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VERIFICATION OF THE LIQUID-ORDERED STATE

Additional measurements were conducted to verify that the DPPC/32.5 mol% cholesterol
sample was in the lo phase. Measurements of speciﬁc heat capacity are sensitive to phase
transitions. In particular the pre- and main transitions of lipid membranes are easily detected
and have distinct signals [1]. Thermograms were collected using a Shimadzu DSC-60 and a
TA-60WS Thermal Analyzer. The calorimeter was calibrated using octadecane, which has
a melting temperature of 27.95◦ C. An indium (In) standard was used in the heater power
calibration, with a transition enthalpy of 28.6 J/g. Data were collected at a scan rate of
5◦ C/min and a sampling time of 1 second.

DPPC and cholesterol (at a concentration of 32.5 mol%) were co-dissolved in organic
solvent and the solvent was removed by a gentle stream of N2 followed by several hours
under vacuum. The mixture was hydrated with ultra pure water to a DPPC concentration
of 0.166 mg/µL. It was then put through 5 freeze/thaw cycles. An aluminum hermetically
sealed pan was loaded with 30 µL of the lipid/cholesterol solution. The same procedure was
followed for a pure DPPC sample. Background was determined by a scan containing only
30 µL of ultra pure water.

Heat capacity data are shown in Figure A. A pure DPPC membrane was measured as a
reference and shows signals consistent with the pre- and main transitions of DPPC bilayers,
in excellent agreement with literature values: The main transition temperature, Tm , of
DPPC was determined to be T = 314.4 K [2, 3]; the temperature of the pre-transition (Lβ ′
to the Pβ ′ ) was determined to be 303.1 K [3]. The absence of a transition in DPPC bilayers
with 32.5 mol% cholesterol is indicative that the cholesterol concentration of 32.5 mol% is
high enough to induce lo phase.

As marked in the schematic phase diagram shown in Figure 2 of the main paper, phase
separation has been speculated at cholesterol concentrations of ∼40 mol% and above.
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FIG. A. Speciﬁc heat capacity data measured upon heating and cooling. A pure DPPC bilayer
scan is included for comparison. While the DPPC sample (blue) shows signals corresponding to
the pre- and main transition observed in a variety of lipids, no transition was observed in DPPC
bilayers containing 32.5 mol% cholesterol (red).
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FIG. B. X-ray reﬂectivity for DPPC with 37.5 mol% cholesterol. Peaks due to the lamellar structure
are marked by vertical lines. Additional peaks are observed and marked by arrows, an indication
of a phase separated structure.

X-ray reﬂectivity is an excellent probe for determining resultant structures. X-ray scattering data was obtained using the Biological Large Angle Diﬀraction Experiment (BLADE) in
the Laboratory for Membrane and Protein Dynamics at McMaster University. BLADE uses
a 9 kW (45 kV, 200 mA) CuKα rotating anode at a wavelength of 1.5418 Å. Both source
and detector are mounted on movable arms, such that the membranes remain horizontal
during the measurements. Focusing multi-layer optics yield a high intensity parallel beam
with monochromatic X-ray intensities up to 1010 counts/(mm2 ×s). This beam geometry
provides optimal illumination of the solid supported membrane samples, thus maximizing
the scattering signal. A reﬂectivity scan of the 32.5 mol% sample used in this study was
taken at 20◦ C and 50% relative humidity. A number of pronounced Bragg peaks due to
the lamellar membrane structure were observed, indicative of a well organized and uniform
lamellar morphology.
A sample with a higher cholesterol concentration (37.5 mol%) was prepared for comparison. The X-ray reﬂectivity curve from this sample is shown in Figure B. Additional peaks
are observed at this cholesterol concentration, which are indicative of co-existing, phase separated structures, as was previously discussed [4]. Taking into account this data, it is safe to
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assume that the 32.5 mol% cholesterol sample is in the lo phase, as indicated on the phase
diagram (Figure 2).
The quality and structure of the 32.5 mol% cholesterol sample was also checked using
out-of-plane neutron reﬂectivity scans. Reﬂectivity was measured on N5 in-situ using the
same setup as for the in-plane measurements. This was accomplished by simply rotating
the sample by 90◦ . Figure C a) shows reﬂectivity scans measured before and after sample
b)
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FIG. C. Out-of-plane neutron reﬂectivity data measured in parallel to the in-plane data. a) A dry
and a hydrated DPPC sample with 32.5 mol% cholesterol. b) Reﬂectivity data from the hydrated
sample measured using the high and low resolution setup.

hydration. Data were collected at a temperature of 50◦ C. Seven orders of lamellar Bragg
peaks are observed for bilayers in the dry state, and a dz -spacing of dz =56.1 Å can be
determined from the symmetric and equally spaced reﬂections. After hydration, the higher
order reﬂections were found to be strongly suppressed, indicative of the onset of strong
bilayer ﬂuctuations induced by the water. A dz -spacing of dz =64.0 Å was determined.
1
Figure C b) depicts neutron reﬂectivity scans measured using the two diﬀerent setups (⃝
2 used for the in-plane investigations. While the Bragg peaks can be well resolved
and ⃝)
using the high resolution setup, peaks appear signiﬁcantly broader when using the low
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resolution setup. However, the two scans are in agreement within the diﬀerent resolutions.
The present results can be compared to a recent study by Gallová et al. who used multilamellar DPPC liposomes with 33.3 mol% cholesterol [5]. The lamellar dz -spacing and phase
transitions were investigated using X-ray diﬀraction. No main transition was observed at this
cholesterol concentration, in agreement with our calorimetric measurements. The observed
dz -spacing of 68 Å is slightly larger than the 64 Å that we observed (Figure C). However,
Gallová et al. mentioned that their dz values were slightly larger than those reported from
measurements of solid supported DPPC bilayers published in the literature.

VALIDATION OF THE STRUCTURE DETERMINED BY COMPUTER MODELLING

The result of the computer model calculations in Figure 5 of the main text can be compared to crystallographic lattice calculations. Calculations were done using the Powdercell
software package [6, 7]. Calculated positions of Bragg peaks for the two observed lattices
are given in the following Table. The diﬀraction pattern obtained by simulation is plotted
disordered matrix
[hkl]

lipid rafts

[100] [110] [200] [110] [100] [210] [220] [110] [200]

Neutron
1.36 2.28

2.65

1.46 2.22

2.67

1.30 2.25

2.60

1.26 1.51 2.32

-

-

-

Experiment
Computer
-

1.50 2.32

-

2.73 3.00

Modelling
Lattice
1.25 1.50 2.32 2.51 2.73 3.00

Calculation
TABLE A. Comparison between structures determined by experiment, simulations and lattice
calculations. The q|| -positions of the [hkl] Bragg peaks are given in Å−1 . The [hh0] reﬂections,
such as the [110] and the [220] reﬂections, are systematically extinct in the computer simulations,
as explained in the text.

in Figure D. The vertical lines mark the positions of the calculated Bragg peaks. Simulations and exact lattice calculations show excellent agreement with each other up to the
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higher order reﬂections, proving the correctness of the structure factor calculations. The
[hh0] reﬂections, such as the [110] and the [220] reﬂections, are systematically extinct in the
computer simulations. The product q|| rnm = (ha∗ + kb∗ ) · (na + mb) simpliﬁes to (n + m)a2 .
The calculated structure factor S(q|| ), therefore has a minimum for n = −m, i.e., for reﬂections with h = −k. The [110] peak was, however, observed in the experimental data shown
in Figure 3 of the main paper. While the model well reproduced the structure, i.e., the peak
positions, it failed to also reproduce the corresponding peak intensities because the form
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FIG. D. Calculated and simulated diﬀraction patterns of the monoclinic (a=b=5.52 Å, γ=130.7◦ )
structure. Data show excellent agreement between simulations and crystallographic lattice calculations.
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