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Abstract

Several methods for the preparation of giant unilamellar vesicles (GUVs) using synthetic phosphatidylcholine
phospholipids were evaluated. We compared the physical characteristics — in terms of lamellarity and morphology
— of the whole lipid sample for each different lipid preparation using the sectioning capability of the two-photon
excitation fluorescence microscope. From the evaluation of the entire lipid sample we determined that vesicle size,
internal shape and shell thickness distributions depend on the vesicle’s preparation method. Our results show that the
preparation of giant unilamellar vesicles by the application of external electric fields offers several advantages among
the other methods tested here. Using this method a high yield (�95%) of giant unilamellar vesicles with a narrow
size distribution was obtained. Independently of the preparation method, some lipid structures, which are held
together by lipid tethers, were identified and resolved. These particular lipid structures show shell thickness and size
heterogeneity. Labeling the lipid samples with 6-lauroyl-2-(N,N-dimethylamino)naphtalene (LAURDAN) and using
the LAURDAN generalized polarization function we show that the lipid packing in these tethers or tubes is similar
to those found in the phospholipid vesicles. The fact that both vesicles and tethers are found in the lipid preparations
indicates similar stability between these structures. © 2000 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Giant unilamellar vesicles; 6-Lauroyl-2-(N,N-dimethylamino)naphtalene; Generalized polarization; Unilamellar

www.elsevier.com/locate/chemphyslip

Abbre6iations: DLPC, 1,2-dilauroyl-sn-glycero-3-phosphocholine; DMPC, 1,2-dimiristoyl-sn-glycero-3-phosphocholine; DPPC,
1,2-dipalmitoyl-sn-glycero-3-phosphocholine; GP, generalized polarization; GUVs, giant unilamellar vesicles; POPC, 1-palmitoyl
2-oleoyl-sn-glycero-3-phosphocholine.

* Corresponding author. Tel.: +1-217-2445620; fax: +1-217-2447187.
E-mail address: lab@alecto.physics.uiuc.edu (L.A. Bagatolli)

0009-3084/00/$ - see front matter © 2000 Elsevier Science Ireland Ltd. All rights reserved.

PII: S 0009 -3084 (00 )00118 -3



L.A. Bagatolli et al. / Chemistry and Physics of Lipids 105 (2000) 135–147136

1. Introduction

Giant unilamellar vesicles (GUVs) are becom-
ing objects of intense scrutiny in diverse areas that
focus on membrane behavior (Menger and
Keiper, 1998). Due to their size, which is on the
same order as the size of cells, single vesicles can
be directly observed under the light microscope.
The mechanical properties of model membranes
have been intensely studied using GUVs (Evans
and Kwok, 1982; Needham et al., 1988; Needham
and Evans, 1988; Sackmann, 1994; Mathivet et
al., 1996; Meléard et al., 1997, 1998, for reviews
see Menger and Keiper, 1998). These studies re-
vealed the physical properties of the membranes
through the calculation of elementary deforma-
tion parameters. A similar study using the same
temperature range and experimental approach
was reported for GUVs composed of mixtures of
phosphatidylcholine phospholipids and choles-
terol (Needham et al., 1988). In addition, GUVs
were suggested as an ideal system for transport
studies and drug delivery (Lassic and Papahad-
jopoulos, 1995; Moscho et al., 1996; Menger and
Keiper, 1998).

GUVs have diameters between 5 and 200 mm
(Menger and Keiper, 1998). Different methods are
described in the literature to obtain these vesicles.
One of the methods to form GUVs is based on
the exposure of dried lipid films to aqueous solu-
tion for a long period of time (up to 36 h) at
temperatures above the lipid phase transition
(called ‘the gentle hydration method’ in our
manuscript); (Reeves and Dowben, 1969; Need-
ham and Evans, 1988; Käs and Sackmann, 1991;
Akashi et al., 1996; Yang and Glaser, 1996). In
this case, giant vesicles with a mean diameter of
approximately 15 mm can be obtained. A tech-
nique based on organic solvent evaporation in
aqueous solution was presented by Moscho et al.
(1996) to prepare GUVs (called ‘solvent evapora-
tion method’ in our manuscript). One of the
advantages of this method is the short time used
to obtain the vesicles (few minutes). In this case
vesicles up to 50 mm in diameter were obtained
(Moscho et al., 1996). Another technique for
GUVs preparation, introduced by Angelova and
Dimitrov in 1986, consist of hydration of the

dried lipid films above to the lipid phase transi-
tion in presence of electric fields (Angelova and
Dimitrov, 1986; Dimitrov and Angelova, 1987,
1988; Angelova et al., 1992; Mathivet et al., 1996).
In the later case, a homogeneous population of
GUVs, between 30 and 60 mm in diameter, can be
obtained (Angelova et al., 1992; Mathivet et al.,
1996).

The experimental conditions in the sample
preparation, such as ionic strength, pH, lipid
composition, substrate on which to dry the lipid
film, addition of some sugars, seem to be critical
parameters to obtain the giant vesicles (Reeves
and Dowben, 1969; Angelova and Dimitrov,
1988; Needham and Evans, 1988; Käs and Sack-
mann, 1991; Moscho et al., 1996; Akashi et al.,
1996). Nevertheless, there is no general agreement
about ‘unique’ conditions to obtain such vesicles.
For instance, very low ionic strength (below 10
mM) in the aqueous solution is required to suc-
cessfully prepare the giant vesicles (Reeves and
Dowben, 1969; Needham and Evans, 1988; An-
gelova and Dimitrov, 1988; Käs and Sackmann,
1991). Alternatively, as reported by Akashi et al.,
physiological conditions can be used to obtain the
giant lipid structures using a percentage of
charged lipids in the sample (Akashi et al., 1996).
As a general rule two important conditions are
required to prepare GUVs: (i) the temperature
during the vesicle preparation must be higher than
the phase transition temperature of the lipids used
to form the GUVs (this also operates in the
formation of multilamellar, small unilamellar and
large unilamellar vesicles) and (ii) to form the big
structures agitation of the samples during the
vesicle formation must be prevented.

The first process in vesicle formation is the
hydration of a dried lipid film. Models were pro-
posed for the vesicle formation that emphasize
some possible mechanisms after the multilamellar
vesicles (MLVs) are obtained (by agitation of
hydrated lipid films under excess of water), (Las-
sic, 1988; Winterhalter and Lassic, 1993). In par-
ticular the effect of detergents (detergent depletion
method), extrusion or sonication of MLVs to
obtain small or large unilamellar vesicles (SUVs
and LUVs, respectively) are considered in these
models (Lassic, 1988; Winterhalter and Lassic,
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1993). In spite of the vast quantity of studies
about lipids and liposome formation, the mecha-
nism of GUVs formation has received little atten-
tion. Actually, the exact mechanism of GUVs
formation is not known. Dimitrov and Angelova
(1987) presented some considerations about the
GUVs formation (Angelova and Dimitrov, 1988).
In particular, these authors pointed out that lipo-
some formation requires layer separation and
bending. In the early stage of the vesicle forma-
tion the normal forces, that cause repulsion be-
tween lipid layers, and the tangential forces, that
bend the lipid layers, play a crucial role. Dimitrov
and Angelova (1987) concluded that the effect of
external electric fields is particularly strong on the
normal forces and that electric fields can induce
or prevent liposome formation (Angelova and
Dimitrov, 1988). Electroosmotic effects are im-
portant when AC fields are applied. The mechani-
cal stress induced by the electric field on the
bilayer (visualized as a gently agitation of the lipid
layers by the alternate low frequency field) can
generate rupture of the lipid bilayers and forma-
tion of pieces of different sizes. These pieces can
bend and form the thin-walled liposomes (Dim-
itrov and Angelova, 1987).

In this article we point out the similarities and
the differences in the overall sample characteris-
tics (such as lamellarity of the vesicles, internal
structure, lipid packing properties) among the dif-
ferent preparation methods tested. We use the
sectioning capability of the two-photon fluores-
cence microscope that allows us to resolve and
characterize the morphology of large vesicles. In
general, all the studies already made on such
samples focused only on the GUVs, and did not
consider the rest of the sample. The analysis of
the entire sample characteristics improves the
comparison among different preparation
techniques.

2. Material and methods

2.1. Materials

LAURDAN was purchased from Molecular
Probes Inc. (Eugene, OR), DPPC, DLPC, POPC

and DMPC were supplied by Avanti Polar Lipids
(Alabaster, AL). Agarose (Type VII: Low gelling
temperature) was purchased from Sigma Chemi-
cal Co. (St. Louis MO).

2.2. Methods

2.2.1. Lipid 6esicle preparation

2.2.1.1. Gentle hydration method. Stock solutions
of LAURDAN and phospholipids were made in
chloroform. To prepare the lipid films using the
gentle hydration method we follow either the
method described by Needham and Evans
(1988)or that described by Yang and Glaser
(1996). The most important difference between
these two methods is the substrate material on
which the lipid film is spread (glass or roughened
teflon, respectively). Lipid-probe mixtures were
made with a lipid:probe ratio of 700:1. The dry
lipid:probe mixtures were hydrated in pure Mil-
lipore water (17.5 MV/cm) above the phospho-
lipid transition temperature (Tm). The Tm for the
different lipids are −1.8°C for DLPC, 11°C for
POPC, 24.5°C for DMPC and 41.5°C for DPPC.
In the case of DLPC and POPC we incubated the
samples at 30°C while for DMPC and DPPC we
incubated the samples at 36 and 50°C, respec-
tively. A characteristic cloud was observed in
these samples after several hours of incubation
(12–36 h) as previously described (Needham and
Evans, 1988).

2.2.1.2. Sol6ent e6aporation method. To prepare
the GUVs, we also used the solvent evaporation
method proposed by Moscho et al. (1996). In this
method we labeled the lipid sample with LAU-
RDAN after the vesicle preparation, as previously
described in cells Parasassi et al. (1993) or pre-
mixing the LAURDAN with the lipids
(lipid:probe ratio 700:1) mixture in chloroform.
We gently added Millipore water to the organic
lipid solution and the sample was located in a
rotary evaporator (R-124, Büchi In) under re-
duced pressure as described by Moscho et al.
(1996). We prepared the vesicles above the phos-
pholipid Tm using the same temperatures above
mentioned for the gentle hydration method. All
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samples were prepared and stored in the dark
during incubation. Also using this preparation
technique, an opalescence solution was observed
after solvent evaporation as described previously
(Moscho et al., 1996).

2.2.1.3. Electroformation method. To grow the
GUVs using the electroformation method (An-
gelova and Dimitrov, 1986; Dimitrov and An-
gelova, 1987; Angelova et al., 1992) a special
temperature controlled chamber previously de-
scribed was used (Bagatolli and Gratton, 1999).
The following steps were used to prepare the
GUVs: (i) 3 ml of the lipid stocks solution (0.2
mg/ml) were spread on each Pt wire under a
stream of N2. To remove the residues of organic
solvent the samples were lyophilized for about 2
h; (ii) To add the aqueous solvent inside the
chamber (Millipore water 17.5 MV/cm), the bot-
tom part of the chamber was sealed with a cover-
slip. The Millipore water was previously heated at
the desired temperature (50°C for DPPC and
30°C for DLPC and POPC) and then sufficient
water was added to cover the Pt wires. Just after
this step the Pt wires were connected to a function
generator (Hewlett-Packard, Santa Clara, CA),
and a low frequency AC field (sinusoidal wave
function with a frequency of 10 Hz and amplitude
of 3 V) was applied for 90 min. After the vesicle
formation, the AC field was turned off and the
temperature of the chamber was change to the
desired temperature for the experiments. A CCD
color video camera (CCD-Iris, Sony) on the mi-
croscope was used to follow vesicle formation and
to select the target vesicle. The temperature was
measured inside the sample chamber using a digi-
tal thermocouple (model 400B, Omega Inc., Stam-
ford, CT) with a precision of 0.1°C. The
LAURDAN labeling procedure was done in one
of two ways. Either the fluorescent probe was
premixed with the lipids in chloroform or a small
amount (less than 1 ml) of LAURDAN in
DMSO was added after the vesicle formation
(final LAURDAN/lipid ratio 1:500 mol/mol in
both cases). The sample characteristics were inde-
pendent of the labeling procedure in agreement
with previous results (Bagatolli and Gratton,
1999).

2.3. Two-photon microscopy measurements

2.3.1. Preparation of samples
Two different preparations were used to ob-

serve the lipid samples, obtained either by the
gentle hydration method or solvent evaporation
method, under the microscope: (1) a drop of the
lipid suspension was deposited on a welled glass
slide. Then, a coverslip was mounted on the
welled glass slide and the specimen was ready to
be observed under the microscope; (2) a drop of
the lipid sample with a drop of agarose solution in
pure Millipore water (0.5% P/V) was deposited on
a flat glass slide. Then, a coverslip was mounted
on the microscope slide and the specimen was
ready to be observed under the microscope. In the
case of GUVs prepared by the electroformation
method, the experiments were carried out in the
above-mentioned chamber after the vesicle forma-
tion as we reported previously (Bagatolli and
Gratton, 1999). After vesicle formation and when
the electric field is turned off, we observed that
the GUVs remains tightly adsorbed to the lipid
film that covers the Pt wires. Therefore, we ob-
tained the fluorescent images in the same GUV’s
formation chamber using the Pt wires as a
‘holder’. There are several advantages in using
this approach, such as no extra-step on sample
manipulation and the possibility to follow
a single vesicle during long periods of time (for
example to evaluate the effect of the temperature
changes on single GUVs; Bagatolli and Gratton,
1999). To visualize the samples we used an in-
verted microscope (Axiovert 35, Zeiss, Thorn-
wood, NY).

2.3.1.1. GP function. LAURDAN’s emission spec-
trum is blue in the lipid gel phase while in the
liquid crystalline phase it moves during the ex-
cited state lifetime from the blue to the green
(Parasassi et al., 1990, 1991). To quantify the
emission spectral changes, the excitation general-
ized polarization (GP) function was defined
analogously to the fluorescence polarization func-
tion. This well characterized function is sensitive
to the phase-state of lipid aggregates (for reviews
see Parasassi and Gratton, 1995; Parasassi et al.,
1998; Bagatolli et al., 1999).
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2.3.1.2. Experimental apparatus for two-photon ex-
citation microscopy measurements. Two-photon
excitation is a nonlinear process in which a
fluorophore absorbs two photons simultaneously.
Each photon provides half the energy required for
excitation. The high photon densities required for
two-photon absorption are achieved by focusing a
high peak-power laser light source on a diffrac-
tion-limited spot through a high numerical aper-
ture objective. Therefore, in the areas above and
below the focal plane, two-photon absorption
does not occur, because of insufficient photon
flux. This phenomenon allows sectioning effect
without using emission pinholes like in confocal
microscopy. Another advantage of two-photon
excitation is the low extent of photobleaching and
photodamage above and below the focal plane.
For our experiments we used a scanning two-pho-
ton fluorescence microscope developed in our lab-
oratory (So et al., 1995, 1996). For the
LAURDAN GP measurements we used a proce-
dure previously described (Yu et al., 1996;
Parasassi et al., 1997; Bagatolli and Gratton,
1999). We used either a LD-Achroplan 20X long
working distance air objective (Zeiss, Homldale,
NJ) with a N.A. of 0.4 or a FLUAR 40X oil
immersion objective (Zeiss, Homldale, NJ) with a
N.A of 1.3. A titanium-sapphire laser (Mira 900,
Coherent, Palo Alto, CA) pumped by a fre-
quency-doubled Nd:Vanadate laser (Verdi, Co-
herent, Palo Alto, CA) was used as the excitation
light source. The excitation wavelength was set to
780 nm. The laser was guided by a galvanometer-
driven x–y scanner (Cambridge Technology Wa-
tertown, MA) to achieve beam scanning in both
the x and y directions. The scanning rate was
controlled by the input signal from a frequency
synthesizer (Hewlett-Packard, Santa Clara, CA)
and a frame rate of 25 s was used to acquire the
images (256×256 pixels). The laser power was
attenuated before the light entered the microscope
through a polarizer (40 mW for the 20×objective
and 15 mW for the 40×objective). The samples
received about one-tenth of the incident power.
The fluorescence emission intensity for the LAU-
RDAN GP calculations were obtained using two
optical band-pass filters (Ealing electro-optics,
New Englander Industrial Park, Holliston, MA)

with 46 nm width and centered at 446 and at 499
nm (in the blue and green regions of LAURDAN
emission spectrum, respectively). A miniature
photomultiplier (R5600-P, Hamamatsu, Brigde-
water, NJ) was used for light detection in the
photon counting mode. A home-built card in a
personal computer acquired the counts. The di-
ameters of the vesicles were measured by using
size-calibrated fluorescent spheres (latex Fluo-
Spheres™, polystyrene, blue fluorescent 360/415,
diameter 15.5 mm, Molecular Probes Inc., Eugene,
OR).

2.4. Transmission electron microscopy
measurements

The procedure we used to prepare the sample
for transmission electron microscopy was as fol-
lows: a drop of the sample was placed on Form-
var carbon-coated 200 mesh copper grids and
allowed to adhere for 1 min. Then the excess drop
was removed from the grid with the edge of a
piece of filter paper. The grid was allowed to dry
before a drop of a 1% PTA (phosphotungstic
acid) solution, pH 6.8, was applied to the grid.
After 1 min the excess drop was removed with a
piece of filter paper and the grid was allowed to
dry for several minutes before being viewed in the
Hitachi H-600 transmission electron microscope.
The sample was observed at 75 kV.

3. Results

3.1. Giant 6esicles obtained either by the gentle
hydration or sol6ent e6aporation methods

Independently of the method used to prepare
the phospholipid vesicles, the lipid samples show
high heterogeneity. This heterogeneity is related
to the size, shape, shell thickness and internal
structure of the different lipid vesicles (Fig. 1). To
check the lamellarity of the giant vesicles, we
imaged several vesicles of the same lipid prepara-
tion (up to 40 vesicles) labeled with LAURDAN
using the two-photon excitation microscope. We
found that the intensities measured in the border
of different vesicles in the liquid crystalline phase
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were different independently of the phospholipid
composition. Since the existence of multilamelar
vesicles would give rise to different intensity im-
ages due to the presence of different numbers of
LAURDAN labeled lipid bilayers, we concluded
that no more than 10% of the vesicles were unil-
amellar. Typical examples of our observations are
shown in Fig. 1A,B. The LAURDAN intensity in
the vesicle border in Fig. 1A (that represent a
unilamellar vesicle) is four times lower than that
found in Fig. 1B. The most common lipid vesicle
structure found in the overall sample corresponds
to the images show in Fig. 1C–F. However, the
peculiar vesicle structure shown in Fig. 1G–I is
also often seen. In particular the vesicle structures
shown in these last three figures appear to be
closed, flattened vesicle structures inside a larger,
rounder vesicle. Also the vesicles in Fig. 1G,H
show a budding process and fluctuation in the

borders. The complex internal structure of the
phospholipid vesicles shows location with time-
dependent spatial changes but without visible
changes of the external appearance (Fig. 2). This
internal dynamics affects the large-scale structure
of the vesicle and it is not to be confused with the
single lipid dynamics as reported by Korlach et al.
(1999).

Another frequent structure found in the lipid
samples corresponds to lipid tubes or tethers (Fig.
3A). These particular lipid structures connect the
vesicles to form a lipid network. The formation of
these lipid structures is independent of the phos-
pholipid chain length. To explore the lipid physi-
cal state in these different structures (lipid tubes
and vesicles) we used the LAURDAN GP func-
tion. The LAURDAN GP histogram measured in
these different structures are similar, Fig. 3B. In
Fig. 4 we present a 3D LAURDAN intensity

Fig. 1. Two-photon excitation LAURDAN fluorescence intensity images (false color representation) showing the heterogeneity in
size, shell thickness and internal structure of giant DLPC (A, B, C, D, E, F) and POPC vesicles (G, H, I). The vesicles were made by
hydration of lipid films (A, B, C) or solvent evaporation method (D, E, F, G, H, I). The temperature was 22°C. Frame size is 32×32
mm
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Fig. 2. Two-photon excitation LAURDAN fluorescence intensity images (false color representation) showing the movement of the
internal structure of giant DLPC vesicles. Time zero image (A), after 2 (B) and 5 min (C). The temperature was 22°C. Frame size
is 32×32 mm.

reconstruction of these tubes. The same hetero-
geneity of size and lamellarity found in the vesi-
cles is applicable to the lipid tubes or tethers, i.e.
unilamellar or multilamellar lipid tubes.

Using transmission electron microscopy we ob-
tain the same sample heterogeneity found by two-
photon microscopy (Fig. 5). Similar structures
were found using both techniques visualizing the
lipid tubes or tethers together with the complex
internal structure of the lipid vesicles (compare
Fig. 1C,F with 5A,B and 3A). The size range of
the lipid vesicles, found by transmission electron
microscopy, was very broad. We found small
multilamellar vesicles (�300 nm diameter, Fig.
5C) together with much bigger ones (up to 10 mm,
not shown).

We also examined the time evolution of the
sample during the lipid film hydration process. In
Fig. 6 we show different sequences during the
hydration of DLPC lipid films, using the 3D
LAURDAN intensity reconstruction.

3.2. Giant 6esicles obtained by the
electroformation method

Fig. 7 shows the LAURDAN intensity images
of giant vesicles obtained by the electroformation
method. For each lipid sample, the LAURDAN
fluorescence intensities measured in the border of
different vesicles in the liquid crystalline phase
were very similar (Fig. 7). As pointed out above,

the existence of multilamellar vesicles would give
rise to different intensity images due to the pres-
ence of different numbers of LAURDAN labeled
lipid bilayers. Therefore we concluded that the
vesicles are mainly unilamellar (the yield of unil-
amellar vesicles is higher than 95%) in agreement
with previous observations using the electrofor-
mation method (Mathivet et al., 1996).

Compared to other techniques, the lipid vesicles
obtained using the electroformation method
present a more homogeneous distribution in size
(Fig. 7). The presence of vesicle internal structure
is not observed in this preparation. Just in few
cases small vesicles inside the big ones were ob-
served (not shown). Interestingly enough, we also
observed some tethers or tubes in this preparation
(Fig. 7C,D). However the occurrence of these
structures is rare when compared with the other
preparation methods.

4. Discussion

As shown in the result section there are differ-
ences in vesicle size, internal shape and shell thick-
ness depending of the preparation procedure used.
The observation of the entire lipid sample pro-
vides important experimental evidences about the
effectiveness of each method to prepare the
GUVs. Also, more importantly, the comparison
among all lipid samples provides important infor-
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mation about the mechanism of vesicle formation.
As a first conclusion, the samples prepared by the
gently hydration or solvent evaporation methods
have low yields of unilamellar vesicles with a
more heterogeneous size distribution compared
with that obtained using the electroformation
method. The main disadvantage produced by the

low yield of GUVs in these lipid samples is that a
considerable amount of time must be used to find
the unilamellar vesicles under the microscope. In-
stead, the preparation and observation of the
GUVs, obtained by the electroformation method,
in the same chamber without any external manip-
ulation of the sample (Bagatolli and Gratton,

Fig. 3. (A) Two-photon excitation LAURDAN fluorescence intensity images (false color representation) showing the network of
DMPC tethers connecting vesicles (A, C) and DPPC tubes (B, D). These particular structures were found independently of the lipid
sample composition. (B) Two-photon excitation LAURDAN GP image (false color representation) of DMPC lipid aggregates. The
graphic in the right part of the figure shows the normalized GP histogram from different regions of the GP image. Red line and
black line corresponds to lipid vesicles and lipid tubes or tethers respectively. Frame size is 32×32 mm. The temperature was 25°C.
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Fig. 4. 3D reconstruction of a DMPC tether using two-photon
excitation LAURDAN fluorescence intensity images (false
color representation). A complete intensity volume view (A)
and four different LAURDAN intensity iso-surfaces (B) show-
ing the internal structure of the tubes. The double arrow
indicates 4 mm. The 3D figure was obtained using 12 sections
every 1 mm and the temperature was 22°C.

lipid surface area induced by the hydration pro-
cess affects the topology of the film producing
convex bumps (Lassic, 1988). These convex
bumps are enlarged in size during the incubation
period, forming lipid tubes or tethers. As shown
in Fig. 6, there are swelling processes over the
entire lipid film using the gentle hydration
method. We can clearly observe the lipid convex
bumps growing in the z direction, but at the same
time we also observe semi-cylindrical structures of
lipids growing in the x–y plane (see Fig. 6B,C).
These different structures grow simultaneously.
Conversely, the shell thickness of these lipid struc-
tures shows heterogeneity. The high heterogeneity
on the internal structure of the lipid structures
obtained using the gentle hydration method (see
Figs. 1, 3A and 4) suggest that the repulsive
normal forces among the lipid bilayers are weak.
We believe that modifications caused by tangen-
tial forces on the lipid film dominate the lipid
vesicle formation explaining the high incidence of
multilamellar structures. This effect is enhanced in
principle by defects in the lipid layer. These de-
fects depend on various factors: (i) the concentra-
tion of lipid in a particular area of the solid
support, i.e. the characteristic of the dried lipid
film; (ii) the affinity between the solid support and
the lipids; (iii) the topology of the solid interface.

A modification of the gentle hydration method
that uses high salt concentration was reported in
the literature. Akashi et al. (1996) demonstrated
that a percentage of negatively charged lipids
(10–20 mol%) helps the formation of GUVs at
physiological conditions Akashi et al. (1996). Ap-
parently, the charge repulsion among the lipid
bilayers helps layer-separation increasing the con-
tribution of normal forces in vesicle formation.
The effect of the charge lipids should compensate
the unfavorable effect of the high ionic strength
on layer separation found in samples composed of
pure zwitterionic lipids (Reeves and Dowben,
1969; Needham and Evans, 1988; Dimitrov and
Angelova, 1988; Angelova and Dimitrov, 1988;
Käs and Sackmann, 1991). However, as pointed
by Akashi et al., this protocol also produces
multilamellar structures, myelin figures and lipid
debris (Akashi et al., 1996).

1999) provides in a very convenient way to per-
form the GUVs experiments.

It is interesting to discuss the possible origin of
the observed differences among the lipid samples.
As we pointed out in the introduction section, the
formation of giant vesicles requires lipid layer
separation (repulsive normal forces among the
lipid bilayers that form the lipid film attached to
the solid support) and bending (tangential forces)
during the hydration of lipid films (Dimitrov and
Angelova, 1987). Lassic, pointed out that water
penetrates into the dried lipid films hydrating first
the outer layer (Lassic, 1988). The change in the
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Fig. 5. Transmission electron microscopy images of phospholipid samples. DLPC (A), POPC (B), and DMPC (C). The bars
represent 2 mm.

The presence of an external electric field (AC
fields) clearly affects the balance between the ef-
fects caused by tangential and normal forces on the
lipid film attached to the solid surface. As pointed
out by Angelova, the effect of the electric field
helps to form giant vesicles in samples where
normally the gentle hydration method per se does
not work (Dimitrov and Angelova, 1987; Angelova
et al., 1992). Actually, just few minutes after the
application of the AC field, spherical vesicles are
observed close to the Pt wires. This contrast with
the observations during the gentle hydration
method (Fig. 6). It is interesting to remark that
there is no detailed information about the physical
characteristics of the dried lipid film before the
hydration process. The question is if in the very
early stage of vesicle formation, the alternate elec-
tric field produces any significant change compared
with that occurring using the gentle hydration
method on the physical properties of the lipid film
attached to the solid surface. It is possible that a
different mechanism could be operating on the
vesicle formation by effect of the AC field com-
pared with that occurring in the gentle hydration
method. While a model of the effect of the alter-
nate electric field on the lipid film is beyond the
scope of this article, we want to mention that it
could be possible that local changes in the lipid
layer topology (like pore formation) can occurs by
effect of the AC field in the very early stage of
vesicle formation favoring the penetration of
water.

The other method used in this work was the
solvent evaporation method (Moscho et al., 1996).
Our results in regards to sample heterogeneity
(vesicle size and shell thickness) contrast with those
obtained by Moscho et al. (1996) who report a high
yield of giant unilamellar vesicles. These authors
proposed that vesicle formation is caused by bilay-
ered phospholipid fragments (BPF), which sponta-
neously vesiculate and form the GUVs. However,
there are lipid structures observed in our experi-
ments (on the entire lipid sample) that suggests a
more complex mechanism for the vesicle formation
than that proposed by Moscho et al. (1996). We
can not discard this model but we believe that there
are other processes involved in the vesicle forma-
tion. Perhaps sheets of lipids can form by the effect
of solvent evaporation followed by self-aggrega-
tion. This process may explain the complex vesicle
internal structure found in these samples.

The complex internal structure of the phospho-
lipid vesicles shows location with time-dependent
spatial changes (Fig. 2). We believe that this
particular vesicle internal structure may be an
intermediate state of a complex equilibrium among
different vesicle structures (see Fig. 1). This partic-
ular finding can be connected with the conclusions
of Gershfeld (1989) that found a critical tempera-
ture where unilamellar vesicle formation was ob-
served from multilamellar vesicles.

Finally, an interesting observation is the coexis-
tence of stable lipid tethers or tubes with lipid
vesicles. Apparently, the observed lipid network
(Fig. 3A, a,c) is the main lipid structure for the
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Fig. 6. 3D reconstruction of a DLPC film attached on a glass surface during the gentle hydration method; using two-photon excitation LAURDAN fluorescence
intensity images (false color representation). 8 (A), 12 (B), 18 (C) and 22 (D) h after to starting the hydration. The 3D figure was obtained using 22 sections every
1 mm and the temperature was 22°C. The Z scale is in mm.



L.A. Bagatolli et al. / Chemistry and Physics of Lipids 105 (2000) 135–147146

Fig. 7. Two photon excitation LAURDAN intensity images of
lipid samples prepared using the electroformation method
(false color representation). (A) DLPC; (B) DPPC; (C) and
(D) POPC. All images were taken at temperatures correspond-
ing to the fluid phase (50°C for DPPC and 25°C for DLPC
and POPC). The orange arrow in (C) show lipid tubes coexist-
ing with the GUVs.

In conclusion, this article basically attempts to
show the advantages and disadvantages of the
GUVs preparation methods reported in the litera-
ture. We demonstrated the importance of analyz-
ing the whole lipid sample characteristics to obtain
information about mechanism and efficiency of
vesicle formation using different methods. On the
other hand, the use of the sectioning capability of
the two-photon excitation microscope offers a
unique tool to observe the characteristics of free
bilayer systems. Using two-photon excitation mi-
croscopy, novel information about phospholipid
phase transition and lipid domain coexistence was
recently reported from our group studying the
effect of temperature on GUVs composed of pure
phospholipid and phospholipid binary mixtures
(Bagatolli and Gratton, 1999, 2000).
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Meléard, P., Gerbeaud, C., Pott, T., Fernandez-Puente, L.,
Bivas, I., Mitov, M.D., Dufourcq, J., Bothorel, P., 1997.
Bending elasticities of model membranes: influences of
temperature and sterol content. Biophys. J. 72, 2616–2629.
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