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Two-Photon Fluorescence Microscopy Observation of Shape Changes at
the Phase Transition in Phospholipid Giant Unilamellar Vesicles

L. A. Bagatolli and E. Gratton

Laboratory for Fluorescence Dynamics, University of lllinois at Urbana-Champaign, Urbana, lllinois 61801 USA

ABSTRACT Using the sectioning effect of the two-photon fluorescence microscope, we studied the behavior of phospho-
lipid giant unilamellar vesicles (GUVs) composed of pure diacylphosphatidylcholine phospholipids during the gel-to-liquid
crystalline phase transition. We used the well-characterized excitation generalized polarization function (GP,,) of 6-dode-
canoyl-2-dimethylamine-naphthalene (LAURDAN), which is sensitive to the changes in water content in the lipid vesicles, to
monitor the phase transition in the GUVs. Even though the vesicles do not show temperature hysteresis at the main phase
transition, we observed different behaviors of the vesicle shape, depending on how the GUV sample reaches the main phase
transition. During the cooling cycles, we observed an increase in the vesicle diameter at the phase transition (~0.5-1%),
followed by a decrease in the diameter when the vesicle reached the gel phase. During the heating cycles and close to the
phase transition temperature, a surprising behavior is observed, showing a sequence of different vesicle shapes as follows:
spherical-polygonal-ellipsoidal. We attribute these changes to the effect of lipid domain coexistence on the macroscopic
structure of the GUVs. The “shape hysteresis” in the GUVs is reversible and largely independent of the temperature scan rate.
In the presence of 30 mol% of cholesterol the events observed at the phase transition in the GUVs formed by pure
phospholipids were absent.

INTRODUCTION

A common question about cell membranes is how theand Caffrey (1998). The characteristics of the lipid samples,
physical properties of lipid molecules can influence thesuch as size, lamellarity, and shape, are strongly dependent
structure and function of this many-particle two-dimen-on the method used to form the vesicles (Lasic, 1988). As a
sional molecular arrangement. The study of the physical andonsequence of the preparation method, the parameters that
chemical properties in artificial lipid systems, where thecharacterize the main phase transition of lipids are affected
lipid composition and the environmental conditions (such usby the lipid sample characteristics. Because of their cell
temperature, ionic strength, pH, etc.) can be systematicallgimensions and because of the possibility of directly ob-
controlled, provides information about the behavior of theserving single vesicles under the microscope, the giant
lipid matrix. A process that has received great attention irunilamellar vesicles (GUVS) are becoming an object of
the artificial lipid systems is the lipid main phase transitionintense scrutiny in diverse areas that focus on membrane
(L, —Lp) induced by temperature. The phospholipid mainbehavior (Menger and Keiper, 1998). For examplés Kad
phase transition has attracted theoretical and experimentglackmann studied the shape transitions induced by area-to-
attention, mainly because the phase transition reflects lipidvolume changes of GUVs formed by synthetic phospholip-
lipid interactions. Theoretical calculations were done usingds in the liquid crystalline state, using optical microscopy
computer models to study the phospholipid main phasgKas and Sackmann, 1991). Morphological changes induced
transition (Mouritsen and Zuckermann, 1985; Mouritsen,by temperature were found in protein free lipid vesicles
1991). Moreover, an array of experimental techniques hagrmed by bovine brain sphingomyelins (Bereiner et al.,
been used to study the lipid phase transition, such as dift993), showing how the intrinsic physical properties of the
ferential scanning calorimetry, fluorescence spectroscopyipid membrane can play an important role in the naturally
NMR, x-ray diffraction, infrared spectroscopy, and electronoccurring budding and fission processes of the cell mem-
spin resonance (Mabrey and Sturtevant, 1976; Epand, 199ianes. The mechanical properties of model membranes
Davenport and Targowski, 1995; Gratton and Parasasshave been an object of intense study by the use of GUVs
1995; Parasassi and Gratton, 1995; McElhaney, 1982; Ma(Evans and Kwok, 1982: Needham et al., 1988: Needham
son, 1998; Mantsch and McElhaney, 1991; Watts antynd Evans, 1988; Mated et al., 1997, 1998; for reviews see
Spooner, 1991). A useful experimental data review regadeackmann, 1994; Menger and Keiper, 1998). These studies
ing the phases and phase transitions of the phosphatidylchgsyea the physical properties of the membranes through the
line-containing membranes was recently made by Koynovga|cylation of the elementary deformation parameters. It is
interesting to remark that all of these studies are mainly
Received for publication 18 March 1999 and in final form 14 July 1999. done in the liquid crystalline phase of pure phOSphthld
Address reprint requests to Dr. Luis A. Bagatolli, Laboratory for Fluores-GUVS ,Or in the presence Of,Ch0|?Ster0| because th,e fluid
cence Dynamics, 184 Loomis Lab., 1110 West Green, Urbana, IL 61801Phase is the natural state of biological membranes. Since the
Tel.: 217-244-5620; Fax: 217-244-7187; E-mail: lab@alecto.physics.uiuc.edearly work of Harbich et al., which studied lecithin mem-
© 1999 by the Biophysical Society brane melting with an optical microscope, a number of
0006-3495/99/10/2090/12  $2.00 investigations have been done to visualize directly the effect
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of the phase transition in giant phospholipid structuressingle GUVs during the temperature scan, using the LAUR-
(unilamellar and multilamellar) composed of pure phospho-DAN intensity images, and we visualize directly from these
lipids (Harbich et al., 1976; Yager et al., 1982; Evans andmages the LAURDAN GB, function, which provides in-
Kwok, 1982; Needham and Evans, 1988; Decher et al.formation about the lipid phase state.

1990). To our knowledge, only a few systematic studies of

the strupture and m.echanic_al properties.of GUVs formed bWI ATERIALS AND METHODS

synthetic phosphatidylcholine phospholipid below, at, and

above the main phase transition temperatdig) (n pure  Materials

water were pUinShed (Evans and Kwok, 1982; l\leecjhanl]_AURDAN was from Molecular Probes (Eugene, OR). 1,2-Ditridecanoyl-
and Evans, 1988). These studies used a micromechanicalglycero-3-phosphocholine (DTPC), 1,2-dimiristsyglycero-3-phos-
test that involved micropipette aspiration to measure therphocholine  (DMPC),  1,2-dipalmitoydn-glycero-3-phosphocholine
moelastic properties of the ||qu|d Crysta"ine and ge| phaseﬁDPPC), and cholesterol were from Avanti Polar Lipids (Alabaster, AL).
in DMPC GUVs (Evans and Kwok, 1982; Needham and

Evans, 1988). An important result of the Needham andViethods

Evans work is the development of a mechanical model fo
the ripple phase (P) that correlates well with the observed
experimental mechanical behavior (Needham and Evanstock solutions of phospholipids and cholesterol were made in chloroform.
1988). A similar study using the same temperature I,an(;](}.‘.rhe con_centration of the lipid stock solutiqns was 0.2 r_ng/ml. qu GUv
preparation we followed the electroformation method first described by

and eXpe“mental approach was reported in GUVs Com,_’Angelova and Dimitrov (Angelova and Dimitrov, 1986; Dimitrov and

posed of mixtures of phosphatidylcholine phospholipids a-nc}l\ngelova, 1987; Angelova et al., 1992). We constructed a special chamber

cholesterol (Needham et al., 1988). connected to a water bath that allowed us to grow GUVs at different
Fluorescence spectroscopy is a frequently used tool foemperatures (see Fig. 1). We performed the microscopy experiments in the

the study of |ipid systems. Among several fluorescentsame chamber during and after the vesicle formation, using an inverted

. . i e icroscope (Axiovert 35; Zeiss, Thornwood, NY). The following steps
probes, the particular spectroscopic characteristics of thvfacere used to prepare the GUVS: 1) We spreadi ul of the lipid stock

amphiphilic fluorescent prObe 6'dOdGC&mOyl'z'dir‘m:"thyl'solution on each Pt wire under a stream gf Mo remove the residues of
amino-naphthalene (LAURDAN) offer several advantageSorganic solvent we put the chamber in a liophilizer fe2 h. 2) We sealed

in the study of phase transitions and phase coexistence the bottom part of the cell with a coverslip and then added Millipore water
|ipid systems. A number of studies were done to charactertl7-5 MQ/cm), covering the Pt wires. The Millipore water was previously

. . . S heated at the desired temperature (50°C for DPPC and DPPC/cholesterol
ize LAURDAN behavior at different lipid interfaces (see 5,7 010, 35-c for DMPC, DMPC/cholesterol 30 mol% and DTPC). We

review articles by Pa_rasa-SSi and Gratton (1995), Pa_‘rasaSSic%hnected the Pt wires to a function generator (Hewlett-Packard, Santa
al. (1998), Bagatolli et al. (1997), and Bagatolli et al. Clara, CA) for~90 min, applying a low-frequency AC field (sinusoidal
(1998)). For example, in phospholipid vesicles, the LAUR-wave function with a frequency of 10 Hz with an amplitude of 3 V). After

DAN emission maximum exhibits a 50-nm red shift in the vesicle formed, we turned off the AC field and proceeded with the

. L . temperature scan. The GUV yield wa®5%, and the mean diameter size
gong from the gel to the IIqUId CrySta”me phase (Parasassvlvas~25 um. We used a CCD color video camera (CCD-Iris; Sony) in the

and Gratton, 1995; Parasassi et al., 1998)- This LAURDANﬂicroscope to follow the vesicle growth and to select one vesicle for
spectroscopic difference between the gel and the liquidurther observations. The temperature was measured using a digital ther-
crystalline phases allows phase discrimination simply bymocouple (model 400B; Omega, Stamford, CT) with a precision of 0.1°C.
using fluorescence intensity measurements. To quantify th&® LAURDAN labeling procedure was done in two ways. Either we
premixed the fluorescent probe with the lipids in chloroform or we added

LAURDAN emission SpeCtral Changes’ the excitation gen_a small amount (less thangll) of LAURDAN in dimethyl sulfoxide after

eralized polarization (G) was defined (Parasassi et al., yesicle formation (final LAURDAN/lipid ratio 1:500 mol/mol in both
1990). This function is sensitive to the lipid packing reflect- cases). The sample behavior during the temperature scan was the same,
ing the water content and dynamics at the lipid interfacendependently of the labeling procedure. To check if the presence of
(Parasassi and Gratton, 1995; Parasassi et al., 1998). It heRURDAN affects the GUV behavior, we followed the GUVs with and

. . without the presence of LAURDAN, using the CCD camera during the
been shown that LAURDAN does not preferenually parti temperature scan. We observed the same GUV behavior with temperature

tion in either the gel or the |IQUId CrySta”'ne phase. Re'independently of the presence or absence of LAURDAN. To check the
cently, the measurements of LAURDAN GRUSINg scan-  lamellarity of the giant vesicles we image several vesicles (up to 20
ning tWo-photon excitation fluorescence microscopyvesicles in different regions of the Pt wires) labeled with LAURDAN,

opened a new approach to the interpretation of microscopit’,‘smg the two-photon excitation microscope. We found that the intensities
measured in the borders of different vesicles were similar, with an average

pictures of |Ip|d phases in cells and multilamellar VeSICIeSintensity ratio close to 1 for all vesicles of a given area. We concluded that

(YU_ .et al., 1996; Paras.assi et al, 1997)- In. particular,. €Xthe vesicles are unilamellar, in agreement with previous observations of
ploiting the photoselection effect due to the linear polariza-Guvs by the electroformation method (Mathivet et al., 1996).

tion of the excitation light, it was possible to discriminate

between _homogeneous phase and domain Coex'Sten(ﬁvo-photon fluorescence measurements

(Parasassi et al., 1997). In the present work we study the .

temperature behavior of individual GUVs formed by pure GPex function

phOSphOleldS, using scanning tWO'PhOton excitation _ﬂuc_)'The LAURDAN emission spectrum is blue in the lipid gel phase. In the
rescence microscopy. Our strategy is based on monitoringpuid crystalline phase the LAURDAN emission spectrum moves during

r\/esic/e preparation
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FIGURE 1 The sketch shows the chamber design for vesicle preparation before and after vesicle foanaatitin (espectively). The inset ib shows
the vesicles in the chamber after the formation procedure. The water flux from the water bath is circulating in a plastic tube surrounding this module.

the excited-state lifetime from blue to green (Parasassi et al., 1990, 1991hpomenon provides confocal capability without the use of emission pin-
To quantify the emission spectral changes, the excitation generalizetioles. Another advantage of two-photon excitation is the low extent of
polarization (GR,) function was defined analogously to the fluorescence photobleaching and photodamaging above and below the focal plane. For

polarization function as our experiments we used a scanning two-photon fluorescence microscope
developed in our laboratory (So et al., 1995, 1996). For the LAURDAN GP
Ig — Ig measurements we used a procedure similar to one previously described (Yu
GP = Ig + g et al., 1996; Parasassi et al., 1997). We used an Axiovert 35 inverted

microscope (Zeiss). The objective used in our experiments was a Zeiss

In this function, the relative parallel and perpendicular orientations of the20>< LD-Achroplan (0.4 N.A., air). A titanium-sapphire laser (Mira 900;

polarizer were replaced by the intensities at the blue and red edges of tHeoherent, Palo Alto, CA) pumped by a frequency-doubled Nd:vanadate
emission spectrumlg and I, respectively), using a given excitation laser (Verdi; Coherent) was used as excitation light source with a 770-nm

wavelength (Parasassi et al., 1990, 1991). wavelength. The laser was guided by a galvanometer-doiveiscanner
(Cambridge Technology, Watertown, MA) to achieve beam scanning in
both thex andy directions. A frequency synthesizer (Hewlett-Packard,

. o Santa Clara, CA) controlled the scanning rate, and a frame f&e ovas
Exlperlmental apparatus for two-photon excitation used to acquire the three images (26@56 pixels) for the GP calculation.
microscopy measurements A polarizer attenuated the laser power to 50 mW before the light entered
Two-photon excitation is a nonlinear process in which a ﬂuorophorethe microscope. The samples received about 1/10 of the incident power.

absorbs two photons simultaneously. Each photon provides half the energi0 OPtical band-pass filters (Ealing Electro-optics, Holliston, MA) with
required for excitation. The high photon densities required for two-photon® M bandwith and centers at 446 and 499 nm were used to collect
absorption are achieved by focusing a high peak power laser light sourcBuorescence in the blue and red regions of the LAURDAN emission
on a diffraction-limited spot through a high numerical aperture objective.Spectrum. A miniature photomultiplier (R5600-P; Hamamatsu, Bridgewa-
Therefore, in the areas above and below the focal plane, two-phototter, NJ) was used for light detection in the photon counting mode. A
absorption does not occur, because of insufficient photon flux. This phehome-built card acquired the counts.
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Vesicle image measurements chain length of the synthetic phosphatidylcholine phospho-
We obtained the images of the GUVs in the above-described chambe“,plds used to form t.he GUVs (DTPC, D.MPC’ or DPPC).
using the Pt wires as a “holder.” The vesicles were adsorbed to the Pt wire e measured the diameter of several smgle GUVs formed
(that are covered by a lipid film) during the course of the experiment. TheDy pure DMPC and DPPC, during the cooling cycle. We
diameter of the vesicles was measured by using a calibration fluorescena@bserved that during the phase transition the vesicles
standard. We determined that the pixel size in our experiments correspondshowed a slight increase in the diameterle/o), followed

to 0.52 um. We increased or decreased the temperature at a rate aé . . 0 .
0.1°C/min. After the desired temperature was reached, we waited up to 1 ya decrease in the diameter of7% after the vesicles

minutes to allow the sample to equilibrate. Then we scanned the vesiciel€@ched the gel phase (Fig. & and b, for DPPC and

to obtain the two-photon images. DMPC, respectively). All of the observed vesicles showed
In a previous study Parasassi et al. showed that when polarized light ithe increase in the diameter at the phase transition temper-

used to excite LAURDAN-labeled multilamellar vesicles, a photoselectiongtyre. However, a small percentage of GUVs shows a

effect operates in the fluorescence emission image (Parasassi et al., 199Z): . . . U .

The transition dipole of LAURDAN in lipid vesicles is aligned parallel to nghtly high decrease in diameter from the liquid crys.tallme

the lipid chains (Parasassi and Gratton, 1995; Parasassi et al., 1998 the gel phase (around 10%). The same observation was

Consider the linear polarization confined to they plane. Exploring ~Made in the case of DTPC (not shown). In the case of GUVs

different sections of a spherical vesicle, we can observe that strong excformed by DPPC we found a kink in the decrease in vesicle

tation occurs in the direction parallel to the excitation polarization, whereagjiameter at temperatures Corresponding to the phOSphOlipid

poor excitation occurs in regions perpendicular to the excitation polariza- . -
tion (Fig. 2; Parasassi et al., 1997). In particular, this effect will be strongerprenansmorl (Flg' 33')' In the case of DMPC we observed

in thex-y plane that passes through the center of the vesicle. If we observiS Kink, but it was located few degrees above the pretran-
the top or bottom regions of a spherical lipid vesicle we will find poor Sition temperature (Fig. B).

excitation. In addition, this effect depends on the phase state of the \When we increased the temperature after cooling, a dra-
phospholipids. In the gel phase, the ordered packing of the lipid moleculegnatic shape change was observed in the GUVs at the phase

increases the photose_le_ctlon effect (Fig) 2n the liquid crystalline phase, transition. We found this behavior not to be dependent on
because of the low lipid order, we expect to have a component of the

transition dipole of LAURDAN parallel to the excitation polarization. As the phOSphOleId chain |ength’ i.e., in GUVs formed by

a consequence, there is a difference in the emission intensity between thé TPC, DMPC, or DPPC. At the main phase transition
parallel and perpendicular orientations of the LAURDAN transition dipole temperature range the vesicles follow a sequence of differ-
(Fig. 24a). In Fig. 2b we show how the rotation of the polarized excitation ant shapes as the temperature is increased, as follows:
light in the x-y plane affects the emission intensity pattern in the VESic'espherical-polygonal—elIipsoidal After the phase transition
section image. This result strongly supports previous observations of the . L
LAURDAN dipole orientation in the lipid membrane and shows the temperature and during the heating cycle, we also observed
photoselection effect. A important point is that polarized light, which Shape changes in the GUVs from ellipsoidal to stomacyte
photoselects well-oriented LAURDAN molecules, also selects LAURDAN (not shown). The first step in the sequence of vesicle shape
molecules associated with high GRalues (Parasassi et al., 1997). With transformations, the spherical to polygonal shape transition,
the use of polarized excitation, when the image contains separate domair&)sCCurS in a very narrow temperature range, i.e., during the
(pixels) of different GR, values, the higher G value domains appear . . " o

parallel to the excitation polarization (Parasassi et al., 1997). We can us@€l-to-liquid crystalline phase transition (coexistence of
this effect to discriminate lipid domain coexistence. In this respectlipid domains) (Fig. 4). At this temperature we observed
Parasassi et al. analyzed three different situations (Parasassi et al., 199fluctuations of the membrane borders. We found that this
1) The lipid domains are smaller than the pixel size. We have an averagBrocess is |arge|y independent on the temperature scan rate.
GP,, value per pixel in the image. The GHmage shows perfect separa- As shown in Fig 4. the planar parts of the vesicles disappear
tion between the high and low GPregions, because we photoselect the . Y . . .

high GR,, domains. The high GR regions align parallel to the excitation as we raise the temperature to f'na”y reach the elllpSOIdal
polarization orientation while the low GPregion is aligned perpendicular  Shape. The polygonal shape state is stable in time if we
to the excitation polarization orientation (Fig. @ top). 2) The lipid maintain the temperature &i,. All of the processes ob-
domains and the pixel have similar sizes. In this case the high@gons served during the cooling and heating cycles at the phase
are again aligned parallel to the excitation polarization orientation. Insteaqransition temperature were reversible.

the low GR, domains present a homogeneous distribution around the .
vesicle contour (Fig. 2, cente)). 3) The lipid domains are larger than the We performed the same temperature cycle experiments
pixel size. Clearly separated GPregions should be observed (Figc2 ~ With GUVs formed by DPPC or DMPC with 30 mol% of
botton). cholesterol. All of the above-described processes at the
phase transition temperature range were absent in the sam-
RESULTS ples containing gholesterol (see Fig. 5). .V\_/e only obser\{ed
shape changes in the cholesterol-containing GUVs during
We observed during the cooling cycle that the GUVs alwayghe heating cycle above and far from the pure phospholipid
remain spherical. At temperatures very close to the maimain phase transition, which were like spherical-to-ellipsoi-
phase transition«T,, — 1°C) during the cooling cycle, we dal shape changes, but without the presence of the polygo-
observed a sudden movement like a shaking of the wholeal shape (Fig. 5).
vesicle, in agreement with previous observations made in We measured the phase state of single vesicles, using the
multilamellar vesicles (Yager et al., 1982). Immediately LAURDAN GP,, function. The LAURDAN GR, values
after this process we observed that a considerable percerdbtained during the temperature scan in GUVs are consis-
age of vesicles detach from the platinum wires and migratéent with those found in previous studies of multilamellar
into the bulk solution. This behavior was independent of thevesicles, using steady state fluorescence (see Fig. 3;
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FIGURE 2 Schematic representation of the photoselection effect, using LAURDAN in GEMSAUURDAN transition dipole orientation in the bilayers
and emission intensity pattern in a section of a single GUV in the gel and fluid phas&hd effect of rotating the polarization of the excitation light
in the gel phase.cf GP,, pattern in vesicles assuming phase coexistence by the effect of the photoselection for different domain sizes.
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0.8 F——rr Ty 15 vesicles (see Materials and Methods and Parasassi et al.,
o7C @ 114 1997). Fig. 6 shows the LAURDAN GRimages and GE
06 3 318 histograms, respectively, in a single DPPC GUV above, at,
T 312 and below the main phase transition temperature during the
0.5 ‘ 1M g cooling cycle. In the liquid crystalline phase we observed a
04 F ERR broad LAURDAN GR, histogram (Fig. &) similar to that
0_35_ 19 @ described previously for multilamellar vesicles (Parasassi et
& os 3 7% 3 al, 1997). The microscopic image of the GUV shows dis-
o TR E [ joint regions, with the high GE values regions located
01 ‘ E 6 &3'1 parallel to the direction of the polarization of the light and
0.0 | : i E the low GR, values regions located perpendicular to the
01 3 3 2 polarization of the light (see Fig. 6). This picture agrees
ook A N E with the observations made previously in multilamellar
2 o @ 3, vesicles (Parasassi et al., 1997). At temperatures corre-
03 F R OO E sponding to the phase coexistence, the GiRages of pure
04 b FEEOTEAOrO B0 /9., 30 phospholipid GUVs show disjoint regions of high and low
0 1020 % 40 50 6070 GP,,, similar to that found in the liquid crystalline phase
Temperature (°C) (Fig. 6). Finally, in the case of the gel phase we observed a
narrow LAURDAN GR,, histogram with a marked photo-
0'8:“b" ""‘:i selection effect in the vesicle GPimage (see Fig. 6).
07k : 13 Unfortunately, we were not able to calculate the Gfianc-
. 1D tion during the polygonal shape for technical reasons due to
06 R the fluctuations in the borders of the membrane during the
05 3 10 g heating cycle. However, following the LAURDAN intensity
. 19 89 with the blue band-pass filter (which selects preferentially
04 d 18 3 the intensity coming from the phospholipid gel phase), we
% 03F 37 ‘c’j saw that the intensity coming from the flat parts was higher
3 16 3 than that coming from the corners (see Fig. 4). Therefore,
02 f A A 15 & we concluded that the flat parts corresponded to gel regions,
01F ’ EN 3 whereas the corners corresponded to fluid regions. As
3 A 3 3 f—E judged by the GE, profile measured during the cooling
T A “a 12 R cycle and the temperature measured for the onset of the
01 F > mf I o 3 :) polygonal shape state, we did not observed temperature
PO T S I hysteresis at the main phase transition.

10 15 20 25 30 35 40 45
Temperature (°C)

DISCUSSION
FIGURE 3 LAURDAN GR,, and fractional change of diameter versus . . ]
temperature of GUVs formed by DPPC and DPPC/cholesterol 30 n@l% ( First we want to point out some differences between our
and DMPC and DMPC/cholesterol 30 mol%) @uring the cooling cycle.  pbservations and previously published ones about the shape

Filled symbols correspond to GPversus temperature, and empty symbols behavior of the GUVs during the temperature scan. In
correspond to relative change in diameter versus temperafra, (A, )

DPPC;®, O, DPPC/cholesterol 30 mol%#, DPPC multilamellar vesi- expe”ments by Needhgm and Evans L{smg the_ pipette _asp|—
cles. b) A, A, DMPC; ®, O, DMPC/cholesterol 30 mol%. ration method, they point out that, during the first cooling

cycle, the GUVs suffer a rapid buildup of thermoelastic

stress in the membrane, followed by vesicle rupture (Need-
Parasassi et al., 1991). However, the phase transition of lkam and Evans, 1988). Before the temperature cycle, the
single GUV is broader and the phase transition temperaturauthors resealed the ruptured GUVs, raising the temperature
is shifted to higher temperatures compared to that observe the main phase transition and obtaining vesicles with
in phospholipid multilamellar vesicles obtained by conven-sufficient excess area (over that of a sphere of equivalent
tional cuvette steady-state fluorescent measurements. Fig.\®lume) to pass through the phase transition unstressed
a shows the comparison between the phase transition i(Needham and Evans, 1988). In the work done by siele
multilamellar vesicles and a single GUV composed byet al., using DMPC GUVs obtained by the electroformation
DPPC. The same behavior was observed in DMPC antkchnique, they observed two different behaviors of GUVs
DTPC GUVs (not shown). To explore the lipid heterogene-by passing through the main phase transition during the
ity during the temperature scan we exploited the photoseooling cycle. In one case the GUVs showed an “explosion”
election effect due to the linear polarization of the excitationprocess (the liposomes being destroyed) at the phase tran-
light previously reported for LAURDAN in multilamellar sition temperature. In the other case the GUVs passed
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min jptensity Max

FIGURE 4 Shape changes in DPPC vesicles during passage through the main phase transition during the heating cycle. The images show LAURDAN
intensity in a false color representation. The bars correspond pm20The same effect was found in DTPC and DMPC. The pink arrows show the low
intensity (fluid) regions (see text).

through the main phase transition, assuming a nonfluctuaexample, glass). This fact allows us to follow the tempera-
ing spherical shape stable at low temperatures (below thiire behavior of the vesicles in an easy and unperturbed way
phase transition) (Mé&d et al., 1997). In our experiments, under the microscope.

using GUVs formed by pure DPPC, DMPC, or DTPC, we

found that the vesicle shape always remained spherical at

temperatures below the main phase transition, in agreeme
with one of the observations made by Malé et al. (1997).
However, we did not observe an explosion of the GUVs,
and we did not find vesicle rupture at the main phaseOur observation about the vesicle diameter overshoot at the
transition temperature during the cooling cycles. Furtherphase transition during the cooling cycle allows us to pro-
more, we followed the shape behavior of GUVs that detaclpose a model to explain the effect of lipid domain coexist-
the platinum wires, and again we did not find explosion ofence on the average vesicle’s “macroscopic” properties. We
vesicles during the cooling cycle. In our system the vesiclepropose that at the main phase transition temperature be-
are tightly adsorbed to the lipid films that cover the plati- tween the fluid and gel domains there are defects that allow
num wires, avoiding interaction with other materials (for water to flow throughout the membrane, a process necessary

&IUVS shape hysteresis at the phase transition
temperature: cooling and heating cycles
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FIGURE 5 The effect of the heating and cooling cycles on the shape of GUVs formed by DMPC/cholesterol 30 mol%. The images show LAURDAN
intensity in a false color representation. The bars correspond n20The same effect was found in GUVs formed by DPPC/cholesterol 30 mol%.

for the change of the vesicle diameter. Our hypothesis is ipretransition was observed in DMPC and DPPC GUVs. The
keeping with some considerations by Mouritsen and Zuck<hange in diameter corresponds to a decrease in the area of
ermann about the softening of lipid bilayers at the phase-13-15%. These results are similar to those obtained by
transition temperature (Mouritsen and Zuckermann, 1985)Needham and Evans in DMPC GUVs, who used the mi-
They pointed out, using computer simulations, that at thecroaspiration test, applying moderate stress level on the
phase transition there are strong density fluctuations thdipid membrane (Needham and Evans, 1988). In this case
increase the possibility of pore formation in the membranethe authors concluded that the rippled phasg)(R pre-
accompanied by long-lived cluster distributions. The occurvented and the vesicles pass from thgdhase to a meta-
rence of clusters implies the presence of a substantial frastable phase that they termed,Lto finally reach the I,
tion of interfacial regions, which facilitate passive perme-phase. They assume thé phase to be planar crystalline,
ation of matter (Mouritsen and Zuckermann, 1985). Thewith the lipid acyl chains tilted to the bilayer normal, as in
presence of long-lived domains with soft walls, characterthe low-temperature ,. phase (Needham and Evans, 1988).
ized by less effective packing of the lipid acyl chains, mightin the case of vesicles under low stress, these authors
create a leakage of small molecules (Mouritsen and Zuckebserved that the vesicles pass to the rippled phase with a
ermann, 1985). change in area 0f~20% (Needham and Evans, 1988). We
During the cooling cycle and after the phase transition thecean observe this behavior in a small fraction of the GUV
vesicle’s diameter decreased by7—8%. A small drop in  population in our measurements. Therefore, we conclude
the diameter at temperatures corresponding to the lipidhat in our samples the majority of the GUV population can
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be stressed without rupture by the temperature changedescribed in 2) is different during the cooling cycle. Now
This observation is important for the “natural” evolution of water must leave the vesicle interior to accommodate the
the sample with temperature, considering that in our systeramaller vesicle diameter corresponding to the gel phase.
we did not pretreat the GUVs like these authors did in theirThis condition can only be achieved by a spherically shaped
work (see above, Needham and Evans, 1988). On the otheesicle. When a pore is formed, the water can exit the
hand, these authors did not report the overshoot in theesicle. This sudden flow may account for the shaking of
vesicle area at the main phase transition temperature durirthe vesicle, which occurs at this temperature. In summary,
the cooling cycle, as we did in our experiments. the vesicle will attain whatever geometric shape is consis-
In our experiments, during the heating cycle, it was nottent with two constrains: 1) a given bilayer area and 2) a
possible to measure the changes in the vesicle diametgiven interior volume, which is determined by the trapped
because of the changes in the shape of the GUVs and theater and the leakage rate across the membrane.
appearance of the polygonal shape (see Fig. 4). With respect Another observation that we made in our system is the
to this point Melard et al. reported that immediately above shape changes of the pure phospholipid GUVs (DTPC,
the phase transition, during the heating cycles, the GUV®MPC, and DPPC) in the liquid crystalline phase during the
formed by DMPC resembled an ellipsoid, showing mem-heating cycle. We observed that the GUV shape changes
brane fluctuations, in agreement with our observations (Mefrom ellipsoidal to a stomacyte shape, in line with the
léard et al., 1997). However, they did not mention theobservations in DMPC GUVs of Kaand Sackmann (1991).
presence of the polygonal shape, which precedes the GUWRurthermore, this behavior was observed in GUVs formed
ellipsoidal shape, observed in our experiments during théy the phospholipid/cholesterol mixture at high tempera-
heating cycle. With regard to the microscopic picture of thetures in the heating cycle. Concerning this particular type of
GUV polygonal shape, we concluded that gel-phase regionsansition, K& and Sackmann pointed out that it can be
of the lipid bilayer become planar, and the vesicle bendexplained in terms of the bilayer coupling model, assuming
along fluid line defects formed by liquid crystalline domains small differences in the thermal expansivities of the two
at the phase transition. In our two-photon excitation imagesnonolayers (Ka and Sackmann, 1991).
the corners clearly correspond to the liquid domains,
whereas the flat parts correspond to the gel domains, .. .
judged by the different intensity of the LAURDAN emis- “The GUV shape hys:eresns is abolished by the
sion when observed throughout the blue filter. With regaropresence of 30 mol% cholesterol
to this observation, Sackmann and Feder reported a picturkn important result that supports our hypothesis about the
with flat walls in small vesicles composed of mixtures of effects of domain coexistence in the GUV structure is the
DMPC/DMPE in the region of domain coexistence (Sack-behavior, during the cooling and heating cycles, of GUVs
mann and Feder, 1995). formed by mixtures of phospholipids (DMPC or DPPC) and
A major question remains as to the physical mechanisn30 mol% cholesterol. In GUVs formed by the phospholipid/
responsible for the formation of the polygonal vesicle shapeholesterol mixture, the shape changes observed for pure
at the transition temperature. While a model of this shapghospholipid GUVs at the main phase transition tempera-
transition is beyond the scope of this article, we point outture were absent. The absence of gel and fluid domains due
some possible contributions to this process: 1) During thdéo the well-known homogenizing effect of cholesterol in
heating cycle, the gel-phase regions are stressed by thEhospholipids bilayers explains our observations. The cho-
curvature imposed by the spherical shape of the vesiclegesterol experiment strongly indicates that the characteris-
When there is enough fluid phase, some parts of the vesicliécs of the gel and liquid crystalline phase coexistence in
still in the gel phase can assume a planar geometry t&UVs formed by pure phospholipids is responsible for the
release tension due to the curvature. Instead, the curvaturepsocesses observed at the phase transition temperature dur-
taken by the fraction of fluid regions, which are confined ing the cooling and heating cycles (polygonal shape and
along the polygonal lines. 2) During the heating cycle, waterdiameter change, respectively).
must penetrate into the vesicle to accommodate the larger

diameter corresponding to the fluid phase. However, unles.?he LAURDAN GP.. function provides

a pore is formed, the vesicle cannot expand. To accomma- . . .
. information about the lipid phases in a

date the larger surface area with the same volume the.
. single GUV
vesicle must change shape—for example, assume a poly-

gonal shape. When a large enough pore is produced, th&e followed the phase transition of single GUVs formed by
vesicle can relax to the spherical shape. 3) The proced3TPC, DMPC, or DPPC, using the LAURDAN GFPfunc-

FIGURE 6 @) LAURDAN GP,,images of a single GUV composed by DPPC at 504p)( at 41.5°C ¢ente)), and at 25°Clfotton) during the cooling

cycle. The white arrows indicate the orientation of the light polarization. The bar at the bottom right corngens 2 GP,, histograms corresponding

to the images presented @nblue, 50°C; green, 41.5°C; red, 25°C. A similar pattern was obtained in DMPC and DTPC GUVs at temperatures above, at,
and below the lipid phase transition.
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tion during the cooling cycle. In the liquid crystalline state, presence of multilayer arrangement. The interaction be-
we found a high heterogeneity in the GRistogram values, tween layers could affect the formation of the polygonal
in line with previous observations made in multilamellar shape.

vesicles composed of 1,2-dioleosthglycero-3-phospho- Finally, in the gel phase the narrow GPhistogram
choline (DOPC) or 1,2-dilauroydn-glycero-3-phosphocho- reflects a homogeneous environment in line with the or-
line (DLPC) (Parasassi et al., 1997). We also observed thidered lipid packing of the membranes. The last result is also
heterogeneity in the LAURDAN GR histogram in DLPC in agreement with the observation made by Parasassi et al.
or 1-palmitoyl,2-oleoylsn-glycero-3-phosphocholine in multilamellar vesicles in the gel phase (Parasassi et al.,
(POPC) single GUVs (not shown). LAURDAN is sensitive 1997).

to the water content in phospholipid interfaces (Parasassi

and Gratton, 1995; Parasassi et al., 1998). To explain th¢he temperature transition region in GUVs is
heterogeneity of the LAURDAN GR values in the liquid proader than MLVs

crystalline phase of DOPC and DLPC multilamellar vesi- N o
cles at room temperature, Parasassi et al. proposed tfye found a broader phase transition temperature region in

following model. In the liquid crystalline phase there is a @ Single GUV with a slight increase in tfig, independent
distribution of sites with different sizes in which the LAUR- Of the pure phospholipid composition (DTPC, DMPC, or
DAN molecule can reside (Parasassi et al., 1997). The largd?PPC). with respect to that found in MLVs (see Figa)j3
the number of water molecules in the site, the lower thel € increase in th&,, connected with a decrease in the
GP., value and the larger the cavity around the LAURDAN curva’Fure of the lipid bilayer was reported by Brumm et al.
molecule (Parasassi et al., 1997). This model explains ver{fr mixtures of DMPC/DSPC and the pure components
well our observations in GUVs above the main phase tran{(Brumm et al., 1996). These authors show that The
sition. Also in the work by Parasassi et al., the authorg’résents the highest value in planar membranes (infinite
concluded that the domain size in the liquid crystallinecurvature)-_ while the lowest valu_e is found in small unlla_—
phase was smaller than the microscope resolutio0Q mellar vesicles (SUVs). They point out that the increase in
nm), in agreement with our results. They proposed that thé_h‘? membrane curve_lture lowered the lateral pressure of 'Fhe
small size of the microdomains could arise either becausbPid membrane, which accounts for the temperature shift
along a single layer of the multilamellar vesicle the domains(Brumm et al., 1996). The broadening of the phase transi-
are small or because the layers are so close that the contflon observed in GUVs with respect to that found in MLVs
bution from individual layers cannot be resolved. From our'S explained by the intrinsic differences between the struc-
experiments in GUVs we can conclude that the domain siz&!"eS of the GUVs and MLVs, i.e., the presence of multi-
in the bilayer is smaller than the microscope resolution. 1ayersin MLVs and their absence in GUVs. We believe that
At the phase transition temperature of pure phospholipidh® high cooperative unit size is mainly responsible for the
GUVs and during the cooling cycle, disjoint regions in the Narrower phase transition in MLVs compared with that
GP., images clearly suggest the coexistence of gel and fluidound in GUVs. As shown by Brumm et al,, the transition of
domains of a size smaller than the microscope resolutiorfn® MLVS is narrower than those found in SUVs and large
From the GB, histogram we conclude that the separation ofunilamellar vesicles (LUVs) (Brumm et al. 1996).
the image in high and low GP domains does not simply Finally, we want to_ point out th_at we do not qpserve
reflect large pure gel and liquid crystalline domains. Similari€mperature hysteresis at the main phase transition. The
observations where previously reported by Parasassi et al. ffgnsition temperature remains the same independently of
multilamellar vesicles composed of DOPC/DPPC 1:1 mix-the direction of the cycles, i.e., co_olm_g or heating. _Instead,
tures at room temperature, where phase coexistence occU observed a “shape hysteresis” in GUVs. This GUV
(Parasassi et al., 1997). We want to remark that the naturgehavior reflects the average microscopic physical picture
of the GR, . images found in pure phospholid GUVs at the durmg the main ph_ase transition _of our pure phosphatidyl-
temperature of phase coexistence are independent of ttf&0line phospholipid samples. With our approach, we have
chain length of the phosphatidylcholine phospholipid thatthe adyantage of correlating the lipid phase with the s_hape
forms the GUVs (DTPC, DMPC, and DPPC in our Case)_beha_wor_of the GUVs. Our results present a novel_mlcro-
The observations made with the GRIuring the cooling ~ SCOPIC p_|cture of the “natural” temperature evolution of
cycle about the domain size reflect only one aspect of théPid vesicles.
effect of the phase transition on the structure of the GUVs.
The microscopic scenario Changes during the heating Cyclwe thank Dr. J. D.. Mler for help with the chamber design and for the
in pure phospholipid GUVs, as we show in Fig. 4. In this Shamber construction.
case, the size of the domains is visible as brighter andhis yvork was supported by_ National Institutes of Health grant RR03155.
dimmer regions in the microscope pictures at the beginning8 's @ CONICET (Argentina) fellow.
of the phase transition. With an increase in temperature, a
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