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ABSTRACT: The artificial phospholipid Pad-PC-Pad was analyzed in 2D
(monolayers at the air/water interface) and 3D (aqueous lipid dispersions)
systems. In the gel phase, the two leaflets of a Pad-PC-Pad bilayer interdigitate
completely, and the hydrophobic bilayer region has a thickness comparable to
the length of a single phospholipid acyl chain. This leads to a stiff membrane
with no spontaneous curvature. Forced into a vesicular structure, Pad-PC-Pad
has faceted geometry, and in its extreme form, tetrahedral vesicles were found
as predicted a decade ago. Above the main transition temperature, a
noninterdigitated Lα phase with fluid chains has been observed. The addition
of cholesterol leads to a slight decrease of the main transition temperature and
a gradual decrease in the transition enthalpy until the transition vanishes at 40
mol % cholesterol in the mixture. Additionally, cholesterol pulls the chains
apart, and a noninterdigitated gel phase is observed. In monolayers,
cholesterol has an ordering effect on liquid-expanded phases and disorders
condensed phases. The wavenumbers of the methylene stretching vibration indicate the formation of a liquid-ordered phase in
mixtures with 40 mol % cholesterol.

■ INTRODUCTION

Vesicle origami or the guided self-assembly of a soft matter
liposome may lead to materials with unprecedented properties.
However, imposing a specific form on a liposome remains a
formidable challenge. To achieve this goal, more fundamental
insight into the forces determining the local curvature in
membranes is needed.
Here, we analyze the effects of membrane interdigitation and

the deinterdigitating effect of cholesterol on monolayers and
bilayers. Moreover, the liquid-ordered phase is characterized in
unprecedented clarity.
Cholesterol is a flat molecule maximizing the hydrophobic

forces in model phospholipid membranes.1 Cholesterol hereby
acts as a fluidity buffer,2 and this leveling effect leads to a liquid-
ordered membrane phase.3 In a nonideal mixture of low- and
high-melting glycerophospholipids, cholesterol associates pref-
erentially with the high-melting, saturated lipids.4 Cholesterol
and the glycerophospholipids interact strongly but transiently5

via (i) hydrogen bonds between the hydroxy group of
cholesterol and the phospholipid phosphodiester,6 (ii) hydro-
gen bonds among the hydroxy group of cholesterol, water, and
the sn-1 carbonyl moiety of the phospholipid,7 (iii) van der
Waals hydrophobic forces between the planar cholesterol ring
system and the sn-1 chain of the phospholipid,8 and, most

importantly, (iv) van der Waals forces between the fatty acyl
chains and the cholesterol side chain.9 The interactions are
strongly dependent on the type of phospholipid headgroup and
lipid tail saturation10 and may lead to a positioning of
cholesterol in the middle of the bilayer membrane in the
presence of polyunsaturated phospholipids.11

Here, we discuss the effect of cholesterol on monolayers and
bilayers formed by artificial 1,3-diamidophospholipid Pad-PC-
Pad (structures in Figure 1). By itself, Pad-PC-Pad forms
completely interdigitated bilayer membranes, and the addition
of cholesterol should modify this rigid membrane phase,
leading to a more fluid liquid-ordered state that we can now
show clearly. This raftlike structure would then imply that the
bis-amide Pad-PC-Pad shares similarities with the monoamide
sphingomyelin or at least that the interaction of Pad-PC-Pad
with cholesterol is intermediate with respect to the interaction
of sphingomyelin with cholesterol and glycerophospholipids
with cholesterol. Overall, the presence of a liquid-ordered
membrane phase would imply that cholesterol dominates the
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interactions with other lipids and that this interaction is not
limited to natural lipids.
Pad-PC-Pad can form faceted vesicles.12,13 We give

experimental details on d-form vesicles and a triangular
vesicular structure that previously was only alluded to on a
much larger scale in a review14 and has been proposed on the
basis of computational studies.15 Together with icosahedral
catanionic vesicles16 and block copolymer cubes,17 self-
assembly vesicle origami comes of age.

■ RESULTS AND DISCUSSION
Surface Pressure/Molecular Area Isotherms. Mono-

layers at the air/water interface of a Langmuir−Pockels trough
represent a good starting point for model membrane
characterization. The surface pressure/molecular area isotherm
for pure Pad-PC-Pad lifts off from a coexisting gas analog (G)
and liquid-expanded (LE) phase. (See Figure 1 for 10 °C.)
Brewster angle microscopy measurements (Figure S1) confirm
this phase coexistence. Pad-PC-Pad exhibits a plateau at
approximately 10 mN·m−1 on water at 10 °C. This plateau
describes a first-order phase transition from an LE to a liquid-
condensed (LC) phase and is an additional coexistence region;
crystalline domains within a fluid matrix are clearly revealed
with Brewster angle microscopy (BAM).12 The plateau is
characterized by a large change in molecular area and almost no
change in lateral pressure.
Pure cholesterol remains in coexisting G and LC phases up

to an area of 40 Å2 per molecule. Domains of condensed
cholesterol are continuously growing until they cover the entire
surface. At a critical area of approximately 38 Å2/molecule, the

surface pressure lifts off into a condensed phase, which is in
agreement with previous findings.18 It has to be noted that
monolayer measurements performed under different exper-
imental conditions are difficult to compare, and other
researchers report values of about 44 Å2/molecule for
cholesterol.19,20

The mixtures of Pad-PC-Pad and cholesterol exhibit
intermediate behavior: Pad-PC-Pad with 10 mol % cholesterol
lifts off at a smaller area per molecule than pure Pad-PC-Pad,
and the phase transition pressure is also slightly higher
(11.5 mN·m−1). The plateau is more tilted, pointing to a
clearly reduced cooperativity of the transition process. For Pad-
PC-Pad with 20 mol % admixed cholesterol, a clear first-order
transition is no longer observed. Instead, there is a broad and
steeper region in the isotherm that could be an indication of a
stepwise transition. The same behavior is observed in mixed
DPPC/cholesterol monolayers.21

Adding 40 mol % cholesterol, the mixed isotherms look very
similar to those of pure cholesterol, indicating that the mixtures
have properties clearly dominated by cholesterol. The mixing of
the two lipids should be facilitated by the known preference of
cholesterol to mix ideally with phosphatidylcholines with a 14−
17 carbon chain length.22 If two lipids mix ideally in a
monolayer,23 then the excess area per molecule Aex is zero and
no cholesterol-induced condensation effect is measured.24

= − +A A x A x A( )ex Pad/Chol Pad Pad Chol Chol

with APad/Chol being the measured mean area of the molecules in
a mixed monolayer at a given surface pressure. APad and AChol
are the areas of the individual molecules (Pad-PC-Pad and
cholesterol, respectively) in single-component monolayers. xPad
and xChol are the molar fractions of the individual components.
The same would be observed if the two components are totally
immiscible. Figure 2 shows the excess areas plotted as a

function of cholesterol content extracted from molecular area/
surface pressure isotherms for isobaric contour lines. It is
evident that an area condensation is measured at all surface
pressures, indicating preferred interactions between Pad-PC-
Pad and cholesterol. The largest condensation can be found at
low surface pressures at which the lipid chains seem to be more
disorganized and more prone to be organized by the addition of
cholesterol (in perfect agreement with the infrared reflection

Figure 1. (Top) Chemical structures of 1,3-diamidophospholipid Pad-
PC-Pad (1) and cholesterol (2). (Bottom) Surface pressure/molecular
area isotherms on water at 10 °C (black, Pad-PC-Pad; blue, Pad-PC-
Pad with 10 mol % cholesterol; green, Pad-PC-Pad with 20 mol %
cholesterol; orange, Pad-PC-Pad with 40 mol % cholesterol; pink,
cholesterol).

Figure 2. Excess molecular area found at different surface pressures at
20 °C. A value lower than zero shows the condensation effect of
cholesterol on Pad-PC-Pad.
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absorption spectroscopy data that will be discussed below).
Figure 2 shows a minimum at a Pad-PC-Pad/cholesterol molar
fraction of 2:1. A similar 2:1 complex is also found for DPPC/
cholesterol and sphingomyelins/cholesterol and has been
related to an umbrella effect of the headgroups shielding one
cholesterol from the bulk water phase.25 Interestingly, the
Brewster angle micrograph of the Pad-PC-Pad/cholesterol
molar fraction of 2:1 does not display phase separation, even at
the lowest surface pressures measured (Figure S1), again
indicating that this 2:1 complex represents an optimized
interaction between cholesterol and Pad-PC-Pad.
Infrared Reflection Absorption Spectroscopy (IRRAS).

An additional monolayer characterization method that was
applied was IRRAS: the positions of the symmetric CH2
stretching vibrational band of Pad-PC-Pad and selected
mixtures with cholesterol are plotted against the lateral pressure
in Figure 3. At low surface pressures, the wavenumber of the

symmetric CH2 stretching vibration band of pure Pad-PC-Pad
is 2854.5 cm−1 and refers to alkyl chains in the gauche
conformation (fluid-phase state). With increasing lateral
pressure, the wavenumber decreases drastically between 10
and 20 mN/m and remains at 2850.5 cm−1 in the condensed
state. This low wavenumber indicates that the alkyl chains are
in an antiperiplanar (all-trans) conformation. It is worth
mentioning that the transition plateau measured by IRRAS
seems to be broader than the one determined from the
isotherm.
Adding cholesterol immediately starts to order the fluid

membrane. At 10 mol % cholesterol, the wavenumber drops by
1 cm−1. The condensed state is almost not affected. At
40 mol % cholesterol, the LE and LC states cannot be
distinguished anymore. The wavenumber is almost independ-
ent of the pressure and has a value typical for a liquid-ordered
phase.
Differential Scanning Calorimetry. To characterize the

influence of cholesterol on the lipid packing in Pad-PC-Pad
bilayers, we formulated multilamellar vesicles (MLVs) and
performed calorimetric experiments using a differential
scanning calorimeter (DSC, see Figure 4). Pure Pad-PC-Pad
showed an asymmetric phase-transition peak, which can be

explained by a gradual dissipation of amide−amide hydrogen
bonds resulting from the presence of two hydrogen bond
acceptors and two donors in the same molecule.
With a growing percentage of admixed cholesterol, the DSC

peaks gradually broadened, hinting at a continuous loss of
cooperativity during the main phase transition.10,26 The main
transition temperature decreases linearly with increasing
cholesterol concentration, with a slow decrease until
20 mol % cholesterol and a more rapid decrease beyond this
value. This phenomenon has already been described for the
DPPC natural analog.27,26 The main phase transition was nearly
absent at and above 30 mol % cholesterol. No transition was
observed for the mixture with 40 mol % cholesterol.

SAXS and WAXS Bilayer Data. Figure S2 depicts the
small-angle X-ray scattering (SAXS) pattern of Pad-PC-Pad at
temperatures below (15 °C) and above (40 °C) the main
phase-transition temperature (Tm = 37 °C) from the gel to the
liquid-crystalline state. For the gel state, a lamellar phase can be
detected with Bragg peaks in the ratio of 1:2:3:4. The repeat
distance d has been calculated from the q values of the peaks
and is presented as a function of temperature in Figure 5 for
pure Pad-PC-Pad as well as for selected mixtures with
cholesterol. The phase transition of Pad-PC-Pad from the gel
to the liquid-crystalline phase state results in a remarkable jump
in d by about 25 Å. The liquid-crystalline phase is still lamellar,

Figure 3. Wavenumbers of the symmetric CH2 stretching vibrational
band (maximum of the Lorentzian function) on water at 10 °C. (black
■) Pad-PC-Pad, (blue ●) Pad-PC-Pad with 10 mol % cholesterol,
(green ▲) Pad-PC-Pad with 20 mol % cholesterol, and (orange ▼)
Pad-PC-Pad with 40 mol % cholesterol; dotted lines are guides for the
eyes. Angle of incidence, 40°; p-polarized IR light.

Figure 4. Differential scanning calorimetry scans of mixtures of Pad-
PC-Pad and cholesterol. Molecular ratios of the lipids and the
corresponding color coding are given.

Figure 5. Bilayer spacing d as a function of temperature. (black ■)
Pad-PC-Pad, (blue ●) Pad-PC-Pad with 10 mol % cholesterol, (green
▲) Pad-PC-Pad with 20 mol % cholesterol, (red ⧫) Pad-PC-Pad with
30 mol % cholesterol, and (orange ▼) Pad-PC-Pad with 40 mol %
cholesterol, dotted lines are for guiding the eyes only.
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but the broader SAXS peaks indicate a shorter correlation
length. Additionally, the increased scattering intensity between
the Bragg peaks might indicate the coexistence of correlated
and uncorrelated bilayers. The peak positions are listed in Table
TS1. The unusually small d value of ∼47 Å can be explained by
a membrane interdigitation below Tm.

13 The interdigitation is
promoted by the 1,3 spacing of the acyl chains in Pad-PC-Pad
compared to the tighter 1,2 spacing in natural lipids such as
DPPC. This assumption is supported by the results obtained
with 1,3-DPPC, which between 30 and 35 °C exhibits an
interdigitated gel phase (d = 47 Å) with hexagonal chain
packing.28−30 To prove the interdigitation, the electron density
profile (Figure 6) has been derived from the experimental data
using the program GAP 1.3, developed by Georg Pabst.31,32

GAP is capable of analyzing SAXS data of lamellar phases. The
model consists of three Gaussians representing the two polar
headgroup regions and the alkyl chains between the headgroups
in a bilayer. The decomposition of lamellar spacing d into
contributions from the bilayer and the interbilayer water is not
trivial because the electron density profiles, reconstructed from
the diffraction patterns, are of low resolution. Here, the bilayer
spacing is determined to be dB = 2(zH + σH) as illustrated in
Figure 6. With zH = 13.5 Å and σH = 3.5 Å, the bilayer of 34 Å
is extremely thin. Translating 2σH directly into the headgroup
thickness of 7 Å, the hydrophobic region is only 20 Å thick. For
chains in the all-antiperiplanar (all-trans) conformation, the
assumed length is 1.265 Å per CH2 and 1.54 Å for the terminal
CH3 group.33 This leads to a chain length of approximately
19.3 Å (without the amide-C function). Therefore, a complete
bilayer membrane interdigitation has to be assumed for Pad-
PC-Pad. The thickness increase of 25 Å upon membrane
melting is fully consistent with noninterdigitated C16 chains in a
fluid state and an additional incorporation of water between the
bilayers. In comparison, d values of 63.7 Å (Lβ′ at 20 °C) and
65.8 Å (Lα at 50 °C) have been determined for aqueous 1,2-
DPPC dispersions.34 In contrast, 1,3-DPPC exhibits much
smaller d values in the interdigitated gel phase but very similar d
values in the Lα phase (65 Å). The almost 10-Å-thicker bilayer
of Pad-PC-Pad in the Lα phase indicates the incorporation of a
much larger water layer between the lipid bilayers compared to
that between the glycerophospholipids.
The incorporation of cholesterol has a strong impact on the

bilayer spacing, and with increasing amounts of cholesterol, the
d value increases (Figure 5). Obviously, the interdigitation of
chains is disturbed by the presence of cholesterol. The bilayer
spacing increases slightly with increasing temperature. The
main transition is accompanied by only a marginal decrease in
d, which has the same values in the liquid-crystalline state as
pure Pad-PC-Pad bilayers. In the case of 40 mol % cholesterol,
no transition is observable, in perfect agreement with the DSC
curves. Only a slight and continuous increase in the bilayer
spacing can be seen. The reason is the additional incorporation
of water due to increased mobility at higher temperature.
The wide-angle X-ray scattering (WAXS) patterns of Pad-

PC-Pad and the mixtures with cholesterol are shown in Figures
S3 and S4 temperatures below (15 °C) and above (40 °C) the
main phase-transition temperature. One Bragg peak at ∼1.5 Å−1
is detectable at 15 °C (gel state), and at 40 °C, only a broad
halo can be found at 1.38 Å−1 for pure Pad-PC-Pad. The peak
positions in the WAXS pattern are listed in Table TS2. The
single peak in the gel state indicates the hexagonal packing of
nontilted chains. This is consistent with fully interdigitated
chains in the gel state. The corresponding cross-sectional area

per chain of 20.1 Å2 is the same as observed for 1,3-DPPC. The
molten chains, characterized by the broad halo, exhibit an
averaged cross-sectional area of 23.9 Å2.
For mixtures with cholesterol, the intensity of the Bragg

peaks in WAXS decreases with increasing cholesterol content,
and with 40 mol % cholesterol, no peaks can be determined. In
the case of 10 and 20 mol % cholesterol, three Bragg peaks have
been observed, which can be explained by an oblique unit cell
of the chains in the gel state instead of the hexagonal packing
observed for pure Pad-PC-Pad. The cross-sectional area of the
hydrophobic lipid chains in the cholesterol-containing samples
increases gradually with increasing cholesterol content to
20.7 Å2 (20 mol % cholesterol), in perfect agreement with
the results obtained in the 2D monolayers.

Cryo-Transmission Electron Micrographs. The cryo-
transmission electron micrographs show a clear effect of
cholesterol on the Pad-PC-Pad vesicle geometry (Figure 7).
The vesicles formulated from pure Pad-PC-Pad show faceted
geometry (Figure 7D). This is due to membrane leaflet

Figure 6. Electron density profile of the Pad-PC-Pad bilayer depicting
the complete interdigitation below the main transition temperature.

Figure 7. (A) Typical spherical vesicles are formed if the bilayer
membrane leaflets are independent of each other and overall positive
curvature C0 is found. (B) Pad-PC-Pad membranes show no
spontaneous curvature and are completely interdigitated. (C) A
closed Pad-PC-Pad vesicle forms only if the inner membrane leaflet is
broken. Cryo electron micrographs of extruded vesicles from pure
Pad-PC-Pad (D), Pad-PC-Pad and 10 mol % cholesterol (E), and Pad-
PC-Pad and 40 mol % cholesterol (F). The change from rigid, faceted
vesicles (D) toward highly flexible vesicles (F) is clearly visible. The
scale bars are 200 nm. The white arrow points to a triangular vesicle.
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interdigitation that leads to rigid, flat membrane faces.12,13

Standard phospholipid bilayers consist of two independent
bilayer leaflets that slide on top of each other. This flexibility is
needed for the formation of spherical vesicles. Furthermore,
geometry demands a higher number of molecules in the outer
membrane leaflet compared to the inner leaflet, leading to
positive membrane curvature C0 (Figure 7A). If, however, the
membrane leaflets are interdigitated, then the membrane
leaflets are not independent anymore and the spontaneous
curvature is zero (Figure 7B). Such a membrane can be forced
to form closed vesicles only if the inner leaflet is broken (Figure
7C). The cryo-TEM confirms the theory proposed by
Noguchi.15

The addition of 10 mol % cholesterol removes membrane
interdigitation, and the two bilayer membrane leaflets are again
independent of each other, leading to commonly observed
round vesicles (Figure 7E). Further addition of cholesterol
leads to highly flexible membranes that may even survive the
shear forces of an extrusion through 100 nm track-edged filters
(Figure 7F).
Cryo-TEM tomography pictures were recorded from a

sample of frozen Pad-PC-Pad vesicles by tilting the stage.
Figure 8 shows the geometry of the vesicles from the top and

the side (Figure 8A,B). The artist’s rendering of the vesicle
(Figure 8C) depicts a vesicle with nonspherical, nonplatonic
geometry with maximized flat facets and sharp edges.
Mechanosensitivity of the Vesicle Formulations.

Standard Pad-PC-Pad vesicles are mechanosensitive and release
an entrapped fluorescent marker upon vortex shaking.12 The
softening of the membranes caused by the addition of 10 mol %
cholesterol leads to a leakier membrane both under mechanical
stress and at rest (Figure 9). Pad-PC-Pad vesicles containing 10
mol % cholesterol release significantly more of the entrapped
dye compared to all other vesicle formulations. At higher
cholesterol concentrations, the vesicle membranes retighten
and are able to compensate for the lack of membrane
interdigitation. The special effect of low cholesterol concen-
trations on membranes has been noted before in DPPC
membranes.35,36

■ CONCLUSIONS
The interactions of artificial 1,3-diamidophospholipid Pad-PC-
Pad with cholesterol were probed using various monolayer and
bilayer techniques. Overall, the Pad-PC-Pad/cholesterol
interactions can be placed in between sphingomyelin/
cholesterol and DPPC/cholesterol interactions, and this could
make Pad-PC-Pad an interesting tool for chemical biology.
Cholesterol has a profound influence on the non-natural Pad-
PC-Pad membrane removing the membrane interdigitation and
inducing a liquid-ordered phase.

■ EXPERIMENTAL SECTION
Synthesis. The C16 1,3-diamidophospholipid Pad-PC-Pad was

synthesized as previously reported.37 Cholesterol (Sigma grade, ≥99%
purity) and chloroform (Chromasolv Plus, HPLC grade, ≥99% purity)
were purchased from Sigma-Aldrich.

Surface Pressure/Molecular Area Isotherms. Pressure/area
isotherms of monolayers were measured at the air/water interface of a
Riegler & Kierstein (Potsdam, Germany) Langmuir−Pockels trough
equipped with two moving barriers and a surface pressure micro-
balance using filter paper or a glass plate as the Wilhelmy plate.
Ultrapure water with a specific resistance of 18.2 MΩ·cm was used as a
subphase, and the temperature was controlled to a precision of ±0.1
°C as measured in the subphase itself.

Pad-PC-Pad and cholesterol were mixed in chloroform to molar
percentages of 0 to 100% cholesterol, and the solvent was removed by
low-pressure evaporation. To ensure the removal of residual water and
prevent cholesterol oxidation, lipids were dried under vacuum
overnight and stored at −20 °C under argon. The phospholipid−
cholesterol mixtures were redissolved in chloroform to a final
concentration of 550 μM. Fifty microliters were spread on the pre-
equilibrated subphase, and the monolayer was incubated for
approximately 20 min at a constant area of approximately 100 Å2/
molecule to ensure uniform lipid distribution and solvent evaporation.
The monolayer was then compressed at (1.80 ± 0.12) Å2/(molecule·
min) to a final surface pressure. All experiments were performed at
least two times from fresh solutions.

Release Experiments. Two milligrams of Pad-PC-Pad were
weighed into a 25 mL round-bottomed flask and dissolved in 1 mL of
CHCl3. The amount of cholesterol required was added at this point.
The solvent was removed under reduced pressure, and the thin film
was dried under high vacuum overnight. One milliliter of 5(6)-
carboxyfluorescein-containing buffer (10 mM HEPES buffer, 50 mM
5(6)-carboxyfluorescein dissolved in ultrapure water, pH 7.4 (NaOH),
200 mOsm (NaCl/L)) was added, and the film was hydrated for 30

Figure 8. (A) Top and (B) side views of a faceted Pad-PC-Pad vesicle.
The artist’s rendering in C depicts the special form (d form) of the
vesicle that may develop. The scale bars are 50 nm.

Figure 9. (A) Vortex shaking of vesicle suspensions of Pad-PC-Pad/
cholesterol with entrapped 5(6)-carboxyfluorescein leading to dye
release. (B) Spontaneous release of vesicle-entrapped 5(6)-carboxy-
fluorescein over a prolonged time.
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min. Afterward, five freeze/thaw cycles were preformed using liquid
nitrogen and a 65 °C water bath. The suspension was extruded 11
times using a miniextruder (Avanti Polar Lipids) and a track-etched
filter membrane (100 nm, Whatman). Size exclusion chromatography
(PD-10 desalting columns, GE Healthcare) was used to exchange the
outer buffer (using 10 mM HEPES dissolved in ultrapure water, pH
7.4 (NaOH), 200 mOsm (NaCl/L)). The purified suspension was
diluted to 100 mL with additional outer buffer. Six 2 mL aliquots were
used to fill 5 mL vials with PE caps and vortex mixed for different
periods of time (0, 5, 10, 20, 30, 60 s) at 2500 rpm. The release of the
5(6)-carboxyfluorescein was quantified using a fluorimeter (HIDEY
Sense Microplate Reader) at 485 nm (excitation) and 535 nm
(emission). As a control for maximum dye release (F100), 2 vol % of a
10 vol % Triton-X100 solution in ultrapure water was added to an
additional sample. The release at time x was calculated with the
formula [Fx − F0]/[F100 − F0], with F0 being the value at time 0.
Differential Scanning Calorimetry. Differential scanning calo-

rimetry experiments of cholesterol-enriched Pad-PC-Pad multilamellar
liposomes were performed using a Nano DSC (TA Instruments). The
phospholipid concentration was kept constant (1 mg/mL). Pad-PC-
Pad and cholesterol were mixed to molar percentages of 0 to 30%
cholesterol in 25 mL round-bottomed flasks, and the solvent was
removed by low-pressure evaporation. To ensure the removal of
residual water and prevent cholesterol oxidation, the lipid films were
dried under vacuum overnight. The liposomes were formulated in
>18.2 MΩ·cm Milli-Q water following a previously described
method.15 No extrusion steps were used in order to avoid lipid/
cholesterol ratio changes through the loss of material on filters. The
lipid concentration in the DSC suspensions was determined using a
microwave-based phosphate assay.16 Samples were degassed for at
least 30 min prior to DSC scans using a TA degassing station. Scans
were run at 0.5 °C/min from 5 to 60 °C. All experiments were
performed at least two times from scratch in order to ensure
reproducibility. Four heating/cooling runs were made for each
experiment, and the data from the second heating run were taken as
the results.
Brewster Angle Microscopy. Brewster angle micrographs were

recorded with a commercially available Multiskop (Optrel, Germany)
equipped with a Langmuir trough from R & K constructed identically
to the one described above. Great care was taken that the investigated
films were prepared under the same experimental conditions as for the
monolayers that have already been discussed in this article.
Parallel polarized laser light with respect to the plane of incidence of

a wavelength of λ = 632.8 nm is reflected on the water surface under
the Brewster angle of water (53.1°). The polarizer and analyzer were
set to 0° to suppress reflected light from a pure water surface. The
reflected beam, which maps the inhomogeneities of the Langmuir film,
is focused on a CCD camera for visualization. An objective of 10-fold
magnification (Mitutoyo) is mounted on a piezo translation stage that
moves continuously to bring consecutive stripes of the image into
focus. A streaming video sequence is recorded to construct an overall
sharp image. The lipid films were imaged at different stages of
monolayer compression.
FT-Infrared Reflection−Absorption Spectroscopy. Infrared

reflection−absorption spectra (IRRA spectra) were recorded on a
Vertex 70 FT-IR spectrometer (Bruker, Ettlingen, Germany). The
setup includes a film balance (R&K, Potsdam, Germany) located
inside an enclosed container (external air/water reflection unit XA-
511, Bruker). A sample trough with two movable barriers and a
reference trough (subphase without a monolayer) allow the fast
recording of sample and reference spectra by a shuttle technique. The
infrared beam is focused on the liquid surface by a set of mirrors. The
angle of incidence normal to the surface can be varied by moveable
arms in the range of 30−72°. A KRS-5 wire grid polarizer is used to
polarize the infrared radiation in either the parallel (p) or
perpendicular (s) direction. After reflection from the surface, the
beam is directed onto a narrow-band mercury−cadmium−telluride
(MCT) detector cooled with liquid nitrogen. Reflectance−absorbance
spectra were obtained by using −log(R/R0), with R being the
reflectance of the film-covered surface and R0 being the reflectance of

the same subphase without the film. For each single-beam spectrum,
200 scans (s-polarized light) or 400 scans (p-polarized light) were
added with a scanning velocity of 20 kHz and a resolution of 8 cm−1,
apodized using the Blackman-Harris 3-term function, and fast Fourier
transformed after one level of zero filling. For data analysis, spectra
obtained with s-polarized light with a 40° angle of incidence were used.
All spectra were corrected for atmospheric interference using the
OPUS software and baseline corrected using the spectra-subtraction
software. The spectra are not smoothed. The position of the
symmetric CH2 stretching vibration was determined with a Lorentzian
function in Origin.

Small-Angle and Wide-Angle X-ray Scattering. The SAXS and
WAXS measurements were performed at high-brilliance beamline
ID02 at the European Synchrotron Radiation Facility (Grenoble,
France). The energy of the incident beam was 12.5 keV (λ= 0.992 Å),
the beam size was about 100 μm, and the sample-to detector distance
was 1.2 m. The small -angle diffraction patterns were collected by a 4
FT-CCD detector (Rayonix MX-170HS). For SAXS, a q range from
0.006 to 0.65 Å−1 with a resolution of 3 × 10−4 Å−1 (full-width at half-
maximum) was used. WAXS data were carried out from 0.72 to 5.1
Å−1. To avoid radiation damage, each sample was measured with 10
frames with an exposure time of 0.05 s per frame. For data analysis, the
average of all 10 frames was used. The collected 2D powder diffraction
spectra were treated with BH plots (Macro in MathLab) and Origin.
These data were then corrected for the empty sample holder and bulk
solution. The angular calibration of the SAXS detector was performed
with silver behenate powder, and for the WAXS detector (Rayonix LX-
170HS), PBBA was used. The temperature was adjusted with a Huber
Unistat thermostatic bath (precision of 0.1 °C). Experiments have
been performed at 15 to 50 °C in 5 °C steps. The samples were sealed
in glass capillaries and well positioned in a Peltier-controlled automatic
sample changer.

Pad-PC-Pad and cholesterol were each dissolved in chloroform as
1 mM solutions. These solutions were mixed to give the desired molar
ratios. The mixtures were dried under nitrogen flow and vacuum
desiccated overnight. The following day, water was added to a final
concentration of 20 wt % lipid−cholesterol in 80 wt % water. The
dispersions were heated to 50 °C (above Tm = 37 °C) and shaken to
ensure proper mixing. Then, the samples were sealed in 1.5 mm glass
capillaries with a wall thickness of 1/100 mm (Mark Röhrchen für
röntgenographische Aufnahmen, Müller, Berlin, Germany) and stored
for 1 week in a refrigerator (4 °C) and 1 week at room temperature.

Cryo-Transmission Electron Microscopy. Cryo-TEM was
carried out for LUVET100 using a JEM2200FS TEM (JEOL, Japan)
at the Electron Microscopy Facility, PSI. The suspension was mounted
on glow-discharged holey carbon grids, quickly frozen by a Cryoplunge
3 system (Gatan, USA), and transferred to a JEM2200FS transmission
electron microscope (JEOL, Japan) using a Gatan 626 cryo-holder.
Cryo-electron micrographs were recorded at an acceleration voltage of
200 kV, at 20 000× magnification with 4−8 μm underfocus and a dose
of 10 electrons/Å2 using an F416 CMOS detector (TVIPS, Germany).
Tomographic data sets were acquired from −65 to 65° with a 30
electrons/Å2 dose using SerialEM software38 and reconstructed using
IMOD software.39 The reconstituted structure was presented as a
surface-rendered model using UCSF Chimera.40
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