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Biological membranes consist of lipid bilayers with liquid-ordered and liquid-disordered phases. It
is believed that cholesterol controls the size of the microdomains in the liquid-ordered phase and
thereby affects the mobility as well as the permeability of the membrane. We study this process in
a model system consisting of the nonionic surfactant C12E5 and water in the lamellar phase. We
measure the diffusion of fluorescent probe molecules �rhodamine B� by fluorescence correlation
spectroscopy. For different surfactant to water ratios, we measure how the molecular mobility varies
with the amount of cholesterol added. We find that a reduction of the diffusion coefficient is already
detectable at a molar ratio of 8 mol % cholesterol. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2794345�

I. INTRODUCTION

In eukaryotic cells, the plasma membrane is mainly
composed of glycerophospholipids, sphingolipids, and a ste-
rol. The amphiphilic structure of the lipid molecules results
in the formation of a bilayer membrane. For their function,
cells need an exchange of molecules and ions with their sur-
rounding through the cell membrane. The knowledge of how
these transport processes are controlled by the cell is impor-
tant, e.g., for the development of pharmaceuticals. The fact
that the composition of the cell membrane is maintained by
intracellular functions suggests that it is a key factor for the
cell’s life cycle and communication. Especially the choles-
terol and lipid contents of the membrane play an important
role for the regulation of protein transport inside and outside
the cell.1 Cholesterol within the membrane has an influence
on the molecular order by hydrophobic and steric
interactions.2,3

Mechanical properties of cell membranes as well as the
exchange of matter through the membranes depend strongly
on the diffusion of lipid molecules inside the membrane. To
study diffusion in membranes, several methods have been
used. Light scattering and NMR methods provide high pre-
cision due to averaging over large ensembles of particles. On
the other hand, when diffusion on small scales with a few or
even single molecules is observed, fluorescence microscopy
methods provide a better way to determine more interesting
properties. For this study, fluorescence correlation spectros-

copy �FCS� was chosen as an experimental technique offer-
ing the advantages of small sample volumes and short mea-
surement times.

Because of the similarity between the lamellar phase of
surfactant/water emulsions and the biological cell membrane,
they have been considered as simplified model systems for
membranes. Microemulsions of surfactants and water can
show a variety of structures. The transitions between the dif-
ferent phases depend on the composition and on external
parameters such as temperature and pressure. Adding other
substances to the system can also affect the phase transitions
and the properties of the individual phases. In this paper, we
study the effect of cholesterol on the surfactant/water system,
in particular, the lamellar phase.

By using a surfactant/water model, the fundamental in-
fluence of cholesterol incorporated in bilayers is examined.
In contrast to lipids of biological membranes, the chosen
surfactant consists of a headgroup and a single saturated
dodecyl chain. The molecular order of the system is simpli-
fied compared to biological membranes composed of a vari-
ety of complexer lipids. It is shown that cholesterol does not
reduce diffusional mobility in complex structures only but in
basic lipid assemblies as well.

The paper is structured as follows. In Sec. II the chemi-
cal system and its components are described. Section III
briefly explains fluorescence correlation spectroscopy as the
experimental method. The correlation functions for the
analysis of the measurements are introduced and the calibra-
tion procedure is discussed. In Sec. IV, the experiments and
the results are summarized. An interpretation and compari-
son with the existing literature are given in Sec. V.a�Electronic mail: thorsten.pieper@gmx.de
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II. MEMBRANE SYSTEM

A. Components

C12E5. For the model membrane, we chose the system
C12E5/water. The nonionic surfactant pentaethylene glycol
monododecyl ether �C12E5� was obtained from SigmaAldrich
�St. Louis, MO�. For the molecule length values from
22 to 26 Å were reported.4,5 The critical micelle concentra-
tion is 64 �M at 25 °C.6 As can be seen in the phase dia-
gram �Fig. 1�, the emulsion of C12E5 and H2O shows differ-
ent molecular orders depending on the surfactant
concentration and temperature.

R18. A fluorescent marker molecule is required to detect
light from the transparent specimen. For this purpose, we
chose octadecyl rhodamine B, R18 �D=420 �m2/s in water,
M =731.5 g mol−1�. The excitation and emission maxima are
555 and 578 nm, respectively. R18 is an amphiphilic mol-
ecule with a polar head and an unpolar tail. We expect that
the dye molecules enter into the lipid phase and probe its
mobility. There is no information available if R18 prefers the
liquid-ordered or liquid-disordered phase.

Cholesterol. Cholesterol has a molecular weight of
386.65 g mol−1. The molecule length is 16 Å. The chemical
structures of R18 and cholesterol are depicted in Fig. 2.

B. Preparation of surfactant emulsions

Lipid and cholesterol were weighed with a microbal-
ance, vortexed, heated, and sonicated until the system be-
came completely homogeneous. Then milliQ water contain-
ing fluorescent dye was added. The 20 wt % C12E5 and the
60% solutions contained 10−8M R18, while the concentration
in the 80% solution was 10−7M. The samples were then
again heated to 60–70 °C, sonicated, vortexed, and frozen
�−80 °C�. These steps were repeated until the samples had
become homogeneous gels. For the nominal 60 wt % emul-
sions, the fraction of C12E5 and cholesterol varied between
0.596 and 0.643. In the subsequent measurements of the

80 wt % emulsion, the lipid fraction was kept constant at
0.80. The ratios of substances are listed in Table I.

C. Micellar phase

In the micellar phase, the dye molecules enter the mi-
celle and the observed diffusion will be that of the micelle.
From standard diffusion theory, we expect that the diffusion
coefficient D is related to the size of the micelles by

D =
kBT ln�2r�

6��a
. �1�

� is the viscosity of the solvent, kB the Boltzmann constant,
and T the Kelvin temperature. We will assume that the mi-

FIG. 1. Phase diagram of C12E5 and H2O. L1 and L� denote the micellar and
the lamellar phase, respectively. H1 is the hexagonal phase, and L2 and S the
inverse micellar and the solid phase. V1 is the cubic phase. L3 is a sponge
phase. Unnamed areas are bicontinuous. The component ratios that were
measured are marked with gray dots. The image was redrawn from Mitchell
et al. �Ref. 27�.

FIG. 2. Structures of �a� R18 and �b� cholesterol.

TABLE I. The table subsumes the amount of substances used in the micro-
emulsions. The ratio value gives the molar ratio of cholesterol vs C12E5. The
lipid frac. value denotes the fraction of C12E5 and cholesterol.

Phase
�wt %�

C12E5

�mg�
Chol.
�mg�

H2O
�mg� Ratio Lipid frac.

Mic 20 80 0 320 0 0.20

Lam 60 243.5 48.8 162.6 0.211 0.643
233.7 38.1 154.8 0.171 0.637
255.3 38.3 170.7 0.158 0.632
230.5 33.9 156.8 0.155 0.628
243.2 31.3 163.0 0.135 0.627
267.7 31.5 177.7 0.124 0.627
255.6 25.3 168.9 0.104 0.624
199.3 19.6 132.9 0.103 0.622
250.0 21.4 167.5 0.090 0.618
227.1 16.8 151.6 0.078 0.617
219.7 12.1 145.8 0.058 0.614
253.6 9.7 173.6 0.040 0.603
229.4 8.2 153.6 0.038 0.607
227.0 4.1 156.8 0.019 0.596

Lam 80 153.8 3.05 40.7 0.021 0.794
159.5 10.75 43.4 0.071 0.797
159.0 15.7 44.6 0.104 0.797
159.4 17.2 44.4 0.113 0.799
155.8 20.5 45.0 0.138 0.797
159.5 26.8 48.2 0.177 0.794
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celles are prolate ellipsoids with a long axis a and an axis
ratio r�1.

D. Lamellar phase

In the lamellar phase, the lipid molecules form a bilayer
structure. The membrane layer thickness is about double the
length of a surfactant molecule �=2ls. The repeat distance of
the lamellar structure is

Xlam = 2ls/�s, �2�

where �s is the volume fraction of the surfactant in the emul-
sion. Assuming �s=0.6 �0.8� and ls=26 Å, the repeat dis-
tance has a value of Xlam=8.7 nm �6.5 nm�.

The molecular order of the lamellar phase is maintained
by van der Waals forces between the alkyl chains and hydro-
gen bonding forces between water molecules and the lipid
headgroups.7

During the FCS measurements, we probe the bilayer dy-
namics in a volume of �0.5 �m3, at a distance of 60 �m
from the cover glass surface. Because this distance leaves
room for about 7000–9000 bilayers, we may assume that
surface effects are no longer important and the bilayers are
randomly oriented. Additionally, we varied the horizontal
alignment of the measurement position to different positions
across the sample drop. We expect that the remaining orien-
tations of bilayers are averaged out by repeated measure-
ments.

The molecular diffusion of each molecule is restricted to
a single two-dimensional bilayer. The resulting propagation
differs from that of free diffusion,8 but the observed signal
represents an average over all possible orientations �see
Fig. 3�. Within the laser focus, which represents the sensitive
volume, there is room for about 50 bilayers when they are
arranged horizontally and 300 when they are arranged
vertically.

Following the procedure of Galla and Sackmann for pro-
teins and lipids in biological membranes,9 we relate the dif-
fusion of dye and lipid molecules to their molecular weights
as

Ddye = Dlipid�Mlipid

Mdye
�1/2

. �3�

When C12E5 is compared to R18, the correction factor is
0.75.

Experimental data show that the shear viscosity in such
binary or ternary systems can easily span orders of magni-
tude from 1 mPa s to 105 Pa s, depending on concentration,
pressure, and temperature,10–12 but the effect of cholesterol
on these parameters has not been studied so far.

III. FCS MEASUREMENTS

FCS is a method basically used to determine low con-
centrations and diffusion coefficients in liquid environments.
The sensitivity in FCS is on the single molecule level and the
measurements are direct results from the observation of a
small ensemble of molecules. Ensemble averaging is neces-
sary for the standard correlation function approach that was
proposed by Magde and Elson in 1974.13,14

The key in FCS is the reduction of the observation vol-
ume by using a confocal microscope. The confocal principle
is a simple way to colocate the excitation and observation
volume of a strongly focused light spot. In the focus center,
fluorescent molecules emit photons shifted to longer wave-
lengths in response to electronic excitation. This light is
separated from the excitation light by an optical filter. Back-
ground light is suppressed by an aperture placed in the back
focal plane. The fluorescence time series I�t� is detected with
a photodiode and from I�t� the autocorrelation is computed in
correlator hardware. The correlation curve contains the tem-
poral information about processes that affect the fluctuating
signal in a nonstochastic manner,

G��� = 1 +
��I�t��I�t + ��	

�I	2 , �I�t� = I�t� − �I	 . �4�

�¯	 denotes the time average. In the limit �→0, G���−1 is
inversely proportional to the average number N of fluoresc-
ing molecules in the observation volume. We assume that
diffusion is the dominant process that causes the change in
the intensity and call the time where G���−1 has decreased
to 0.5N−1
1+K−2 the diffusion time average �d. K=z0 /w0

denotes the ratio between the length and width of the focus,
which is known as the structure parameter. From the diffu-
sion time, we calculate the diffusion coefficient D as

D =
w0

2

4�d
. �5�

After calibrating the focus parameter w0 with a known stan-
dard, the diffusion coefficient of other molecules can be de-
termined.

The spatial resolution of FCS lies within the range of the
optical diffraction limit of the excitation wavelength. The
temporal resolution depends on the dead time of the photon

FIG. 3. Sketch of the orientation model: In the lamellar phase, molecular
diffusion is thought to be restricted to two-dimensional planes intersecting
the focus intensity distribution at arbitrary angles 	 and vertical intercepts.
Integrating the contributions from different orientations results in an effec-
tive angle 	=	m.
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detector and the sampling time of the correlator, which is
200 ns here. The diffusion time/molecule is typically be-
tween 0.2 and 3 ms.

A. Setup

Our setup uses a Zeiss ConfoCor 2 �Oberkochen, Ger-
many� inverted microscope with a motorized stage. The ob-
jective is a Zeiss C-Apochromat 40
 with a numerical ap-
erture of 1.2, water immersion type. It is equipped with a
correction ring for varying cover glass thicknesses. A con-
stant temperature in the sample chamber is maintained by an
electronically controlled holder. The HeNe laser �LGK 7786
P from Lasos �Jena, Germany�� works at a wavelength of
543 nm. The laser power is reduced to 100 �W by an
acousto-optic tunable filter. The detection channel consists of
a variable pinhole, which is set to a diameter of 78 �m. The
fluorescence signal is detected by a built-in photodiode,
SPCM-AQR 13, from Perkin-Elmer �Wellesley, MA�. The
emission light passes a long pass emission filter with a cutoff
wavelength of 560 nm. A schematic picture of the setup is
drawn in Fig. 4.

B. Calibration

The focus parameters were calibrated with a 10−8M
aqueous solution of rhodamine 6G. The waist parameter de-
termined in this way fell between w0=0.22 and 0.25 �m,
with an average of w̄0=0.241 �m. The structure parameter K
was set to a fixed value of 6.0 corresponding to a vertical
focus radius of z0=1.3–1.5 �m. A theoretical calculation us-
ing the formula of Rigler et al.15 results in a slightly smaller
value for wth,

wth �
�exc

n� tan��/2�
= 0.206 �m,

�6�

zth �
es0

tan �
0.72 = 1.8 �m.

Here, n is the refractive index of the sample which equals the
one for pure water, 1.33. The values hold under ideal condi-
tions of a Gaussian beam profile and an optimal aperture
position. The finite size of the objective’s illuminated rear
side puts an upper limit on the focusing half-angle �
=arcsin�NA /n�. s0 is the pinhole radius divided by the mag-
nification. zth must be corrected by a factor of 0.72 depend-
ing on the value of sin � �0.84–0.9 here�.

Adding C12E5 to pure water changes the refractive index
of the sample solution. Hamano et al. gave a linear equation
to calculate the refractive index of a C12E5/water mixture16

for a wavelength of 633 nm and a temperature of 20 °C.
According to this, the mixtures consisting of 20, 60, and
80 wt % C12E5 have refractive indices of n�=1.357, 1.407,
and 1.432.

The difference in optical refraction changes the size of
the focused laser spot. Taking this into account, we estimate
the focus waist in these three media to be ŵ0=0.247, 0.256,
and 0.261, respectively. These values were used in the evalu-
ation of the correlation functions.

Two additional experimental adjustments were done to
take the different refractive indices into account. The micro-
scope objective has a correction ring which can be used to
adjust the refraction properties to varying cover glass thick-
nesses. Measurement series with 20 and 50 wt % C12E5

emulsions showed the highest fluorescence count rates if the
correction ring is in the maximum position of 0.18 �m. In all
following experiments the correction ring was kept in this
position. Secondly, the length of the optical light path was
reduced by setting the focus to a position 60±1 �m above
the cover glass surface.

C. Autocorrelation model functions

The standard model function G��� for one fluorescent
species diffusing freely in three dimensions and a Gaussian
detection volume17 is given by

G��� = 1 +
1

N
�1 +

pt

1 − pt
e−�/�t��1 +

�

�d
�−1�1 +

�

K2�d
�−0.5

.

�7�

Here, N is the average number of molecules in the detection
volume V0=�3/2w0

2z0. pt and �t represent the triplet fraction
and time. The contribution from the triplet dark state is small
as long as the laser intensity is low.

As we will discuss in the following section, this standard
model proved to be unsatisfactory for the analysis of the
diffusion measurements in the lamellar phase. We relate this
to the fact that the molecules are not free to diffuse in three
dimensions, but are confined to the two-dimensional bilay-
ers. The orientation of these bilayers with respect to the laser

FIG. 4. Confocal microscope setup for FCS and schematic of the observa-
tion volume with half-axes w0 and z0 �enlarged�.
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beam is random, so the measurements detect an orientational
average. We found that the following equation can be used to
describe the experimental correlation data:

Go��� = 1 +
1

N
�1 +

pt

1 − pt
e−�/�t��1 +

�

�d
�−0.5�1+cos 	m�


�1 +
�

K2�d
�−0.5 sin 	m

. �8�

	m is equal to the magic angle 	m=arccos�1/
3��54.7°. We
will refer to this model as the orientation model. It is based
on a single diffusion coefficient. Compared to the standard
model with the same diffusion coefficient, Eq. �8� shifts the
function to a longer apparent diffusion time. A detailed
analysis of this model will be published later.

The counts/molecule value cpm=CR/N is the fraction of
the fluorescent countrate CR and the number of molecules in
the detection volume. It depends on the dye properties, the
solvent, quenching effects, scattering processes, and the de-
tection system �alignment, filters, efficiencies�.

IV. EXPERIMENTS

A. Procedure

During the FCS experiments, the samples were placed in
Lab-Tek 8-NUNC sample chambers. The bottom glass type
is borosilicate 1 with a thickness from 0.13 to 0.16 �m. The
micellar emulsions are liquid and four to five drops can be
poured into the chambers. For the highly viscous gel emul-
sions �60% surfactant and more� a spatula must be used. The
vessel was placed into the holder and covered with a non-
transparent lid. The temperature control unit was set to
30 °C. Table I lists the different samples that were used for
this study, showing the different molar ratios of cholesterol
and C12E5.

Five subsequent correlation functions of 30 s each were
averaged for one measurement. For each sample, we per-
formed 8–20 measurement runs. The correlation functions
were fitted to the theoretical expressions of Eq. �7�, Eq. �8� to
determine the diffusion time and, using Eq. �5�, the diffusion
coefficients. Additionally, the cpm value was determined.

B. Results

Figure 5 shows a typical measurement result from the
micellar phase for a sample of 20 wt % C12E5. The experi-
mental correlation data were fitted with the standard model
for free diffusion, Eq. �7�. The best fit was obtained for the
average parameters �d=2.8±0.8 ms, N=0.32±0.03, �t

=3 �s, and pt=0.14. According to Eq. �5�, this corresponds
to a diffusion coefficient Dmic=5.4±2 �m2/s. This value
agrees with the expectation that it arises from the diffusion of
prolate micelles. Their average size can be estimated using
Eq. �1� presuming an axis ratio of 40:1.18 We obtain a result
of a=180 nm for the long axis. For the given sample, this
amounts to about 5000 micelles in the focus volume, of
which on average N=0.32±0.03 carry a fluorescent mol-
ecule.

In the lamellar phase two different ratios of C12E5 and
water were examined, 60 and 80 wt % surfactants. In this

case, fluorophores diffuse independently within the lipid bi-
layers. The average number of molecules in the detection
volume is 1.1±0.3 for the low concentrated lamellar and
11±6 for the high concentrated lamellar phase. The higher
value for the 80% lamellar phase was expected from the
sample preparation.

When we fitted these data with the standard model of
unrestricted �three-dimensional� diffusion �Eq. �7��, we
found a significant deviation, as shown in Fig. 6. However,
we find no systematic deviation if we fit the experimental
data to the orientation model, Eq. �8�. For the example
shown in Fig. 6, the two models yield diffusion times of �d

=1.32±0.02 ms �standard model� and �d=0.901±0.008 ms
�orientation model�, corresponding to diffusion constants D
of 12.4 and 18.2 �m2/s. While this analysis results in differ-
ent values for the diffusion constants, the dependence on the
cholesterol content did not change. The values of the mea-
sured diffusion constants were consistent with the assump-
tion that the fluorescent R18 molecules were confined to the
lipid bilayers. To check for a fraction of R18 in the water
phase, we also fitted the data to a two-component model
function. The results showed no significant component with
a high diffusion constant.

Figure 7 summarizes the change of the diffusion con-
stant in the 60% lamellar phase upon the addition of choles-

FIG. 5. FCS data for the micellar phase. The diffusion time in this example
is �d=1.99±0.05 ms.

FIG. 6. Example for the FCS data from the surfactant/cholesterol/water
emulsion. The experimental data �crosses� are compared to best fits using
the standard �single-component� model �dashed-dotted line� and to the ori-
entation model �full line�. The cholesterol to surfactant ratio was 0.172. The
diffusion times are �d=1.32±0.02 ms �standard model� and �d

=0.901±0.008 ms �orientation model�.
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terol. At low concentrations, no substantial effect is visible,
but at a cholesterol content of about 8%, a sudden reduction
by �20% occurs. A further increase of the cholesterol con-
centration yields an additional continuous reduction. The to-
tal decrease in the molecular mobility is �30% for a choles-
terol molar ratio of 0.2.

The same measurements were also performed for the
samples with the higher lipid contents. As shown in Fig. 8,
the diffusion constant for low cholesterol content is approxi-
mately half of the corresponding data for the 60% system.
Again, a sudden decrease of the mobility is observed at a
cholesterol content of �8% and a continuous decrease at
higher concentrations.

The triplet fraction in the correlation amplitude is at 16%
on the average. The cpm value is between 11 and 14 kHz for
low concentrations of cholesterol. Increasing the cholesterol
concentration reduces the count rate by up to 50% �Fig. 9�.
This may be a consequence of increased scattering in these
samples. Visually observable was a small turbidity in the
sample with a cholesterol ratio of 0.2 at room temperature.
Alternatively, the effect may be due to fluorescence quench-
ing by cholesterol.

In addition to the graphical representation of the diffu-
sion data, Table II also gives the numerical values for the
extreme cases. The last column of this table also shows the

inferred diffusion constants of the lipid molecules, which
were calculated from the measured diffusion constants by
correcting for the different molecular weights using Eq. �3�.

V. DISCUSSION AND CONCLUSION

We have measured the diffusion of fluorescent probe
molecules in the C12E5/water system. In the micellar phase
�at 20 wt % lipid concentration�, the observed correlation
function is consistent with a model of freely diffusing mi-
celles with a length of the order of 180 nm and a given axis
ratio of 40:1. This size might be an overestimate, since the
interaction between the micelles should result in a small dif-
fusion constant than for micelles at low concentrations. Us-
ing this value, an upper limit of 0.14 as the total volume
fraction of micelles in the solution can be given. Here, the
volume reduction of the micellar solution of about 7% was
already taken into account.

The lamellar system does not show free, three-
dimensional diffusion. The correlation curves rather suggest
that the Brownian motion of the probe molecules is restricted
to the lamellar bilayers. The orientation model that we used
for the analysis of the correlation function takes into account
an average over many bilayer orientations and yields plau-
sible fitting results.

The measured diffusion coefficients are generally higher
than in dimyristoyl phosphatidylcholine �DMPC� membranes
at equal temperature.19 This is attributed to the higher rigid-
ity of DMPC membranes. Regarding the influence of choles-
terol, we can conclude that a cholesterol addition above a
fraction of 0.08 in the C12E5 bilayer reduces the molecular

FIG. 7. Result for the diffusion coefficient D of R18 in the lamellar phase
with 60 wt % surfactant. The molar ratio of cholesterol to surfactant in-
creases to the right. A reduction in molecular mobility is apparent at a ratio
of 0.08. Error bars denote the standard deviation. Guidelines for the eyes are
drawn as dashed lines.

FIG. 8. Diffusion coefficients for the 80 wt % surfactant emulsion as a
function of the cholesterol content.

FIG. 9. Counts/molecule value �cpm� as a function of cholesterol content
from the same sample on two different days. The brightness is reduced by
increasing cholesterol content.

TABLE II. Overview of diffusion coefficients D in C12E5/water/cholesterol
emulsions determined from the orientation model.

C12E5

�wt %� Phase
chol:C12E5

ratio
D �probe�
��m2/s�

D �lipid�
��m2/s�

20 Micellar ¯ 5.4 ¯

60 Lamellar 0 26 34
60 Lamellar �0.2 16 21
80 Lamellar 0 14 19
80 Lamellar �0.2 9 12
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mobility in the chosen surfactant/water emulsion. Because of
the small observation volume in FCS, it is justified to claim
that the structural changes of the molecular order take place
on a scale below the focus diameter of 0.5 �m. This reduc-
tion is a consequence of stronger molecular interaction in-
duced by the presence of cholesterol molecules. Comparing
this effect with observations in dilauroyl phosphatidylcholine
�DLPC�, the reduction of D by 30% is slightly smaller than
in DLPC where reductions by �50% were observed at the
same cholesterol fraction.20 The reason might be a tighter
packing of cholesterol molecules in double chain am-
phiphiles.

It is known that cholesterol interacts with alkyl chains.
There are reports that cholesterol increases the fluidity in the
center of DMPC membranes while decreasing it near the
polar head group region.21 A dependency on the length and
asymmetry of the alkyl chains was also found.22 In the
present case, cholesterol has about 2 /3 the length of a C12E5

molecule. Its rigid steroid ring is thought to restrain the free
rotational motion of about five to six segments of the sur-
rounding lipid molecules. Compared to biomembranes with
lipids being asymmetric and longer, cholesterol may be in-
corporated differently. Nevertheless, our measurements show
a similar influence of cholesterol on diffusion. Apparently,
the fluorescent probes do not detect a higher fluidity of the
inner alkyl groups, but rather the reduced mobility at the
polar/unpolar interface. Here, it is generally assumed that
their diffusion is related to the lipid molecules, but an inde-
pendent verification would certainly be appropriate.

Regarding earlier measurements, it is striking that in the
majority of experimental studies, cholesterol was found to
decrease the diffusion coefficient in phosphatidylcholine
membranes. Molecular dynamics simulations support these
findings. Thus, its effect on the molecular order of mem-
branes seems to be a rather universal feature.

There are other effects in artificial membranes that pos-
sibly play a role in the correct description of molecular mo-
tion. It was reported that molecules diffusing in nanostruc-
tured liquids show effects of anomalous diffusion.23–25 This
can appear, for example, in the presence of coexisting gel
and fluid phases. It can also be found in binary solutions of
DMPC/distearoyl phosphatidylcholine �DSPC�, as recent
studies using computer simulations and FCS experiments
have indicated.26

In conclusion, our results show a reduction of molecular
mobility in a simple surfactant/water system induced by cho-

lesterol at concentrations above 8%. The structural influence
of cholesterol seems to be independent of a possible phase
transition though it might induce one in higher concentration.
Our data help generalize the understanding of chemical in-
teraction between cholesterol and lipids, and thus the prin-
ciple of the membrane order.
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