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Abstract Inelastic neutron scattering was used to study

the effect of 5 and 40 mol% cholesterol on the lateral

nanoscale dynamics of phospholipid membranes. By

measuring the excitation spectrum at several lateral q||

values (up to q|| = 3 Å-1), complete dispersion curves

were determined of gel, fluid and liquid-ordered phase

bilayers. The inclusion of cholesterol had a distinct effect

on the collective dynamics of the bilayer’s hydrocarbon

chains; specifically, we observed a pronounced stiffening

of the membranes on the nanometer length scale in both gel

and fluid bilayers, even though they were experiencing a

higher degree of molecular disorder. Also, for the first time

we determined the nanoscale dynamics in the high-

cholesterol liquid-ordered phase of bilayers containing

cholesterol. Namely, this phase appears to be ‘‘softer’’ than

fluid bilayers, but better ordered than bilayers in the gel

phase.

Keywords Lipid membrane � Cholesterol � Lateral

membrane dynamics � Nanoscale dynamics � Liquid-
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Introduction

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 (Ridsdale et al. 2006). In

association with lipid rafts (i.e., functional domains), cho-

lesterol has also been implicated in cell signaling processes

(Simons 1997; Brown 2000; Petrie et al. 2000; Papaniko-

laou et al. 2005; Pike 2006).

Cholesterol and saturated lipid species preferentially

partition into liquid-ordered domains, away from unsatu-

rated, liquid-disordered lipid species. In particular, cho-

lesterol, because of its rigid planar structure, preferentially

interacts with sphingolipids (e.g., sphingomyelin) and their

highly ordered saturated hydrocarbon chains, but not

exclusively (Pike 2009). Moreover, cholesterol has been

shown to interact strongly with phosphatidylcholine (PC)

lipids that have saturated hydrocarbon chains (Vist 1990).
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In pure lipid bilayers, cholesterol modulates the molecular

organization of lipids, namely by disrupting the regular

packing of gel phase di-saturated PC membranes and

restricting the reorientation of these same membranes when

in the liquid-disordered phase (Vist 1990). However, at suf-

ficiently high concentrations of cholesterol (i.e.,[25 mol%),

the so-called liquid-ordered state, which is characterized by

rapid hydrocarbon chain reorientation but high conforma-

tional order, is formed over a wide range of temperatures

smearing out the traditional gel and liquid crystalline

phases (Fig. 1) (Mouritse 2010).

Although cholesterol is known to modulate the behavior

of membranes, in the recent past it has been shown that

lipid bilayers made of polyunsaturated fatty acids (PUFAs,

namely, di-20:4 PC) can cause cholesterol to sequester to

the bilayer center (i.e., laying flat with its hydroxyl group

in the middle of the bilayer) (Harroun et al. 2006, 2008), a

location that is significantly different from cholesterol’s

nominal upright orientation, where its hydroxyl group is

located near the lipid/water interface (Léonard et al. 2001).

However, the addition of just 5 mol% of dimyristoyl

phosphatidylcholine (DMPC, di-14:0 PC) to those same

PUFA bilayers causes cholesterol to revert to its nominal

upright orientation (Ku�cerka 2009). This has been

explained in terms of the ‘‘umbrella’’ model (Petrie et al.

2000; Papanikolaou et al. 2005), which suggests that cho-

lesterol molecules associate strongly with ordered hydro-

carbon 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. It seems

obvious then that, although cholesterol can modulate the

structural (e.g., chain packing) and mechanical (e.g.,

bending modulus) properties of bilayers, the bilayers

themselves can, on the other hand, also modulate choles-

terol’s behavior.

We have studied the short wavelength fluctuations in

DMPC membranes containing 5 and 40 mol% cholesterol

using inelastic neutron scattering. Complete dispersion

relations of gel, fluid and liquid-ordered membranes were

obtained by measuring the excitation at different lateral

momentum transfers. From experimentally obtained spec-

tra, we were able to extract the ‘‘softness’’ of the hydro-

carbon membrane core on the nanometer length scale, a

length scale comparable to molecular distances within the

membrane. We found that the bilayer’s hydrocarbon core

became significantly less fluid in the presence of choles-

terol. In the liquid-ordered state, however, the system not

only assumed a high degree of molecular order (associated

with the high cholesterol content), but there was a con-

comitant softening of the nanoscale elastic properties, a

feature more akin to fluid bilayers.

Materials and methods

Sample preparation

Highly oriented multi-lamellar stacks of 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC) and cholesterol were

prepared on 2-inch-diameter, 300-lm-thick, single-side

polished Si wafers. The coherent scattering of the lipid

hydrocarbon chains was enhanced by using tail deuterated

lipids, i.e., DMPC-d54. The use of protonated cholesterol

enabled the experiment to detect changes in hydrocarbon

chain structure and dynamics. A 20 mg/ml suspension of

DMPC-d54 and cholesterol dissolved in 1:1 chloroform and

2,2,2-trifluoroethanol (TFE) was prepared. Two different

samples were fabricated for this study; specifically, a sample

containing 5 mol% cholesterol and another with 40 mol%

cholesterol, a concentration found in biological membranes.

The Si wafers were cleaned by alternate 12-min sonications

in ultra-pure water and ethanol at 313 K. This process was

repeated twice. Then 1 ml of the lipid solution was deposited

on each Si wafer and allowed to dry. The wafers were kept in

a vacuum overnight to remove all traces of the solvent. The

samples were then hydrated with heavy water (D2O) and

annealed at 303 K for 24 h. Following this protocol, each

wafer contained roughly 3,000 highly oriented membranes,

totaling *10 lm in thickness.

Twenty sample-containing Si wafers were stacked with

0.6-mm aluminium spacers placed in between each wafer

to enable proper hydration of the membranes. The stack of

Fig. 1 a Schematic representations of DMPC and cholesterol mol-

ecules. In the gel phase, the lipids tails are in the all-trans

configuration. At the main transition temperature lipid hydrocarbon

tails ‘‘melt’’, resulting in fluid phase bilayers. b Schematic model of

the possible phases present in DMPC/cholesterol systems. The gel,

fluid and liquid-ordered phases are highlighted by the green, blue and

red circles, respectively
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Si wafers were kept in a temperature- and humidity-con-

trolled aluminium chamber, a so-called humidity chamber,

during the course of the experiment. Hydration of the lipid

membranes from the vapor phase was achieved by separately

adjusting the temperature of the heavy water reservoir, the

‘‘sandwich’’ stack of Si wafers and the sample chamber’s

cover. Temperature and humidity sensors were installed

close to the sample, and a water bath was used to control the

temperature of the water reservoirs. Using this setup, a

lamellar repeat spacing (dz-spacing) of 53.1 Å was achieved

for the fluid phase low cholesterol sample, which is com-

parable to the fluid phase of pure DMPC. For example, from

the published values for dz as a function of relative humidity

(RH) published for pure DMPC (Ku�cerka 2005), the

hydration of the DMPC bilayers in this experiment is esti-

mated to be *99.5% (100% RH corresponds to fully

hydrated bilayers) (Katsaras 1998).

The samples were mounted vertically in the neutron

beam such that the scattering vector (Q) could either be

placed in the plane of the membrane (q||) or perpendicular

to the membrane (qz). Out-of-plane and in-plane structure

could be measured by simply rotating the sample by 90�.

The phase diagram of phospholipid membranes con-

taining different amounts of cholesterol remains an active

field of research (Vist 1990, Almeida et al. 1992; Thewalt

and Bloom 1992; de Meyer 2009; de Meyer et al. 2010). A

schematic phase diagram of DMPC/cholesterol membranes

is shown in Fig. 2a. It has been speculated that the rela-

tively stiff cholesterol molecules align parallel to the

hydrocarbon lipid tails and suppress lipid tail fluctuations

(Róg et al. 2009), thereby affecting the membrane’s

dynamical properties. Most studies agree that three phases

are observed, depending on temperature and cholesterol

concentration: the rigid gel (ripple) Pb0 phase, the fluid La

phase and the liquid-ordered lo phase. The gel and fluid

phases are well known from single component phospho-

lipid bilayers. However, the lo phase is solely observed at

high concentrations of cholesterol. This bilayer phase is

somewhat peculiar as it appears to be well ordered (similar

to the gel phase); however, the lipids exhibit a diffusion

coefficient that is comparable to that of fluid bilayers.

At low cholesterol content the bilayers undergo a phase

transition from the gel to the fluid phase, as in pure lipid

bilayers. The temperature of this so-called main transition

Tm is slightly shifted towards higher temperatures. How-

ever, at high cholesterol concentrations (J40 mol%), the

main transition of liquid-ordered membranes was found to

be suppressed, while at intermediate cholesterol concen-

trations (i.e., between about 10–30 mol%) most studies

report a coexistence between gel and lo, or La and lo pha-

ses. The 5 mol% cholesterol sample was measured at

T = 308 K (35 �C), while all scans for the 40 mol%

sample were conducted at T = 297 K (24 �C). These

temperatures were selected based on the schematic phase

diagram in Fig. 2a. In an attempt to measure the system in

one phase, temperatures were chosen far from the specu-

lated phase boundaries. The phases at which these samples

were studied are shown in Fig. 2a. The 5 mol% sample is,

therefore, made up of fluid phase DMPC bilayers. As the

phase transition was found to be suppressed in the lo phase,

the temperature is not a critical parameter for the high

cholesterol sample.

a b

Fig. 2 a Schematic phase diagram of a DMPC cholesterol system as

reported by, e.g., Vist 1990; Almeida et al. 1992; Thewalt and Bloom

1992; de Meyer 2009; de Meyer et al. 2010. Besides the well-known

gel and fluid phase, the so-called liquid-order phase, is observed at

high cholesterol concentrations. The 5 mol% cholesterol sample is in

the La phase, while the 40 mol% sample is clearly in the lo phase, as

depicted by the ~. b A typical lateral dispersion curve observed in

lipid systems (see, e.g., Chen et al. 2001; Weiss et al. 2003; Chen

et al. 2003; Rheinstädter et al. 2004a; Tarek et al. 2001; Hub et al.

2007; Kaye et al. 2011). The q|| range around the minimum is well

described by a parabolic fit. The dispersion is linear at small q|| values

due to high-frequency sound propagation with longitudinal polariza-

tion. The high-q|| regime is also linear; however, a transverse

polarization has been previously observed
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Neutron-scattering experiment

Experiments were conducted using two different triple-

axis spectrometers (TAS) co-located at the Institut Laue-

Langevin high flux neutron reactor (Grenoble, France).

The three axis of the spectrometers refer to the axes of

rotation of the monochromator, the sample and the ana-

lyzer. The incident and final neutron energies are defined

by the Bragg reflections from pyrolytic graphite (PG)

crystals. Divergence of the neutron beam is controlled by

several neutron Soller collimators. A schematic of the

instrument configuration is shown in Fig. 3. In-plane and

out-of-plane structure and dynamics can be measured

simultaneously on a TAS by simply rotating the sample

by 90�.

Neutrons with energies up to 20 meV were measured on

the thermal TAS IN8 instrument with an energy resolution

of *1 meV. Cold neutron spectrometers are inherently

higher energy resolution instruments and enable the mea-

surement of low-energy excitations (up to *5 meV).

These measurements were conducted on the cold TAS

IN12, which has an energy resolution of *0.2 meV.

The energy and q|| resolution of a neutron triple-axis

spectrometer are determined by the incident neutron

energy, the divergence of the neutron beam and the

wavelength resolution of the monochromator and analyzer.

The incident energies, energy range, q|| range and resolu-

tion of the two spectrometers used for this study are listed

in Table 1. By combining a cold and thermal TAS, a

ð�hx; qjjÞ range of 0.4 Å-1 \ q|| \ 3 Å-1 and energies of up

to *20 meV were accessible. As a result, our experiments

were sensitive to picosecond dynamics in the plane of the

membrane, covering length scales from between 2 and

*20 Å. These distances range from less than a lipid-lipid

interaction to one encompassing almost three lipid

molecules.

Results

Neutron diffraction

Our setup permitted for the determination of the out-of-

plane and in-plane structure of 2 mol% cholesterol/mem-

brane samples. By rotating the sandwich sample by 90�, the

scattering geometry can be switched (with respect to the Si

substrates) from transmission to grazing incidence. To

study in-plane structure (q||), the scattering vector Q is

located in the plane of the membrane (i.e., transmission

geometry). In grazing incidence, Q is normal to the Si and

membrane plane (qz), enabling us to study out-of-plane

structure.

Fig. 3 Schematic representation of a triple axis spectrometer geom-

etry. a Orientation of the sample for in-plane scans such that Q is in

the plane of the membrane (q||). b Orientation of the sample for out-

of-plane scans such that Q is perpendicular to the plane of the

membrane (qz). ki and kf are the incident and final wave vectors,

respectively; c1–c4 indicate the positions of the neutron collimators

that were used to control the Q and energy resolutions

Table 1 q|| and qz and energy resolutions of the two spectrometers used in this study

Instrument Incident neutron

energy (meV)

Accessible energy

range (meV)

Energy resolution

(meV)

Accessible q||

range (Å-1)

q|| resolution

(Å-1)

IN12 4.7 0–5 0.165 0–3 0.01

IN8 14.7 0–25 1.01 0–3 0.02

Instrumental setup, including collimation, was 300–monochromator–300–sample–300–analyzer–600–detector on IN12 and ø–monochromator–

300–PG filter–sample–300–analyzer–ø–detector on IN8
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In-plane structure

The lipid acyl chain positional correlation peak is the result

of closely packed acyl chains making up the hydrophobic

core of the membrane, as shown in Fig. 4a. The Bragg

peaks from the two samples are well fit by Lorentzians.

The peak in the 40 mol% sample is more pronounced and

slightly shifted toward smaller q||-values. This implies an

enhanced order of the lipid tails at 40 mol% cholesterol.

The distance between two lipid chains increases from

4.53 Å (q|| = 1.39 Å-1) to 4.59 Å (q|| = 1.37 Å-1), as

determined from the fits to the Bragg peaks (d = 2p/q||).

The widths of the Bragg peaks also increase, albeit slightly,

from Dqjj ¼ 0:13 Å
�1

to Dqjj ¼ 0:14 Å
�1

, which indicates

a larger distribution of nearest-neighbor distances. The

presence of cholesterol molecules seems to have little

effect on hydrocarbon chain packing. The packing of lipid

acyl chains is the result of a balance between attractive and

repulsive forces resulting from tail fluctuations, i.e.,

between the free energy and entropy of the hydrocarbon

tails. Incorporation of cholesterol molecules should, in

theory, drastically increase the area per lipid. However, the

area per lipid in the presence of cholesterol is comparable

to lipid areas found in pure lipid bilayers, as cholesterol is

believed to suppress hydrocarbon chain fluctuations.

It should be noted that the curves in Fig. 4a have not

been shifted with respect to each other. The background in

the 40 mol% sample is drastically increased because of the

presence of protonated cholesterol, which contributes to the

strong incoherent background.

Out-of-plane structure

Specular reflectivity allows for the determination of bilayer

structure perpendicular to the plane of the membrane [see,

e.g., Pabst 2010; Fragneto 2007]. The intensity of the

Fig. 4 Overview of the diffraction data: the blue solid lines and data

points correspond to the 5 mol% cholesterol sample, while the green
solid lines and data points refer to the 40 mol% cholesterol sample.

a In-plane scattering (q||) used to measure the acyl chain-chain

positional correlation peak. Two spurious Bragg peaks from the

humidity chamber at *1.1 Å-1 and *1.65 Å-1 were omitted from

the scans. The solid lines are the Lorentzian fits to the experimental

data. b Out-of-plane scattering (qz) and the observation of several

Bragg peaks. The position and area of each Bragg peak was

determined through the fitting of a Gaussian, including the q-4

background. c T(qz), as determined by Eq. (4). Data points

correspond to the integrated intensities of the different out-of-plane

Bragg peaks from (b). The phases mn are determined by the sign of

T(qz) at the qz position of the corresponding Bragg reflection.

d Scattering density profile, qz, calculated using Eq. (3). The location

of the cholesterol molecules within the lipid bilayer can be deduced

by the qz of the two different mol% cholesterol membranes (5 mol%,

blue; 40 mol%, green). Lipid and cholesterol molecules are shown

schematically. The data shown were collected using the IN8 thermal

TAS
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reflected beam as a function of the perpendicular momen-

tum transfer, qz, is given by:

RðqzÞ ¼
16p2

q2
z

jq̂ðqzÞj2; ð1Þ

where q̂ðqzÞ is the one-dimensional Fourier transform of

the neutron scattering length density and is defined by:

q̂ðqzÞ ¼
Z1

�1

exp ðiqzzÞqðzÞdz: ð2Þ

Because the membranes are stacked (i.e., there is a

convolution with the lamellar structure factor), the Fourier

transform is not continuous, but discrete. The different

Fourier components are observed in the experiment as the

integrated intensities of the out-of-plane Bragg peaks. q(z)

is approximated by a 1D Fourier analysis (Tristram-Nagle

et al. 2002) as follows:

qðzÞ ¼ qW þ
Fð0Þ

dz
þ 2

dz

XN

n¼1

FðqnÞmn cosðqnzÞ

¼ qW þ
Fð0Þ

dz
þ 2

dz

XN

n¼1

ffiffiffiffiffiffiffiffi
Inqn

p
mn cos

2pnz

dz

� �
; ð3Þ

where N is the highest order Bragg peak observed experi-

mentally, and qW is the scattering length density of bulk

water. The integrated peak intensities, In, are multiplied by

qn to retrieve the form factors, F(qn) (Nagle 1989, Nagle

et al. 1996). We note that Eq. (3) is used to calculate

absolute scattering length densities if the curves are nor-

malized by using F(0) and qW. As the setup used in this

study is not optimized for quantitative reflectivity mea-

surements, we present relative rather than absolute scat-

tering length densities. By comparing the two samples,

these measurements can be used to determine the position

of molecules within the bilayers, as will be shown below.

The bilayer form factor F(qz), which is in general a

complex quantity, is real in the case of centro-symmetry. The

ubiquitous crystallographic phase problem, therefore, sim-

plifies to F(qz) = ±|F(qz)|, where the phases, mn, can only

take on values of ±1. Assigned values for mn are needed to

reconstruct the scattering length density profile from the data

following Eq. (3). 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 fit to the data (Nagle

1989; Nagle et al. 1996; King 1971; Adachi 2000):

TðqzÞ ¼
X

n

ffiffiffiffiffiffiffiffi
Inqn

p
sincðpdzqz � pnÞ: ð4Þ

Once an analytical expression for T(qz) has been

determined from fitting the various Bragg peaks, the mn

values can be determined from T(qz). The dz-spacing

between two neighboring membranes in the stack can be

determined from the positions of the Bragg reflections

(dz ¼ 2p=Dqz) along the out-of-plane axis, qz.

Figure 4b shows out-of-plane scans for the 5 and

40 mol% cholesterol samples. Up to ten distinct Bragg

peaks are observed and are used to reconstruct the scat-

tering length density. Figure 4c, d displays T(qz) and rel-

ative scattering length densities as determined using Eqs.

(4) and (3). T(qz) was fitted to the experimentally deter-

mined peak intensities using Eq. (4) to calculate an array of

mn values out of the corresponding 210 combinations,

assuming a phase of ?1 or -1. Figure 4c shows the best

fits to the data. Both samples were well fitted using the

following combination of phases: 11�11�11�11�1�1. The

resulting scattering length densities are plotted in Fig. 4d.

This type of sample preparation (chain deuterated lipids

hydrated by heavy water) accentuates the water contribu-

tion, i.e., the layer between the membranes at *24 Å. The

minima at about 20 Å correspond to the protonated lipid

head groups. The scattering length density then increases

toward the bilayer centre, i.e., z = 0. The sharp dip at the

centre of the 5 mol% cholesterol sample is the tell-tale sign

of a fluid membrane, i.e., the increasing number of kink-

defects lower the density of the lipid tails in the bilayer

centre.

At 40 mol% cholesterol, a peak at *18 Å appears, and

the density at the membrane centre experiences a further

decrease, showing a plateau, however, instead of a dip.

Lipid and cholesterol molecules can tentatively be fit to

this structure, and are schematically illustrated in Fig. 4d.

The peak at *18 Å is most likely related to the presence of

the hydrophilic head of the cholesterol molecule (Léonard

et al. 2001). Since cholesterol makes up 40 mol% of the

membrane, the density of carbon atoms in the centre of the

membrane is further reduced, as cholesterol has a single

chain compared to the two acyl chains of a lipid molecule.

It seems, however, that the presence of cholesterol sup-

presses lipid tail fluctuations, as the scattering length

density in the membrane centre remains constant. Our data

(Fig. 4) support the notion that cholesterol molecules

assume an upright orientation (Léonard et al. 2001) with

their hydrophilic head residing in the lipid head group

region. The data in Fig. 4 are in excellent agreement with

neutron diffraction results in cholesterol-containing poly-

unsaturated lipid membranes (18:0-22:6n3-PC) (Mihaile-

scu et al. 2011), where the cholesterol molecule was also

found in an upright position. This observation is also

consistent with the commonly accepted umbrella model of

cholesterol interaction with lipid bilayers (Huang 1999).

Membrane dynamics

Motions in lipid membranes range from long wavelength

undulation and bending modes, with typical relaxation
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times on the order of nanoseconds and lateral length scales

of several hundred lipid molecules (i.e., tens of nanome-

ters), to short wavelength density fluctuations in the pico-

second range and nearest-neighbor length scales

(Rheinstädter et al. 2004a, Pfeiffer et al. 1989; König et al.

1992; Pfeiffer et al. 1993; König et al. 1994, 1995; Li-

powsky and Sackmann 1995; Lindahl and Edholm 2000;

Bayerl 2000; Salditt 2000; Rheinstädter et al. 2005, 2006,

2007) Different techniques have been used to study the

different types of motions. For example, local dynamics in

lipid bilayers (i.e., individual lipid molecules), such as

vibration, rotation, libration (hindered rotation) and diffu-

sion, have been investigated by incoherent neutron scat-

tering (König et al. 1992, 1994, 1995; Pfeiffer et al. 1993;

Meinhold et al. 2007) and nuclear magnetic resonance

(NMR) (Bloom and Bayerl 1995; Nevzorov and Brown

1997) in order to determine the short wavelength transla-

tional and rotational diffusion constants. On the other hand,

collective bilayer undulations have been examined by

coherent scattering experiments using neutron spin-echo

spectrometers (Pfeiffer et al. 1993, Rheinstädter et al.

2005, Meinhold et al. 2007, Takeda et al. 1999) and

Dynamic Light Scattering (DLS) (Hirn et al. 1999; Hirn

and Bayerl 1999; Hildenbrand and Bayerl 2005). TAS has

been shown to be a well suited technique for the study of

collective membrane dynamics (Rheinstädter et al. 2004a;

Kaye et al. 2011; Rheinstädter et al. 2006b; Rheinstädter

et al. 2009; Armstrong et al. 2011; Rheinstädter et al.

2004; Rheinstädter 2008). The dynamics that we are

interested in are the propagation of short-wavelength den-

sity waves in the plane of the membrane, which can be

thought of in terms of phonon-like excitations. These col-

lective molecular motions determine, for instance, the

elasticity of membranes (Rheinstädter et al. 2006a) and are

speculated to be relevant for interactions between mem-

brane embedded proteins (Rheinstädter et al. 2009) and

membrane transport properties (Rheinstädter et al. 2004a;

Kaye et al. 2011; Paula et al. 1996). Propagating modes

lead to peaks in the neutron spectra at well-defined exci-

tation energies. By measuring the excitation energies at

different q|| values, i.e, different length scales, complete

dispersion relations can be determined. However, we

would like to point out that these types of dynamics are

different from relaxational dynamics. A well-known

example of a relaxation process in lipid membranes is the

diffusion of lipids and other molecules in the plane of the

membrane. The eigenfrequency of a relaxation dynamic is

�hx ¼ 0, which leads to a quasi-elastic broadening of the

central line of the neutron spectra. Relaxational dynamics

are usually slow (on the order of nano- to microseconds),

while the propagating modes take place on the picosecond

time scale. The two types of dynamics can be well dis-

tinguished in inelastic neutron scattering experiments. For

example, diffusion is determined by measuring the broad-

ening of the quasi-elastic peak, while in the case of prop-

agating wave-like excitations (which are of particular

interest to us), they are observed as inelastic peaks at

excitation energies �hx 6¼ 0 meV.

A typical lipid dispersion relation in lipid membranes is

shown in Fig. 2b. This in-plane dispersion relation was

determined using several techniques in DMPC and

DLPC—i.e., inelastic X-ray scattering (Chen et al. 2001,

2003; Weiss et al. 2003), inelastic neutron scattering

(Rheinstädter et al. 2004a, Rheinstädter et al. 2004) and

molecular dynamics (MD) simulations (Tarek et al. 2001;

Hub et al. 2007; Kaye et al. 2011). The lipid dispersion

curve has a generic shape, namely at small q|| values (long

length scales) there is a linear region �hx / qjj as the

excitation propagates in the form of long-wavelength

sound waves. The dispersion then goes through a maxi-

mum before a minimum is observed close to the nearest-

neighbor distance (*1.5 Å-1) of two lipid acyl tails.

Beyond this minimum, a second linear regime is observed

at high q||. Recently Kaye et al. 2011. studied the polari-

zation of these excitations by combining neutron scattering

and MD simulations. In a longitudinal wave, the C-atoms

of the hydrocarbon tails are displaced along the direction of

the propagating wave—in a transverse wave, particles are

displaced perpendicular to the propagation direction.

According to Kaye et al. (2011), the long-wavelength

modes are purely longitudinal in nature. At high in-plane

momentum transfers q|| (i.e., beyond the dispersion mini-

mum), pronounced transverse properties were observed.

However, in the vicinity of the dispersion minimum, the

excitations have a mixed, longitudinal and transverse

character. Because these excitations have been associated

with the transport of small molecules in bilayers (Paula

et al. 1996), the longitudinal and transverse fluctuations

have been speculated to be relevant for the in-plane and

trans-membrane transport of small molecules, such as

water (Kaye et al. 2011, Paula et al. 1996).
Two types of inelastic scans were conducted. Specifi-

cally, constant-q|| scans, in which a q|| value is selected and

held constant while the energy transfer �hx is scanned, and

constant-energy scans, for which the spectrometer is tuned

to a certain energy transfer, �hx, and the momentum

transfer q|| is varied. Both types are usually employed to

measure dispersion relations. As a general rule, energy

scans are usually used when the dispersion relation is flat.

On the other hand, constant-q|| scans are usually better

suited to measure steep parts of the dispersion. Examples of

constant-energy and constant-q|| scans are shown in Fig. 5.

The position of the excitations as function of �hx and q|| is

then determined from the positions of peaks in these scans.

The constant-energy scans at q|| = 1.2 Å-1 in Fig. 5a show

two well-defined peaks at *1.3 and *2.1 meV in the
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5 mol% cholesterol sample. Four peaks can be fit to the

spectrum at a higher cholesterol concentration (as shown in

Fig. 5b) at energies between 1 and 4 meV. The corre-

sponding fitting functions consist of narrow Gaussian

components centered at an energy transfer �hx ¼ 0, which

are used to describe the instrumental energy resolution (see

Table 1), a broader Lorentzian component as a result of

relaxational dynamics (also present in the systems studied)

and damped harmonic oscillators (dho) for the excitations.

Figure 5c depicts constant-q|| scans in the two samples.

Both scans show a broad component centered at

*q|| = 1.38 Å-1 and two narrow satellite peaks. As will

be shown below, the broad peak is related to a minimum in

the dispersion relation, i.e, a flat, horizontal region, while

the narrow peaks are associated with the steeper branches.

The solid lines in Fig. 5c are fits using Gaussian peak

profiles—two narrow and a broad Gaussian peak were fit-

ted to the two scans.

The use of a thermal TAS increases the available energy

range. Figure 5d shows energy scans at q|| = 3 Å-1 and an

energy transfer of up to 20 meV. An excitation at

*16 meV is visible as a pronounced peak in the spectra.

This excitation was predicted by Tarek et al. (2001) and

refers to an optical phonon associated with the dynamics of

the terminal methyl end groups. The observed energy

values are in excellent agreement with the theoretical

values.

Several constant-q|| and constant-energy scans were

performed on the two spectrometers to carefully scan the

accessible energy and q|| range for excitations. These

excitations could be assigned to dynamics in the gel, fluid

and liquid-ordered states of the membrane.

Dispersion relations

Figure 6 shows all of the measured excitations (as function

of energy transfer �hx and momentum transfer q||) in the 5

and 40 mol% cholesterol samples as determined from the

inelastic scans shown in Fig. 5. Excitation data measured

using the cold and thermal TAS are depicted by circular

a b

e fc

d

Fig. 5 Overview of the inelastic data: constant-q|| scan at q|| = 1.2

Å-1. The instrumental resolution is fit with a Gaussian (red), and the

relaxation dynamics by a Lorentzian (black) function. The satellite

excitations peaks are fit with damped harmonic oscillators (green), with

the total fit shown in blue. a Data of 5 mol% and b 40 mol% cholesterol

concentration samples. Constant-energy scan showing peaks fitted with

Lorentzian curves: c 5 mol% cholesterol at �hx = 1.5 meV. The

Lorentzian fits are depicted by dashed black, red and green curves, with

an exponential used to fit the background (dashed blue). The total fit is

shown as a solid blue line. d 40 mol% cholesterol at �hx = 2.5 meV. The

Lorentzian fits are indicated by dashed black, red and green curves,

with the constant background and the total fit depicted by dashed
magenta and solid magenta lines, respectively. High-energy constant-

q|| scans at q|| = 3 Å-1—the instrumental resolution is fit using a

Gaussian (red), while a Lorentzian (black) function is used to describe

the relaxation dynamics. The satellite excitation peaks are fit with

damped harmonic oscillators (green and magenta), with the total fit

shown in blue. e 5 mol% and f 40 mol% cholesterol concentrations.

The green curves correspond to the low energy excitations from a,

b and c, which cannot be resolved using the high-energy setup
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and diamond-shaped symbols, respectively. The excitations

were grouped into three different dispersion relations as

follows: Pronounced and narrow excitations were assigned

to the gel phase as the more ordered state of the lipid tails is

expected to lead to well-defined excitations. Broad

inelastic peaks are more likely the result of fluctuations in

the fluid phase. The corresponding dispersion relations are

similar to those shown in Fig. 2b. There was, however, a

set of excitations (Fig. 6) that did not follow the gel or fluid

dispersion curves, and was clearly outside of the error bars

for those excitations. We tentatively assigned those exci-

tations to the liquid-ordered state.

The data for the 5 mol% cholesterol sample (Fig. 4a)

can be compared to the dispersion relations for gel and

fluid DMPC and DPPC bilayers, as previously reported

from inelastic X-rays (Chen et al. 2001, 2003; Weiss

et al. 2003), neutron scattering (Rheinstädter et al. 2004a;

Kaye et al. 2011) and MD simulations (Tarek et al. 2001;

Hub et al. 2007). The shape of the gel dispersion curve

agrees very well with ones in the literature. The energy

value in the dispersion minimum is slightly increased

(from 1 meV to *1.5 meV) in the presence of choles-

terol. Only one excitation could clearly be identified at q||

values of .0:9 Å
�1

, and we assigned this excitation to the

gel phase as we expect it to be the most pronounced.

Therefore, the fluid and liquid-ordered dispersion relations

do not have data points below qjj � 1 Å
�1

. As reported

previously (Rheinstädter et al. 2004a), compared to the

gel dispersion curve, the fluid dispersion curve appears to

be less pronounced, with a higher energy value in the

dispersion minimum, and lower (softer) energies at high

q|| values. This new dispersion curve, which we assigned

to the liquid-ordered state shows, not only a very low

minimum energy, but also very low energy values at high

q||.

All energy values for the 40 mol% cholesterol sample

appear to be shifted to higher energies (Fig. 6b), the

trademark of more rigid interactions, which lead to higher

eigenfrequencies. In both the high and low cholesterol

samples, three dispersion curves could be identified and

assigned to the gel, fluid and tentatively to the liquid-

ordered phases. In order to analyze the differences between

the different states in the low and high cholesterol samples,

the energy values around the dispersion minimum were

fitted using a parabola:

�hx ¼ a� ðqjj � q0Þ2 þ x0: ð5Þ

The region around the minimum of the dispersions shown

in Fig. 6 was fitted using Eq. (5). The fitted values for a and

xo are listed in Table 2.

Because the bilayers were hydrated by heavy water, the

experiment is potentially also sensitive to collective

hydration water dynamics. We note, however, that we

expect the corresponding signals to be small. The range of

hydration water excitations, as reported from inelastic

neutron scattering (Paciaroni et al. 2008), is shown in

Fig. 6a, b. Two of the data points in Fig. 6b can most likely

be assigned to hydration water dynamics.

a bFig. 6 Energy dispersion

curves for DMPC bilayers with

a 5 mol% cholesterol and

b 40 mol% cholesterol. The

dispersion curve corresponding

to the gel phase is shown in

green and the fluid phase in

blue. The liquid-ordered phase,

arising from the high

concentration of cholesterol in

the sample, is depicted by the

red curve. The blue band at

*4–6 meV represents the

region where excitations due to

hydrating water are observed

(Paciaroni et al. 2008). The

yellow band represents an

optical excitation at

14–15 meV, which was

predicted by MD simulations

(Tarek et al. 2001)
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Discussion

The lateral short-wavelength dynamics of the lipid tails in

the hydrophobic membrane core have previously been

studied in DMPC (Weiss et al. 2003; Chen et al. 2003;

Rheinstädter et al. 2004a; Hub et al. 2007; Brüning et al.

2010; Kaye et al. 2011) and DLPC (Chen et al. 2001;

Tarek et al. 2001) membranes, and the corresponding dis-

persion relations have been determined by inelastic X-ray

scattering (IXS), inelastic neutron scattering and computer

simulations. In this article we have determined complete

energy dispersion curves for a DMPC membrane contain-

ing different amounts of cholesterol, a system previously

studied by IXS (Weiss et al. 2003; Chen et al. 2003). The

shape of the dispersion curves observed from the neutron

and X-ray experiments is similar to that of a pure bilayer

system (Fig. 2b). The same type of excitation curve has

also been reported recently in bilayers with ethanol (Kaye

et al. 2011). It can therefore be concluded that this type of

dispersion relation is generic to lipid membranes, even in

the presence of molecules, such as ethanol and cholesterol.

Ethanol and cholesterol represent two different classes of

molecules, i.e., ethanol molecules predominantly reside in

the lipid-head group region, while cholesterol molecules

interact extensively with the membrane’s hydrophobic

core. Although the dynamics of the lipid chains are altered

by the presence of cholesterol, nevertheless, the mem-

brane’s basic characteristics seem to be preserved.

The lateral dynamics dispersion curve exhibits three

characteristic regimes: a linear regime at small q||, a min-

imum at a wavelength corresponding to the nearest-

neighbor lipid tail distance, and finally, a second linear

regime at large q||. The linear regime at small q||-values is

related to a long wavelength sound-like propagation in the

plane of the membrane. The corresponding excitations are

thus longitudinal. The speed of sound is determined from

the initial linear slope of the dispersion curve at small q||-

values up to the first maximum (see Fig. 2). Dynamics at

small q|| values are usually difficult to access in inelastic

neutron scattering experiments because of the so-called

kinematic restriction. It is related to the fact that energy and

momentum of the neutrons are conserved during the scat-

tering process and the parabolic shape of the energy as a

function of q||, �hx ¼ �h2=ð2mnÞ � q2
jj, as for instance dis-

cussed in (Rheinstädter et al. 2004). While the absolute

energies of the 5 mol% cholesterol dispersion relation in

Fig. 6a fall into the accessible range, the energies signifi-

cantly increase in the presence of 40 mol% cholesterol,

such that the corresponding excitations were no longer

accessible. The determination of the speed of sound is,

therefore, beyond the scope of this study. Dynamics at

higher q|| values around the dispersion minimum and

beyond are the domain of inelastic neutron scattering. The

final linear regime of the dispersion relation corresponds to

a propagating mode with predominantly transverse prop-

erties. In the case of pure lipid membranes, the slope or

propagation velocity in this region is small. The maxima

and minimum in the dispersion curve correspond to a

crossover behavior, connecting these two propagating

modes at small and large q||. In particular, the flat region at

the dispersion minimum may be related to a non-propa-

gating standing-wave resulting from lipid tail dynamics

with mixed longitudinal and transverse properties. The

characteristics of these modes in pure lipid membranes

have been previously reported (Kaye et al. 2011).

The introduction of cholesterol to the lipid membrane

leads to additional propagating modes, as shown in Fig. 5.

Because the inclusion of additional components increases

the system’s degrees of freedom, it is natural to expect that

the addition of cholesterol will result in more dynamic

modes, as shown in Fig. 6. One interesting observation is

that the dispersion curves all exhibit the same features, i.e.,

two linear regimes at small and large q|| connected by a

crossover regime with two maxima and a minimum. This

strongly suggests that these features are generic to such

systems. We therefore speculate that they are related to the

fact that lipid membranes are self-assembled layered

structures whose properties are closely related to that of

smectic liquid crystals.

It is interesting to note that the dispersion curve, shown

in Fig. 6, resembles the energy of a quasiparticle in

superfluid helium, where the parabolic minimum part of the

spectrum is termed the roton [see, e.g., (Annet 2004)]. The

different behavior of the dispersion curves indicates dif-

ferent modes of molecular motions. Comparing to super-

fluid helium, we can speculate that the linear phonon-like

dispersion curve implies that the motion of the molecules

are rigidly coupled, leading to a propagating sound-like

wave. On the other hand, the parabolic dispersion curve

near the minimum may indicate a different type of col-

lective mode in which a moving molecule couples strongly

Table 2 Results of parabolic fits using Eq. (5) to the dispersion

minima in Fig. 6

a (meV 9 Å2) x0 (meV)

5 mol%

chol

40 mol%

chol

5 mol%

chol

40 mol%

chol

Gel 16.3 30.3 1.38 1.80

Fluid 4.9 10.7 1.99 2.63

Liquid-ordered lo 9.8 6.6 0.44 1.09

a is the slope of the parabola, and x0 is the energy offset. a can be

thought of as a nanoscale bilayer ‘‘stiffness’’ on length scales corre-

sponding to lipid tail-tail distances
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to its neighbors. As one molecule moves, the neighboring

molecules must move out of its way, leading to a different

collective mode of motion, as depicted in Fig. 7. Phe-

nomenologically, the minimum of the dispersion curves is

well described by a parabola [Eq. (5)]. The coefficient a of

the parabola can thus be viewed as a parameter charac-

terizing the generalized rigidity of the system on the

nanometer-length scale. It is interesting to note that

increasing the cholesterol content in the system leads to

larger a in the gel and fluid branches of the dispersion

curve, and a smaller a in the liquid-ordered branch. The

energy offset x0 in the dispersion minimum, corresponding

to the roton energy gap, can be related to the excitation

energy of a ‘‘soft-mode.’’ The occurrence of a soft mode

often indicates a structural phase transition if the energy

cost of this mode goes to zero, i.e., x0 = 0. A smaller

value of x0 might then be related to a structure with a

higher degree of order; a full analysis of this feature will be

presented in a future paper.

Some qualitative conclusions can be drawn from the

data and the phenomenological analysis: From the values

for a and x0 shown in Table 2, one can speculate that the

gel phase has, not surprisingly, a higher degree of order and

is considerably stiffer than the fluid phase. The addition of

cholesterol has two distinct effects: it makes the chain

dynamics in both phases stiffer (a increases by a factor of

*2 between 5 and 40 mol% cholesterol), while at the same

time, x0 also increases significantly, pointing to a more

disordered molecular structure. The high cholesterol con-

tent liquid-ordered phase combines low values for a, cor-

responding to soft nanoscale dynamics, and at the same

time, low values of xo, indicating a high level of order in

the system. As has been previously speculated, the liquid-

ordered phase seems to combine properties of rigid gel and

soft fluid bilayers. In IXS experiments (Weiss et al. 2003;

Chen et al. 2003), the addition of cholesterol leads to a

significant increase in the high-frequency sound speed,

pointing to a more rigid state at large length scales (small

q||-values).

In Fig. 6 we observe the coexistence of excitations of

gel, fluid and liquid-ordered phases. The separation of

saturated and unsaturated phosphatidylcholine/cholesterol

mixtures into nanometer-sized liquid-ordered and liquid-

disordered phases was reported recently from MD simu-

lations (de Meyer et al. 2010; Risselada 2008; Herrera

2012). Cholesterol was also found to collectively self-

organize in phospholipid membranes (Martinez-Seara et al.

2010), which can also lead to a dynamic phase separation

on the nanometer scale. These small (3–50 nm) and tran-

sient (nano- microsecond) heterogeneities in membranes

are very difficult to resolve with standard experimental

techniques. Inelastic neutron-scattering experiments on

DMPC reported evidence for the co-existence of small

nanometer gel and fluid domains in the temperature range

of the main phase transition (Rheinstädter et al. 2004a)—

based on the co-existence of the corresponding excitations

in the spectra. Such domains were also found in MD

simulations (Murtola et al. 2006; Ehrig et al. 2011).

Recently, Armstrong et al. (2012) have used the coherence

length of neutrons to observe co-existing gel and fluid

domains in a phospholipid bilayer over a range of tem-

peratures. The authors speculated that these small transient

domains could be responsible for the so-called pseudo-

critical behavior in phospholipid bilayers. The results in

Fig. 6 now represent experimental evidence for the coex-

istence of gel, fluid and liquid-ordered phases in DMPC

membranes containing different amounts of cholesterol.

The corresponding domains can be speculated to be

nanometer sized and short-lived.

Conclusion

In summary, we present a neutron-scattering study of the

lateral nanoscale dynamics in phospholipid membranes

containing 5 and 40 mol% cholesterol. By measuring the

excitation spectrum at several lateral q|| values (up to

q|| = 3 Å-1), complete dispersion relations corresponding

to gel, fluid and liquid-ordered bilayers were determined.

The dispersion relations have a generic shape in single

component lipid bilayers, i.e., there is an initial linear

regime because of high-speed sound propagation and a

second linear regime at high q||. The two linear regimes are

connected by a maximum before a minimum is observed

around nearest-neighbor distances between to lipid tails.

The generic shape of these dispersion curves is preserved

in the presence of cholesterol. A coexistence of excitations

corresponding to gel, fluid and liquid-ordered phases was

also observed. We therefore speculate the coexistence of

Phonon Rotona b

Fig. 7 a Molecular dynamics of particles participating in the

propagating sound-like wave, i.e., the longitudinal phonon at small

q||-values (long length scales) and b in the ‘‘roton’’ at q||-values in the

dispersion minimum. These dynamics are expected to show a mixed,

longitudinal and transverse character as neighboring particles couple

strongly. Figure adapted from Annett (2004)
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nanometer-sized, and possibly transient, gel, fluid and lo
domains in membranes containing cholesterol. Such nan-

odomains have long been previously suggested, with evi-

dence coming from computer simulations and more

recently from experiment (Simons 1997; Murtola et al.

2006; Ehrig et al. 2011; Armstrong et al. 2012; Engelma

2005; Eggeling et al. 2009; Lingwood 2010).

The region around the dispersion minimum was fitted

using a phenomenological parabolic fitting method. The

two parameters, i.e., the slope and the energy offset, were

related to the bilayer’s elastic properties on distances cor-

responding to hydrocarbon tail distances and molecular

order. The inclusion of cholesterol has a distinct effect on

the collective dynamics of the lipid hydrocarbon chains.

Namely, we observe a pronounced stiffening of the mem-

brane on nanometer length scales in both the gel and fluid

phases, and also greater molecular disorder. For the first

time, we have determined the nanoscale dynamics in the

high-cholesterol liquid-ordered phase of DMPC bilayers.

This phase seems to combine the properties of the gel and

fluid phases, appearing softer than the fluid phase, but

better ordered than the gel phase. Future experiments will

offer a more complete description of these features, and a

quantitative model will be put forth regarding the molec-

ular properties of multi-component lipid bilayers.
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Rheinstädter MC, Seydel T, Demmel F, Salditt T (2005) Molecular

motions in lipid bilayers studied by the neutron backscattering

technique. Phys Rev E 71:061,908
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