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In this paper, the curvature changes and fission routes of the lipid domains in a multicomponent vesicle are
studied by dissipative particle dynamics. Under different conditions of asymmetric distribution of lipids in two
leaflets of lipid bilayer and area-to-volume ratio of the vesicle, we obtained different configurations of the
domain in the vesicle: three typical curvature characters of the lipid domain, namely, positive, negative, and
invariable curvatures compared to the vesicle are observed. Furthermore, some other morphologies of the
domain and two vesicle fission routes �i.e., exocytic and endocytic fissions� are also obtained in our simula-
tions. Particular emphasis is put on the formation of the negative curvature domain and on the behavior of
endocytic fission. Based on our simulations, it is indicated that water plays an important role in the invagina-
tion and endocytic fission processes of the domain in a vesicle. For endocytic fission, domains of different sizes
are evolved according to different routes under the effect of the water. Additionally, we find that both the
spontaneous curvature of lipid molecules and area-to-volume ratio can promote or restrain the shape deforma-
tion of the lipid domain. Under the competition of these two factors, another possible route of endocytic fission
is observed in our simulations, in that only a part of the lipid domain invaginates into the interior of the vesicle
to complete the endocytic fission. Our study is helpful for understanding the possible mechanism of the shape
transformation of the cellular membrane and the difference of several kinds of routes of vesicle fission.
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I. INTRODUCTION

Cells or cell organelles are surrounded by cellular mem-
brane. The main ingredients of the membrane include phos-
pholipids, proteins, and cholesterols �1�. One of the most
important characters of cellular membrane is the heterogene-
ity. Different kinds of lipids distribute unevenly in the mem-
brane and organize into complexes and domains, the so-
called rafts �2,3�. The heterogeneity has been observed in
experiments, for example, the sphingolipids with saturated
acyl tail chains can form the liquid-ordered �lo� domains with
cholesterol, whereas the phospholipids with unsaturated acyl
chains can form liquid-disordered �ld� domains in model
membranes �4�. Another essential character of cellular mem-
brane is its curvature or shape character. It has been experi-
mentally found that the membrane can be transformed into a
fascinating variety of shapes, such as sphere, tube, and dis-
cocyte �5�.

It is generally believed that many important biological
phenomena in cells are associated with both the heterogene-
ity and curvature characters of cellular membrane �6–8�. The
typical examples are the budding and fission of cellular
membrane. In experiments, the protrusive lipid domains and
exocytic fission behaviors have been observed in the lipid
giant unilamellar vesicles �GUVs� or liposomes. These phe-
nomena are related to the lipid structure, distribution, exter-
nal environment stimulus, and so forth �9,10�. Moreover, the
striking shape deformation of the domain and fission behav-
iors of GUVs is found in recent experiments. Bacia et al.
�11� observed the negative curvature l0 domain and a new
type of budding manner, “budding in,” in GUVs with the

application of confocal fluorescence microscopy and fluores-
cence correlation spectroscopy. They speculated that the mo-
lecular structure of the sterols and their location in lipid bi-
layer are the possible reasons. Hamada and co-workers �12�
also observed the invagination of lipid raft and endocytic
fission in giant liposome with the addition of Triton X-100.
Two endocytic fission routes of lipid rafts with different sizes
are found in their experiments. In addition, the change in
lipid molecular structure can also trigger the negative curva-
ture domain and endocytic fission �13,14�. These experimen-
tal results clearly indicate that lipid bilayer can deform itself
in different directions and adopt various fission routes under
different conditions. However, the mechanism of the control
of shape deformation of cellular membrane and the differ-
ence between various fission routes are still largely un-
known. To explore how membrane regulates its curvature or
fission route is significant to deeply understand the function
of the cell and has possible biomedical applications. For ex-
ample, endocytose and exocytose are two main pathways of
intracellular trafficking �1�. Additionally, some pathogenesis,
such as atherosclerosis, Parkinson, and Alzheimer, may be
associated with special curvature changes of lipid rafts �13�.
Due to the restriction of instruments, it is very difficult for
experiments to solely reveal the underlying mechanism, and
thus theoretical studies become necessary. Furthermore, al-
though exocytic fission behaviors of the vesicle have been
studied before �15–17�, a few computer simulations have
been carried out to systematically examine the direction of
shape deformation of the lipid domain and the behavior of
endocytic fission of the vesicle.

To examine the dynamics of budding and fission in mul-
ticomponent lipid bilayer, computer simulation is a powerful
tool. It can include the molecular details of lipids which are
ignorable by the continuum model �18�. Molecular-dynamics
�MD� simulations have offered us more insights into the cel-
lular membranes �19�. Nevertheless, small system size and
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time scale are restricted in MD. To overcome these problems,
coarse-gained �CG� simulation methods have been employed
�15,20,21�. Dissipative particle dynamics �DPD� is an effec-
tive coarse-gained simulation method and has been exten-
sively employed in cellular membrane systems
�16,17,22–26�. DPD is a mesoscopic simulation technique
with hydrodynamic interaction. Each DPD particle is com-
posed of a group of atoms or molecules. The soft interaction
between DPD particles allows a larger simulation time step
and space scale. Recent studies have shown that DPD simu-
lation could reproduce proper characters of lipid bilayer,
such as density distribution and surface stress profile, and
could mimic some important dynamic behaviors of the mem-
brane �16,22,25,27�.

In this paper, we study different shape changes and fission
routes of the domain in the multicomponent lipid vesicle,
especially the formation of negative curvature domains and
behaviors of endocytic fission, using dissipative particle dy-
namics method. The vesicle is composed of three kinds of
lipids. Those lipids in the domain are distributed asymmetri-
cally in two leaflets of the bilayer. The radii of their head
beads can be changed. The effects of the asymmetry distri-
bution of lipids, the area-to-volume ratio of the vesicle, the
domain size, and the spontaneous curvature of the lipids on
the evolution of the domain in the vesicle are examined. The
interplay among these effects results in different deformation
directions, curvature characters, and fission routes of the
lipid domain. In particular, the formation of negative curva-
ture domain and the dynamics of endocytic fission are inves-
tigated in detail. In addition, it is worth to note that due to the
constraint of computer power, the size of our vesicle, which
is similar to that of vesicles adopted in other simulations
about fission behaviors �15–17,28�, is much smaller than
GUVS. Thus, a direct comparison between our simulations
and experiments is difficult. However, we believe that our
results will be helpful to qualitatively understand the mecha-
nism of the regulation of shape deformation direction, the
features of various fission routes, and the possible influential
factors.

This paper is organized as follows. In Sec. II DPD simu-
lation model and technique are presented. In Sec. III the
simulation results and discussion are described. Finally, our
conclusion is given in Sec. IV

II. MODEL AND SIMULATION METHOD

A. DPD model for lipids and water

In our simulation, the lipid molecule is modeled as a lin-
ear chain with two hydrophilic head beads �H� and five hy-
drophobic tail beads �T�. These beads are connected by the
harmonic springs. There are three kinds of lipids �denoted as
A, B1, and B2� in our simulation. The introduction of B-type
lipids �B1 and B2� is to form a domain in the matrix of lipid
A, so they are chosen to segregate from lipid A. All tail beads
of three kinds of lipids and the head beads of A-type lipids
have the same radius �R0�, whereas the radii of head beads of
lipids B1 and B2 can be changed within a certain range �0.8–
1.2 units of R0�. The only difference between lipids B1 and
B2 is that their head beads radii may be different. Addition-

ally, water is explicitly included in the simulation system.
One water bead �S� roughly includes three water molecules.
It has the same mass �m0� and radius �R0� as the head bead of
the A-type lipid, and these set the mass and length scale in
the simulation. Also, the time scale in the simulation can be
derived from the dynamics �e.g., diffusion� processes of the
water beads �27,29�.

B. DPD simulation method

Dissipative particle dynamics is first introduced by
Hoogerbrugge and Koelman to describe the mesoscopic hy-
drodynamic behaviors of complex fluids and later improved
by Espagnol and Warren �30,31�. In our simulations, we
adopt a modified DPD method, in which the radius R and
mass m of a single DPD bead can vary �24,29�. The evolu-
tion of the position and velocity of DPD bead i, �ri ,vi�,
obeys Newton’s equation of motion,

dri

dt
= vi,

dvi

dt
=

fi

m
, �1�

where m /m0�R3.
The force fi of bead i includes three types of forces:

fi = �
j�i

�Fij
C + Fij

D + Fij
R� . �2�

The conservative force Fij
C between beads i and j is

Fij
C = �aij�1 −

rij

rc
�êij , rij � rc

0 , rij � rc,
	 �3�

where rij =ri−r j, êij =
rij

rij
. The parameter rc is the cutoff radius

of the conservative force, defined as rc= 1
2 �Ri+Rj�, where Ri

and Rj are the radii of beads i and j, respectively. aij is the
maximum repulsion interaction between beads i and j.

The dissipative force Fij
D is

Fij
D = �− �ij�1 −

rij

rc
�2

�êij · vij�êij , rij � rc

0 , rij � rc,
	 �4�

where vij =vi−v j. �ij is the strength of friction between beads
i and j.

Finally, the random force Fij
R takes the form as

Fij
R = �
2�ijkBT�1 −

rij

rc
��ijêij , rij � rc

0 , rij � rc,
	 �5�

where �ij is a symmetric random variable with zero mean and
unit variance, i.e., ��ij�t��=0 and ��ij�t��i�j��t���= ��ii�� j j�
+�ij�� ji����t− t��.

In order to ensure the integrality of lipids, the harmonic
spring interaction is applied between neighboring beads in a
single molecule as follows:
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Fs = − ks�1 −
ri,i+1

l0
�êi,i+1, �6�

where l0 is the equilibrium bond length and ks is the spring
constant. The rigidity of lipid tails is denoted by a three-body
potential Ub �22�,

Ub = kb�1 − cos�� − �0�� , �7�

where kb is the constant; � is the bond angle of the two
bonds connecting three beads i−1, i and i+1; and �0 is the
preferred angle.

Our simulations apply DPD velocity-Verlet integration
algorithm �32� with the iteration time step 	t=0.02

�
= �m0R0

2 / �kBT��1/2 is the unit of simulation time�. For sim-
plicity, all the physical quantities are in units of the bead
radius R0, mass m0, and temperature kBT.

C. Simulation conditions and parameters

All simulations are performed in the NVT ensembles at
the temperature kBT=1. The size of simulation box is 42
�42�42 with the number density �=3. There are a total of
222 264 DPD beads in the simulation box, and the periodic
boundary conditions are adopted in three directions.

The character of beads, hydrophobicity or hydrophilicity,
determines the value of the repulsion interaction aij. The
value of aij is set to aij =25 between the same type of beads
and aij =95 between the different types of beads. Addition-
ally, for lipids, we set the equilibrium bond length l0=0.5
and ks=128. The chain rigidity constant is set to kb=5 and
�0=0. These values could well produce the structure and
mechanical character of lipid bilayers �29�. To realize the
phase separation of lipids A and B1 �or B2�, we set the pa-
rameters aHA,HB1�2�=40 and aTA,TB1�2�=40. There is no differ-
ence in describing the interaction between lipids B1 �or B2�
and other components. The detailed value of aij is given by

aij =
S HA TA HB1�2� TB1�2�

S 25 25 95 25 95

HA 25 25 95 40 95

TA 95 95 25 95 40

HB1�2� 25 40 95 25 95

TB1�2� 95 95 40 95 25

� .

The vesicle used in our simulations is prepared by ran-
domly distributing 4200 lipids A in the inner and outer leaf-
lets of a nearly closed spherical surface �16�. In order to
ensure the vesicle near zero surface tension, we open two
holes in the top and bottom of the vesicle initially, and then
50 000 simulation iterations are carried out to close the two
holes and equilibrate the system. After equilibrium, the
vesicle is closed and nearly spherical �Fig. 1�a��. The ratio of
the number of lipids between the inner and the outer leaflets
of bilayer is approximately 0.6, and there are about 12 094
water beads in the interior of the vesicle. The vesicle with
different area-to-volume ratios can be realized by removing
some water beads from the interior of the vesicle. Here, the
area-to-volume ratio  is defined as the ratio of the number

of total lipids beads to the total beads inside the vesicle. Due
to the relatively long tail adopted in the coarse-grained
model of the lipid molecules and their strong hydrophobic
character, the water cannot pass through the vesicle or the
domain in our simulations. Therefore, the area-to-volume ra-
tio can be effectively controlled by this way. The formation
of the domain is possible to be realized by quenching the
multicomponent vesicle into two-phase regions from a
higher temperature. But the completely coarsening of small
domains in the vesicle is rather time consuming �16,33,34�,
and then this will make it difficult to quantitatively investi-
gate the influence of the domain size and the lipid composi-
tion in two leaflets of the domain. Therefore, we prepare the
domain by replacing some lipid A at the top of vesicle with
lipids B1 and B2 �15,28� �Fig. 1�b��. The flip-flop of the lipid
can occur in the cellular membrane but it is an extremely
slow process �35�. In our simulations, the amount of flip-flop
of lipids is rather small �less than 1% of the lipids in the
domain� and its occurrence is sporadic. Therefore, the effect
of the flip-flop can be neglected in our simulations, and we
always assume that lipids B1 and B2 are located in the inner
and outer leaflets of the vesicle, respectively.

The main variables of our simulation are �1� the radii of
head beads of lipids B1 and B2, RB1 and RB2, that can infer
the effect of the spontaneous curvature of the lipid molecule;
�2� the area-to-volume ratio  of the vesicle; and �3� the
fraction of lipids B1 and B2, �B1=NB1 /N and �B2=NB2 /N,
where NB1, NB2, and N are the numbers of lipid B1, lipid B2,
and total lipids in the simulation box, respectively. Also, we
denote the fraction �B of B-type lipids as �B=�B1+�B2
which can reflect the domain size.

III. RESULTS AND DISCUSSION

A. Effect of the asymmetric distribution of lipids

In cellular membranes, lipids are always distributed asym-
metrically in two leaflets of the bilayer. For example, phos-
phatidylserine and phosphatidyletholamine are predomi-
nantly in the cytosolic leaflet, whereas most

(a) (b)

FIG. 1. �Color online� Cross-section image of initial configura-
tion of �a� vesicle and �b� domain. Here, water molecules are not
displayed. The vesicle in �a� and the major of the vesicle in �b� are
composed of lipid A. The domain in the top of the vesicle in �b� is
composed of lipids B1 and B2. Black: head beads of lipid A; gray:
tail beads of lipid A; red: head beads of lipid B1 �in the lower part
of the domain�; orange: head beads of lipid B2 �in the upper part of
the domain�; light gray: tail beads of lipids B1 and B2.
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phosphatidylcholine and sphingomyeline are located in the
outer leaflet of the plasma membrane of eukaryotic cells
�36�. The asymmetrical distribution of lipids has important
influence on the shape deformation of cellular membranes.
Experimentally, Inaoka et al. �37� found that the difference
of the distribution of amphiphiles in two leaflets of the bi-
layer can result in the vesiculation transition and fission of
the giant unilamellar vesicles. Theoretically, the area differ-
ence elasticity �ADE� theory concludes that the area differ-
ence effect can create effective nonlocal curvature energy,
leading to the shape transformation of lipid bilayers
�5,38,39�. According to the ADE theory, the equilibrium
shape of a membrane with area �A� is obtained by optimizing
the free energy �FADE�, which could be taken as �5�

FADE = ��1

2
� dA�2H�2 +

��

2Al2 �	A − 	A0�2� , �8�

where � is the bending rigidity, H is the mean curvature, l is
the distance between two leaflets of the bilayer, and � is the
numerical constant. The first term of the equation is the
bending energy of the membrane and the second term repre-
sents the energy induced by the deviation of the total area
difference 	A from 	A0. 	A0 in the second term is the in-
trinsic area difference of the membrane, which is defined as
	A0= �Nout−Nin�a0, where a0 is the cross section of a lipid
and Nout and Nin are the numbers of lipids in outer and inner
leaflets of lipid bilayer, respectively. From Eq. �8�, it is found
that ADE effect can be realized in the simulations by the
difference in the number of lipids in two leaflets of the bi-
layer.

Under the effect of the asymmetric distribution of lipids
��B1 /�B2� and area-to-volume ratio ��, the domains in the
vesicle will be deformed into different configurations, which
are summarized in Fig. 5. When the area-to-volume ratio is
small ��0.75�; the excess area of the vesicle becomes also
small. The parent vesicle keeps basically spherical and the
deformation of the domains is mostly regulated by the ratio
of lipids B1 and B2 ��B1 /�B2�. If �B1 /�B2 is equal or very
close to the ratio of the number of lipids in the two leaflets of
the parent vesicle, the curvature of the domain keeps un-
changed compared to the parent vesicle �invariable curva-
ture, Fig. 2�b�, and the region occupied by cyan circle in Fig.

5�. This corresponds to the case of 	A=	A0 in the ADE
free-energy expression and we call �B1 /�B2=1 /1.6 as
“matching point.” When �B1 /�B2 is much less ��B1 /�B2
=1 /3.75 or 1/3� or larger ��B1 /�B2=3 /1� than this point,
the domain will protrude outward �positive curvature, Fig.
2�a�, and the region occupied by pink star in Fig. 5� or in-
vaginate inward to form the bowl-like shape �negative cur-
vature, Fig. 2�c��. In these cases, the curvature change of the
domain with �B1 /�B2 is in agreement with the ADE theory
well. Additionally, our results are also qualitatively consis-
tent with the model of Taniguchi �34�, which supplies nu-
merical evidences that asymmetric distribution of lipids in
two leaflets of lipid bilayer can effectively change the shape
of the bilayer. Notice that the curvature change of the domain
depends on the size of the vesicle. For the vesicle of different
sizes, the number of lipids located in two leaflets of the bi-
layer is different. Therefore, to produce the same curvature
domain, different values of �B1 /�B2 are required for differ-
ent vesicles. In addition, besides three typical curvature char-
acters, there are still other configurations of the domain ob-
served in our simulations. For example, there are two kinds
of new negative curvature domains �Figs. 3�a� and 3�b��.
Based on the ADE model, when �B1 /�B2�1 the domain
would invaginate inward to form a bowl-like shape. How-
ever, as shown in Figs. 3�a� and 3�b�, for the domain whose
�B1 /�B2 is slightly more than 1 ��B1 /�B2=1.2 /1 or 2/1�,
domain is planar or wrinkled. Similar configuration of the
domain is also observed when  takes the smallest value
�=0.71� but �B1 /�B2 is large ��B1 /�B2=3 /1�. The ap-
pearance of these morphologies may be caused by the ex-
plicit incorporation of the molecular structure of the lipids
and water in our simulations. Because the value of �B1 /�B2
of these domains is not very large, the corresponding ADE
energy is small. On the other hand, for small , there is still
much water molecules inside the vesicle. Thus the invagina-
tion of the domain will be blocked greatly by the existence of
water. The bending of lipid molecules or the bilayer becomes
a possible way to release the strain caused by the local asym-
metrical distribution of the lipids in two leaflets. On the con-
trary, the domains with the bowl-like negative curvatures oc-
cur mainly when �B1 /�B2 is enough large and  is not very
small �e.g., �B1 /�B2=3 /1 and =0.73; �B1 /�B2=2 /1 and
=0.78�. Additionally, all these domains evidently invagi-
nate inward compared to the parent vesicle. So, for the sake

FIG. 2. �Color online� Three typical curvature characters of the
domains in the multicomponent vesicle �cross section�. �a� Positive
curvature: �B1 /�B2=1 /3.75, �B=6.7%, and =0.73; �b� invari-
able curvature: �B1 /�B2=1 /1.6, �B=6.7%, and =0.73; �c� nega-
tive curvature: �B1 /�B2=3 /1, �B=6.7%, and =0.73. RB1=1.0
unit of R0 and RB2=1.0 unit of R0.

FIG. 3. �Color online� Some curvature characters of the domains
in the multicomponent vesicle �cross section�. �a� Negative curva-
ture �plane�: �B1 /�B2=2 /1, �B=6.7%, and =0.73; �b� negative
curvature �wrinkle�: �B1 /�B2=2 /1, �B=6.7%, and =0.75; �c�
ellipsoidal curvature I: �B1 /�B2=1 /2, �B=6.7%, and =0.78; �d�
ellipsoidal curvature II: �B1 /�B2=1.2 /1, �B=6.7%, and =0.78.
RB1=1.0 unit of R0 and RB2=1.0 unit of R0.
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of simplicity, in Fig. 5, we do not distinguish these negative
curvatures �the region occupied by purple square in Fig. 5�.

With the increase in the area-to-volume ratio ��0.75�,
shape deformations of the domains become more compli-
cated and some cases are also beyond the scope of the ana-
lytical continuous theory. When �B1 /�B2 is enough small
��B1 /�B2=1 /3.75 or 1/3� or much large ��B1 /�B2=3 /1�,
the domain can be deformed very strongly because of the
strong area different effect. Thus fission is observed �the re-
gion occupied by red inverse or green triangle in Fig. 5�. For
the occurrence of exocytic fission, �B1 /�B2 should be
smaller than 1/2.4 and for the occurrence of endocytic fis-
sion, �B1 /�B2 should be larger than 2.5/1 when =0.78.
Therefore, for any domain whose �B1 /�B2 is between two
thresholds, it will stay in parent vesicle. However, it is ob-
served in our simulations that the shape deformation of the
domain is completely different from the corresponding case
with the small area-to-volume ratio. Due to the large area-to-
volume ratio, the shape of the parent vesicle will be trans-
formed into an ellipsoidlike one. So the domain will be
“moved” to the region of the parent vesicle that closely
matches its spontaneous curvature, rather than protrude out-
ward or invaginate inward as before �Figs. 3�c� and 3�d��.
Also, for simplicity, in Fig. 5, all similar cases are repre-
sented as “ellipsoidal” curvatures �the region occupied by
blue diamond in Fig. 5�. In addition, when the value of the
area-to-volume ratio is in the middle range �for example, 
is equal or close to 0.75� but �B1 /�B2 is enough large
��B1 /�B2=3 /1�, a different configuration of the domain,
“monolayer collapse,” is observed in our simulations �Fig.
4�d� and the region occupied by orange plus in Fig. 5�. Under
these simulation conditions, the domain tends to strongly in-
vaginate inward. But there is no enough excess area and
interior space of the vesicle for the deformation of the do-
main due to the relatively small area-to-volume ratio. There-
fore, the domain buckles initially and then only lipids in the
inner leaflet collapse �Fig. 4�. The appearance of this con-
figuration is also supposed to be related to the incorporation
of the molecular structure of the lipid in the simulations,
rather than regarding the bilayer as an infinitely thin sheet, as
is usually done in some phenomenological models. The simi-
lar structure has been found by Tieleman et al. in their mo-
lecular simulations of lipid monolayer �40�. It is noted that
this configuration is observed in our simulations only when
the direction of shape deformation of the domain is inward.

In addition, phase separation also plays an important role
in the shape deformation and fission of the domain in the
vesicle. Under different strengths of phase separation

�aHA,HB1�2� and aTA,TB1�2��, shape deformations and the occur-
rence possibilities of the fission of the domains are varied.
When the strength of phase separation is sufficiently strong
�aHA,HB1�2�=50 and aTA,TB1�2�=50�, the domains always fis-
sion from the vesicle �Fig. 6�a��. The fission route is mainly
determined by the ratio �B1 /�B2: when �B1 /�B2�1 /1.6,
exocytic fission occurs; when �B1 /�B2�1 /1.6, endocytic
fission is possible to occur �when �B1 /�B2=3 /1 but 
=0.71 or 0.73, the domain initially invaginates inward. How-
ever, due to the small area-to-volume ratio, there is no
enough space inside the vesicle to accommodate the domain.
Thus domain will be “pushed” slowly outside the vesicle�.
When the strength of phase separation is weak �aHA,HB1�2�
=30 and aTA,TB1�2�=30�, no fission could occur in any cases
�Fig. 6�b��. The domains are only deformed with different
curvatures in the vesicle.

From Figs. 5 and 6, it is indicated that with the variance
of the ratio �B1 /�B2 and , the direction of shape deforma-
tion, and the fission route of the domain will be regulated.
The asymmetrical distribution of lipids is an effective way
for the shape deformation of the bilayer. Especially, for the
larger �B1 /�B2, both the negative curvature domain and
some other configurations of the domain are obtained. Also,
endocytic fission could be realized. Fission is a vital biologi-
cal process of cellular membrane. The behavior of exocytic
fission has been studied before �15–17,25�. In the following
sections, we will adopt the parameters �B1 /�B2=3 /1 and
aHA,HB1�2�=40, and aTA,TB1�2�=40 �unless special statements�
and focus on the behavior of endocytic fission.

B. Effect of the domain size on endocytic fission

The evolutions of the domains of three sizes ��B=6.7%,
8.5%, and 13%; �B1 /�B2=3 /1� in the vesicles are investi-
gated in our simulations. It is found that the domains of
different sizes are evolved with different fashions under the
same simulation conditions. For the largest domain ��B
=13%�, no fission is observed even after enough long simu-
lation time. At last, it still stays in the vesicle. The main

FIG. 4. �Color online� Collapse of inner leaflet of the domains in
the multicomponent vesicle. The cross-section images are taken at
times �a� 70, �b� 100, �c� 300, �d� 1000 units of 
, respectively.
�B1 /�B2=3 /1, �B=6.7%, and =0.75. RB1=1.0 unit of R0 and
RB2=1.0 unit of R0.

FIG. 5. �Color online� Final configurations of the domain in the
vesicle with different ratios �B1 /�B2 and the area-to-volume ratio
 when �B=6.7%. The results are obtained at t=5000 units of 
.
Pink star: positive curvature; cyan circle: invariable curvature;
purple square: negative curvature; blue diamond: ellipsoidal curva-
ture; orange plus: monolayer collapse; green triangle: exocytic fis-
sion; red inverse triangle: endocytic fission.
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change of the domain is that its curvature becomes negative
in comparison with that of the vesicle. However, for the
other two smaller domains ��B=6.7% and 8.5%�, endocytic
fissions occur. Both of them invaginate inward and finally
segregate from the parent vesicle and form daughter vesicles.

Even for the two smaller domains, there still exist some
differences in their processes of endocytic fission. The typi-
cal time evolutions of endocytic fission of two small domains
are demonstrated in Figs. 7 and 8, respectively. For the
smallest domain ��B=6.7%�, it first bends inward �Fig.
7�a��, and then the total domain invaginates into the parent
vesicle and forms a tubelike bud �Fig. 7�b��. Afterward, the
neck comes into being completely inside the parent vesicle
�Figs. 7�c� and 7�d�� and finally the bud segregates from the
parent vesicle and forms a daughter vesicle �Fig. 7�e��. When
the domain size becomes larger, its evolution differs some-
what. For the larger domain of size �B=8.5%, its incipient
shape changes are basically similar to that of the smallest
domain �Figs. 8�a� and 8�b��. But the main difference ap-
pears in the process of the neck formation. As shown in Figs.
8�c� and 8�d�, the bud first becomes flask shaped and then
leans to form the neck near the top of the vesicle. It is noted
that there are still a certain fraction of lipid B �domain� in the
parent vesicle at this time. Only after the formation of the
neck the bud slowly pinches off inside the parent vesicle
�Fig. 8�e��. In experiment, Hamada and co-workers �12� also
find that the manners of endocytic fission are different with
the increase in lipid domain.

The interface energy UBA can be calculated from the
bead-bead conservative interactions between lipids A and B
as

UBA = �� 1

2
aij�1 −

rij

rc
�2

, rij � rc

0, rij � rc.
	

Its change can reflect the evolutive features of domains. Fig-
ure 9�a� shows the changes in UBA of three domains. The

changes in UBA of the two smaller domains are similar but
evidently distinguished from that of the largest domain.
These are consistent well with the final configurations of
three domains: the largest one keeps in the vesicle but the
other two domains complete endocytic fissions. Interestingly,
the time evolution of the interaction energy between the do-
main and water also shows similar change tendency to that
of the interface energy �Fig. 9�b��.

We take the evolution of the domain of size �B=6.7% as
the example. The evolution of interface energy can be
roughly divided into four stages �0–60
, 60–250
,
250–480
, and 480–600
� according to the slope change of
the energy curve that exactly corresponds to different shape
transitions of the domain �Fig. 7�. The initial rapid decrease
in UBA is possibly caused by the strong area difference effect
and finally UBA=0 reveals the complete segregation of the
domain from the parent vesicle. In addition, it is found from
Fig. 9�a� that the decrease in UBA becomes obviously slow at
stages 2 and 3. The behavior of slowing down is possible to
be induced by the coupling of asymmetric distribution of
lipids in two leaflets to the deformation of the membrane
�34�. Besides this factor, based on our simulations, water is
also possible to play an important role in this behavior. From
the fission process of the vesicle, we find that domain invagi-
nates inward to form a bud in stage 2 and the neck of the bud
will be formed at the end of stage 3. Also, the parent vesicle

(a) (b)

FIG. 6. �Color online� Final configurations of the domain in the vesicle with different strengths of phase separation when �B=6.7%. �a�
aHA,HB1�2�=50 and aTA,TB1�2�=50; �b� aHA,HB1�2�=30 and aTA,TB1�2�=30. The results are obtained at t=5000 units of 
. Cyan circle: invariable
curvature; purple square: negative curvature; blue diamond: ellipsoidal curvature; green triangle: exocytic fission; red inverse triangle:
endocytic fission.

FIG. 7. �Color online� Snapshots of endocytic fission of domain
of size �B=6.7% ��B1 /�B2=3 /1�. The cross-section images are
taken at times �a� 60, �b� 250, �c� 400, �d� 480, and �e� 600 units of

, respectively. RB1=1.2 units of R0, RB2=0.8 units of R0, and 
=0.78.
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gradually becomes more spherical. For exocytic fission, the
direction of the budding of the domain is outward and the
water near the domain could be pushed away easily. How-
ever, for endocytic fission, the interior space of the vesicle is
finite. With the invagination of the domain, the interior space
of the vesicle for water to freely move will be reduced.
Therefore, the invagination will incur the counteraction of
the water inside the vesicle. Figure 9�b� shows the interac-
tion energy between the domain and water. It is found that
this energy indeed increases strongly. So it is inferred that
water is important for the shape deformation and endocytic
fission of the vesicle.

The whole fission process requires strong shape deforma-
tion of both the parent vesicle and the domain. For the parent
vesicle, its interior space becomes more jam packed with the
invagination of the domain, so the interaction energy be-
tween water and lipid A increases constantly until the neck is
basically formed �Fig. 10�a�, �480
�. Such an increase in the
interaction energy indicates that the parent vesicle becomes
“tight.” Hence, the deformation of the vesicle will be hin-
dered. Furthermore, water molecules play more complex
roles in the endocytic fission process of lipid domain. In
general, the interaction between water and domain increases
in the whole fission process �Fig. 9�b��. However, the inter-
actions between water and two leaflets of bilayer are differ-
ent. As shown in Fig. 10�b� �the green �upper� line�, the

interaction energy between water and the inner leaflet of the
domain �the one is close to the interior of the parent vesicle�
increases with the invagination of the domain. As mentioned
above, this is caused by the resistance of water inside the
vesicle. This interaction tends to compress the domain and
minimize the volume of the bud. On the other hand, there is
still water inside the outer concave of the bud �Fig. 10�b�, the
red �bottom� line�. Although the number of these water beads
is reduced due to the compression of the domain, their exis-
tence will also block the shape deformation of the domain.
Specially, for the formation of the neck, it is also influenced
by this competition. It could be realized only after the inter-
action energy between water and the outer leaflet of the do-
main reaches its minimum �Fig. 10�b�, the lowest point of
red �bottom� line, �440
�. In addition, the formation of the
neck needs the contraction of the rim of the domain. So the
fission process in stage 3 will be further slowed. After the
formation of the neck, the domain will segregate from the
parent vesicle soon �stage 4�.

On the basis of the above results, it is suggested that the
water plays vitally important roles in the endocytic fission
processes. Furthermore, it also offers a possible explanation
to the different evolution routes of the larger domains. For
the domain of size �B=8.5%, because of its larger domain
size, its invagination will occupy more interior space of the
parent vesicle and incur the stronger resistant interaction of
water �Fig. 9�b��. Under this stronger resistant effect of the
water, the bud has to lean and keep a certain fraction of lipid
B in parent vesicle in order to minimize its volume inside the
parent vesicle in the process of the neck formation. Further-
more, if the domain size continues to increase, it is impos-
sible for the parent vesicle to provide enough interior space
to accommodate the bud completely. Thus any further in-
vagination of the domain will incur the strongest resistance
of water �Fig. 9�b��. Therefore, for the domain of size �B
=13%, it stays in the negative curvature state and no en-
docytic fission will occur. Conclusively, the evolution of the
domain in a vesicle is rather complicated, which will be in-

FIG. 8. �Color online� Snapshots of endocytic fission of domain
of size �B=8.5% ��B1 /�B2=3 /1�. The cross-section images are
taken at times �a� 150, �b� 500, �c� 1,500, �d� 1,675, and �e� 3000
units of 
, respectively. RB1=1.2 units of R0, RB2=0.8 units of R0,
and =0.78.

FIG. 9. �Color online� Time evolution of �a� the A-B interface energy and �b� domain-water interaction energy for different sizes of
domains. �B1 /�B2=3 /1, RB1=1.2 units of R0, RB2=0.8 units of R0, and =0.78.
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fluenced by the asymmetric distribution of lipids in two leaf-
lets, domain size, area-to-volume ratio, phase-separation
strength, and so forth. Only under certain conditions of these
factors budding and fission could occur. Otherwise, the do-
main will stay in the vesicle with different curvatures �34�.

C. Effects of the spontaneous curvature of the lipid and the
area-to-volume ratio

The spontaneous curvature of lipid molecules plays cru-
cial role in the shape deformation of lipid bilayer. Lipid mol-
ecules with different shapes have different spontaneous cur-
vatures and favor different aggregated states. If the two
leaflets of lipid bilayer are composed of two kinds of lipids
with different spontaneous curvatures, it is always inclined to
bend. It has been suggested experimentally that even small

change in the head group of sterols will induce special cur-
vature character and fission manner of the domain in GUVs
�11�.

In our simulation, we could adjust the effective shape of
the lipid molecules by changing the radii of the head groups
of the lipids. Figure 11 shows the time evolution of the in-
terface energy of the domain ��B=6.7% , �B1 /�B2=3 /1�
with different radii of the head groups of lipids B1 and B2
�	R=RB1−RB2�. When 	R�0, the domains finally realize
endocytic fissions. As mentioned previously, the deformation
of the domain will be slowed in the middle stages of the
endocytic fission process. From Fig. 11, it is clearly shown
that the spontaneous curvature of the lipid is helpful to ac-
celerate the fission process. This promoting tendency could
also be reflected from Fig. 12, which shows the mean dura-
tion of endocytic fission with different 	R’s. Herein, the fis-
sion duration is defined as the period from the beginning of
the simulation to the time when the interface length of the

FIG. 10. �Color online� Time evolution of the interaction energy �a� between water and parent vesicle and �b� between water and domain.
�B=6.7%, �B1 /�B2=3 /1, RB1=1.2 units of R0, RB2=0.8 units of R0, and =0.78.

FIG. 11. �Color online� The typical time evolution of the A-B
interface energy with different head radius contrasts �	R=RB1

−RB2� of lipids B1 and B2. The lines in figure from top to bottom
correspond to 	R=−0.4, 0.0, 0.1, 0.2, 0.3, and 0.4 units of R0,
respectively. �B=6.7%, �B1 /�B2=3 /1, and =0.78.

FIG. 12. Duration of endocytic fission with different head radius
contrasts �	R=RB1−RB2� of lipids B1 and B2. �B=6.7%,
�B1 /�B2=3 /1, and =0.78.
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domain becomes zero. With the decrease in 	R, the fission
duration is delayed greatly. The interval of the longest and
the shortest fission processes is about 7000
. Furthermore, if
	R continuously decreases �	R�0�, the occurrence of the
endocytic fission will become difficult. For example, when
	R=−0.4, endocytic fission is prevented and the domain
keeps in the parent vesicle finally �Fig. 11�. Our results indi-
cate that the tiny changes in the head radii of the lipids have
great influence on the fission process of the vesicle.

From the simulation results above, it is found that the
change in the radius of the head beads of the lipids offers
another possible way to control the deformation of lipid do-
main, which has similar influence as the change in ratio
�B1 /�B2. Figure 13 shows the possible relation between
them. When 	R=0, the cases are the same as before: the
domain will fission outward when �B1 /�B2=1 /3 or fission
inward when �B1 /�B2=3 /1; when �B1 /�B2=1 /1.6, no fis-
sion occurs. However, the case becomes different when the
effect of 	R is included. When 	R=−0.4, the role of the
spontaneous curvature of the lipid molecules is inclined to
bulge the domain outward. Thus, it triggers the occurrence of
exocytic fission of the domain with �B1 /�B2=1 /1.6 but im-
pedes the invagination of the domain with �B1 /�B2=3 /1.
Similarly, when 	R=0.4, exocytic fission of the domain with
�B1 /�B2=1 /3 is suppressed. It is indicated that the sponta-
neous curvature of the lipid molecules can promote or coun-
teract the effect of the area difference on the shape deforma-
tion of the domain.

In addition, the area-to-volume ratio is also important for
the shape transformation of a vesicle. In experiment, the
change in the area-to-volume ratio can be realized by adding
the chemical additives or salts �12�. With the increase in the
area-to-volume ratio, the vesicle becomes “floppy” and has
more excess area to favor its shape transformation. This
point can be demonstrated from Fig. 5. For example, for the
domain of �B=6.7% and �B1 /�B2=3 /1, its final configura-

tion is completely different under different area-to-volume
ratios. When the area-to-volume ratio is large �=0.80 or
0.78�, the domain can invaginate inward and realize the en-
docytic fission. With the decrease in the area-to-volume ratio
�=0.73 or 0.71�, the strong deformation of the domain is
suppressed and the domain stays in the vesicle and only its
curvature becomes negative.

Under the mutual effects of the area-to-volume ratio and
the spontaneous curvature of lipids, another possible route of
endocytic fission is observed in our simulations. When RB1

=1.2, RB2=0.8, and =0.75, we observe that only a part of
the domain invaginates into the parent vesicle to complete
endocytic fission despite the incompatibility between two
types of lipids �Fig. 14�. In this case, the spontaneous curva-
ture of the lipid molecule facilitates the invagination of the
domain, but the relatively small area-to-volume ratio resists
the bending of the domain.

IV. CONCLUSION

The DPD method has been carried out to study the shape
deformations and fission routes of the domain, with special
emphasis on the formation of the negative curvature domain
and on the behavior of endocytic fission in the multicompo-
nent vesicle. Some possible shape deformations of the do-
main and fission routes are obtained. We find that the asym-
metric distribution of lipids in two leaflets of bilayer, the
domain size, the area-to-volume ratio of the vesicle, and the
spontaneous curvature of the lipid will influence the defor-
mation direction, the evolutional routes, and the final con-
figuration of lipid domain in the vesicle. Particularly, the
negative curvature domain and endocytic fission are investi-
gated in detail. Another possible endocytic fission route is
also observed in our simulation.
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FIG. 13. �Color online� Final configurations of the domain in the
vesicle with different ratios �B1 /�B2 and different head radius con-
trasts. The results are obtained at t=5000 units of 
. �B=6.7% and
=0.78. Purple square: negative curvature; blue diamond: ellipsoi-
dal curvature; green triangle: exocytic fission; red inverse triangle:
endocytic fission.

FIG. 14. �Color online� Snapshots of a possible route of en-
docytic fission. The cross-section images are taken at times �a� 250,
�b� 375, �c� 1500, and �d� 2000 units of 
, respectively. �B=6.7%,
�B1 /�B2=3 /1, RB1=1.2 units of R0, RB2=0.8 units of R0, and 
=0.75.
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