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H I G H L I G H T S

• Low cholesterol content causes strong
pressure-induced expansion of DMPC
multi-layers

• At high cholesterol concentrations, the
membrane structure remains largely
stable

• The structure of single solid-supported
bilayers is largely unaffected by pres-
sure

• High cholesterol content stabilizes
solid-supported multilayers in an
aqueous phase

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
DMPC/cholesterol membranes
High hydrostatic pressure
Solid-supported multilayers
Multi-lamellar vesicles
X-ray reflectometry
Small angle X-ray scattering

A B S T R A C T

In this work, the effect of cholesterol on the pressure response of solid-supported phospholipid multilayers is
analyzed. It is shown that DMPC multilayers become highly pressure-responsive by the incorporation of low
amounts of cholesterol, resulting in a strong pressure-induced expansion of the bilayer spacing. This is ac-
companied by a high tendency of the multilayer system to detach from the substrate. Increasing the cholesterol
concentration reduces the pressure-induced expansion and the membrane structure remains largely unchanged
upon pressurization, consequently the stability of the multilayers improves. For a determination of the influence
of the substrate, the pressure-dependent behavior of multilayers is compared to that of solid-supported bilayers
and multi-lamellar vesicles in bulk solution. While single-supported bilayers remain largely unaffected by ex-
ternal pressure independent of their cholesterol content, multi-lamellar vesicles and multilayers behave simi-
larly.

1. Introduction

Lipid bilayers constitute the basic structure of cell membranes and
control the information and mass transfer between the intracellular and
extracellular region [1,2]. Their structural properties are decisive for
the ability of the cell to fulfil its biological functions. The structural
properties of lipid bilayers vary depending on external conditions and
they undergo pressure- and temperature-induced phase transitions.
Typically, the high flexibility that is provided by the fluid Lα phase is

essential for their biological functionalities [3,4]. However, below a
certain temperature or above a certain pressure, the main phase tran-
sition from fluid into a gel-like state occurs. Nevertheless, some or-
ganisms survive at surprisingly harsh conditions like in the Mariana
trench at low temperatures and pressures of more than 1 kbar [5,6]. In
order to understand how living cells can withstand these conditions, it
is necessary to study their composition and the interaction between
different components of cell membranes. A constituent of particular
interest in this context is cholesterol, which occurs in cell membranes
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typically in concentrations of 4 to 50mol%. Due to its rigid sterol rings,
it affects the mobility and order of the surrounding lipids. While cho-
lesterol reduces the mobility of lipids in the fluid phase, it hinders the
crystallization of the tails groups in gel-like phases [7]. Previous studies
have shown that the incorporation of cholesterol into lipid membranes
leads to a broadening of the phase transition regime. Above a certain
cholesterol concentration, the fluid and gel-like phase cannot be dis-
tinguished anymore [4,8–10]. This state is referred to as liquid-ordered
Lo phase and shares properties of fluid and gel-like phases [11]. It is
characterized by low positional order and fast diffusion, but high con-
formational and orientational order.

The phase behavior of bulk phospholipid systems has already been
investigated in detail, e.g., DPPC (1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine) [4,12] or DMPC (1,2-dimyristoylsn-glycero-3-phos-
phocholine) [13–15] vesicles. Besides the fluid Lα phase, DMPC forms
several gel-like phases, like the rippled Pβ′ phase [16] or the lamellar Lβ′
phase. Furthermore, an interdigitated phase Lβi [17] and the so-called
GEL-III phase [18], in which the hydrocarbon tails are completely
stretched and not tilted or interdigitated, have been observed at high
pressure. DMPC bilayers containing cholesterol have been studied in
experiments [19,20] and simulations [21]. Beneath the liquid ordered
Lo phase, mentioned above, the crystalline non-tilted Lc phase has been
found at low temperatures. For high cholesterol contents, a separation
of the molecules in pure cholesterol and DMPC clusters occurred.
However, most of the studies involving cholesterol examine bilayers at
ambient pressure. There are only a few high hydrostatic pressure stu-
dies available, typically focusing on the effect of cholesterol on the
pressure-dependent main phase transition [4,22].

In the past, much effort has been made to find and improve model
membranes that can be prepared on solid surfaces. Solid-supported
lipid bilayers can be used to study basic membrane processes, since
multiple surface-sensitive methods are available, and they also have
biotechnical applications [23–28]. A major challenge is to minimize the
influence of the substrate on the structure of model membranes, while
still maintaining stability in an aqueous environment. A simple way to
reduce the influence of the substrate is the preparation of lipid multi-
layers. In previous studies, DMPC multilayers were investigated under
high humidity gas phase, e.g., to study the temperature-dependent
phase behavior or effects of adding cholesterol [29,30]. For high hy-
drostatic pressure studies up to several kbar, multilayers have to be
fully immersed in water. Investigations on the behavior of DMPC
multilayers at the solid-liquid interface show that they are highly un-
stable at ambient pressure, especially when they are heated above the
main phase transition temperature [24,31]. Nevertheless, using DMPC
multilayers, we observed that in the Lα phase regime, the abrasive effect
of water can be reduced by increasing the pressure to the main phase
transition boundary [32].

In this work, the pressure-dependent structural properties of solid-
supported DMPC multilayers containing cholesterol was studied in a
pressure range from 50 bar to 5 kbar by X-ray reflectometry (XRR) at a
constant temperature of 293 K. At this temperature, DMPC adopts the
Pβ′ phase at low pressures. Phase transitions have been observed at
0.4 kbar from Pβ′ to Lβ′ and at 3 kbar from Lβ′ to GEL-III both in optical
transmittance measurements [18]. In a small angle X-ray scattering
(SAXS) study performed at a slightly higher temperature (21 °C), the Pβ′
to Lβ′ transition occurred at 2.4 kbar and no indications of a further
transition were found up to 3.8 kbar. We applied cholesterol con-
centrations of 0 to 23wt%. At ambient pressure, a transition from the
Pβ′ into the Lo phase is expected at approximately 12wt% cholesterol
[20,21]. We deposited 10 to 15 bilayers on hydrophilic silicon wafers,
which were then transferred into aqueous solution. For a determination
of the influence of the substrate in this model system, the pressure-
dependent behavior of multilayers was compared to solid-supported
bilayers and multi-lamellar vesicles in bulk solution. The structure of
the latter was examined with SAXS.

We found that low cholesterol concentrations cause a strong vertical

expansion of solid-supported DMPC multilayers under pressurization,
triggering a detachment of the layers from the substrate surface. At high
concentrations, cholesterol suppresses structural changes induced by
external pressure to a large extent and promotes stability. The structural
changes that occurred in solid-supported multilayers at pressurization
were very similar to those in multi-lamellar vesicles. In contrast, single-
supported bilayers remained largely unaffected in the entire considered
pressure range.

2. Samples and methods

2.1. Sample preparation

For the preparation of solid-supported multilayers, we followed the
procedure described by Nowak et al. [32]. DMPC, cholesterol and 2-
propanol were purchased from Sigma-Aldrich (Munich, Germany) and
were used without further purification. DMPC was dissolved in 2-pro-
panol at a concentration of 10mg/mL and cholesterol was added in
concentration of 0–23.1 wt% in relation to the total lipid mass (yielding
0–34mol%). The lipids were deposited on the hydrophilic surface of a
silicon wafer by spin-coating. Therefore, 60 μL lipid solution were pi-
petted onto a wafer (7.6× 7.6mm2), which was then rotated for 30 s at
4000 rpm. During this process, the solvent evaporates and 10–15 or-
iented bilayers remain on the surface [24]. For an examination of single
solid-supported bilayers, the upper layers of the multilayer stack were
removed by immersion in water. The wafers were mounted in a sample
cell filled with aqueous buffer solution. We used pressure-stable Bis-Tris
buffer solution with a concentration of 25mmol/L to achieve a constant
pH value of 7 also at high pressures [33].

Multi-lamellar vesicles were prepared by dissolving DMPC and
cholesterol in different ratios in chloroform. Then, the solvent was
evaporated under a gentle stream of nitrogen before it was completely
removed in a desiccator. Afterwards, Bis-Tris buffer solution at pH 7
was added. To obtain a homogeneous mixture, five freeze-thaw cycles
were conducted. The water content of all samples was 80wt%.

2.2. X-ray reflectometry

The vertical structure of the solid-supported multilayers was studied
with XRR. This method provides insight into the laterally averaged
electron density profiles ρe(z) perpendicular to the sample interface
[34]. Therefore, the reflected intensity of a monochromatic X-ray beam
with a wavelength λ is recorded as a function of the angle of incidence
αi. In this scattering geometry, the wave vector transfer q has only a
vertical component qz=4π sin (αi)/λ.

XRR experiments were performed at beamline ID31 [35] of ESRF
(Grenoble, France) with a photon energy of 70 keV (λ=0.177 Å) and
at beamline BL9 [36] of DELTA (Dortmund, Germany) with a photon
energy of 27 keV (λ= 0.459 Å). These energies ensure adequate
transmission trough the liquid bulk phase and the diamond windows of
the applied high hydrostatic pressure cell. The cell enables XRR mea-
surements at the solid-liquid interface up to a maximum pressure of
5 kbar in a controlled sample environment that is separated from the
pressure transmitting liquid by Kapton windows. A detailed description
is given by Wirkert et al. [37]. The sample temperature was controlled
by a circulating water flow and was set to 293 K for all experiments. At
this temperature, pure DMPC bilayers are in the gel-like Pβ’ regime
[18]. The addition of cholesterol leads to a transition into the liquid
ordered Lo phase [21]. The reflectivities were recorded with area de-
tectors (MAXIPIX, PILATUS 100 k) to capture the specularly reflected
and diffusely scattered radiation simultaneously. The diffusely scattered
intensity was used to determine the background. To avoid radiation
damage, the beam was blocked during motor movements and the
sample was laterally shifted after every scan.

The periodicity of the multilayers causes the occurrence of Bragg
reflections [38]. A reflection at a position qBragg of the order n
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corresponds to a multilayer spacing of =d n
q
2
Bragg

. In order to determine
qBragg, we normalized the reflectivities to the Fresnel reflectivity of an
ideally flat silicon−water interface and fitted a Gaussian distribution to
the first order Bragg reflections. The layer thickness of solid-supported
bilayers =d q

2
period

was calculated from the period of oscillation qperiod
of the corresponding reflectivity curves. Entire reflectivity curves were
fitted using the Parratt algorithm in combination with the effective
density model [39,40]. This procedure yields thickness and electron
density of all sublayers and the roughness of the interfaces between
them. We modelled the structure of a bilayer by six sublayers re-
presenting the two head and two tail groups, a water layer between the
head groups and a gap between the tail groups. This pattern was per-
iodically repeated to obtain a model of the whole multilayer. Pre-
requisite for this approach is a high lateral homogeneity of the sample.
The electron density of the surrounding water was calculated from
pressure-dependent density values available at the NIST data base [41].

2.3. Small angle X-ray scattering

The structure of multi-lamellar vesicles was determined via SAXS.
The diffraction patterns were recorded by an area detector (MAR345)
covering a q-range of 0.03 to 0.6 Å−1. The setup was calibrated with
silver behenate [42]. The measurements were conducted with a
custom-made high hydrostatic pressure cell [43], which is essentially
identical in construction to the high hydrostatic pressure XRR cell.
Pressures between 50 bar and 3.5 kbar were applied at a temperature of
293 K. The SAXS experiments were performed at beamline BL9 [44] of
DELTA (Dortmund, Germany) with a photon energy of 10 keV
(λ=1.240 Å). The spacing d was calculated from the Bragg reflection
position qBragg. To determine qBragg the two dimensional diffraction
patterns were integrated azimuthally. In the region of the first Bragg
reflection, a linear background was subtracted and a Pearson type VII
distribution [45] was fitted to the data.

3. Results and discussion

3.1. SAXS on multi-lamellar vesicles

The first order Bragg reflections of multi-lamellar vesicles with se-
lected cholesterol concentrations are shown in Fig. 1. Based on the
depicted fits, we obtained the pressure dependence of the vesicle spa-
cing d as displayed in Fig. 2. The phases were identified by comparison
with literature values [14,18,21].

Pure DMPC vesicles exhibited two coexisting phases, indicated by
two Bragg reflections. The more intense reflection is related to a spacing
of 66 Å at 50 bar and corresponds to the rippled gel phase Pβ’ [14,18].
The less intense reflection is related to a lattice constant of 58 Å, which
probably refers to the lamellar gel phase Lβ’ [14]. At pressurization, the
width of the reflections increases, indicating that the coherence length

of the multi-lamellar structure decreases. Up to 1.5 kbar, the spacing of
the Lβ’ phase slightly increases, while the Pβ’ spacing remains constant.
Beyond that pressure, the reflections strongly overlap and both phases
are barely distinguishable. A transition into the GEL-III phase which
was observed at around 3 kbar by Prasad et al. [18], can neither be
confirmed nor excluded on the basis of the data. The addition of 4.8 wt
% cholesterol suppresses the Lβ’ phase. However, we still observe two
coexisting phases. A very weak reflection occurs at a slightly higher q
value that overlaps with the main reflection. This observation can be
explained by a slight separation of a cholesterol-poor phase, which was
also observed for DPPC vesicles containing 10mol% cholesterol [46].
The corresponding spacing of 66–68 Å (not shown in Fig. 2 for clarity),
which is close to the value of pure DMPC, supports this interpretation.
The dominant phase strongly expands upon pressurization up to a lat-
tice constant of more than 72 Å at 1.75 kbar. Further pressure increase
induced a strong compression which can be assigned to a phase tran-
sition. A similar behavior was observed for 9.1 wt% cholesterol con-
centrations.

At 14 wt% cholesterol, a phase transition into the liquid-ordered
phase Lo [10,21] was observed. The transition occurred at 0.75 kbar,
indicated by an abrupt reversal of slope of d(p). The width and intensity
of the reflections barely change beyond that pressure. At higher cho-
lesterol concentrations, the system was already in the Lo phase at
50 bar. At 23.1 wt%, the SAXS patterns did not change over the entire
pressure range.

3.2. XRR on solid-supported bi- and multilayers

The first order Bragg reflections of solid-supported DMPC multi-
layers with selected cholesterol concentrations, as they appeared in the
reflectivity curves, are presented in Fig. 3. In contrast to bulk vesicles,
coexistence of phases was not found in the solid-supported multilayer
system.

Fig. 4 shows the spacing d of solid-supported multilayers at the
lowest measured pressure of 50 bar in direct comparison to multi-la-
mellar vesicles. In solid-supported multilayers and multi-lamellar ve-
sicles alike, low amounts of cholesterol increased the lattice constant by
approximately 4 Å. The addition of more cholesterol led to a reduction
of spacing slightly below the value of pure DMPC. Volume and surface
measurements showed good agreement over the entire concentration
range and the comparison provides a strong indication that the de-
position of 10–15 bilayers is sufficient to largely suppress the influence
of the substrate.

Fig. 5 shows the pressure dependence of the spacing of solid-sup-
ported multilayers (filled markers) and the thickness of solid-supported
bilayers (open markers). At low cholesterol concentrations (blue sym-
bols), the multilayers became highly pressure-responsive compared to
pure DMPC (black circles) and we observed a strong expansion of the
layer system with increasing pressure. This behavior reduced the

Fig. 1. SAXS data (colored points) and fits (black lines) of first order Bragg reflections of multi-lamellar DMPC vesicles containing different amounts of cholesterol upon
pressurization.
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stability of the multilayer stacks, since the multilayers had a high ten-
dency to detach in this concentration regime. Partial detachment of the
multilayers led to a decrease of the intensity of the Bragg reflections in
Fig. 3. Missing data points at high pressures in Fig. 5 indicate that no
Bragg reflections were observed. In this case, typically only the bottom
layer remained on the surface.

With further increase of the concentration (red symbols), the multi-
layers became less pressure-responsive and the pressure-induced ver-
tical expansion diminished. At the same time, their stability improved.
Therefore, we were able to obtain more in-depth information on the
structure of DMPC multilayers at high cholesterol concentrations by
modelling their electron density profiles. Fig. 6 shows the reflectivity
curves of DMPC multilayers with 18.4 wt% cholesterol at pressures up
to 4 kbar. The high quality of the fits proves that the assumption that
the structure of all bilayers is identical is reasonable. The corresponding
electron density profiles of a single repetition unit of the multilayers are
illustrated in Fig. 7. We observed an increase of the electron density in
all sublayers at pressurization, which was more pronounced in the tail
groups than in the head groups. The lipid bilayers were very slightly
compressed in the vertical direction. This can be seen from a small shift
of the maxima of the electron density in the head groups towards the
centre of the bilayers with increasing pressure. At the same time, the
minima in the water sublayers shift outwards, indicated by black ar-
rows. This enlargement of the water layer between the head groups
caused the spacing to increase in total, in agreement with Fig. 5 (full
brown triangles).

Comparing the pressure dependence of the multilayer spacing to
that of the thickness of single substrate-bound bilayers (Fig. 5, open

markers) reveals that direct contact to the substrate exerts strong in-
fluence on the pressure response of lipid bilayers upon pressurization.
The differences in the absolute values of bi- and multilayers of 15–20 Å

Fig. 2. Pressure dependence of the spacing d for different cholesterol concentrations. If two reflections occurred, d1 denotes the more intense and d2 the less intense
reflection. The grey lines mark the linear regions that were considered for determining the compressibilities.

Fig. 3. First order Bragg reflections of reflectivity curves (colored points) and fits (colored lines) of solid-supported DMPC multilayers containing different amounts of
cholesterol upon pressurization.

Fig. 4. Spacing of multi-lamellar vesicles and solid-supported multilayers at
50 bar. Different data points at the same concentration represent different
samples. At concentrations where two Bragg reflections were observed in the
SAXS data, only the spacing corresponding to the dominant phase is shown.
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can be attributed mainly to the water layers between adjacent head
groups that add to the multilayer spacing. Furthermore, the thickness of
substrate-bound phospholipid bilayers is reduced by a few Å compared

to bilayers without direct contact to the substrate [47]. The data in
Fig. 5 show clearly the different pressure response of substrate-bound
bilayers. The layer thickness of single solid-supported pure DMPC bi-
layers (black symbols) decreased slightly at pressurization. Once cho-
lesterol was added, d remained essentially constant throughout the
entire pressure range. This behavior indicates that structural changes
due to external pressure are mostly suppressed in close proximity to the
substrate.

For a quantitative comparison of the pressure-dependent behavior
of the three examined sample systems we determined their linear
compressibilities = d

d
p

1
0 . A similar analysis of the compressibility in

other lipid systems has been performed in literature [48,49]. Therefore,
we fitted the spacing d as a function of pressure with a linear model.
The linear regions that were considered for the determination of κ are
indicated in Figs. 2 and 5. While the spacing of solid-supported mem-
branes changed linearly in the entire pressure range (as long as they
were stable), only a selected area was taken into account for multi-
lamellar vesicles: we fitted only the linear increase in the low-pressure
regime at low cholesterol concentrations. This pressure regime overlaps
with the pressure regime where no detachment of the multilayers oc-
curred. Due to the phase transition at 14 wt% cholesterol, no com-
pressibility was determined for this concentration. Fig. 8 shows that the
compressibilities of multi-lamellar vesicles and solid-supported multi-
layers exhibit a very similar concentration dependence. In both cases,
the compressibility shows large negative values at low concentrations
and approaches zero, when more cholesterol is added. In contrast, the
compressibilities of single bilayers are close to zero in the entire con-
centration range as the interaction with the substrate hinders structural
changes.

4. Conclusion

In conclusion, the behavior of DMPC membranes exposed to ex-
ternal pressures depending on their cholesterol content was analyzed by
studying multi-lamellar vesicles and solid-supported membranes. In
multi-lamellar vesicles, a transition from the Pβ’ to the Lo phase at 14 wt
% cholesterol and 0.75 kbar was observed. A strong expansion of the
spacing in the low-pressure regime and an increase of the width of the
Bragg reflections in the entire pressure range showed that pressuriza-
tion induces pronounced structural changes below 14wt% cholesterol.
In contrast, in the Lo phase, the lipid layers were highly pressure re-
sistant. Shape and positions of the reflections remained constant within

Fig. 5. Spacing of solid-supported multilayers (filled markers) and thickness of
single bilayers (open markers) as function of pressure with linear fits used for
determination of compressibilities.

Fig. 6. Reflectivity curves (colored) of DMPC multilayers containing 18.4 wt%
cholesterol and fits (black). The reflectivity curves are shifted vertically for
better visualization.

Fig. 7. Electron density profiles of one repetition unit, corresponding to the fits
shown in Fig. 6. The black arrows highlight the slight shifts of the minima and
maxima at increasing pressures.
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the experimental resolution. The reduced pressure response of choles-
terol-rich membranes translates into improved stability of solid-sup-
ported multilayers. The influence of the substrate seems to be largely
suppressed within the examined parameter range at a deposition of
10–15 bilayers. In this concentration regime of cholesterol, multilayers
and multi-lamellar vesicles showed similar compressibilities. In con-
trast, the investigation of solid-supported single bilayers has shown how
strongly the solid support affects the membranes. The pressure response
in this case was small and almost cholesterol-independent. This beha-
vior can be explained by the strong substrate – lipid interaction [27,50]
that confines the vertical flexibility of the film.

The results confirm that cholesterol-containing lipid multilayers
under full hydration are well suited for the structural investigation by
XRR. We demonstrated that cholesterol in concentrations that are ty-
pical for biological systems reduces their tendency to detach, even
under pressurization stress. This opens up the way to more detailed
studies applying reliably stable model membranes with optimized
properties in the future, e.g., on the interactions of membranes with
proteins at high pressure conditions, and might thus finally contribute
to an enhanced understanding of life in the deep sea.
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