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Lipid bilayers constituting the structural backbone of biomembranes
may exist in a multitude of phase states each with different types of
order. Characterization of model membrane domains provides a
reference for domains in biomembranes formulated in the language
of soft condensed matter theory. Questions related to size and
composition of liquid-ordered membrane domains have attracted much
interest,1-3 but a possible texture in gel domains has so far not been
examined. The corrugated substructure of ripple phase domains has
been examined with AFM.4 Here we show that polarization two-photon
fluorescence microscopy (P2FM) reveals a texture of gel (g) domains
which is hidden in conventional fluorescence microscopy. The gel
domains are shown to be composed of subdomains each having
different orientations of the tilted lipid acyl chains but having the same
phase state. Image analysis of polarization scans allows the magnitude
and orientation of the tilt to be spatially resolved. We observe vortex
patterns which are centered at point disclinations in the domain core.
Textures of the same type have historically been associated with the
presence of hexatic order in Langmuir monolayers. The hexatic phase
has long-range orientation order and short-range positional order. Our
results indicate that hexatic order may persist in lipid bilayers and can
possibly rationalize the texture we observe in gel domains.

Binary mixtures of phospholipids with different acyl chain lengths
or degrees of saturation are known to phase separate into gel (g) and
liquid disordered (ld) phases.5,6 We have recently investigated domain
shapes.7 X-ray studies have shown that, in the (g) phase, the lipids
have fully stretched acyl chains that are tilted with an angle F with
respect to the unit vector n perpendicular to the bilayer plane.8 Such
domains have been observed in giant unilamellar vesicles (GUVs)1

and supported bilayers9 with a range of microscopy techniques.
We use P2FM to reveal the texture of gel domains in supported

bilayers composed of a 1:1 mixture of 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC) and labeled with the lipid probe Laurdan. Laurdan
partitions equally into the gel and fluid phases but shows a membrane-
phase-dependent emission spectral shift, useful for discriminating
between membrane phases. The electronic transition moment p of
Laurdan is aligned parallel to the acyl chains as sketched in Figure
1A.10 This means that a regional difference in lipid tilt of a gel domain
can be monitored as an intensity difference in the fluorescence image
because the two-photon fluorescence emission varies as ∝ cos4 to the
angle between the electric field of the excitation light E and p.11 By
rotating the direction of linearly polarized excitation light, we can vary
the azimuth angle � between E and p and thus also the projection of
p on the bilayer plane, the molecular director c (see Figure 1B). By
mapping the angular intensity variation, we can establish the spatial
variation of the director within single domains, i.e., the domain texture.

The presence of (ld) and (g) phases is established using the emission
spectrum of Laurdan which is sensitive to the water dipolar relaxation

processes. The emission of Laurdan is blue-shifted in the gel phase
and red-shifted in the liquid phase. Figure 2 shows typical Laurdan
fluorescence images of the domain pattern in a DOPC/DPPC (1:1)
membrane at 20 °C. Figure 2A and 2B were acquired using linearly
polarized excitation light and emitted light collected simultaneously
in the blue- and red-shifted channels, respectively. In Figure 2C these
images have been combined to the Laurdan Generalized Polarization
(LGP) image as described in detail previously.12 The LGP function,
despite its name, does not involve the polarization state of light but
only the wavelength shift of emitted light. High pixel intensity in the
LGP image corresponds to membrane regions with a solid character,
whereas low pixel values correspond to a liquid character. From Figure
2C it is clear that the probe experiences only two different environ-
ments, namely the gel phase (g) flower shaped domain and the liquid
phase (ld) surroundings. The LGP values are -0.26 ( 0.02 and 0.57
( 0.02 for the liquid and gel phase, respectively. These values are in
agreement with those reported for Giant Unilamellar Vesicles (GUVs)
composed of equivalent binary mixtures.13 The crucial observation of
Figure (2C) is that the LGP value and hence the phase state are uniform
within the gel domain region. This is in contrast to the orientation of
the probe dipole that does vary, as shown below. The integration of
P2FM and LGP allows discrimination between structural texture within
one phase and different membrane phases.

We now explore how the molecular director varies within single
gel domains. This is probed by variation of the linear polarization angle
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Figure 1. Schematic drawing of the experimental configuration. Laurdan
is indicated with a blue arrow.

Figure 2. Images of a gel domain taken using linearly polarized excitation
light and emitted light collected simultaneously in the blue- (A) and red-
shifted (B) channels. The LGP image (C) constructed from the images in
(A) and (B).
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of the incoming excitation light. We obtain an image stack constituting
a 360° rotation of the polarization direction (see movie in the
Supporting Information). Figure 3A and 3B show two images from
this stack taken with orthogonal polarizations. Based on intensity
variations within single domains, distinct subdomains can be identified.
The number of domains recorded in each experiment is typically
around 20, and the number of subdomains within each domain is a
narrow distribution centered around 6. Most of the subdomains share
a common point in the domain center. It is convenient to analyze the
angle variations in terms of the discrete Fourier transform of the pixel
intensities. We denote the intensity variation of a single pixel In

xy(n∆�)
with n being an integer. The complex valued discrete Fourier transform
of the pixel with indices x and y is

with N ) 36 in our case. Due to the nature of the angle variation,
certain Fourier components γ will dominate. Intensity variations that
follow the cos4 dependence will have a periodicity of 180° and have
the dominant component Ĩ2

xy with Ĩ4
xybeing a smaller overtone. Given

the cos4 dependence, the relative magnitude of these two Fourier
components is constant and it is sufficient to consider the principal
one Ĩ˜2

xy. The modulus |Ĩ2
xy| is a measure of the strength of the angular

response corresponding to the length of the molecular director c. The
argument 1/2 arg(Ĩ2

xy) gives the dominant orientation angle of lipids
within the pixel xy. Figure 3E (insert) shows the summed intensity
variations of two selected regions denoted region 1 and 2. The curves
show harmonic angle dependence, and the two curves are phase shifted
at an angle corresponding to the change in the orientation of the
molecular director between these subdomains. The Fourier analysis
has been performed at the single pixel level. This generates a spatial
map of the orientation and magnitude of the molecular director c (see
Figure 3C and 3D). In Figure 3C, the variation in lipid orientation
within the gel domain is color coded. The domain has a polycrystalline
texture with a spatially varying director. The director is approximately
parallel inside each of the subdomains indicated in Figure 3C
confirming that the subdomains correspond to different orientations
(�). Figure 3D shows a zoom of the indicated square region in 3C
with variations in the texture at the intersection point between the
subdomains. A characteristic vortex structure is revealed in the center
of the gel domain where the director is curled around a point
disclination. The zoom in 3D also demonstrates some variation in the
modulus |Ĩ2

xy|corresponding to a spatially varying length of the molecular
director. This implies that not only the molecular tilt direction � but
also the tilt angle F varies among the subdomains.

Liquid condensed (LC) domains can coexist with the liquid
expanded (LE) phase in Langmuir monolayers.14,15 Such domains may

contain six defect lines going radially from the center to the LC/LE
interface.16,17 The domains have been linked with hexatic order through
X-ray diffraction measurements.18 Various hexatic phases with long-
range bond orientation order and short-range positional order are
abundant in lipid monolayers, including phospholipids, corresponding
to different couplings between the bond orientation and chain tilt
degrees of freedoms.14 The observed textures and domains shapes are
also partially understood theoretically in terms of phenomenological
descriptions of these modes.19 We have shown that similar textures
and domain morphologies are possible in lipid bilayers, thus providing
some support for the notion that hexatic order can persist in bilayers.
A definitive identification of the phase state would require comple-
mentary scattering measurements which can reveal the range of
positional order (see Supporting Information for a further discussion).
The results point to a possible increased complexity of biomembranes
associated with an inhomogeneous internal structure of condensed
domains.
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Supporting Information Available: Experimental details. Discus-
sion of hexatic order and domain texture. Movie and raw image data
of figure 3. This material is available free of charge via the Internet at
http://pubs.acs.org.
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Figure 3. Sample P2FM images of gel domains (A,B) corresponding to two perpendicular angles of the electric field, as indicated by the arrows. Based on
the variations in emission intensity with respect to polarization angle, a map of the subdomains is constructed (C). The orientation of the molecular director
c has been color coded according to the insert in (C). The zoom (D) shows the central section of the domain in (C). The length of the line segments in (D)
is given by the modulus |Ĩ2

xy| of the Fourier component and is proportional to the length of the molecular director. Summed emission intensities (E, insert)
for pixels inside the squares marked 1 and 2 of (C). The modulus of the Fourier components for region 1, |Ĩγ

xy|, is shown in (E). The angle independent mode
(γ ) 0) has been truncated for clarity.
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N ∑
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