [see Fig. 2(d)]. A similar shape is obtained as a lo-
diaphragn¥?33and at the side of a stalk neck connecting two cal energy-minimum state in the ADE model [see Fig. 8(a)].
bilayer membrane¥:%, A circular toroid connecting two tubular arms is also obéain

As Aaincreases &f * = 0.5, the pore in the disocyte is ex- (data not shown). At low*, tubular arms often remain once

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |7
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they are formed such that several local-minimum states ap
pear.

Figure 7 shows time-sequential microscopy images of shap
transformations of genus-1 vesicles. These transformstio
from a handled discocyte to a racket shape and stomatocyt™,
are well explained by gradual changes/i#Hy atV* = 0.3:
from Aag = 2.2 to 26 [Fig. 7(a)] and fromAag = 2.3 to 0.6
[Fig. 7(b)], respectively. Movies of corresponding sintidas
are provided in ESI (Movies 1 and 2).

The entropy of the shape fluctuations slightly modifies theFig. 10 Shape transformations of a genus-1 vesické’at 0.55.
phase behavior. The area differenkzat the minimum free (&) Time-sequential microscopy images of liposomes. Fitrid
erergy s smaler tan that & he i of the mean polS1EL 10169597 a5 o b, ) Seern
tehntlal f(TnetrgyE_Uo) by|0.01 ?tvth_ ?'5' T?z%r.]tmpy tcg,t;i:f differencelAag is gradually increased wit)hAa_o/dt =1x1078,

s ap? uctuations is farge for the elongated discocy a \Wwheret represents MC steps. From left to righiag = 1.73, 18,
the difference of the curve)o) and!: are large apa~14 a7 197 and 235.

and 175 atvV* = 0.5 and 04, respectively. The fluctuations of

asphericityasp are also large in these regions, ang exhibits

broad distributions, as shown in Fig. 9. reproduces the dynamics of the liposome very well.

We have shown the discrete transition between elongated Since the budded compartments are divided by small necks,
discocyte and circular toroid &t* = 0.5 and 04 for the ADE  large free-energy barriers can exist between meta-staitdle a
model withk?,.= 1. The transformation between stomatocytestable states. Thus, it is difficult to identify the most &ab
and discocyte becomes a discrete transition at lower values state. The snapshots in Figs. 8(c) and (d) show two free-
K:qe [s€€ Figs. 4(d) and 5(d)]. With decreasiig, a lower  energy-minimum states & *,Aag) = (0.5,2.2). The triangu-
value ofk},.is needed to obtain the discrete transition. Thuslar and straight shapes are typically obtainedagincreases
the values ok}, may be estimated by systematically observ-and asv* decreases, respectively. These two shapes have =!
ing the transformation dynamics under changesdnorV*. most identical potential energy witfu)/k = 120. AsAag

As Aa increases further from the circular toroid, the toroid gradually decreases frofkay = 2.2, the straight shape is re-
deforms into ellipsoid, triangle, and pentagoiat= 0.6, 0.5,  tained better than the triangular budded shape at loweesalu
and 04, respectively. Thus, a higher undulation mode be-of Aag. A bud connected by two necks appears to be more
comes unstable and grows at lower value¥b6f When the  robust than one connected by a single neck. To calculate th=
vesicle is approximated as the circular revolution exméss free energies using a generalized ensemble method, order pa
in Eq. (4), the length ratio of two circumferences afgr, = rameters to connect these budded states and circular emeid
1.99, 286, and 448 atV* = 0.6, 0.5, and 04, respectively. required. However, typical shape parameters sudfisgare
Therefore, the unstabilized mode is determined by the wavenot suitable, since the budding occurs in local regions ef th
length of 2r,. Whenry /ro, — o, the toroid is approximated vesicle.
as a cylinder of radius. Itis known that for cylindrical mem-
branes of spontaneous curvat@gthe undulation mode of
wavelength 2, becomes unstable &r, = 136. Our simu-
lation results show that this relation holds for finite valé ~ The genus-2 vesicles form closed and open stomatocytes, dis
ry/ro. cocytes, and budded shapes (see Figs. 11 and 12). Thcoe

shapes are similar to those of genus-1 vesicles described .

3.1.3 Budding. The toroidal vesicles exhibit a budding the previous section. A significant difference is that no ax-
transition in a manner similar to genus-0 vesicles. The aressymmetric shapes exist fgr= 2. Two pores cannot align at
differenceAa at the budding transition fay= 1 is shown asa the center of the discocyte.
green line in Fig. 1(b). This line is obtained though canahic A discocyte with two handles is observed experimentally.
MC simulations of the ADE model. The budding is a dis- The time-sequential shape transformation from a budded
crete transition, and the error bars show the hysteresisngg toroid to handled discocyte is well reproduced by our simu-
where budded or unbudded shapes are obtained on the basidation [compare Figs. 12(a) and (b)].
initial vesicle conformations. The intrinsic area diffeceAag The size of two pores in the vesicles can be different. An
at the transition points are larger thAa: Aag =2.6+0.1and  extreme example is shown in Figs. 11(a,iii)) and (b,v). The
1.2940.02 atV* = 0.3 and 075, respectively. An example ends of a tubular vesicle are connected by two necks. This
of the budding transition is shown in Fig. 10. Our simulation shape is metastable and obtained in the region slightlywbelo

3.2 Genus-2 Toroidal Vesicles

8| Journal Name, 2010, [vol]l 1-10 This journal is © The Royal Society of Chemistry [year]
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Fig. 12 Shape transformations of a genus-2 vesic*at 0.25.
Fig. 11 (a) Microscopy images of liposomes of (i—ig)= 2 and (iv) (a) Time-sequential microscopy images of liposomes. Feftrtd
g=>5. Scale bar: 1um. (b) Snapshots for the toroidal vesicle of right: t =0, 84, 197, and 244 s. Scale bar: 4. (b) Sequential

g=2. (i) (V*,Aag) = (0.5,0.8). (ii) (V*,Aap) = (0.5,1). (iii) snapshots of the triangulated-membrane simulation.nisitriarea
(V*,Aag) = (0.5,1.5). (iv) (V*,Aqg) = (0.5,1.8). (V) differenceAay is gradually decreased withhag /dt = 2 x 1078,
(V*,Aap) = (0.35,2.7). From left to right:Aag = 4, 346, 26, and 2.

the budding transition. Ag > 2, more complicated shapes in polymersome¥’. Shape transformations of the vesicles of
are expected. Figure 11(a,iv) shows an example of genusgenus 2 and higher under thermal fluctuations are an interes:
liposomes. ing problem for further studies.
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