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Bulky-head lipids, such as glycolipids, play indispensable roles in cellular membranes. However, little is

known about the effects that bulky-head lipids have on the physicochemical properties of the

membrane. In this study, we examined the effects of a giant vesicle containing poly(ethylene glycol)-

conjugated cholesterol (PEG-Chol), as a model of natural bulky-head lipids, on phase separation in the

membrane. We used a lipid combination that included the saturated phospholipid DPPC, the

unsaturated phospholipid DOPC and Chol, which is known to cause phase separation into two liquid

phases. This phase separation is classified as a first-order phase transition under the criterion of

Landau, and thus micro-domains tend to show coarse-graining up to a global pair of domains, i.e.,

mono-domains, so as to minimize interfacial instability. In contrast to such coarsening in the ternary

system, we show here the generation of stable micro-domains in the presence of PEG-Chol above

a critical composition. The transition from global- to micro-segregation is interpreted theoretically in

terms of the competition between two physical effects, i.e., steric repulsive interaction between the

bulky-head groups of PEG-Chol and the cost in line energy along the domain boundaries. Interestingly,

among the micro-domain structures, a network pattern of domains appears as an intermediate state in

which small domains are connected to each other. We examined the stability of the network pattern

under local heating using a focused laser, and confirmed self-recovery of the pattern. Based on these

observations, natural bulky-head lipids in cells may also stabilize the domain structure like a lipid raft.
Introduction

According to the ‘‘lipid raft’’ hypothesis, biomembranes are not

homogeneous mixtures of lipids, but rather form nano-domain

structures that are rich in saturated lipids and cholesterol

(Chol).1 These domains, which are called lipid rafts, are thought

to play important roles in many membrane-associated events

such as signal transduction and intracellular trafficking, and

have attracted attention for decades.2 Subsequent studies have

suggested that saturated lipids and glycosyl-phosphatidylinositol

(GPI)-anchored proteins integrate, and form raft domains with

the aid of Chol.3–5

Such Chol-mediated domains are often speculated to arise

from the tendency for lipids in membranes containing Chol to

separate into coexisting liquid phases. Indeed, one of the simplest

model biomembranes, ternary giant unilamellar vesicles (GUVs)

composed of dipalmitoyl-phosphatidylcholine (DPPC), di-

oleoylphosphatidylcholine (DOPC) and Chol, show phase
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separation into a liquid-ordered (Lo) phase that is rich in DPPC

and a liquid-disordered (Ld) phase that is rich in DOPC.6–12

Numerous studies have been performed with different species of

lipids to clarify the structure of rafts, and the results have been

reported with regard to phase diagrams,7,9,13,14 domain-coars-

ening,7,10,15 etc. However, real cells contain not only bare lipids

but also a large number of bulky glycolipids. In the case of GPI-

anchored protein CD59, the cross-sectional area is more than 9

times greater than that of lipids.16 Therefore, such bulky-head

lipids may play a main role on the formation of nano-domains in

cells.

In this study, we used poly(ethylene glycol)-conjugated

cholesterol (PEG-Chol) as a model of glycolipids to elucidate the

effects of bulky-head lipids on phase separation. The physical

nature of lipid bilayers containing PEG-lipids has been studied

extensively. For example, PEG-lipids in a PC membrane

decrease the main gel-to-liquid-crystal transition temperature of

lipids,17,18 increase the bending rigidity19–21 and induce a finite

spontaneous curvature.22 On the other hand, there have been no

studies on the effects of PEG-lipids on phase separation in

GUVs. Therefore, we first prepared a basic ternary GUV

composed of DPPC, DOPC and Chol, which has been investi-

gated experimentally7,8,10 and theoretically.23,24 Next, we gradu-

ally replaced Chol in the ternary GUVs with PEG-Chol. By
This journal is ª The Royal Society of Chemistry 2012
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comparing the domain patterns observed with and without

PEG-Chol, we could elucidate the effects of PEG-Chol on phase

separation. This study may shed light on the intrinsic mechanism

of the stabilization of nano-domain structures in cells containing

large numbers of bulky-head lipids and proteins.
Experimental

Materials

The lipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)

and 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) were

obtained from Wako Pure Chemical Industries (Osaka, Japan),

and cholesterol (Chol) was from Sigma (St Louis, MO). PEG-

conjugated Chol (PEG-Chol) with an average molecular weight

(Mw) of 600, 1000, or 2000 was purchased from Sigma or Nihon

Yushi (Tokyo, Japan). The chemical structure of PEG600-Chol

is shown in Fig. 1. The radius of gyration of PEG in water is

roughly RG ¼ 0.6 nm (Mw ¼ 600), 0.9 nm (Mw ¼ 1000) and

1.3 nm (Mw ¼ 2000) based on the experimentally determined

relationship RG ¼ 0.01078MPEO
0.635 nm.25 The persistence length

of PEG is �0.9 nm.26 The cross-sectional areas of DPPC, DOPC

and Chol are approximately 0.5, 0.72 and 0.37 nm2, respectively.27,28

The fluorescent lipids 1,2 dioleolyl-sn-glycero-3-phosphoethanol-

amine-N-(lissamine-rhodamine-B-sulfonyl) (Rho-PE) and 1-acyl-2-

[6-((7-nitro-2-1,3-benzoxadiazol-4-yl)amino)hexanoyl]-sn-glycero-3-

phosphoethanolamine (NBD-PE) were purchased from Avanti

Polar Lipids (Alabaster, AL). The former dye partitions into the

DOPC-rich Ld phase and gives a red color, whereas the latter

preferentially partitions into the DPPC-rich Lo phase and gives

a green color. All lipids were used without further purification

and stored in chloroform at �20 �C.
Methods and observations

We prepared ternary GUVs by the gentle hydration method.10

First, we dissolved lipids in chloroform (10 mM). For a fluores-

cent observation, Rho-PE and NBD-PE were added at 0.4 and

0.2 mol% of lipids, respectively. The solvent was evaporated in

a stream of nitrogen gas, and the obtained lipid film was kept

under vacuum overnight to completely remove the remaining

solvent. To keep the temperature certainly above the phase

separation point <35 �C, the dried lipid film was pre-warmed at

60 �C, and then hydrated with 1 ml of pure water at 60 �C.
During the hydration process, the lipid films spontaneously form

GUVs with diameters of 5–30 mm. Phase separation in GUVs

was observed using a confocal fluorescence microscope

(LSM510, Carl Zeiss, Jena, Germany). Rho-PE was excited with

a He–Ne laser (543 nm) and fluorescence was detected through

a 560–615 nm band-pass filter (Chroma, Rockingham, VT).
Fig. 1 Chemical structure of PEG600-cholesterol.
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NBD-PE was excited by an Ar laser (488 nm) and fluorescence

was detected through a 505–530 nm band-pass filter (Chroma).

To avoid photo-oxidation, we minimized exposure to light.

To investigate the thermal and mechanical stabilities of the

domains, an infrared laser (1064 nm; YML-10, IPG Photonics,

Oxford,MA) in continuous wave mode was used. The laser beam

was converged and manipulated on the focal plane by an optical

trapping system (Sigma-Koki, Tokyo, Japan) with a fluorescent

microscope (TE2000, Nikon, Tokyo, Japan). Each laser had

a source power of approximately 2 W, which corresponds to

a temperature rise of 20–30 �C at the focus and a rise of �10 �C
within a �10 mm radius around the focus.
Results

Ternary GUVs composed of the saturated lipid DPPC, the

unsaturated lipid DOPC and Chol show three distinct phases,

i.e., solid–liquid coexistence phase, liquid–liquid coexistence

phase and a homogeneous phase, based on the lipid composition

and temperature.8,10 To investigate the effects of PEG-lipids on

phase separation, we prepared three different systems described

below, and examined the domain patterns in terms of two

parameters: the area fraction of the DPPC-rich ordered (Lo)

phase, fo, and the domain boundary length, l.

First, as a basic system, we prepared ternary GUVs consisting

of DPPC/DOPC ¼ 1 : 1 plus various mole fractions of Chol,

mchol (0 # mchol # 0.5), and observed the formation of

domain patterns with an increase in mchol. Next, we gradually

added PEG-Chol to the basic ternary system. The ratio of PEG-

Chol to total Chol, XPEG ¼ mPEG/(mPEG + mchol), was increased

from 0 to 1 (0 # XPEG # 1), where mPEG is the mole fraction

of PEG-Chol, and the total mole fraction of Chol, mPEG +

mchol, was fixed at 0.33 (i.e., DPPC/DOPC/(Chol and PEG-

Chol) ¼ 1 : 1 : 1). Finally, we prepared other ternary vesicles

consisting of DPPC/DOPC ¼ 1 : 1 plus PEG-Chol, and

increased mPEG from 0 to 0.5 (0 # mPEG # 0.5). By comparing

the domain patterns observed in GUVs with and without PEG-

Chol, we could elucidate the effects of PEG-Chol on phase

separation.
Ternary vesicles: DPPC/DOPC ¼ 1 : 1 plus Chol

Ternary GUVs composed of DPPC/DOPC ¼ 1 : 1 plus Chol

cause phase separation into coexisting phases below a transition

temperature. Fig. 2a shows an example of phase-separated

vesicles with micro-domains, where bright and dark regions are

DOPC-rich and DPPC-rich phases, respectively. For binary

vesicles without Chol, DPPC solid domains were observed as

black islands floating on a white sea of liquid DOPC. The

observed solid domains had noncircular shapes (far-left image in

Fig. 2a). When the two solid domains contacted each other, they

did not merge. On the other hand, ternary vesicles containing

Chol (0.1 < mchol < 0.5) separated into two liquid phases, i.e.,

a DPPC-rich liquid-ordered (Lo) phase and a DOPC-rich liquid-

disordered (Ld) phase. For vesicles with mchol 0.2–0.3, circular

Lo domains appeared. Above mchol z 0.35, the major phase was

reversed, and Ld domains were formed. With the addition of

more Chol (mchol $ 0.5), phase separation was not observed.
Soft Matter, 2012, 8, 488–495 | 489



Fig. 2 Phase separation for ternary vesicles composed of DPPC/DOPC

¼ 1 : 1 plus Chol. (a) The micrograph shows phase-separated vesicles

with different mole fractions of Chol, mchol, where the dark and bright

regions are a DPPC-rich ordered phase and a DOPC-rich disordered

phase, respectively. Scale bar is 5 mm. (b) The area fraction of the ordered

phase, fo (circles), and the boundary length normalized by the minimum

length of a domain with the same area, l/l0 (triangles), are plotted against

mchol.

Fig. 3 Phase separation for four-component vesicles composed of

DPPC/DOPC/(total Chol; Chol and PEG-Chol) ¼ 1 : 1 : 1. (a) The

images show a change in the domain size with an increase in the mole

ratio of PEG-Chol to total Chol, XPEG. The dark and bright regions are

a DPPC-rich ordered phase, and a DOPC-rich disordered phase,

respectively. Scale bar is 5 mm. (b) The area fraction of the ordered phase,

fo (circles), and the normalized boundary length, l/l0 (triangles), are

plotted against XPEG.
For vesicles with coexisting Lo and Ld phases, the line energy

along the domain boundaries plays an important role in regu-

lating the domain shape and the number of domains.10,29 To

avoid the cost associated with a large line energy, both the Lo

and Ld domains maintain circular shapes, and coarse-grain up to

a large mono-domain with a minimum boundary length.

Although some vesicles had multi-domains due to trapped

coarsening with budding deformation (see Chol 40% in

Fig. 2a),10 most had a mono-domain. These observations are

consistent with previous reports.6,8,10 We selected 30 vesicles with

a mono-domain, and calibrated the area fraction of the

DPPC-rich ordered phase, fo, and its boundary length normal-

ized by the minimum boundary length of a circular domain with

the same area, l/l0. Fig. 2b shows the relationship of fo and l/l0
with the mole fraction of Chol,mchol. fo gradually increased with

an increase in mchol.
12 On the other hand, l/l0 has a value of �1

except for mchol ¼ 0, which means that the vesicles show

a spherical mono-domain, unlike scattered solid domains in

vesicles without Chol, i.e., mchol ¼ 0.
Four-component vesicles with bulky-head lipids

DPPC/DOPC ¼ 1 : 1 plus Chol and PEG-Chol. To investigate

the effects of PEG-Chol on phase separation, we prepared four-

component GUVs with DPPC/DOPC ¼ 1 : 1 plus Chol and

PEG-Chol. The ratio of PEG-Chol to total Chol, XPEG ¼ mPEG/

(mPEG + mchol), was increased from 0 to 1 (0# XPEG # 1), where

the total mole fraction of Chol,mPEG +mchol, was fixed at�0.33.

If PEG-Chol behaves like Chol, the domain pattern should be

the same as in the Chol system; i.e., DPPC/DOPC ¼ 1 : 1 plus

Chol 33% (see mchol z 0.3 in Fig. 2). However, the domain

pattern changed dramatically with the addition of PEG-Chol.
490 | Soft Matter, 2012, 8, 488–495
Fig. 3a shows the observed domain patterns on vesicles con-

taining PEG-Chol, where bright and dark regions are the DOPC-

rich disordered phase and DPPC-rich ordered phase, respec-

tively. At a concentration of PEG-Chol XPEG < 0.8, the size of

a DPPC-rich domain gradually decreased with an increase in

XPEG, while the vesicle maintained a mono-domain structure. On

the other hand, above XPEG $ 0.8, the domain structure was

transformed from a mono-domain to small scattered domains.

Since the scattered domains did not coalesce together and were

maintained overnight, they might represent an equilibrium state.

Therefore, we concluded that a transition from global- to micro-

segregation is induced in the presence of PEG-Chol above

a critical concentration of XPEG* z 0.8.

To examine these phenomena, the area fraction of the ordered

phase, fo, and the boundary length normalized by the minimum

boundary length of a domain with the same area, l/l0, were

calibrated from 30 vesicles and plotted against XPEG in Fig. 3b.

With an increase in XPEG from XPEG ¼ 0, fo monotonically

decreases from �0.5 to �0.1 for XPEG < 0.8, while l/l0 remains at

a value of 1. On the other hand, for XPEG $ 0.8, fo maintains

a value of �0.1, and l/l0 dramatically increases from 1 to �8

accompanied by a transition from a mono-domain to small

scattered domains. We explain this transition theoretically

below.

Ternary vesicles with bulky-head lipids

DPPC/DOPC ¼ 1 : 1 plus PEG-Chol. We completely replaced

Chol with PEG-Chol, and prepared other ternary GUVs

composed of DPPC/DOPC ¼ 1 : 1 plus PEG-Chol, mPEG ¼ 0–

0.5. The obtained micrographs of phase-separated vesicles are

shown in Fig. 4a, where bright and dark regions are the
This journal is ª The Royal Society of Chemistry 2012



Fig. 4 Phase separation on ternary vesicles composed of DPPC/DOPC

¼ 1 : 1 plus PEG-Chol. (a) Micrographs show the transition from

network to scattered domains with an increase in molar ratio of PEG-

Chol, mPEG. The bright and dark regions are DOPC-rich and DPPC-rich

phases, respectively. Scale bar is 5 mm. (b) The area fraction of the DPPC-

rich ordered phase, fo (circles), and the normalized boundary length, l/l0
(triangles), are plotted against mPEG.

Fig. 5 Domain patterns on phase-separated vesicles containing (a)

PEG1000-Chol 20%, (b) PEG2000-Chol 20%, (c) PEG600-Chol 20%,

and (d) PEG600-Chol 33%. The bright and dark regions are DOPC-rich

and DPPC-rich phases, respectively. Scale bar is 2 mm.
DOPC-rich disordered phase and DPPC-rich ordered phase,

respectively. In vesicles with large mPEG > 0.3, scattered domains

of the ordered phase were observed, like a vesicle with mPEG z
0.33 (far-right image in Fig. 3a). Interestingly, the other domain

pattern was observed in vesicles with 0 < mPEG # 0.3, where

small domains were connected to each other. We refer to this as

a ‘‘network domain’’ hereafter. The critical concentration of

PEG-Chol mPEG* at the transition point was �0.3.

We measured the area fraction of the ordered phase, fo,

and the normalized boundary length, l/l0, from 30 vesicles, and

plotted them against XPEG in Fig. 4b. With an increase in

mPEG for 0 # mPEG # 0.3, fo slightly increases. In contrast, for

mPEG > 0.3, fo suddenly decreases below �0.1, which is quite

different from the monotonic increase in fo in the Chol system

(Fig. 2b). On the other hand, l/l0 gradually increases from �5

to �8.

To explain this transition in the domain size, we focus on the

amount of PEG-Chol contained in vesicles, which is expected to

increase with an increase in mPEG, and to be saturated at the

critical micelle concentration (CMC). With PEG-Chol in a PC

membrane, the CMC was reported to be 0.4 for PEG600-Chol

and 0.25 for PEG1000-Chol.30 In addition, a drastic change in

permeability was observed above 0.3 for PEG900-Chol.31

Therefore, under our PEG600-Chol conditions, CMC is esti-

mated to be �0.4, which is slightly above our experimental value

of mPEG* z 0.3 (Fig. 4). When we use longer PEG-Chol, such

scattered domains were observed in vesicles with smaller mPEG.

Fig. 5a and b show scattered domains in vesicles composed of

DPPC/DOPC ¼ 1 : 1 plus 20% PEG1000-Chol and PEG2000-

Chol, respectively. This agrees with the fact that CMC is

decreased with an increase in the molecular weight of PEG.
This journal is ª The Royal Society of Chemistry 2012
Therefore, it is most likely that when the value of mPEG reaches

the CMC, the increase in the free energy of PEG-Chol overcomes

the cost of the line energy, and leads to a transition in the domain

size.

On the other hand, in vesicles with low mPEG # 0.3, two types

of domain patterns were observed, i.e., a mono-domain in the

Chol plus PEG-Chol system (Fig. 3) and a network pattern in the

PEG-Chol system (Fig. 4). Fig. 5c shows other examples of

network patterns. After the samples were allowed to stand

overnight, most of the domains were linked to their neighbors,

although they did not completely merge into a larger mono-

domain. In addition, accompanied with the change of domain

growth from nucleation-growth to a spinodal-decomposition

mechanism,7 the characteristic pattern of spinodal-decomposi-

tion was also observed in vesicles with mchol z 0.3 (Fig. 5d).
Binary color imaging for network and scattered domains

The presence of such noncircular domains has been reported in

DPPC/DPPE GUVs with coexisting liquid–solid phases.32,33

Therefore, we examined whether the phase of DPPC-rich

domains is a liquid or solid phase. For this experiment, we added

two types of dyes, Rho-PE and NBD-PE. Rho-PE is localized in

the Ld phase, whereas NBD-PE is relatively partitioned into Lo

domains but not solid domains.14,34 Therefore, we can distinguish

whether DPPC-rich domains are in a Lo phase or solid phase.

Fig. 6 shows binary color imaging of phase-separated vesicles,

where red and green regions are Rho-PE and NBD-PE, respec-

tively. In the case of solid domains in vesicles without Chol

(Fig. 6a), NBD-PE was not localized in DPPC-rich domains. On

the other hand, network domains (Fig. 6b and c show the

membrane surface and a cross-section, respectively) appeared

green, which clearly shows that the domains are in the Lo phase,

and not the solid phase. However, NBD-PE was excluded from

the scattered domains (Fig. 6d), similar to the solid domains in

Fig. 6a. Thus, the phase of the scattered domains is found to be

close to the solid phase.
Disruption by the laser irradiation and recovery

To investigate the stability of the network domains, we irradi-

ated part of the membrane with a pulsed laser, and examined

whether or not the pattern is reproduced. Fig. 7 shows a time

lapse of the domain patterns before and after laser irradiation.

Before irradiation, small domains were connected to each other

and formed a network pattern. Next, the white spot indicated

by the arrow was irradiated with the laser (80 s). The
Soft Matter, 2012, 8, 488–495 | 491



Fig. 6 Binary images of phase-separated vesicles composed of DPPC/

DOPC ¼ 1 : 1 plus (a) Chol 0%, (b1 and b2) PEG-Chol 30%, and (c)

PEG-Chol 40%. These images focus on the membrane surface (a, b1 and

c) or cross-section (b2). (i) Rho-PE (red) is localized in the DOPC-rich

matrix. (ii) The partition of NBD-PE (green) into DPPC-rich domains is

observed in (b) vesicles with PEG-Chol 30%. Scale bar is 5 mm.

Fig. 7 Self-recovery of the network pattern after local heating. The

vesicle is composed of DPPC/DOPC ¼ 1 : 1 plus PEG-Chol 20%. The

part of the membrane indicated by a white circle and an arrow was

irradiated with the laser for �80 seconds from 80 s to 160 s. Scale bar is

5 mm.
application of mechanical perturbation to the large domains

was not effective, i.e., the domains could be moved by the laser

but did not deform, and attached domains did not readily

adhere to each other. However, thermal perturbation, or

a heating effect, was observed over a longer time-scale. The

network domains were gradually shrunken and scattered, and

completely disappeared at 160 s. When the laser was turned off,

small domains appeared again and reproduced the network

patterns. Since the characteristic size of the bead-like domains

remained almost the same before and after laser irradiation,

PEG-Chol may introduce spontaneous curvature to determine

the pattern.22
492 | Soft Matter, 2012, 8, 488–495
Discussion

Theoretical model

As shown in Fig. 3, the transition from a mono-domain to small

scattered domains was observed in four-component

(DPPC/DOPC/Chol and PEG-Chol) vesicles with a high concen-

tration of PEG-Chol. Under the experimental condition, the mole

fraction of DPPC/DOPC/(Chol and PEG-Chol) was fixed to be

1 : 1 : 1 and only the ratio of PEG-Chol to total Chol, XPEG, was

changed. Therefore, we try to describe the domain size transition

based on the free energy analysis as a function ofXPEG through the

abstraction of the most important parameter among them.

For simplicity, we consider the phase-separated membrane

without any shape deformation, where bending energy is

ignored. We also ignore the entropic term, since we discuss the

transition in the domain size, and not phase separation. In such

a case, the balance between the repulsion of PEG-Chol molecules

and the line tension at domain boundaries dominates the domain

structure. Here we assume that there are N domains of the Lo

phase with the same radius R. When the total area of a vesicle is

S, the total area of the Lo domains is denoted by foS. The area

fraction of the Lo domains, fo, depends on the mole ratio of

PEG-Chol to total Chol XPEG.

From the experimental result in Fig. 3, we use the relation

fo ¼ 0.5–0.4XPEG (1)

In addition, we use mDPPC : mDOPC : (mPEG + mchol) ¼ 1 : 1 : 1.

The cross-sectional areas of DPPC, DOPC and Chol have been

reported to be 0.5, 0.72 and 0.37 nm2, respectively.27,28 Therefore,

the area fraction of the total Chol is jp + jc z 0.25, where jp and

jc are the area fractions of PEG-Chol and Chol. We obtain

jp ¼ XPEG(jp + jc) ¼ 0.25XPEG. (2)

When the areas of the Lo and Ld phases are the same, Chol

molecules become partitioned into a ratio of mchol_o : mchol_d ¼
6 : 4,35 where mchol_o and mchol_d are the mole ratios of Chol in

the Lo and Ld phases, respectively. Hence, it is natural that we

assume that PEG-Chol molecules also become partitioned into

the same ratio; that is

npo : npd ¼ 6foS : 4(1 � fo)S, (3)

where npo and npd are the numbers of PEG-Chol molecules in the

Lo and Ld phases, respectively. The area fractions of PEG-Chol

in the Lo and Ld phases are defined as jpo and jpd respectively.

From eqn (2) and (3), and jp ¼ jpo + jpd, the area fraction of

PEG-Chol in each phase can be expressed in terms of XPEG as

jpo ¼
3fo

4ð2þ foÞ
XPEG; jpd ¼

1� fo

2ð2þ foÞ
XPEG (4)

SinceN domains have the same radiusR, we obtainNpR2 ¼ foS.

The radius of the domains is described as

R ¼
ffiffiffiffiffiffiffiffi
foS

pN

r
: (5)

PEG with a molecular weight 600 is considered to take a brush
This journal is ª The Royal Society of Chemistry 2012



configuration, because the polymer length (�0.6 nm) is smaller

than the persistence length of PEG (�0.9 nm).26 From scaling

theory, the free energy per polymer grafted on the lipid

membrane derived from the interaction between polymers is

given by10,36–39

fp ¼ kBTma5=3m d5=6; (6)

where m is the degree of polymerization, am is the monomer size,

d is the density of PEG-Chol, kB is the Boltzmann constant, and

T is the temperature. This energy is also obtained from mean-

field theory.40,41 Although there are some differences between

scaling theory and mean-field theory (e.g., the constant pre-

multiplying factor and the dependence on the polymer density),

they do not affect the phase behavior qualitatively. For

simplicity, we assume that PEG-Chol molecules disperse

uniformly in the Lo and Ld phases.

Here, we consider that PEG-Chol near the domain

boundary feels a different energy from that in the center of the

Lo or Ld phase, due to the difference in the density of PEG-

Chol between the Lo and Ld phases. As illustrated in Fig. 8,

PEG-Chol in Lo domains feels free energy fpo per molecule

(region A). On the other hand, the energy of PEG-Chol near the

domain boundary (region B) is reduced compared with that of

PEG-Chol at the center of the domain, since PEG-Chol near the

domain boundary effectively feels a lower density. In contrast,

PEG-Chol in the Ld phase near the domain boundary (region

C) feels higher energy than that in the center of Ld phase

(region D). We introduce the phenomenological factor g to

briefly express an increase and a decrease in free energy in

region B and C.

Regions B and C lie between the domain boundary and the

lines are at distance d inward and outward, respectively, from the

domain boundary. Since the energy induced by PEG-Chol is

expressed as the sum of the contributions from these four

regions, the energy attributable to PEG-Chol per unit area is

given by
Fig. 8 Schematic illustration of the phase-separated membrane. Phases,

PEG-Chol density and energy per PEG-Chol molecule in each region are

shown.
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Fp ¼ pðR� dÞ2
pR2

npo

S
fpo þ

"
1� pðR� dÞ2

pR2

#
npo

S
ð1� gÞfpo

þ
N
h
pðRþ dÞ2�pR2

i
ð1� foÞS

npd

S
ð1þ gÞfpd

þ 1�
N
h
pðRþ dÞ2�pR2

i
ð1� foÞS

2
4

3
5 npd

S
fpd (7)

where fpo and fpd are the energies of a PEG-Chol molecule in

regions A and D, and (1� g)fpo and (1 + g)fpd are the energies of

a PEG-Chol in regions B and C, respectively. Here, we substitute

the relations

dpo ¼ npo

foS
¼ jpo

Apfo

; dpd ¼ npd

ð1� foÞS
¼ jpd

Apð1� foÞ
(8)

into eqn (7), where Ap is the cross-sectional area of a PEG-Chol

molecule. Thus, we obtain the following formula,

Fp ¼ kBT

��
1� gð2R� dÞd

R2

�
ma5=3m A�11=6

p f�5=6
o j11=6

po

þ
�
1þ gpð2Rþ dÞdN

ð1� foÞS
�
ma5=3m A�11=6

p ð1� foÞ�5=6
j
11=6
pd

�
: (9)

From eqn (1), (4), and (5), the free energy induced by PEG-

Chol, Fp, can be expressed as a function of the number of

domainsN and the ratio of PEG-Chol to total Chol, XPEG. Since

we fix the lipid and PEG-Chol concentrations in the Lo and Ld

phases, the concentration gradient across the domain boundary

is constant. Therefore, the line energy depends only on the length

of the domain boundary. The line energy at the domain

boundary per unit area Fl is expressed as

Fl ¼ 2pRN

S
fl; (10)

where fl is the line tension.

To explain the domain size transition theoretically, we

calculate the total free energy Fp + Fl as a function of XPEG, fl
and g. In the calculation, we use S ¼ 314 mm2 (the radius of

a vesicle is 5 mm), d ¼ 10 nm, m ¼ 13, am ¼ 0.4 nm, Ap ¼ 0.4

nm2, and T ¼ 300 K.42,43 The effective densities of PEG-Chol

near the boundary are given by (1 � g)6/5dpo and (1 + g)6/5dpd in

regions B and C, respectively. Because the densities should

follow the relation: dpo (region A) > (1 � g)6/5dpo (region B) > (1

+ g)6/5dpd (region C) > dpd (region D), we obtain 0 < g < 0.167

using eqn (3) and (8).

First, we fix the parameters g¼ 0.1 and fl¼ 3.0 pN, and obtain

the dependence of XPEG on the length of the domain boundary l

(dot-dashed line in Fig. 9). Fig. 9 represents the normalized

domain boundary length, l/l0, where l0 is the domain boundary

length of a mono-domain, i.e.,N¼ 1.When there areN domains,

the total domain boundary length l is denoted by l¼ 2(pfoSN)1/2.

Since we can obtain l0 ¼ 2(pfoS)
1/2, the normalized domain

boundary length becomes l=l0 ¼
ffiffiffiffiffi
N

p
. It should be noted that the

radius of a domain R must be larger than d. From eqn (5), the

number of domain isN¼ 105 and the domain boundary length is

l/l0 ¼ 316 when R and d are both 10 nm at XPEG ¼ 100%. As
Soft Matter, 2012, 8, 488–495 | 493



Fig. 9 The change in the length of the domain boundary as a function of

XPEG for g ¼ 0.10. The solid, dashed and dot-dashed lines represent fl ¼
2.0, 2.5, and 3.0 pN, respectively.

Fig. 10 Phase diagram calculated as a function of XPEG and the line

tension at the domain boundary fl. The solid, dashed, dot-dashed lines

represent g ¼ 0.05, 0.10, and 0.15, respectively.
shown in Fig. 9, the calculated value is much smaller than l/l0 ¼
316, and the above condition is always fulfilled throughout this

model.

When XPEG is small enough, line energy dominates the phase

behaviour and the mono-domain (l/l0 ¼ 1) appears. As XPEG

becomes larger, the interaction energy between polymers

becomes higher. Because the PEG-Chol densities in Lo and Ld

phases are increased. While the line energy is decreased with an

increase of XPEG from eqn (1). Hence, when XPEG is increased,

the point where the interaction energy between polymers over-

comes the line energy is reached. The transition from the mono-

domain (l/l0 ¼ 1) to scattered domains (l/l0 > 1) is occurred at this

point. As shown in Fig. 9, such transition points appear at XPEG

¼ 65% (fl ¼ 2.0 pN), 73% (fl ¼ 2.5 pN), and 79% (fl ¼ 3.0 pN).

On the other hand, the total areas of region B and C are

expressed by pNR2 � pN(R � d)2 and pN(R + d)2 � pNR2,

respectively. The area difference between region B and C is |2foS

(d/R)2|. As the domain size R becomes smaller, this area differ-

ence becomes remarkable. This means that the ratio of the free

energy loss in region C relatively becomes larger when the

domain size is small enough. Since the domain size becomes

smaller with increasing XPEG, it is energetically unfavourable to

increase the number of domains and decrease the domain size for

large XPEG. Therefore, with an increase of XPEG, l/l0 increases

and again decreases to minimize the energy. For fl ¼ 2.0 pN, we

can find this point as a peak around XPEG ¼ 95% (solid line in

Fig. 9).

Second, we analyze the dependence of line tension fl on the

relation between XPEG and l/l0 using different line tension fl ¼
2.0, 2.5, 3.0 pN (Fig. 9). The critical XPEG at the transition point

is increased from �60% to �80% with increasing fl from 2 pN to

3 pN. These values of line tension have the same magnitude as

those in previous experimental reports.15,29

In addition, the slope of the change in l/l0 at the transition

point is quite large. This means that the transition from a mono-

domain to scattered domains occurs sharply. As shown in Fig. 3,
494 | Soft Matter, 2012, 8, 488–495
there is only one domain for XPEG% ¼ 60, while the number of

domains rapidly increases forXPEG%¼ 80. This behaviour of the

transition is also consistent with that in the experiment.

As for the domain boundary length l/l0, the calculated domain

boundary length tends to be larger than the experimental values

(l/l0 < 9). This discrepancy may be due to the resolution of the

fluorescent microscope (�1 mm). For example, in the case of

domains with 2R ¼ 1 mm, the domain boundary length is l/l0 ¼
8.4 for XPEG ¼ 80%. Even if the domains smaller than 1 mm exist,

it is difficult to measure such boundary lengths of small domains

by a microscope. Hence, the domain boundary length obtained

from the experiment becomes smaller.

Furthermore, the critical XPEG at the transition point is

strongly dependent on line tension, fl and also g. The calculated

phase diagram as a function of XPEG and fl is shown in Fig. 10.

Using eqn (1) and (5), the phase boundaries are obtained by

minimizing the total free energy Fp + Fl with respect to the

number of domain N for g ¼ 0.05, 0.10, and 0.15. Generally, the

line tension and the parameter g are dependent on the lipid

composition and temperature.15,29,44 Therefore, this transition

from global- to micro-segregation would be triggered depending

on the type of bulky-head lipids, the lipid composition and the

temperature, also in cellular membranes.
Conclusions

We investigated the effects of bulky-head lipids on phase sepa-

ration using a giant vesicle composed of DPPC/DOPC ¼ 1 : 1

plus different mole fractions of Chol and/or PEG-Chol. Basic

ternary vesicles composed of DPPC, DOPC and Chol show

phase separation into two liquid phases, i.e., liquid-ordered and

liquid-disordered phases, and form a mono-domain to minimize

the line energy at domain boundaries. When Chol in the ternary

vesicles is replaced with PEG-Chol, the size of the mono-domain

is decreased. This indicates that PEG-Chol is excluded from the

DPPC-rich ordered domain. Above the critical concentration of

PEG-Chol, near the critical micelle concentration of PEG-Chol,
This journal is ª The Royal Society of Chemistry 2012



the domain structure is transformed from a mono-domain to

small scattered domains. This change in the domain size can be

explained theoretically by comparing the repulsion between

PEG-Chol and the cost of the line energy at the domain

boundaries. In addition, network domains, where small domains

are connected to each other, were observed as an intermediate

state. We examined the stability of the network pattern by local

heating using a focused laser, and confirmed that it exhibited self-

recovery. Based on the present results, bulky-head lipids are

expected to stabilize nano-domain structures even in living cells.
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