
Biochemistry. In the article “An Erp60-like protein from the
filarial parasite Dirofilaria immitis has both transglutaminase
and protein disulfide isomerase activity” by Ramaswamy
Chandrashekar, Naotoshi Tsuji, Tony Morales, Victor Ozols,
and Kapil Mehta, which appeared in number 2, January 20,
1998, of Proc. Natl. Acad. Sci. USA (95, 531–536), the authors
inadvertently cited the wrong GenBank accession numbers for
four database sequences in the figure legend of a dendrogram
(Fig. 3b) on page 534. The correct accession numbers are
shown in the table below.

Biophysics. In the article “Characterization of lipid bilayer
phases by confocal microscopy and fluorescence correlation
spectroscopy” by Jonas Korlach, Petra Schwille, Watt W.
Webb, and Gerald W. Feigenson, which appeared in number
15, July 20, 1999, of Proc. Natl. Acad. Sci. USA (96, 8461–8466),
due to a printer’s error, the following changes should be noted.
The first sentence of the legend to Fig. 2 should read: Diffusion
properties in laterally ordered and fluid phases in the absence
of cholesterol, corresponding to Figs. 1, 2A, 2C, and 2E. Also,
the legend to Fig. 4 should read: FCS autocorrelation curves
corresponding to the cholesterol compositions shown in Fig. 1,
3, at constant DLPCyDPPC 5 0.50y0.50.

Immunology. In the article “Bacteria-induced neo-biosynthe-
sis, stabilization, and surface expression of functional class I
molecules in mouse dendritic cells” by Maria Rescigno, Ste-
fania Citterio, Clotilde Thèry, Michael Rittig, Donata Meda-
glini, Gianni Pozzi, Sebastian Amigorena, and Paola Ricciardi-
Castagnoli, which appeared in number 9, April 28, 1998, of
Proc. Natl. Acad. Sci. USA (95, 5229–5234), the following
corrections should be noted. The changes to references 33 and
34 are in bold type.

33. Medaglini, D., Rush, C. M., Sestini, P. & Pozzi, G. C. (1997)
Vaccine 15, 1330–1337.

34. Rittig, M. G., Kuhn, K., Dechant, C. A., Gaukler, A., Modolell,
M., Ricciardi-Castagnoli, P., Krause, A. & Burmester, G. R.
(1996) Dev. Comp. Immunol. 20, 393–406.

Pharmacology. The article “Nonsteroid drug selectives for
cyclo-oxygenase-1 rather than cyclo-oxygenase-2 are associ-
ated with human gastrointestinal toxicity: A full in vitro
analysis” by Timothy D. Warner, Francesco Giuliano, Ivana
Vojnovic, Antoaneta Bukasa, Jane A. Mitchell, and John R.
Vane, which appeared in number 13, June 22, 1999, of Proc.
Natl. Acad. Sci. USA (96, 7563–7568), contained an error in the
compound DFP, which is incorrectly listed as diisopropylf lu-
orophosphate. The correct compound is 3-(2-propyloxy)-4-(4-
methylsulphonylphenyl)-5,5-dimethylfuranone.

Sequence ID Accession no. as published Correct accession no.

RATPDI P54001 P04785
HUMPDI P55059 P07237
CHICKPDI P16924 P09102
CEPDI Q10576 U95074
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Characterization of lipid bilayer phases by confocal microscopy
and fluorescence correlation spectroscopy

JONAS KORLACH*†, PETRA SCHWILLE†, WATT W. WEBB†, AND GERALD W. FEIGENSON*‡

*Section of Biochemistry, Molecular and Cell Biology and †School of Applied and Engineering Physics, Cornell University, Ithaca, NY 14853

Contributed by Watt W. Webb, May 25, 1999

ABSTRACT We report the application of confocal imag-
ing and fluorescence correlation spectroscopy (FCS) to char-
acterize chemically well-defined lipid bilayer models for bi-
omembranes. Giant unilamellar vesicles of dilauroyl phos-
phatidylcholineydipalmitoyl phosphatidylcholine (DLPCy
DPPC)ycholesterol were imaged by confocal f luorescence
microscopy with two fluorescent probes, 1,1*-dieicosanyl-
3,3,3*,3*-tetramethylindocarbocyanine perchlorate (DiI-C20)
and 2-(4,4-dif luoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-
indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phospho-
choline (Bodipy-PC). Phase separation was visualized by
differential probe partition into the coexisting phases. Three-
dimensional image reconstructions of confocal z-scans
through giant unilamellar vesicles reveal the anisotropic
morphology of coexisting phase domains on the surface of
these vesicles with full two-dimensional resolution. This
method demonstrates by direct visualization the exact super-
position of like phase domains in apposing monolayers, thus
answering a long-standing open question. Cholesterol was
found to induce a marked change in the phase boundary
shapes of the coexisting phase domains. To further charac-
terize the phases, the translational diffusion coefficient, DT, of
the DiI-C20 was measured by FCS. DT values at ;25°C ranged
from ; 3 3 1028 cm2ys in the f luid phase, to ; 2 3 1029 cm2ys
in high-cholesterol-content phases, to ; 2 3 10210 cm2ys in
the spatially ordered phases that coexist with f luid phases. In
favorable cases, FCS could distinguish two different values of
DT in a region of two-phase coexistence on a single vesicle.

Many events that occur in cell membranes may be related to
the membrane phase behavior. These events include protein
sorting, protein aggregation, signaling, and membrane fusion
(1, 2). For animal plasma membranes in particular, the pres-
ence of sphingolipids raises the possibility of ordered phase
coexisting with fluid phase at physiological temperatures (3).
Determining phase behavior is not straightforward, however,
in part because of the large number of components, the small
dimensions of the phases, and the possible complexity of the
actual transitions (4).

In models for real biomembranes, there has been progress
in mapping the phase behavior of cholesterol-containing bi-
layer mixtures having as many as two phospholipid compo-
nents (5, 6). Because of ambiguities in the interpretation of
data, we seek a direct visualization of the phase behavior.
Giant unilamellar vesicles (GUVs) have proven to be useful
models of biomembranes, suitable for optical microscopy
(7–9). GUVs thus serve as an excellent model system for
biological membranes, because they are, compared with sup-
ported bilayers, less prone to artifacts (10, 11), and they
resemble cell membranes more closely than do monolayers
(12, 13).

Although two-phase coexistence domains have been ob-
served and characterized in detail in monolayers (12, 14),
previous studies using bilayer systems have not resulted in a
clear picture of topology where two phases coexist. Supported
bilayers were shown to be prone to artifactual results (10), and
previously described heterogeneities in free bilayer mem-
branes from images of confocal sections of laurdan fluores-
cence (15) or wide-field fluorescence microscopy (16) exhibit
relatively low resolution and do not reveal the detailed two-
dimensional topology of two-phase coexistence.

Furthermore, it has been a long-standing, open question
whether a phase domain in one monolayer of the lipid bilayer
is exactly superimposed with a corresponding domain of the
same phase in the apposing monolayer. Data obtained from
fluorescence photobleaching recovery (17) were used to con-
clude that for some phospholipid systems the question seems
to be answered positively. In contrast, lack of transbilayer
coupling in phase transitions (18) or only partial coupling (19)
was found by using nuclear magnetic resonance shift reagents.
For supported bilayers (10), interlayer coupling has been
proposed, but metastable states and constraints caused by the
supporting surface have been recognized. A direct and clear
demonstration of the phenomenon of interlayer coupling has
not yet been described for free lipid bilayers.

In this report we describe two significant steps toward
mapping the phase behavior of phospholipidycholesterol bi-
layers. (i) By using confocal f luorescence microscopy, we have
produced images that conclusively demonstrate the existence
of coexisting phases. Subsequent three-dimensional image
projections reveal the detailed topology of coexisting phase
domains over the surface of a vesicle. The method directly
enables the establishment of phase domains that are exactly
superimposed in apposing monolayers. (ii) By using fluores-
cence correlation spectroscopy (FCS), we have further char-
acterized phases by probe translational diffusion. We have
been able to distinguish fluid, spatially ordered, and high-
cholesterol-content phases§ by the different values of their
translational diffusion coefficient, DT. Moreover, in cases in
which the coexisting phases are not very dissimilar in extent,

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

PNAS is available online at www.pnas.org.

Abbreviations: Bodipy-PC, 2-(4,4-dif luoro-5,7-dimethyl-4-bora-3a,4a-
diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phospho-
choline; DiI-C20, 1,19-dieicosanyl-3,3,39,39-tetramethylindocarbocya-
nine perchlorate; DLPC, dilauroyl phosphatidylcholine (1,2-dilauroyl-
sn-glycero-3-phosphocholine); DPPC, dipalmitoyl phosphatidyl-
choline (1,2-dipalmitoyl-sn-glycero-3-phosphocholine); FCS, fluores-
cence correlation spectroscopy; GUV, giant unilamellar vesicle;
POPS, 1-palmitoyl 2-oleoyl phosphatidylserine [1-palmitoyl-2-oleoyl-
sn-glycero-3-(phospho-L-serine)] (sodium salt).
‡To whom reprint requests should be addressed at: Section of Bio-
chemistry, Molecular, and Cell Biology, 201 Biotechnology Building,
Cornell University, Ithaca, NY 14853. e-mail: gwf3@cornell.edu.

§The term ‘‘spatially ordered phases’’ (often called ‘‘solid’’ or ‘‘gel’’)
denotes two-dimensional spatial order in lipid bilayers that corre-
sponds to the long-range order of three-dimensional smectic liquid
crystal hydrated phases of smectic B type, and the two-dimensional
f luid phases (often called ‘‘liquid-crystalline’’ and ‘‘liquid-ordered’’)
that correspond to hydrated smectic A type, in which short-range
order may also occur (20, 21).
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FIG. 1. The principle of lipid phase identification, showing confocal images at the equator of GUVs at a phospholipidycholesterol
composition yielding (1A) a single fluid phase (DLPCyDPPC 5 1y0), and (1B) ordered-fluid two-phase coexistence (DLPCyDPPC 5 0.60y0.40).
In each figure, DiI-C20 fluorescence is shown in the upper left small image and Bodipy-PC fluorescence in the upper right. Thus, the merged large
lower image shows spatially ordered phase regions in red (DiI-C20 fluorescence) and fluid phase in green (Bodipy-PC fluorescence). The asphericity
of these GUVs indicates lack of osmotic stress. A small adherent vesicle is visible in 1B and in several subsequent images. (Bars 5 10 mm.)
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separate values of DT can be measured for each phase on a
single vesicle.

MATERIALS AND METHODS
Phospholipids were purchased from Avanti Polar Lipids (Al-
abaster, AL) and cholesterol was purchased from Nu Chek
Prep (Elysian, MN). The fluorescent probes 1,19-dieicosanyl-
3,3,39,39-tetramethylindocarbocyanine perchlorate (DiI-C20)
and 2-(4,4-dif luoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-
indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phospho-
choline (Bodipy-PC) were obtained from Molecular Probes
(Eugene, OR). Purity of $99.5% was confirmed by thin-layer
chromatography on washed, activated silica gel plates (Alltech,
Deerfield, IL), developed with chloroformymethanolywater
(65:25:4) for phospholipids and with petroleum etherydiethyl
etherychloroform (7:3:3) for cholesterol analysis. Phospho-
lipid stock solutions were quantitated by phosphate assay (22).

GUVs were prepared essentially according to Akashi et al.
(8). In all samples, 5 mol % 1-palmitoyl 2-oleoyl phosphati-
dylserine (POPS) was included as a charged phospholipid,
necessary to obtain GUVs by this method. For confocal
microscopy visualization, f luorescent probes were added to the
lipid mixture at a concentration of 1021 mol %, or 1024 mol %
for FCS. The aqueous buffer was 50 mM KCl and 5 mM Pipes,
pH 7.0. Image acquisition and FCS measurements were carried
out at room temperature, ;25°C. The GUVs formed were
placed on deep-well slides, enclosed by a no. 1 coverslip,
inverted, and allowed to settle for 10 min onto the bottom of
the coverslip, where they remained stationary over the course
of the experiment.

Confocal images were obtained with a MRC1024 confocal
microscope (Bio-Rad) at 488 nm excitation, with emission
filters of 522y35BP for Bodipy-PC and 585LP for DiI-C20. For
three-dimensional image projection of a vesicle, z-scans in
1-mm increments were taken through the upper half of a GUV
and projected by using the software CONFOCAL ASSISTANT
4.02.

FCS measurements were carried out with a modified in-
verted microscope as described (23). Briefly, a 543-nm HeNe
laser beam was used to epi-illuminate a 633 (1.2 numerical
aperture water immersion) objective. The back aperture was
underfilled to create a circular focus of '1 mm diameter at e22

relative intensity, providing 10–20 mW at the membrane.
Fluorescence was collected through the objective and a colli-
mating lens of 160-mm focal length. In the image plane, a
100-mm fiber pinhole (large enough to collect virtually all
f luorescence excited by the laser illumination in its focal plane)
defined the confocal volume element. The fluorescence signal
was detected by an avalanche photodiode (SPCM-AQ141, EG
& G, Vaudreuil, Québec, Canada), and it was correlated online
with an ALV-5000 correlator card (ALV, Langen, Germany)
in a host PC.

After the laser focal spot had been positioned near the
center of the upper membrane of a GUV, 10 FCS measure-
ments of 10-s duration were recorded on that location, and
averaged for determination of the translational diffusion co-
efficient, DT. FCS autocorrelation curves from each measure-
ment interval were very reproducible, except in cases of
two-phase coexistence, where sometimes only one phase com-
ponent, sometimes both phases were visible during the indi-

vidual 10-s interval, reflecting slight movements of the phase
regions on the surface of the vesicle relative to the focal area.

The autocorrelation function Gi(t) defined by Magde et al.
(24) for each species i of independently diffusing molecules
becomes for optically indistinguishable fluorophores in two
dimensions:

Gtot~t! 5 SO
i

^Ci&S 1
1 1 tytd,i

DD yAeff S O
i

^Ci&D 2

,

where ^Ci& is the two-dimensional, time average concentration
of the probe in the focal area Aeff of '0.8 mm2, td,i the average
residence time of species i (proportional to the inverse of the
diffusion coefficient) (25). The apparatus was calibrated by
measuring the known three-dimensional diffusion coefficient
DT of rhodamine in solution, and the validity of the DT values
obtained for the two-dimensional case of membrane diffusion
was confirmed by comparison with rhodamine diffusion mea-
sured in a pseudo-two-dimensional nanostructure 250 nm in
height (kindly provided by M. Foquet). Data fitting was
performed with a least-squares fit algorithm (ORIGIN, Micro-
cal, Northampton, MA). In the figures, autocorrelation am-
plitudes are normalized to 1 to compare the curves for their
shapes and diffusion times for the different compositions.
Correlation amplitudes were typically ;0.1, corresponding to
an average number of fluorescent molecules in the focal area
of ^N& ; 10.

RESULTS
Confocal Imaging. GUVs were prepared from mixtures of

dilauroyl phosphatidylcholineydipalmitoyl phosphatidylcho-
line (DLPCyDPPC)ycholesterol. Unilamellarity was assured
by measuring the fluorescence intensity of the equator region,
as described (8). Two fluorescent lipid analogs distinguished
the fluid and ordered membrane phases. The partition of
DiI-C20 favors the ordered membrane phases of DPPC over
coexisting fluid phases by ;33 (26). In contrast, Bodipy-PC is
expected to favor the fluid phase over the DPPC ordered
phases by ;43, based on the measured partition of phospho-
lipid analogs having a bulky moiety on an acyl chain (27). In
the studies reported here, however, the precise value of the
probe partition coefficient was not used, but instead the
contrast in fluorescence was used simply to image the phase
domains. At a given lipid composition, the GUVs that were
formed had a rather uniform appearance, so that the images
shown are representive of the entire sample.

Fig. 1 illustrates this principle of phase identification with a
confocal microscopic section at the equator of a GUV. In this
figure and in the other images shown, a single GUV was
imaged by fluorescence from DiI-C20 in the upper left, f luo-
rescence from Bodipy-PC in the upper right, and their com-
posite in the larger color image below. Fig. 1, 1A shows a GUV
entirely in the fluid phase (DLPCyDPPC 5 1y0), having
uniform fluorescence from both DiI-C20 and Bodipy-PC. Fig.
1, 1B shows a GUV having coexisting fluid and spatially
ordered phases (DLPCyDPPC 5 0.60y0.40; see below). The
DiI-C20 fluorescence in the upper left is nonuniform over the
equator. For the same vesicle, the Bodipy-PC fluorescence is
also nonuniform with bright and dark regions exactly comple-

(2A–2E) Visualization of phase separation in the binary lipid mixture of DLPCyDPPC. The images show a progression of increasing DPPC
concentration relative to DLPC at DLPCyDPPC values: 1y0 (2A), 0.80y0.20 (2B), 0.60y0.40 (2C), 0.40y0.60 (2D), and 0.20y0.80 (2E). Note that
the vesicle shown in 2D is not unilamellar, but instead consists of two bilayers which are very close to each other. Image 2D shows two concentric
GUVs, chosen to demonstrate the principle of superposition of phase domains in apposing monolayers (see text). No GUVs were formed in pure
DPPC; apparently some fluid phase must be present for successful preparations of GUVs by this method. The circular rings of contrast in these
and subsequent images are due to nonuniform axial stepping between confocal images and do not indicate compositional inhomogeneities. (Bars 5
10 mm.) (3A and 3B) Influence of cholesterol on the two-phase region. GUVs at a constant ratio of DLPCyDPPC 5 0.50y0.50 were prepared with
increasing cholesterol concentrations of 0 (3A) and 5 mol % (3B). For cholesterol $10 mol %, images were identical in appearance to 2A and 2B.
For explanation, see text. (Bars 5 10 mm.)

Biophysics: Korlach et al. Proc. Natl. Acad. Sci. USA 96 (1999) 8463



mentary to those of the DiI-C20. The finding that phase
identification was confirmed by two different fluorescent
probes makes phase assignments more reliable.

Multibilayers in excess water of the binary mixture DLPCy
DPPC at 25°C exhibit a two-phase region of coexisting ordered
and fluid phases between DLPCyDPPC ; 0.7y0.3 to ;
0.15y0.85 (28). We obtained results consistent with this phase
behavior. Fluorescence images from GUVs at increasing con-
centrations of DPPC are shown in Fig. 1, 2. At DLPCyDPPC 5
1y0 and 0.80y0.20 (Fig. 1, 2A and 2B), both DiI-C20 and
Bodipy-PC are uniformly distributed over the vesicle surface.
However, at DLPCyDPPC 5 0.40y0.60 (Fig. 1, 2C), an or-
dered phase is visible as elongated, connected bands on the
surface of the vesicles. The separate fluorescence measure-
ments on this GUV (Fig. 1, 2C) reveal both an enrichment of
DiI-C20 (Upper Left) and a depletion of Bodipy-PC (Upper
Right) in these bands, compared with the adjacent surface
region.

Continuing this series of increasing DPPC concentrations,
ordered phase regions become more and more interconnected,
forming a network on the vesicle surface (Fig. 1, 2D), even-
tually enclosing small islands of fluid phase at DLPCyDPPC 5
0.20y0.80 (Fig. 1, 2E). In principle, we might expect to return
to uniform fluorescence at higher concentrations of DPPC, but
we were unable to prepare GUVs at DLPCyDPPC 5 0y1 by
the method used in this study.

Interestingly, in all GUV preparations studied in this series,
the phase domains comprise both apposing leaflets of the
bilayer in both ordered and fluid phases, thus indicating strong
interlayer coupling. This finding is judged from the absence of
intermediate values of fluorescence intensities for both dyes
measured anywhere on the surface. For all unilamellar vesi-
cles, only one fluorescence intensity could be measured for the
fluid and ordered phase regions. If interlayer coupling did not
occur, intermediate fluorescence values would be observed,
because then regions would exist that were composed of one
monolayer in the fluid phase and the apposing monolayer in
the ordered phase (10). To highlight this point, Fig. 1, 2D was
chosen as a vesicle composed of two concentric unilamellar
vesicles with their bilayers very close to each other, as estab-
lished from the individual confocal image sections. In the
central regions of this vesicle (where the viewing direction is

nearly perpendicular, providing a clear image), areas of one
(and only one) intermediate fluorescence intensity can be
clearly distinguished (where one ordered bilayer and one fluid
bilayer are superimposed). This intermediate fluorescence
intensity is the result of the independent network of fluid and
ordered phase domains in each of the adjacent bilayers.

The influence of cholesterol on the two-phase region was
examined by increasing the cholesterol concentration xchol
from 0 to 30 mol % while keeping the ratio DLPCyDPPC 5
0.50y0.50 constant (Fig. 1). When Fig. 1, 3A and 3B are
compared, xchol 5 5 mol % is seen to enhance the elongation
and branching of the ordered band-like regions that were
observed in the binary phospholipid mixture at high DPPC.
Furthermore, the total area fraction of the ordered phase
appears to be reduced for this composition. Here again, exact
superposition of like phase domains is observed. At xchol $ 10
mol %, fluorescence of both dyes was uniform over the GUV
surface (images not shown; their appearance was similar to
that of the vesicles shown in Fig. 1, 2A and 2B), indicating
either a single phase or heterogeneity at dimensions much
smaller than the optical resolution of ;0.3 mm.

FCS. FCS has been applied successfully to the study of
diffusion, chemistry, and photophysics of molecules in solution
(24, 29, 30). In a few cases, FCS has been used to study
diffusion in membranes (23, 31, 32). Two properties can be
directly deduced from the autocorrelation curve of an FCS
experiment: (i) the equilibrium average number of diffusing
molecules in the laser focus volume element and (ii) their
diffusion coefficient. Here, we make use of only the diffusion
coefficient. The presence of more than one diffusing species in
a sample is manifested by multiphasic curve shapes if the
diffusion coefficients are sufficiently different and the ampli-
tudes are sufficiently similar (33).

By using FCS, we measured DT on GUVs in several regions
of composition; the results are summarized in Table 1. The
relative error in the determination of DT was ;20% for all
compositions. Representative fitting curves of the data that
were used to determine DT are shown in Fig. 2 only, to retain
clarity in the other figures.

The autocorrelation curves shown in Fig. 2 are for the
samples corresponding to the images in Fig. 1, 2. DT of DiI-C20
was found to be characteristic primarily of the nature of the
phase and secondarily of the lipid composition of that phase.

FIG. 2. Diffusion properties in laterally ordered and fluid phases
in the absence of cholesterol, corresponding to Fig. 2. FCS autocor-
relation curves were obtained for samples of composition DLPCy
DPPC (h 5 1y0, E 5 0.60y0.40, and ‚ 5 0.20y0.80). Solid curves are
data-fitting curves for diffusion theory from which DT values were
determined. In this and all subsequent figures, correlation amplitudes
are normalized to 1 by multiplying G(t) with the average number of
fluorescent molecules in the focal area ^N& to compare the shapes of
the curves for different compositions.

Table 1. Summary of translational diffusion coefficients DT
obtained from FCS measurements

Composition, mol fraction DT,
cm2ysDLPC DPPC Cholesterol

1 0 0 3 3 1028

0.80 0.20 0 4 3 1028

0.60 0.40 0 5 3 1028y2 3 10210

0.20 0.80 0 5 3 1028y2 3 10210

1 0 0 3 3 1028

0.85 0 0.15 2 3 1028

0.70 0 0.30 1 3 1028

0.55 0 0.45 6 3 1029

0.40 0 0.60 3 3 1029

0.50 0.50 0 5 3 1028y2 3 10210

0.475 0.475 0.05 7 3 1029

0.45 0.45 0.10 3 3 1029

0.425 0.425 0.15 3 3 1029

0.40 0 0.60 3 3 1029

0 0.40 0.60 1.5 3 1029

The relative error in determination of DT was ;20% for all
compositions. In cases of two-phase coexistence, values of DT char-
acteristic of each phase are given (if they were obtained reliably and
quantitatively). Row spaces indicate separate experimental series
corresponding to the component being varied (see text).

8464 Biophysics: Korlach et al. Proc. Natl. Acad. Sci. USA 96 (1999)



At xchol 5 0 and DLPCyDPPC 5 1y0, DiI-C20 has a single DT
' 3 3 1028 cm2ys, increasing slightly to ' 4 3 1028 cm2ys at
DLPCyDPPC 5 0.80y0.20. These values are very similar to the
DT found near room temperature in other one-phase fluid
bilayers (31, 34–38). In the region of two-phase coexistence
(corresponding to Fig. 1, 2C), the correlation curve shown in
Fig. 2 reveals two distinct components, as obtained from
averaging 10 repetitive 10-s FCS measurements on a single
location of the bilayer, as described in Materials and Methods.
We attribute the two components of DiI-C20 diffusion for the
samples of DLPCyDPPC 5 0.60y0.40 to the coexisting fluid
phase at composition DLPCyDPPC ' 0.7y0.3, where DT '
5 3 1028 cm2ys and the expected spatially ordered phase at
DLPCyDPPC ' 0.15y0.85, where DT ' 2 3 10210 cm2ys.
Although we were unable to obtain GUVs in the pure DPPC
ordered phase, we could prepare GUVs at DLPCyDPPC 5
0.20y0.80, which is near the solidus boundary. Here again, DT
' 2 3 10210 cm2ys. This value of DT in an ordered lipid bilayer
near room temperature is similar to that found in comparable
systems (34, 35, 39). In accord with the image for this sample
clearly showing some fluid phase (Fig. 1, 2E), a fraction of
fast-diffusing component (14%, DT ' 5 3 1028 cm2ys) was
required to fit the autocorrelation curve. Although there is an
uncertainty in the precise amount of fluid phase, FCS is
sufficiently sensitive for the detection of even small amounts

(;15%) of a coexisting phase that is sampled by the illumi-
nated area.

GUVs were also examined in another binary region of
composition, where DLPCycholesterol was varied, keeping
xDPPC 5 0. These GUVs showed no phase separation by
confocal microscopy (images not shown; their appearance was
similar to that of the vesicles shown in Fig. 1, 2A and 2B). FCS
measurements revealed monophasic autocorrelation curve
shapes (Fig. 3A), together with a gradual decrease in diffusion
coefficients from 3 3 1028 cm2ys at xchol 5 0, to 3 3 1029 cm2ys
at xchol 5 60 mol % (Fig. 3B). Thus, there is a decrease of the
DT values with increasing cholesterol concentration, as was
determined previously from measurements on phospholipidy
cholesterol mixtures above the melting transition temperature
of the phosphatidylcholine (31, 34).

Another interesting composition regime is that of variable
xchol, keeping the ratio of DLPCyDPPC constant at 0.50y0.50,
which corresponds to the fluorescence images of the GUVs
shown in Fig. 1, 3. The FCS measurements on these samples
(Fig. 4) show both fast (DT ' 5 3 1028 cm2ys) and slow (DT
' 2 3 10210 cm2ys) diffusion components at xchol 5 0. At 5 mol
% cholesterol (green curve), the fast component slows to DT
' 7 3 1029 cm2ys, reflecting the increased cholesterol and
DPPC content of the fluid phase. For samples containing 10
mol % cholesterol (blue curve), the fast component slows even
further, to DT ' 3 3 1029 cm2ys, corresponding to a further
increase in cholesterol and DPPC content in the fluid phase.
Above 10 mol % cholesterol, in the composition regime in
which no phase separations were resolved by confocal micros-
copy, the FCS correlation curves were fitted well with a single
value of DT ' 3 3 1029 cm2ys. In GUVs with xchol $ 5 mol %,
no slower diffusion component could be fitted quantitatively
from the autocorrelation curves because the fraction of low
mobility phase is small. From visual inspection of the corre-
lation curve, however, it is clear that FCS detects small
deviations from conventional single phase behavior (23).

Finally, we can compare diffusion coefficients at the very
high cholesterol content of xchol 5 60 mol % as a function of
DLPCyDPPC (see Table 1). At the extremes, in DLPCy
DPPC 5 1y0, DT ' 3 3 1029 cm2ys; in DLPCyDPPC 5 0y1,
DT ' 1.5 3 1029 cm2ys. This small range is consistent with a
single phase of somewhat varying properties for probe diffu-
sion over the entire range of DLPCyDPPC.

DISCUSSION
Confocal f luorescence microscopy has enabled the direct
observation and analysis of phase domains in GUVs. Phases

FIG. 3. The binary lipid mixture DLPCycholesterol exhibits a
continuous change in diffusion coefficient. (A) Autocorrelation curves
at increasing cholesterol concentration are shown (from left to right)
for the compositions of DLPC with 0, 15, 30, 45, and 60 mol %
cholesterol. Each autocorrelation curve represents the average of five
separate vesicles measured. (B) Average diffusion coefficients deter-
mined from the autocorrelation curves in A. The error bars correspond
to the entire range of diffusion coefficients obtained from the indi-
vidual FCS measurements.

FIG. 4. FCS autocorrelation curves corresponding to the choles-
terol compositions shown in Fig. 3, at constant DLPCyDPPC 5
0.50y0.50. Cholesterol concentrations: red indicates 0, green indicates
5, blue indicates 10, and black indicates 15 mol %. For explanation, see
text.

Biophysics: Korlach et al. Proc. Natl. Acad. Sci. USA 96 (1999) 8465



can be identified as ordered or fluid, based on the known
partition behavior of appropriate fluorescent probes. Three-
dimensional image projections of the confocal images reveal
the morphology of coexisting ordered and fluid phase domains
in GUVs with full two-dimensional resolution, thus enabling
more systematic analysis of structural details as a function of
composition and temperature. Furthermore, it is possible with
this method to demonstrate directly whether ordered phase
domains are exactly superimposed in apposing monolayers.
For the two-phase regions of the lipid mixtures studied here,
this was observed to be the case.

For the binary phospholipid mixture of DLPCyDPPC, a
striking anisotropy of the spatially ordered phase was found in
the form of very long, straight bands, with long phase bound-
aries sometimes extending to more than one-half the circum-
ference of a GUV. Without attempting a detailed molecular
explanation, it is clear that this topology implies an anisotropy
in the molecular arrangement of the spatially ordered phase
and thus in its boundary, as was previously found, e.g., in liquid
crystals for the anisotropic Pb9 phase of dimyristoyl phosphati-
dylcholine (21). Anisotropy is furthermore manifested by the
branching of these bands that is observed to occur with
well-defined angles, usually not smaller than approximately
60°. The addition of cholesterol to this binary mixture induces
an increased number of branch points, and a concomitant
decrease of the widths of the bands. The increase of the fluid
fractional area with cholesterol on these GUVs implies that
cholesterol mediates solubilization of DPPC into the fluid
phase until the entire surface is occupied by a fluid phase of
high cholesterol content. As was determined by FCS analysis,
this is accompanied by a decrease in the diffusion coefficient
in the fluid phase.

FCS thus serves as a tool to further characterize molecular
mobility in the phases systematically, with DT depending
primarily on the type of phase, and secondarily on the exact
phospholipid and cholesterol composition of that phase, as
demonstrated in Fig. 3. In contrast to fluorescence photo-
bleaching recovery, FCS requires only a minute concentration
of fluorescent probe (;1026 mole fraction), therefore mini-
mally disturbing the lipid mixture under investigation. With its
large dynamic range, FCS is shown to be sensitive to deviations
of single-phase behavior and can yield diffusion coefficients
for both phases if they coexist on a single specimen. Since there
is a clear correlation to the visual images, the assignment of
measured parameters becomes more reliable, strengthening
this method and enabling it to look at more complex systems,
such as biological membranes.
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