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Dynamic behaviors of liposomes caused by interactions between
liposomal membranes and surfactant were studied by direct real-
time observation by using high-intensity dark-field microscopy.
Solubilization of liposomes by surfactants is thought to be a
catastrophic event akin to the explosion of soap bubbles in the air;
however, the actual process has not been clarified. We studied this
process experimentally and found that liposomes exposed to
various surfactants exhibited unusual behavior, namely continu-
ous shrinkage accompanied by intermittent quakes, release of en-
capsulated liposomes, opening up, and inside–out topological
inversion.

L iposomes (which are closed membrane vesicles) have been
well studied as simplified models of biological membranes

(1–5) and are now used in a number of applications (5, 6), for
example, as carriers of drug or DNA delivery or as artificial
membranes for reconstructing membranous enzyme activities
(7–9). Recently, many important phenomena affecting lipid
bilayers, including their detergent solubilization, have been
explored by using liposomes; such studies promote a better
understanding of the biophysical properties of bilayer mem-
branes and moreover will improve the handling of membrane
proteins when they are isolated from or reconstructed into lipid
bilayers (10–13). However, studies of intermediate stages in the
detergent solubilization of liposomes are only now in progress
(14–17), and the interaction mechanism between membranes
and surfactants has remained unclear. Therefore, real-time
approaches by using optical microscopy to study the dynamic
behavior of liposomes are very important.

High-intensity dark-field microscopy has enabled us to obtain
real-time high-contrast images of giant unilamellar liposomes in
aqueous solutions (18–22). In this study, we used such tech-
niques to characterize the interactions between liposomal mem-
branes and surfactants. Eight kinds of liposomes and various
types of surfactants (Fig. 1) were mixed in all possible combi-
nations in a mixing chamber to generate a concentration gradi-
ent of each surfactant for microscope specimens, and morpho-
logical changes of liposomes exposed to those surfactants were
monitored (18, 23). In the absence of surfactant, liposomal
membranes were spherical, and thermal fluctuations of their
spherical shape were largely suppressed by the surface tension of
their membranes. Hereafter, this morphological state of lipo-
somes will be called tense. In this study, we found several unusual
behaviors of liposomes (which are published as supplemental
data on the PNAS web site, www.pnas.org).

Materials and Methods
Preparation and Observation of Liposomes. To prepare giant unila-
mellar liposome, liposome (total 1 mM lipid concentration) was
made of phosphatidylcholine (PC) or of PC and one of seven
other lipids (1:1, molymol) in Hepes buffer (10 mM Hepes–
NaOH, pH 7.0), as described previously (18, 21, 22). Lipids were
dissolved in a chloroformymethanol solution, 98:2 (volyvol), and
mixed. The organic solvent was evaporated under a flow of
nitrogen gas, and the lipids were further dried in vacuo for at
least 90 min. Hepes buffer was then added to the dried lipid films
at 25°C. The lipid films immediately started swelling to form

liposomes, and swelling was facilitated by agitating the test tubes
occasionally by hand. Liposomes were observed at 25°C by using
dark-field microscopy (BHF, Olympus, Tokyo), as described
previously. Images were recorded by using an SIT video camera
(C-2400–08, Hamamatsu Photonics, Hamamatsu City, Japan)
and were further processed with IP-LAB spectrum (Scanalytics,
Fairfax, VA) and analyzed with NIH IMAGE and PHOTOSHOP
(Adobe Systems, Mountain View, CA).

Mixing of Liposomes with Surfactant. Each giant liposome solution
was mixed with each surfactant (100 mM) dissolved in Hepes
buffer at 25°C. To make a concentration gradient of surfactant
in a microscope specimen, we used a mixing chamber made of
a glass slide and a coverslip, which were firmly fixed together
with spacers (23). To apply each surfactant to a liposome
solution, an excess volume of surfactant solution was placed on
an open site of the mixing chamber into which a liposome
solution had been injected from another open site. These two
solutions are gently attached and mixed in the chamber, and
thereby a concentration gradient of surfactant was spontane-
ously generated by diffusion. Slowly moving liposomes were
followed in the microscope, and behaviors of liposomes in a
concentration gradient of the surfactant were monitored.

Lipids and Surfactants. Octyl glucoside, Triton X-100, and SDS
were purchased from Nacalai Tesque (Kyoto). Tween 20 and
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS) were purchased from Wako Pure Chemicals (Osaka).
Hexadecyl pyridinium chloride was purchased from Katayama
Chemicals (Osaka). 1, 2-dimyristoyl 3-trimethylammonium pro-
pane (DMTAP) and 1, 2-dimyristoyl 3-dimethylammonium pro-
pane (DMDAP) were purchased from Avanti Polar Lipids.
Other surfactants and lipids were purchased from Sigma.

Results
Shrinkage of Liposomes Caused by Lipid Solubilization with Surfac-
tant. First, we describe intermittent quakes of liposomes coupled
with their continuous-stepwise shrinkage (Fig. 2A). Liposomal
quakes are transitions from the tense state to the transient state
that are characterized by vigorous fluctuations in their spherical
shape. Transition from the tense to the quaking state was a rapid
process accomplished within the time-resolution limit (1y30 sec),
whereas recovery from the quaking to the tense state was a slow
process on the second scale. Liposomes quaked individually and
intermittently and decreased their size step by step (Fig. 2B).
The interval between quakes decreased as the liposomal size
decreased (Fig. 2C). Our preparations of liposomes contained
giant liposomes encapsulating baby liposomes (a few microme-
ters in size), and those giant liposomes never released their
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babies externally so long as they remained tense. However, giant
liposomes directly released their babies during their quaking
periods (Fig. 2D) (24). These observations indicate that liposo-
mal membranes that are in contact with surfactant temporally
open holes as large as a few micrometers in size, while they
maintain their overall shape and continuity. Small liposomes
encapsulated by giant ones never shrank; however, once exposed
to the surfactant, they began to shrink similarly to the giant
liposomes.

Continuous-stepwise shrinkage with intermittent quakes is the
pathway of liposomal solubilization when liposomes are exposed
to a nonionic surfactant (Fig. 1). However, when an ionic
surfactant replaced a nonionic one, liposomes decreased their
size smoothly (Fig. 2E). In this case, surface areas calculated
from the diameters of liposomes decreased exponentially with
time (Fig. 2F). We assume that liposomes quaked at various
magnitudes depending on the nature of the surfactant, and that

continuous-smooth shrinkage was brought about by invisible
magnitudes of membrane quakes. In the case of continuous-
stepwise shrinkage, which accompanies the intermittent quak-
ing, lipids may also be excluded continuously from a liposomal
membrane. The liposome could, however, discharge water mol-
ecules from its interior, as well as encapsulated vesicles, only
during the intermittent quaking by perforation of its lipid bilayer
(Fig. 2 B and G). Liposomes vigorously fluctuate their mem-
branes within each quaking state because of membrane perfo-
ration and the sudden decrease in internal pressure that results
from the discharge of the water within.

Liposomal Inside–Out Inversion. A remarkable behavior of lipo-
somes (Fig. 3A) was found when we examined the two combi-
nations marked ‘‘I’’ in Fig. 1. In those cases, liposomal mem-
branes were opened and transformed into lipid bilayer sheets,
turned themselves inside out, and then closed again. The lipo-
somal behavior of this inside–out topological inversion is dem-

Fig. 1. Summary of the solubilization processes. C, continuous-stepwise or -smooth shrinkage; I, inside-out inversion; O, opening up; B, burst. Lipids: PC,
phosphatidylcholine; DMPC, dimyristoyl phosphatidylcholine; PG, phosphatidylglycerol; DMPG, dimyristoyl phosphatidylglycerol; PA, phosphatidic acid; DMPA,
dimyristoyl phosphatidic acid; DMDAP, 1,2-dimyristoyl 3-dimethylammonium propane; DMTAP, 1,2-dimyristoyl 3-trimethylammonium propane. Among eight
kinds of lipids, PC, PG, and PA are isolated from egg yolk or other natural sources, so that they had nonuniform lengths of acyl chains, and others had uniform
tail lengths (14 C). PC, DMPC, PG, and DMPG had large head groups, and PA, DMPA, DMDAP and DMTAP had small head groups. Among the eight kinds of
liposomes used, seven had binary lipid compositions (1:1 molymol). The charge carried by liposomes at neutral pH is shown. The surfactants shown here were
added to each liposome solution. Abbreviations for surfactants: C12E8, polyoxyethylene 8 lauryl ether; CHAPS, 3-[(3-cholamidopropyl) dimethylammonio]-1-
propane sulfonate; SB 3–14, N-tetradecyl-N, N-dimethyl-3-ammonio-1-propane sulfonate; HPC, hexadecyl pyridinium chloride; HTAB, hexadecyl trimethyl
ammonium bromide. The charge carried by each surfactant at neutral pH and its critical micelle concentration (mM) is shown. We usually selected giant liposomes
whose diameters exceeded 5 mm for observations to make them and later analysis easy. The experimental results shown here were essentially not altered even
when the concentration of surfactant was changed severalfold; however, the rate of liposomal solubilization in each process was changed. It is noted that, by
monitoring the changing of solution turbidity, we confirmed that liposomal solubilization started when the concentrations of each added surfactant were higher
than its critical micelle concentration.
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onstrated in this study. Liposomes repeated this topological
inversion several times, decreasing their size step by step (Fig.
3B). After repeating such inside–out inversions several times,
the lipid bilayer sheets often became unable to close and were

then solubilized over their entire surface areas equally. In this
case, it seems likely that the surfactant molecules penetrate into
and exclude lipids from only the side of the lipid bilayer (the
outer leaflet), which is exposed to the solution containing the

Fig. 2. Continuous shrinkage of a liposome. (A) A sequence of photographs showing a PC liposome that is alternating between tense (T) and quaking (Q) states
in the presence of Triton X-100. (B) Stepwise shrinkage of the liposome shown in A. Duration of quakes can be obtained from gaps between the two solid lines.
(C) Dependence of the cycle time on liposomal size. (D) Sequential photographs of a giant PC liposome releasing an encapsulated liposome in the presence of
Triton X-100. The inner liposome was excluded when the outer liposome was quaking. (E) Sequential photographs of a PC giant liposome that is shrinking in
the presence of SDS. (F) Time-dependent decrease in the surface area of a liposome; the fitted line is exponential. (G) A model for the process of continuous
shrinkage of a liposome. (Bars 5 5 mm.)
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surfactant (Fig. 3C). Although lipids may be continuously ex-
cluded from the outer leaflet of a liposomal membrane, the
liposome cannot decrease its size and remains tense because
the rapid escape of interior water molecules is prevented by the
intact inner half layer of its membrane. If a flip-f lop transloca-
tion of lipid molecules does not take place in the membrane, the
surface tensions working in each of the two leaflets of the
liposomal membrane will lose balance, resulting in the inside–
out inversion that is eventually induced in the liposome (Fig. 3C).

It has been suggested that the molecular shape of lipids in a
bilayer membrane can determine the membrane curvature and
shape (25, 26). The inside–out topological inversion of lipo-
somes described in this study could be the first direct demon-
stration showing that a lipid bilayer that has different numbers
of lipid molecules in two leaflets can occasionally generate forces
strong enough to change the membrane curvature andyor
topology.

Opening Up of Liposomes Caused by Surfactant. The next behavior
is the opening up of liposomes followed by solubilization of
cup-shaped liposomal membranes from their exposed edges
(Fig. 4A). This was the pathway of liposomal solubilization in
those combinations of liposomes and surfactants that are
marked as ‘‘O’’ in Fig. 1. Even when the concentrations of added
surfactants were increased, most liposomes maintained a single

opening hole, although that hole opened larger and liposomes
solubilized faster. This result indicates that the added surfactant
molecules accumulate cooperatively along the membrane-free
verge (Fig. 4B).

We attempted to reseal the cup-shaped liposomal membranes
by decreasing the concentrations of surfactants by dilution;
however, this was never successful. These observations indicate
that the opening up of liposomal membranes by surfactants is
basically different from the reversible opening up induced by
talin (22), a cytoskeleton associate protein.

Liposomal Burst. Finally, we should refer to the bursting of
liposomes (Fig. 5), which is catastrophic and akin to the bursting
of soap bubbles in the air. This was the process of liposomal
solubilization in combinations marked ‘‘B’’ in Fig. 1. Irrespective
of liposomal size, such bursting was accomplished within several
tens of milliseconds, which was nearly to the time-resolution
limit. In rare cases, liposome showed membrane fluctuation
immediately before the burst. Several liposomes in a microscope
field burst temporally at random over a time span of a few
seconds. Added surfactants are probably able to penetrate the
lipid bilayer faster than their solubilizing action or ability to
cooperatively extract membrane components by micelles, and
this causes instantaneous solubilization of liposomes (Fig. 5B).
The liposomal burst occurred frequently when liposomes made

Fig. 3. Inside-out inversion of a liposome. (A) A sequence of photographs showing a liposome (PC: DMTAP) undergoing inside-out inversion in the presence
of hexadecyl trimethyl ammonium bromide (HTAB). (B) Stepwise shrinkage of a liposome (PC: DMTAP) that is repeating an inside-out inversion in the presence
of HTAB. Open circles show the time course for the decreasing diameter of a liposome (shown in the photographic sequence). The diameter decreased only after
each inside-out inversion (I) and kept nearly constant during the tense state (T). The time required for an inversion is obtained from the gap between the two
dotted lines. (C) A model for the inside-out inversion process of a liposome. (Bars 5 5 mm.)

Fig. 4. Opening-up and subsequent solubilization of a liposome. (A) A sequence of photographs showing the solubilization of a liposome (PC: DMTAP) caused
by SDS. (B) A model for the opening-up and subsequent solubilization of a liposome caused by a surfactant. The surfactant molecules probably accumulate
cooperatively along the membrane free verge of the opened cup shape liposome. (Bar 5 5 mm.)
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of mixed phospholipids possessing inhomogeneous acyl chain
lengths were used or when ampholytic surfactant or surfactant,
which has a relatively large hydrophilic region, was added to
liposomes. Irregularity of acyl chain length of lipid molecules is
known as the factor that influences membrane fluidity (27),
indicating that molecular fluidity of membranes might be im-
portant for the liposomal burst.

General Features of the Transformation Processes. Liposomes were
solubilized via various processes, as shown in Fig. 1. However,
with a given combination of liposome lipid composition and
surfactant, all of the liposomes exhibited only one specific
transformation process, even at various ratios of surfactant to
lipid and observable liposome sizes between 1 and 20 mm (date
not shown). Exceptions, however, were CyB or CyO in Fig. 1. In
the case of CyB, approximately half of the liposomes showed
continuous shrinkage, and another half displayed bursting. Sim-
ilarly, in CyO, the frequency ratio of continuous shrinkage to
opening up was about one to one. Within an area in a microscope
specimen where liposomes and surfactant were appropriately
mixed, all of the type of transformations shown in Fig. 1 occurred
frequently.

Inside–out and bursting transformations appear to take place
transiently in response to an increasing concentration of surfac-
tant. On the other hand, cup-shaped liposomes produced in the
opening-up process were relatively stable in a fixed concentra-
tion of surfactant, indicating an equilibrium-binding reaction of
the surfactant and the liposome membrane.

Discussion
In this study, we observed a variety of phenomena exhibited by
liposomal membranes interacting with surfactants, including
intermittent quaking, inside-out inversion, opening up, and
bursting. These phenomena might be based not only on the
cooperative interaction between a lipid membrane and a sur-
factant but also on the cooperative movement of lipid molecules
in a membrane (Figs. 2G, 3C, 4B, and 5B). Our results show that
the transformation pathway depends on the combination a
particular surfactant with a particular lipid membrane compo-
sition, and the electric charge carried by both the lipid and
surfactant is an important factor in determining transformation
pathway (Fig. 1). In contrast, the critical micelle concentration
of the added surfactant, the sizes of the hydrophilic head, and the
acyl chain length of lipid molecules composing the membrane
are not strong factors in determining the pathway.

What mechanism works to determine which pathway takes
place among various topological transformations of liposomes?
Our data suggest that membrane solubilization progresses
through the following steps: (i) Surfactant molecules associate
with or penetrate into lipid bilayers; (ii) with increase in sur-
factant concentrations, a lipid bilayer is saturated with surfactant
molecules, so that lipid molecules are extracted from the mem-

brane by forming detergent-lipid micelles. In i, the main deter-
mining factor seems to be whether surfactant molecules pene-
trate into the membrane homogeneously or accumulate locally
on a liposome. In ii, the primary factor seems to be whether the
flip-f lop translocation of lipid andyor surfactant molecules
across the leaflets of the bilayer can take place or not, as shown
in Figs. 2G and 3C (28, 29).

The inside-out inversion of liposomes found in this study could
be one of the direct demonstrations showing the close relation-
ship between membrane curvature and its topology. Shape
transformation of a liposome caused by differences in expan-
sivities of the two leaflets in a membrane has been investigated
both theoretically and experimentally, by using the bilayer
coupling model (30, 31). These studies, however, described only
continuous processes such as budding formations or stomatocyte
transformations. On the other hand, the liposomal inside-out
inversion is an entirely discontinuous one. In our case, liposome
membranes continuously lost their component lipids, probably
from only their outer leaflets, by detergent solubilization. If
there is no or little flip-f lop movement between two leaflets,
number density of lipid molecules in the outer leaflet will
continuously decrease (Fig. 3C). As a result, a surface area of the
outer leaflet tends to shrink, whereas that of the inner one is
maintained. This imbalance in the surface areas causes potential
force to invert a curvature of the bilayer membrane. Therefore,
once a liposome membrane is damaged at some point, inside-out
transformation will take place. After every inversion, the lipo-
some decreased about 20% of its surface area (Fig. 3B).

Electric charges carried by lipid and surfactant molecules play
a basic role in the interaction between them. When a membrane
containing positively charged lipids was mixed with a surfactant
that carries a positive charge, hexadecyl trimethyl ammonium
bromide (HTAB) or SB 3–14, the inversion took place (Fig. 1).
On the other hand, the inversion never happened when anionic
liposomes were mixed with an anionic surfactant, so that simple
electrical repulsion force cannot explain the mechanism. It has
been reported that some cationic amphipathic reagents cannot
move across the leaflets of a bilayer (32). Such restriction of
cationic molecules on the translocation within lipid bilayer may
play an important role in the liposomal inside-out inversion. By
changing the pH or salt strength of the solution, we are currently
investigating in more detail how electric charges carried by lipid
and surfactant molecules affect liposome transformations.

Recently, a number of surfactants has been investigated on the
effectiveness for studying membrane and membrane proteins. As
shown in Fig. 1, octyl glucoside and cholate solubilized almost all
liposomes via the continuous shrinkage process. This property
may be a reason why these detergents have been found to be
favorable for many studies of membrane and membrane pro-
teins. Liposomes underwent the opening-up transformation
either by cationic surfactants or with a membrane contained
positively charged synthetic lipid. Moreover, when positively

Fig. 5. Bursting of a liposome. (A) Sequential photographs showing the bursting of a liposome [PC: phosphatidic acid (PA)] in the presence of 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS). The time resolution of our apparatus was 1y30 sec. (Bar 5 5 mm.) (B) A model for the
liposomal burst caused by the detergent solubilization.
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charged liposomes were mixed with a surfactant that carries
positive charge, especially HTAB, the inversion transformation
took place (Fig. 1). These results suggest a possible reason why
a number of biological toxins (e.g., antibiotic peptides) that kill
cells by attacking their surface membranes are cationic, and why
positively charged lipids are uncommon in living cells.

Our study shows that a lipid membrane vesicle itself has
unexpected capabilities for topological transformations depend-
ing on the solution conditions. Physiologically, biological organ-
isms possess a variety of biosurfactants. These capabilities seem
too dynamic for biological membranes, so that living organisms
might have developed a more controllable vesicular system by
using membrane proteins and membrane cytoskeletons. Finally,

our mechanistic interpretation may be regarded as suggestive,
rather than as providing firm new insights into the processes and
factors affecting liposome stability and solubilization more gen-
erally, and thus this report impresses us as raising more questions
than it answers. This study, however, may be useful for the design
of new surfactants or for understanding how amphipathic toxins
work and may contribute to pure and applied membrane
sciences.
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