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Solubility of cholesterol in lipid membranes and the
formation of immiscible cholesterol plaques at high
cholesterol concentrations†

Matthew A. Barrett,‡a Songbo Zheng,a Laura A. Toppozini,a Richard J. Alsop,a

Hannah Dies,a Aili Wang,a Nicholas Jago,a Michael Moorea

and Maikel C. Rheinstädter*ab

The molecular in-plane and out-of-plane structure of dimyristoylphosphatidylcholine (DMPC) membranes

containing up to 60 mol% of cholesterol was studied using X-ray diffraction. Up to 37.5 mol% cholesterol

could be dissolved in the membranes, resulting in a disordered lateral membrane structure. Highly ordered

cholesterol structures were observed at cholesterol concentrations of more than 40 mol% cholesterol.

These structures were characterized as immiscible cholesterol plaques, i.e., bilayers of cholesterol

molecules coexisting with the lipid bilayer. The cholesterol molecules were found to form a monoclinic

structure at 40 mol% cholesterol, which transformed into a triclinic arrangement at the highest

concentration of 60 mol%. Monoclinic and triclinic structures were found to coexist at cholesterol

concentrations between 50 and 55 mol%.
Cholesterol is an essential structural component of eukaryotic
cell membranes capable of modulating their permeability and
molecular organization. It is either obtained from foods of
animal origin, or synthesized in the endoplasmic reticulum, a
multifold membranous structure that is also capable of
producing phospholipids, including different types of
membranes.1 Higher sterols are universally present in large
amounts (20–30 mol%) in the plasma membranes of all
eukaryotic cells: cholesterol in animals, ergosterol in yeast and
fungi, phytosterols in plants, and fucosterol in algae,2 making
sterols by any comparison, the single most abundant molecule
in plasma membranes. Cholesterol is known to order uid lipid
bilayers, providing for low passive permeability and increased
mechanical strength.3,4 These effects have been demonstrated
by a large body of literature for a wide range of model
membranes.5

Cholesterol is speculated to be distributed non-randomly in
domains in biological and model membranes.6 This can result
in the formation of so-called ras, nano- to micrometer sized
transient functional domains, which are thought to take part in
membrane-associated events such as signal transduction, cell
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adhesion, signalling, cell trafficking and lipid/protein sort-
ing.7–24 Immiscible cholesterol domains were observed at high
cholesterol concentrations.25–27 These alterations in membrane
structure and organization are speculated to have signicance
in early stages of atherosclerosis, as precursor of atherosclerosis
plaques.25

The interaction between lipids and cholesterol and the
formation of cholesterol domains and their molecular structure
was studied previously. The Leiserowitz group conducted
seminal experiments to determine the lateral structure of
monolayer and bilayer lms at the air–water interface.28–33

Cholesterol domains with monoclinic and triclinic crystalline
structures were observed in these studies using X-ray diffrac-
tion. X-ray reectivity experiments in muscle cell plasma
membranes indicated the presence of an immiscible choles-
terol domain with a unit cell periodicity of 34 Å, consistent with
a cholesterol monohydrate tail-to-tail bilayer.25,26 Evidence for
immiscible cholesterol bilayer domains in phospholipid bila-
yers was presented from electron paramagnetic resonance
(EPR).27 By combining out-of-plane (reectivity) and in-plane
X-ray diffraction we investigated the formation of cholesterol
domains in model phospholipid bilayers and determined the
corresponding lateral and out-of-plane structure of the
membrane/cholesterol complexes simultaneously.

We conducted a series of high-resolution X-ray diffraction
experiments to determine the molecular structure of dimyr-
istoylphosphatidylcholine membranes containing different
amounts of cholesterol. Schematics of lipid and cholesterol
molecules and the corresponding membrane structures are
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 (a) Schematic representations of dimyristoylphosphatidylcholine (DMPC)
and cholesterol molecules. (b) Model of a membrane containing cholesterol. The
cholesterol molecules take an upright position in bilayers made of saturated lipids.
(c) Immiscible cholesterol bilayer coexisting with the membrane at high cholesterol
concentrations. (d) Schematic diagram of the X-ray scattering experiment.
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shown in Fig. 1(a), (b) and (c). Highly oriented, solid supported
multi-lamellar membrane stacks containing up to 60 mol% of
cholesterol were prepared on silicon wafers. By using highly
oriented membranes the in-plane and out-of-plane structure of
Table 1 List of all samples prepared for this study and their molecular compositio
spacings for lipid and cholesterol bilayers (dlipidz and dcholz ) are given. See text for de

Sample
DMPC
(mol%)

Cholesterol
(mol%) Unit Cell

1 100 0 Head-groups: aH ¼ 8.77 Å, bH ¼ 9.31
gH ¼ 90�

Lipid tails: aT ¼ 4.97 Å, bT ¼ 8.25 Å,
gT ¼ 94.18�

2 98 2 Lipid tails: aT ¼ 4.91 Å, gT ¼ 120�

3 97 3 Lipid tails: aT ¼ 4.91 Å, gT ¼ 120�

4 90 10 Lipid tails: aT ¼ 4.94 Å, gT ¼ 120�

5 80 20 Lipid tails: aT ¼ 5.01 Å, gT ¼ 120�

6 70 30 Lipid tails: aT ¼ 5.12 Å, gT ¼ 120�

7 65 35 Lipid tails: aT ¼ 5.18 Å, gT ¼ 120�

8 62.5 37.5 Lipid tails: aT ¼ 5.25 Å, gT ¼ 120�

9 60 40 Lipid tails: aT ¼ 4.48 Å, gT ¼ 120�

Chol monoclinic: a ¼ 10.70 Å,
b ¼ 8.60 Å, g ¼ 103.0�

10 55 45 Lipid tails: aT ¼ 4.48 Å, gT ¼ 120�

Chol monoclinic: a ¼ 10.70 Å,
b ¼ 8.60 Å, g ¼ 103.0�

11 50 50 Lipid tails: aT ¼ 4.68 Å, gT ¼ 120�

Chol monoclinic: a ¼ 10.30 Å,
b ¼ 8.50 Å, g ¼ 101.0�

Chol triclinic: a ¼ b ¼ 14.1 Å, g ¼ 95
12 45 55 Lipid tails: aT ¼ 4.73 Å, gT ¼ 120�

Chol monoclinic: a ¼ 10.50 Å,
b ¼ 8.40 Å, g ¼ 99.7�

Chol triclinic: a ¼ b ¼ 14.2 Å, g ¼ 96
13 40 60 Lipid tails: aT ¼ 4.73 Å, gT ¼ 120�

Chol triclinic: a ¼ b ¼ 12.44 Å, g ¼ 10

This journal is ª The Royal Society of Chemistry 2013
the bilayers could be determined. At low concentrations, the
addition of cholesterol led to a disordered membrane structure.
Up to 37.5 mol% cholesterol could be dissolved in the
membranes before immiscible cholesterol patches, i.e., coex-
isting lamellar cholesterol bilayers, were observed. The choles-
terol molecules in these patches were found to undergo a
structural phase transition from a monoclinic into a triclinic
bilayer phase at the highest cholesterol concentrations.
Results

Thirteen different membrane complexes of dimyr-
istoylphosphatidylcholine (DMPC) with concentrations of
cholesterol molecules from 0 mol% to 60 mol% cholesterol
were prepared for this study, as detailed in the Materials and
methods section and listed in Table 1. Fig. 2 shows 2-dimen-
sional X-ray intensity maps for selected concentrations: (a) pure
DMPC, (b) 2 mol% cholesterol, (c) 20 mol% cholesterol, (d)
37.5 mol% cholesterol, (e) 40 mol% cholesterol and (f) 50 mol%
cholesterol. As depicted in Fig. 1(d), the samples were oriented
such that the qk axis probed lateral membrane structure and the
perpendicular axis, qz, probed out-of-plane structure of the
multi-lamellar membrane complexes. Data were collected at T¼
20 �C and 50% relative humidity, in a de-hydrated membrane
state to emphasize the structural features in the X-ray scattering
experiment. Fully hydrated liquid crystalline samples are
generally assumed to best mimic physiologically relevant
n. Unit cell dimensions, area per lipid and cholesterol molecules and the lamellar
tails

Area per
lipid (Å2) dlipidz (Å)

Area per
cholesterol
(Å2) d 0

z (Å) dcholz (Å)

Å, 40.84 � 0.1 52.6 � 0.1 — — —

41.8 � 0.4 53.3 � 0.1 — — —
41.8 � 0.4 54.9 � 0.1 — — —
42.3 � 0.6 51.5 � 0.1 — — —
43.5 � 0.8 50.0 � 0.1 — — —
45.4 � 0.9 50.5 � 0.1 — — —
46.5 � 1.0 48.8 � 0.1 — — —
47.8 � 1.1 48.8 — — —
34.8 � 0.1 50.9 � 0.1 44.83 � 0.1 41.7 � 0.1 32.5 � 0.3

34.8 � 0.1 50.3 � 0.1 44.83 � 0.1 39.5 � 0.1 28.7 � 0.3

38.0 � 0.1 50.9 � 0.1 38.7 � 0.1 26.5 � 0.3
(43)

� (66)
38.8 � 0.1 50.2 � 0.1 39.9 � 0.1 29.6 � 0.3

(43.5)

� (66.8)
38.8 � 0.1 50.7 � 0.1 50.63 � 0.1 41.4 � 0.1 32.1 � 0.3

1�
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Fig. 2 Two-dimensional X-ray intensity maps of pure DMPC, 2 mol% cholesterol,
20 mol% cholesterol, 37.5 mol% cholesterol, 40 mol% cholesterol, 50 mol%
cholesterol (samples 1, 2, 5, 8, 9 and 11, as listed in Table 1). The qk axis probed
lateral membrane structure and the perpendicular axis, qz, probed out-of-plane
structure of the multi-lamellar membrane complexes. The pure DMPC sample in
(a) showed signals corresponding to the ordering of lipid head groups and lipid
tails. Addition of cholesterol resulted in a disordered lateral membrane structure.
Additional out-of-plane and in-plane features appeared at cholesterol concen-
trations above 40 mol%. This was indicative that the molecular packing in the
membrane plane changed at this concentration, as well as the topology of the
multi-lamellar assembly.

Fig. 3 Out-of-plane data for 0, 30 and 50 mol% cholesterol. Bragg peaks for
0 and 30mol% can be assigned to lamellar structures with lamellar spacings, dz of
52.6 and 50.5 Å. Additional Bragg peaks were observed at cholesterol concen-
trations of 40 mol% and higher. These reflections were indicative of a coexisting
lamellar structure with a smaller dz-spacing of 38.7 Å that was assigned to the
formation of a cholesterol bilayer coexisting with the lamellar membrane
structure.
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conditions. However, these disordered bilayers do not diffract
well (i.e. give rise to a limited number of quasi-Bragg peaks),
and as such do not lend themselves ideally to traditional crys-
tallographic analysis.

The 100% DMPC sample (Sample 1) in Fig. 2(a) showed a
number of well developed in-plane Bragg peaks along the qk-axis
related to the packing of lipid head groups and lipid tails, as
explained in detail in, e.g.34–36 The diffracted intensity has a
distinct rod-like shape, typical for a 2-dimensional system. The
out-of-plane scattering along qz showed pronounced and equally
spaced Bragg intensities due to the multi-lamellar structure of
the membranes, as explained for instance in ref. 37 and 38.

Some qualitative conclusions can be drawn from the
2-dimensional data. The pattern changed by addition of 2 mol%
cholesterol in Fig. 2(b): the in-plane scattering showed one
pronounced feature, only. The absence of Bragg peaks related to
ordering of head groups and tails points to a disordered lateral
membrane structure. Higher concentrated samples, such as
37.5 mol% in Fig. 2(d), appeared to be disordered until an
ordered pattern with additional intensities was observed at a
concentration of 40 mol% cholesterol (Fig. 2(e)). The extra
intensities were observed along both out-of-plane and in-plane
axes indicated that the molecular packing in the membrane
9344 | Soft Matter, 2013, 9, 9342–9351
plane changed at this concentration, as well as the topology of
the multi-lamellar assembly.

For a quantitative analysis of the diffracted intensity, the 2-
dimensional data were cut along the out-of-plane and in-plane
axes. As in-plane features are usually orders of magnitude
weaker than the pronounced out-of-plane reections, slices 0.03
Å�1 < qz < 0.3 Å�1 were integrated to enhance the data quality.
Out-of-plane structure and electron densities

The position of the cholesterol molecules in the bilayers was
determined from the out-of-plane scans. Data for 0, 30 and 50
mol% cholesterol are shown in Fig. 3 as examples. A series of
pronounced and well developed Bragg peaks was observed
indicative of a well ordered lamellar structure. Up to 11 Bragg
orders could be observed. The pure DMPC sample in Fig. 3
showed small additional peaks, most likely related to defects in
the lamellar structure. However, the data in Fig. 3 are presented
on a logarithmic scale such that these contributions are 3–4
orders of magnitude weaker than the lamellar peaks. The elec-
tron density, rz, was determined from Fourier transformation of
the integrated peak intensities, as explained in the Materials
andmethods section. rz of pure DMPC (Sample 1), and 30mol%
cholesterol (Sample 6) are shown in Fig. 4. The prole for pure
DMPC corresponds to a DMPC molecule in the well ordered gel
state with both chains in all-trans conguration, as has been
reported previously by the Nagle group.36,39 The electron rich
phosphorous group in the head group region can easily be
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Electron density profiles of Sample 1 (100 mol% DMPC) and Sample 6 (30
mol% cholesterol). The position of the cholesterol molecule was determined: the
hydrophilic oxygen group leads to an increase in electron density at z positions of
�18 Å. The steroid region is found 7Å < z < 16 Å and the hydrocarbon chain at 2Å
< z < 6 Å. As reported previously cholesterol took an upright position in our
saturated lipid bilayers with the hydrophilic head pointing towards the aqueous
environment. DMPC and cholesterol molecules are drawn to visualize the most
likely position and orientations.

Fig. 5 Peak order of the out-of-plane Bragg peaks, n, from the data in Fig. 3 vs.
sin(q), where q is the Bragg angle. The slope of each line shown is inversely
proportional to the distance between membranes in the stack, dz (sin(q)¼ l/(2dz)
� n). (a) Pure DMPC; (b) DMPC/30 mol% cholesterol (c) DMPC/50 mol%
cholesterol. A second, smaller dz-spacing was observed at concentrations of 40
mol% and higher indicating a coexisting lamellar structure. Values for the
different dz are given in the plots.
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identied by the peak in the electron density at �22 Å. rz

monotonically decreases towards the bilayer centre at z ¼ 0;
only CH3 groups reside in the centre with an electron density of
r(0) ¼ 0.22 e Å�3.36,40

The electron density in the central region of the lipid tails was
found to increase in the presence of cholesterol, as shown in
Fig. 4. As depicted in the gure, a cholesterol molecule can be
tted at z values of 2Å < z < 19 Å, with the hydrophilic, electron-
rich oxygen groups at a z position of �18 Å. This orientation is
compatible with the well known umbrella model41,42 and
“protects” the hydrophobic part of the cholesterol molecule from
the aqueous environment, as reported previously for cholesterol
in saturated phospholipid bilayers made of DMPC and DPPC.43,44

The umbrella model suggests12,13 that cholesterol molecules
associate strongly with ordered hydrocarbon chains (usually ones
that are fully saturated) in such a manner, that they are shielded
from contact with the aqueous environment by the lipid head
group. The electron density in Fig. 4 excluded that the cholesterol
molecules were lying at between the two leaets, as was repor-
ted recently for highly unsaturated lipid bilayers.45,46

The lamellar spacings, dz, of the membrane complexes, i.e.,
the distance between two bilayers in the membrane stack, could
be determined from the position of the Bragg peaks in the out-of-
This journal is ª The Royal Society of Chemistry 2013
plane data. Results for 0, 30 and 50 mol% cholesterol are shown
in Fig. 5. Data are presented as sin(q), the Bragg angle of the
lamellar Bragg peaks, as function of the order of the reection, n.
The lamellar spacing was determined from the slope of the lines
through the origin, as detailed in the Materials and methods
section. A dz-spacing of 52.6 Å was determined for pure DMPC.
The out-of-plane Bragg peaks for low cholesterol content (30 mol
% cholesterol is shown in Fig. 5(b)) could be assigned to a single
dz-spacing indicating a well dened lamellar structure of the
membrane/cholesterol complexes. Cholesterol concentrations up
to 37.5 mol% could be dissolved in the membranes without
disturbing the lamellar membrane structure.

Additional out-of-plane Bragg peaks were observed for
cholesterol concentrations of 40 mol% and higher. The extra
peaks were assigned to a second, smaller dz-spacing of 38.7 Å, as
shown in Fig. 5(c) for 50 mol% cholesterol. This second
dz-spacing is indicative of a cholesterol bilayer coexisting with
the lamellar membrane structure, as depicted in Fig. 6(a), as will
be discussed below. dz-spacings for membrane and cholesterol
bilayers were determined for all measured complexes (shown in
Fig. ESI-2 in the ESI†) and are listed in Table 1.
Soft Matter, 2013, 9, 9342–9351 | 9345
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Fig. 6 In-plane scattering of the 40 mol% (b), 45 mol% (c), 50 mol% (d), 55 mol
% (e) and 60 mol% (f) complexes (samples 9, 10, 11, 12 and 13), which showed
signals due to ordering of the cholesterol molecules. 2qc denotes the in-plane
Bragg angle. The hexagonal packing of the lipid tails leads to a broad correlation
peak at �20� . Additional reflections due to ordering of the cholesterol molecules
were observed. At 40 mol% the peaks were fit by a monoclinic unit cell. A triclinic
structure was observed at the highest concentration of 60 mol%. Monoclinic and
triclinic phases were found to coexist at concentrations of 50 and 55 mol%. The
cartoon in (a) depicts the molecular arrangement at 40 mol% cholesterol.

9346 | Soft Matter, 2013, 9, 9342–9351
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In-plane structure

Lateral molecular order of lipids and cholesterol molecules was
determined from the in-plane scattering patterns. As discussed
in detail in,34–36 the Bragg peaks in the pure lipid sample could
be indexed by an orthorhombic head group lattice (planar space
group p2) and a monoclinic unit cell for the lipid tails.

Only one peak was observed at 2 mol% cholesterol in Fig. 2(b).
Even at this relatively low concentration (cholesterol : lipids ¼
1 : 50) the presence of the cholesterol molecules inhibits long-
range order of the lipid head groups or tails as evidenced by the
absence of Bragg peaks belonging to head or tail unit cells. This is
most likely the result of a stochastic distribution of the choles-
terol molecules in the bilayer. The area per lipid molecule can be
determined when assuming that the lipid tails form a densely
packed structure with hexagonal symmetry (planar group p6).
The corresponding higher order hexagonal Bragg peaks have also
been reported recently by Armstrong et al.47 The lipid area can
then be determined from the position, qT, of the acyl chain
correlation peak to AL ¼ 16p2=

� ffiffiffi
3

p
qT2

�
.36,48 From the hexagonal

packing, the position of the correlation peak is related to the
distance between two acyl tails by aT ¼ 4p=

� ffiffiffi
3

p
qT
�
; the area per

lipid is calculated to AL ¼ ffiffiffi
3

p
aT2.

Complexes containing between 2 mol% and 37.5 mol%
(Samples 2–8) showed a disordered lateral membrane structure
with the lipid tail correlation peak as the only feature; 20 mol%
cholesterol and 37.5 mol% are shown as examples in Fig. 2(c)
and (d). Several correlation peaks were observed at a cholesterol
concentration of 40 mol% in Fig. 2(e). These additional peaks
were assigned to ordering of the cholesterol molecules. Because
the additional signals occurred simultaneously in the in-plane
and out-of-plane data, they were assigned to the structure of
cholesterol molecules in coexisting cholesterol bilayer patches.

In-plane diffraction patterns, as extracted from the 2-
dimensional data in Fig. 2, for 40, 45, 50, 55 and 60 mol%
cholesterol are shown in Fig. 6(b)–(f). Data are presented as
function of 2qc, the in-plane Bragg angle. The data consist of a
broad membrane component, centred at �20� and a number of
additional, narrower Bragg reections. The molecular structure
of the cholesterol molecules in the cholesterol patches could be
determined from the additional narrow peaks.

Two types of cholesterol structures were observed in oating
lipid/cholesterol lms at the air–water interface:28–30,33 a mono-
clinic 10� 7.5 Å2 motif and a triclinic, 12.4 � 12.4 Å2 motif. The
in-plane diffraction data was, therefore, tentatively t starting
from these two motifs. Fitting was done using the Powdercell
soware package.49,50 The pattern at 40 mol% cholesterol in
Fig. 6(b) was well t by a monoclinic unit cell with unit cell
parameters a¼ 10.70 Å, b¼ 8.60 Å, a¼ b¼ 90�, g¼ 103.0�. The
peaks are labeled by their Miller indices, [hkl]. A similar
diffraction pattern was observed for 45 mol% in Fig. 6(c).
Additional peaks were observed at 50 mol% cholesterol in
Fig. 6(d). The pattern was well t by a superposition of the
monoclinic motif with parameters a ¼ 10.30 Å, b ¼ 8.50 Å, a ¼
b¼ 90�, g¼ 101.0� and a triclinic structure with parameters a¼
b ¼ 14.10 Å, g ¼ 95.0� (the values for a and b could not be
determined from the data but were taken from28 to be a ¼ 91.9�
This journal is ª The Royal Society of Chemistry 2013
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and b ¼ 98.1�). A full list of monoclinic and triclinic reections
with the corresponding Miller indices and in-plane Bragg angle,
2qc are given in Table ESI-1 in the ESI.† The diffraction pattern
at 55 mol% in Fig. 6(e) was also well t by a superposition of
monoclinic and triclinic cholesterol structure, until a pure
triclinic phase was observed at the highest cholesterol concen-
tration of 60 mol% in Fig. 6(f). The corresponding monoclinic
and triclinic unit cells, as suggested in,28–30 are sketched in
Fig. 6. Unit cell parameters and areas per lipid for all complexes
are given in Table 1. Note that the monoclinic unit cell contains
two cholesterol molecules; the triclinic cell three cholesterol
molecules.
Fig. 7 Lamellar dz-spacing and area per lipid and cholesterol molecule as
determined from the out-of-plane and in-plane data (see Table 1).
Discussion
Molecular structure of the lipid/cholesterol membranes

Cholesterol was found to take an upright orientation, where its
hydroxyl group was located near the lipid–water interface in the
DMPC bilayers, as reported previously.43,44 The lamellar spac-
ings of membrane and cholesterol domain together with the
areas per lipid and cholesterol molecules could be determined
from the analysis of the out-of-plane and in-plane diffraction
data, as listed in Table 1. The corresponding data are plotted in
Fig. 7. The area per lipid molecule monotonically increased with
increasing cholesterol content from �41 to �48 Å2. The dz
spacing showed an increase between 0 mol% and 3 mol%
cholesterol. This effect was observed before by the Nagle group51

as cholesterol was found to reduce the tilt angle of the lipid
molecules at small cholesterol concentration, leading to an
increased membrane thickness. The lamellar spacing was
found to stay constant at cholesterol concentrations between 10
and 30 mol%, until a decrease was observed at 37.5 mol%
cholesterol. 37.5 mol% marked the solubility limit of choles-
terol in the multi-lamellar DMPC bilayers.

The area per lipid that was determined for the pure DMPC
sample can be compared to results published by Tristram-
Nagle, Liu, Legleiter and Nagle,39 who provided a reference for
the structure of the gel phase in DMPC membranes. The
authors nd an area per lipid of �47 Å2 in fully hydrated bila-
yers at T ¼ 10 �C. The membranes in our study were measured
at T ¼ 20 �C, however, signicantly de-hydrated to 50% RH to
enhance structural features. The equilibrated lipid area is gov-
erned by a balance of forces resulting from the headgroup and
hydrocarbon chains. In the innitely long chain length regime,
where lipid chain–chain van der Waals attractive interactions
dominate (i.e., headgroup electrostatic interactions are negli-
gible), the headgroup has a minimum area due to the steric
interactions between the interfacial glycerol–carbonyl groups.
However, the observed minimal area of �41 Å in Fig. 7 is still
larger than the optimum packing for all-trans chains of about
40 Å2,52 indicating that the overall lipid area is determined by
the headgroup steric limit.53

Additional signals corresponding to coexisting cholesterol
phases were observed at a cholesterol concentration of 40 mol%.
The lamellar spacing of this phase varied between 41.7 and 38.7 Å
for concentrations between 40 and 60 mol% cholesterol. Our
interpretation of the out-of-plane data followed the interpretation
This journal is ª The Royal Society of Chemistry 2013
by Tulenko, Chen, Mason and Mason25 and Mason, Tulenko and
Jacob.26 The second, smaller dz (d 0

z in Table 1) spacing was
indicative of a coexisting, smaller repeat distance. However, the
measured d 0

z-spacing of the coexisting cholesterol phase is not
directly equivalent to the thicknesses of the cholesterol bilayer.
Given the lipid : cholesterol ratio of about 1 : 1, where precipi-
tation was observed, the twomost likely scenarios are that a given
membrane in the stack is adjacent to (1) another membrane or
(2) a cholesterol bilayer. The larger dz-spacing can, therefore, be
assigned and agrees well with the distance between two
membranes in the stack. This dz-spacing is equivalent to the
thickness of a bilayer including the water layer that separates
neighbouring bilayers in the stack.

The smaller d 0
z-spacing involved a bilayer and an adjacent

cholesterol bilayer such that d0
z ¼

1
2
dlipid þ 1

2
dchol, which gives

dchol ¼ 2 � d 0
z � dbilayer. The corresponding values for dchol vary

between 32.5 Å and 26.5 Å and are listed in Table 1. Given the
length of a cholesterol molecule of �17 Å, these values are
compatible with a cholesterol bilayer, where the cholesterol
molecules are oriented along the perpendicular z direction, as
sketched in Fig. 6(a). The cholesterol molecules were found to
Soft Matter, 2013, 9, 9342–9351 | 9347
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organize laterally in a monoclinic unit cell at 40 mol% choles-
terol, which transitioned into a triclinic structure at the highest
measured cholesterol concentration of 60 mol%. The area per
lipid and cholesterol molecules increased between monoclinic
and triclinic phase, with the steepest change at 50 mol%
cholesterol, where a coexistence of monoclinic and triclinic
cholesterol structure was observed.

Ziblat et al. demonstrated from X-ray diffraction experiments
that cholesterol precipitated from bilayers, however, not from
monolayers.54 Yamamoto and Safran55 recently presented a
model that the tilt of the cholesterol molecules may drive phase
separation in lipid membranes. Our experiment was not directly
sensitive to a possible tilt angle of the cholesterol molecules.
However, the lamellar spacing of a cholesterol patch in Table 1
was found to be slightly smaller than the length of two choles-
terol molecules, indicative of a tilt of the molecules with respect
to the membrane normal. From the decreasing dz-spacing, the
tilt of the cholesterol molecules in the monoclinic phase
increased until the triclinic structure formed at the highest
cholesterol concentrations.

The addition of cholesterol led to an increase in the area per
lipid. We note that the addition of cholesterol to fully hydrated
lipid membranes usually leads to a signicant decrease of the
area per lipid molecule. This is the result of cholesterol's
condensation effect, i.e., suppression of uctuations and
ordering of a lipid's hydrocarbon chains.56,57 As uctuations
were already suppressed in the de-hydrated membrane
complexes in this study and the lipid acyl tails in their all-trans
conguration, the addition of cholesterol was found to increase
the area per lipid molecule as the cholesterol was most likely
lling the voids in the lipid structure thereby increasing the
distance between lipids.

Edholm and Nagle determined the area per cholesterol
molecule in lipid bilayers to be 27 Å2.58 The substitution of lipid
molecules by cholesterol molecules, which have a smaller area
per molecule, leads to the creation of free area in the bilayer. This
is observed in Fig. 7 as the area per lipid increased with
increasing cholesterol concentrations between 0 and 37.5 mol%
cholesterol. The area per cholesterol molecule in the triclinic
phase is signicantly larger than the area that the cholesterol
molecule takes in its monoclinic phase. The general trend in
Fig. 7 is that the area per cholesterol molecule increased with
increasing cholesterol concentration from 27 Å2 when the
cholesterol is dissolved in the membrane, to �45 Å2 in its
monoclinic to �50 Å2 for cholesterol in its triclinic phase. It can,
therefore, be speculated that the formation and size of the
coexisting cholesterol bilayers depends on the balance between
the area of themembrane and the area of the cholesterol bilayers.
Properties of the cholesterol patches

The size of the cholesterol patches can be estimated from the
diffraction experiments. The Scherrer equation59,60 is oen used
to determine particle sizes in diffraction experiments. The
dimension of the crystalline particle is determined by the
equation L ¼ 0.94l/(B(2q)cos(q)), with l ¼ 1.5418 Å the wave-
length of the X-rays used, B(2q) the width of the correlation peak
9348 | Soft Matter, 2013, 9, 9342–9351
in radians, and q the diffraction angle at which the peak is
observed. The X-ray setup used in this paper was optimized for
intensity at the cost of a relaxed qk resolution and was, there-
fore, not optimized for the precise determination of peak
widths. However, applying Scherrer's equation to the mono-
clinic [110] reection at 55 mol% cholesterol in Fig. 6(e) with a
resolution corrected width (FWHM) of 0.19� in 2qc and a qc-
position of �8� results in an approximate size of the cholesterol
patches of L �450 Å.

In the umbrella model,41,42 each lipid head group can “host”
two cholesterol molecules, thus shielding the mostly hydro-
phobic cholesterol molecule from the aqueous environment.
Based on this model the maximum theoretical solubility of
cholesterol in saturated lipid bilayers is determined to be 66
mol% cholesterol.41,61 In the neighbourhood of this point, crit-
ical uctuations will prevail and the correlation length
describing local dynamic domain formation can get very
large,62,63 which can lead to the formation of immiscible
domains at concentrations before the maximum solubility is
reached, as discussed in a recent review.62

The existence of transient nanometer sized lipid domains
was recently reported experimentally by Armstrong et al.47

Coherence length dependent neutron diffraction experiments
performed in uid dipalmitoylphosphatidylcholine (DPPC)/
cholesterol membranes containing 32.5 mol% cholesterol
revealed the existence of highly ordered lipid domains in
equilibrium with a disordered matrix. The lipids in these
domains were found to be in a gel-like state and to be saturated
with cholesterol molecules (66 mol%, in agreement with the
umbrella model). Dynamic cholesterol structures were also
reported by Meinhardt, Vink and Schmid64 from computer
simulations in dipalmitoylphosphatidylcholine (DPPC)/choles-
terol. These dynamic heterogeneities are most likely precursors
for the formation of the immiscible domains observed in Fig. 6.

The membrane complexes in this study were at a low
hydration to emphasize structural features in the X-ray diffrac-
tion experiments and obtain a high spatial resolution.
Dynamics, such as undulations, are highly suppressed in this
state. We can, therefore, not make a statement about a potential
role of undulations in the formation of the cholesterol domains.

The occurrence of immiscible cholesterol plaques at high
cholesterol concentrations was also checked at higher relative
humidities, closer to physiological conditions (shown in
Fig. ESI-1 in the ESI†). While the additional signals corre-
sponding to the coexisting immiscible cholesterol phase in the
40 mol% sample disappeared with increasing hydration of the
membrane complexes, signals corresponding to cholesterol
plaques were found to exist at higher cholesterol concentration
under full hydration of the membranes. It can, therefore, be
speculated that immiscible cholesterol plaques can form in
saturated lipid bilayers under physiological conditions at
cholesterol concentrations of more than 40 mol%.
Conclusion

We determined the structure of highly oriented, multi-lamellar
solid supported dimyristoylphosphatidylcholine (DMPC)
This journal is ª The Royal Society of Chemistry 2013
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membranes containing up to 60 mol% of cholesterol. The
lamellar spacing dz of the model membranes and the area per
lipid and cholesterol molecule were determined from
2-dimensional X-ray measurements. The maximum solubility of
cholesterol in saturated lipid membranes was determined to be
37.5 mol%.

We present direct experimental evidence for the formation of
immiscible cholesterol plaques at cholesterol concentrations of
more than 40 mol% cholesterol, coexisting with the lamellar
membrane structure. The cholesterol molecules were found to
form bilayers with a monoclinic structure at 40 mol% choles-
terol, which transitioned into a triclinic structure at the highest
cholesterol concentration of 60 mol%.
Materials and methods
Preparation of the highly-oriented multi-lamellar membrane
samples

Highly oriented multi-lamellar membranes were prepared on
single-side polished silicon wafers. 100 mm diameter, 300 mm
thick silicon (100) wafers were pre-cut into 2 � 2 cm2 chips. 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and choles-
terol (depicted in Fig. 1 (a)) were mixed in different ratios and
dissolved in a 1 : 1 chloroform/2,2,2-triuoroethanol (TFE)
solution at a concentration of 15 mg ml�1. The lipid solution
did not spread well on ultrasonic-cleaned wafers and de-wetted
during drying. The silicon substrates were, therefore, cleaned in
a piranha acid solution made of 98% concentrated H2SO4 and
30% concentrated H2O2 at a ratio of 3 : 1 by volume. Wafers
were placed in this solution, covered with paralm and heated
to 298 K for 30 minutes. This treatment removes all organic
contamination and leaves the substrates in a hydrophilic state.
We used silanization to cover the silicon surface through self-
assembly with organo-functional alkoxysilane molecules
(APTES). The organic part of the APTES molecules was found to
provide a perfect hydrophobic interface for the formation of the
biological tissue. The 1 : 1 mix of chloroform–TFE, which was
used to dissolve lipids and chloroform, is a non-polar solvent. In
order for the solvent to spread well and cover the whole
substrate uniformly, the silicon wafers were made hydrophobic
to match the solvent properties. A 1% (by volume) solution of
APTES and 99% ethanol was prepared. The wafers were
immersed in the APTES solution and covered with paralm,
heated to 298 K and placed on a tilting incubator (20 speed, 3
tilt) for 12 hours. The tilting incubator creates a circular ow in
the beaker to ensure an even APTES distribution and prevent
buildup on the surface of the wafers. The wafers were then
placed in a clean pyrex dish and annealed in vacuum at 388 K
for 3 hours to create a uniform coverage of the APTES molecules
on the surface.65 Each wafer was thoroughly rinsed three times
by alternating with �50 mL of ultra pure water and methanol.
The tilting incubator was heated to 313 K and the lipid solution
was placed inside to equilibrate. The wafers were rinsed in
methanol, dried with nitrogen gas and placed in the incubator.
200 mL of lipid solution was applied on each wafer, and the
wafers covered with a Petri dish to let the solvent evaporate
slowly to allow time for the membranes to form. Wafers were
This journal is ª The Royal Society of Chemistry 2013
tilted during the drying process for 30 minutes (speed 15, tilt 1)
such that the lipid solution spread evenly on the wafers. Aer
drying, the samples were placed in vacuum at 313 K for 12 hours
to remove all traces of the solvent. The bilayers were annealed
and rehydrated before use in a saturated K2SO4 solution which
provides �98% relative humidity (RH). The hydration container
was allowed to equilibrate at 293 K in an incubator. The
temperature of the incubator was then increased gradually from
293 K to 303 K over a period of �5 hours to slowly anneal the
multi-lamellar structure. This procedure results in highly
oriented multi-lamellar membrane stacks and a uniform
coverage of the silicon substrates. About 3000 highly oriented
stacked membranes with a thickness of �10 mm are produced
using this protocol. The samples were stored in a refrigerator at
5 �C and heated to 55 �C for 1 h before scanning to erase a
possible thermal history. This procedure in particular destroys
possible crystalline LC or sub-gel phases that may form during
storage at low temperatures and low hydration.66 The high
sample quality and high degree of order is necessary to deter-
mine in-plane and out-of-plane structure of the membranes and
the position of the cholesterol molecules. Table 1 lists all
samples prepared for this study.
X-ray scattering experiment

Out-of-plane and in-plane 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)
CuKa Rigaku Smartlab rotating anode at a wavelength of 1.5418
Å. Both source and detector are mounted onmovable arms such
that the membranes stay horizontal during the measurements.
Focussing multi-layer optics provides a high intensity parallel
beam with monochromatic X-ray intensities up to 1010 counts/
(s � mm2). This beam geometry provides optimal illumination
of the solid supported membrane samples to maximize the
scattering signal. All data were obtained in grazing incidence,
small and wide angle scattering geometry. A sketch of the
scattering geometry is shown in Fig. 1(c). By using highly
oriented membrane stacks, the in-plane (qk) and out-of-plane
(qz) structure of the membranes could be determined. From the
high resolution X-ray diffraction experiments we determine the
molecular structure of the membranes in two different ways: (1)
the out-of-plane membrane structure to determine the location
of the different molecules in the membrane with sub-nano-
meter resolution and (2) the lateral organization of the different
molecular components in the plane of the membrane. The
result of such an X-ray experiment is a 2-dimensional intensity
map of a large area (0.03 Å�1 < qz < 1.1 Å�1 and 0 Å�1 < qk < 3.1
Å�1) of the reciprocal space. All scans were measured at 20 �C
and 50% relative humidity. The samples were kept in a so-called
humidity chamber during the measurements. Temperature was
controlled by a water bath to better than 0.1 �C; the humidity
inside the chamber was controlled by using a saturated salt
solution of Mg(NO3)2. Structural features are more pronounced
in dry samples as uctuations, which lead to attenuation and
smearing of Bragg peaks, are strongly suppressed.
Soft Matter, 2013, 9, 9342–9351 | 9349
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Out-of-plane structure and electron densities

The out-of-plane structure of the membranes was determined
using specular reectivity, see, e.g. ref. 36–38. The electron
density, r(z), is approximated by a 1D Fourier analysis:39

rðzÞ ¼ rW þ Fð0Þ
dz

þ 2

dz

XN
n¼1

FðqnÞnn cosðqnzÞ

¼ rW þ Fð0Þ
dz

þ 2

dz

XN
n¼1

ffiffiffiffiffiffiffiffi
Inqn

p
nn cos

�
2pnz

dz

�
(1)

N is the highest order of the Bragg peaks observed in the
experiment and rW the electron density of bulk water. The
integrated peak intensities, In, are multiplied by qn to receive the
form factors, F(qn).67,68 The bilayer form factor F(qz), which is in
general a complex quantity, is real-valued in the case of centro-
symmetry. The phase problem of crystallography, therefore,
simplies to the sign problem F(qz) ¼ �|F(qz)|. And the phases,
nn, can only take the values �1. The phases nn are needed to
reconstruct the electron density prole from the scattering data
following eqn (1). When the membrane form factor F(qz) is
measured at several qz values, a continuous function, T(qz),
which is proportional to F(qz), can be tted to the data:67–70

TðqzÞ ¼
X
n

ffiffiffiffiffiffiffiffi
Inqn

p
sincðpdzqz � pnÞ: (2)

Once an analytical expression for T(qz) has been determined
from tting the experimental peak intensities, the phases nn can
be determined from T(qz).

In order to put rz on an absolute scale, the electron densities
were scaled to full the condition r(0) ¼ 0.22 e Å�3 (the electron
density of a CH3 group) in the centre of the bilayer, and r(dz/2) ¼
0.33 e Å�3 (the electron density of water, rW) outside the bilayers.

T(q) was t to the experimentally determined peak intensi-
ties using eqn (2) to determine an array of phases nn out of the
corresponding 210combinations of �1. All samples were well t
by the phase array [�111�11�11�11�1]. The integrated intensity of the
out-of-plane Bragg peaks is used to calculate the electron
density prole perpendicular to the bilayers following eqn (1).
Fig. 4 shows data of Sample 1 (pure DMPC) and Sample 6
containing 30 mol% cholesterol as an example.

The dz-spacing between two neighbouring membranes in the
stack was determined from the distance between the well devel-
oped Bragg reections (dz ¼ 2p/Dqz) along the out-of-plane axis,
qz, as shown in Fig. 3. The peaks were well t by Gaussian peak
proles. To assign the peaks to different phases, Bragg's law can
be re-written as sin(q) ¼ l/(2dz) � n. By plotting the sine of the
Bragg angles versus the order of the different Bragg reections,
sin(q(n)) vs. n, peaks which belong to the same dz-spacing fall on a
straight line through the origin, whose slope is proportional to 1/
dz. The corresponding data are shown in Fig. 5 for selected
concentrations; data for all concentrations are included in the
ESI.† Up to a peak order n of 12 was observed in the out-of-plane
data. Note that not all diffraction orders are necessarily observed
for the different dz-spacings as their scattering intensity depends
on the form factor of the bilayers and oscillates between zero and
maximum intensity as a function of qz.
9350 | Soft Matter, 2013, 9, 9342–9351
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