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1. Introduction

Understanding the dynamics and phase behavior of binary
lipid membranes is a key challenge in biophysical science. In
the first instance, these model systems provide a proving
ground for developing experimental methods and theoretical
formalisms that can be subsequently applied to ternary sys-
tems, and perhaps ultimately to biological membranes. Sec-
ondly, while the coexistence of stable liquid phases is probably
thermodynamically unfavorable in binary systems, the pres-
ence of submicron regions, or domains, containing altered
properties is generally accepted.[1] New insights into the dy-
namics, composition and lifetimes of domains in binary mem-
branes are a step towards a more complete picture of the as-
sembly and dissolution of domains in membranes in general.
In particular, the effect of cholesterol on membrane dynamics
has been intensively studied. Numerous works applying a wide
range of experimental techniques have shown that the sterol
molecule affects the lateral ordering of the lipids in the liquid
disordered (ld) phase, while at higher concentrations and lower

temperatures phase separation into liquid-disordered and
liquid-ordered phase (lo) has been described.[2, 3, 4]

Most of the experimental methods that have been applied
to elucidate membrane dynamics are sensitive to a particular
dynamic timescale. For instance fluorescence techniques, such
as fluorescence recovery after photo-bleaching (FRAP), have
been applied to many membrane compositions and structures
including both giant and small unilamellar vesicles. A wealth of
information on lipid diffusion (a dynamic process on an inter-
mediate timescale) and on acyl chain ordering has been ob-
tained.[5, 6] The dynamics of the spy fluorophore within the lipid
mixture (usually phosphatidylcholine/cholesterol) is a compli-
cating factor for interpretation, as the composition is no
longer strictly binary.[7] Nuclear magnetic resonance (NMR)
techniques have also been prominently applied and they are
sensitive to a range of timescales: NMR lineshape analysis is
sensitive to the 10�4 to 10�6 s timescale. Pulsed field gradient
PFG-NMR techniques can also be used to study lateral diffu-
sion, ~10�5 s, but usually only for macroscopically oriented
lipid bilayer stacks,[2, 8] or multi-lamellar vesicles.[9, 10]

Fast field-cycling NMR relaxometry (FFC NMR) has the dis-
tinct advantage that it is sensitive to motions over a compara-
tively wide timescale, from 10�3 to 10�9 s, and it can be used
to study hydrated sub-micron sized liposomes in suspension.
In FFC NMR the spin-lattice relaxation rate (R1) is recorded as
a function of magnetic field strength (B0), and hence 1H
Larmor frequency, as n0 =gHB0/2p, where gH is the 1H gyromag-
netic ratio. Spectroscopic information cannot be obtained due
to inhomogeneity of the rapidly switchable B0 field. However,
detailed dynamic information is obtained from the macroscop-
ic evolution of the net 1H magnetization, which is determined
by the time dependence of the nuclear spin interactions, as
modulated by a range of dynamic processes. FFC NMR is sensi-
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(DOPC) and cholesterol. We extend an evidence-based method
to simulating the NMR relaxation response, previously validat-
ed for single-component membranes, to evaluate the effect of
the sterol molecule on local ordering and dynamics over multi-
ple timescales. The relaxometric results are found to be most

consistent with the partitioning of the lipid molecules into af-
fected and unaffected portions, rather than a single averaged
phase. Our analysis suggests that up to 25 mol %, each choles-
terol molecule orders three DOPC molecules, providing experi-
mental backup to the findings of many molecular dynamics
studies. A methodology is established for studying dynamics
on multiple timescales in unilamellar membranes of more com-
plex compositions.
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tive to dynamic processes over a wide range of timescales and
has been successfully applied to study dynamics in an exten-
sive range of materials.[11]

We have previously described a model for interpreting the
FFC NMR 1H spin-lattice relaxation rate dispersions (NMRD pro-
files) of single component unilamellar liposomes, LUVs, in the
ld phase.[12] LUVs are a better model system as unlike multi-la-
mellar vesicles, MLVs,[13] they produce a stable NMR response
over the timescale of the experiment, this aspect is discussed
fully in our original study.[12] The model was successfully vali-
dated for liposomes prepared with different lipids (DMPC and
DOPC), sizes (100–200 nm) and temperatures, using values for
the different physical constants and parameters available in
the literature.[14] Hence the approach was shown to be a useful
tool for the study of the dynamic and viscoelastic properties of
single component membranes. Within our model the relaxa-
tion rate, R1, can be described by Equation (1):

R1 ¼
1
T1
¼ AOFJOFðwÞ þ ADJDðwÞ þ ARJRðwÞ þ AFMJFM ð1Þ

where T1 is the spin-lattice relaxation time, JOF(w), JD(w) and
JR(w) are the spectral densities corresponding to order fluctua-
tions (due to shape fluctuations of the liposome sphere), trans-
lational and rotational diffusion, respectively. Aj are the corre-
sponding amplitudes reflecting the strength of the relevant
1H-1H dipolar interactions. w= 2pn0 and AFMJFM is a constant to
account for the faster motions, which are not dispersive within
the frequency window explored.

The field dependence (0.03–11.7 T) of the 31P and 13C spin-
lattice relaxation rates for a variety of phospholipid mixtures in
small and large unilamellar vesicles has been successfully mea-
sured by other authors using high-resolution field-cycling
31P[15, 16] and 13C[17] NMR. A significant difference between high-
resolution 31P and 13C techniques and low-resolution field-cy-
cling 1H NMR relaxometry used in our work are the spin inter-
actions that drive relaxation. An important contribution to the
relaxation mechanism in the high-resolution case is the chemi-
cal shift anisotropy. In the region where dipolar interactions
are dominant (below 1 T), only a few significant data points
are available for 31P (although more data was recorded for the
13C case). The authors analysed the data using a model-free ap-
proach,[18, 19] which is a clear contrast with our interpretation of
the 1H relaxometry in terms of well-established dynamic
models, incorporating physical parameters from independent
techniques. The high-resolution technique is very powerful for
studying dynamics of individual molecular segments, which
can be compared with simulations. However, critically the ap-
proach does not provide insights into the membrane collective
dynamics.

In this paper we confront the issue of whether there are one
or two lipid populations, in model binary membranes of phos-
phatidylcholine and cholesterol, with new experimental data
as a further development of our established method. We ana-
lyze experimental NMRD profiles obtained at 298 K for lipo-
somes of radius between 68 and 80 nm, composed of DOPC
with cholesterol concentrations of 10 and 25 mol %, and

obtain insights into membrane motions, over many orders of
magnitude in time, that are consistent with independent phys-
ical measurements. The profiles are shown to be most consis-
tent with the partitioning of the lipid molecules into affected
and unaffected portions rather than a single averaged phase.
We find that up to 25 mol % cholesterol, each sterol molecule
orders three DOPC molecules, which is a rare experimental
confirmation of the results of extensive simulation. The impli-
cations of these findings and the potential that is now evident
for the approach to be applied to the study of curved mem-
branes in general are discussed.

2. Results and Discussion

2.1. Results and Analysis

Experimental profiles were analyzed in two different ways.
Firstly, the model was applied under the assumption that the
membrane was in the disordered liquid crystalline phase (ld),
with its viscoelastic properties modulated according to the
cholesterol content. Within this picture, we used data available
in the literature that accounts for the influence of cholesterol
on the average viscoelastic properties of the membrane (as
they are reflected in the measured physical parameters). This
treatment will be referred to as the single population
approach.

Secondly, we considered two different kinds of lipid popula-
tions: those strongly affected by the presence of a nearby cho-
lesterol molecule, and those lipids sufficiently far from a choles-
terol molecule to be completely unaffected. We will refer to
this procedure as the two-population approach. The boundary
between these two populations/regions is defined by a choles-
terol-induced radius of action (Ra) centred at every cholesterol
molecule. A graphical representation of the lipid organization
in this model is shown in Figure 1. As discussed below, our
view is that the populations represent exchanging or fluctuat-
ing fractions.

The unaffected lipids were considered completely free of
any cholesterol influence. That is, they were considered to be
in the ld phase having the same dynamics already described
for single component liposomes. The affected lipids, whose
local order is much increased due to the influence of the cho-
lesterol, were considered for the purposes of calculation, to be
in the lo phase. This relaxometric description was implemented,
within our established model, using physical parameters corre-
sponding to this ordered phase. As a result, we have Equa-
tion (2) to simulate the experimental data:

R1 ¼Runaff
1 þ Raff

1 ¼
Nunaff

N
Aunaff

OF Junaff
OF ðwÞ þ Aunaff

R Junaff
D ðwÞ

� �

þNaff

N
Aaff

OFJaff
OFðwÞ þ Aaff

D Jaff
R ðwÞ

� �
þ AFMJFM

ð2Þ

where the superscripts unaff and aff refer to unaffected and af-
fected lipids, respectively; N is the total number of DOPC lipids
in the sample; Nunaff and Naff represent the number of unaffect-
ed and affected lipids, respectively, as given by Equations (3)
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and (4):

Nunaff ¼ N� Naff ð3Þ

Naff ¼ NCðA=AlÞ ð4Þ

Here NC is the total number of cholesterol molecules in the
sample; A = [p(Ra+rC)2�p.rC

2] is the average cholesterol area of
influence, rC is the cholesterol average radius and Ra the aver-
age cholesterol radius of influence. Al is the average area of
the affected lipids (see Figure 1). JOF(w), JD(w), JR(w) are the
spectral densities corresponding to order fluctuations, diffu-
sion, and molecular rotational dynamical processes, respective-
ly. The Aj values are the corresponding amplitude prefactors,
defined as 9=8r6ð Þg4�h2 m=4pð Þ2 where rj is the effective 1H–1H
distance for the relevant dynamic process.

Single-Population Approach

Profiles recorded at 298 K for DOPC LUVs and the simulated
curves using the single-population approach with: a) 10 mol %
cholesterol and average radius R0 = 80 nm, and; b) 25 mol %
cholesterol and an average radius of R0 = 68 nm, are shown in
Figures 2 and 3, respectively, with the corresponding model
parameters given in the Tables 1 and 2. Errors were determined
by analyzing the sensitivity of the simulated curve to variations
of each parameter. The error interval given corresponds to the
maximum shift of the simulation curve within experimental
error (approximately the size of data points).

Using this approach it was possible to obtain simulated pro-
files consistent with the experimental data for both cholesterol
percentages. The values for the physical quantities used are
within the expected range according to literature (compare
Tables 1 and 2 with Table 5). Note that the values for 0 % cho-
lesterol in Tables 1 and 2 are adjusted to take into account the

difference in liposome size, using our established model for
the size dependence of single-component membranes.[14]

The trends in the key parameters, shown in both Tables 1
and 2, suggest changes in membrane properties associated
with the inclusion of cholesterol in the membrane, broadly in
line with expectation. The elastic modulus increases (stiffer
membrane), the diffusion coefficient decreases and the lipid
rotational correlation time increases. Our approach has previ-
ously been shown to reproduce the expected size and temper-
ature dependencies of the key parameters for single-compo-
nent membranes.[14] These results demonstrate that it can be
extended to multi-component compositions, which is very en-
couraging.

Figure 1. Graphical representation of the two population approach. The cir-
cles represent the lipids and cholesterol molecules. The viewpoint is from
a position perpendicular to the plane of the bilayer.

Figure 2. Experimental relaxation profile for DOPC + 10 mol % cholesterol
liposomes with average radius R0 = 80 nm, recorded at 298 K (*). The simu-
lated curve using the single-population approach is shown in grey solid line.
Contributions from each type of motion are included in black soild lines:
order fluctuations (OF), diffusion (DIFF), rotation (ROT), and fast motions
(FM). The relevant parameters are given in Table 1.

Figure 3. Experimental relaxation profile for DOPC + 25 mol % cholesterol
liposomes with average radius R0 = 68 nm, recorded at 298 K (*). The simu-
lated curve using the single-population approach is shown in grey solid line.
Contributions from each type of motion are included in black soild lines:
order fluctuations (OF), diffusion (DIFF), rotation (ROT), and fast motions
(FM). The relevant parameters are given in Table 2.
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Two-Population Approach

Simulated curves were also generated for different relative
quantities of affected and unaffected lipids [Eq. (2)] using the
following procedure, which is designed to reduce the possibili-
ty of over-fitting. The parameters corresponding to the dynam-
ics of the unaffected lipids were fixed. These are the same as
for the 0 % cholesterol case, adjusted for liposome size (as in
the single-population approach). The parameters correspond-
ing to dynamics of the affected lipids were fixed within their
most probable intervals, according to the literature values for
the lo phase. One of ten values between 10 % and 100 % was
selected for the fraction of affected lipids, by selecting the
value for the cholesterol radius of action, Ra. The parameters
for the affected lipids (lo phase) were adjusted, within the most
probable interval, for each Ra value to determine the optimal
simulated curve. This was done manually by looking for the

best agreement between the simulation and experimental
data. From this curve we extract the most probable values for
the ordered phase.

The optimal Ra value (the fraction of affected lipids) was de-
termined by minimizing the sum of the squared differences
(SSD) between the simulated and experimental values, defined
by Equation (5):

SSD ¼
X

i

Rexp
1i � Rsim

1i

� �2

ð5Þ

where R1i
exp and R1i

sim represent the experimental data and the
corresponding simulated R1 values at n0i, respectively. The
smaller the SSD, the more accurately the simulation reprodu-
ces experiment, see Figures 4 and 5.

With this procedure we are able to determine the cholester-
ol radius of action, that is, the average number of affected
lipids, Naff, for each cholesterol concentration. As formulated in
Equation (2), the Naff value is assumed to be the same for all

the dynamic modes. However, the number of affected lipids
could be sensitive to the timescale of the different modes.
Clearly, our model provides an estimate of Naff. That is the
number we obtain is a spatially and temporally averaged value
determined directly from the dynamics of all the motions that
drive fluctuations in the 1H–1H dipolar interactions of the total
lipid. It can be compared to the numbers of ordered lipids ob-
tained from molecular dynamics simulation. However, Naff has
the advantage that it is derived, subject to an acceptable
model for the contributing dynamic processes, from experi-
ment. In that way Naff differs from almost all other determina-
tions of the affected fraction, this point is discussed further
below.

We applied this treatment to the interpretation of the pro-
files of DOPC LUV suspensions recorded at 298 K with:

Table 2. Parameters corresponding to the simulation of relaxation profile
using the single-population approach, recorded at 298 K for DOPC LUVs
with 25 mol % cholesterol and an average radius R0 = 68 nm. The parame-
ters corresponding to free-cholesterol DOPC LUVs at the same tempera-
ture and average radius are shown for comparison (see Figure 3). The
percentage change in the parameters is also included.

Parameter Model value Change %

Cholesterol % 0 25 –
h D2O [K g s�1 m�1] 1.1 � 10�3 1.1 � 10�3 –
s 0 0 –
a [nm] 1 1 –
k [J] (5.4�0.9) � 10�20 (8�1) � 10�20 48
AOF [s�2] (1.0�0.3) � 109 (2.0�0.4) � 109 100
D [m2s�1] (8.8�0.3) � 10�12 (5.5�0.8) � 10�12 �38
tD [s] (0.7�0.2) � 10�4 (1.0�0.1) � 10�4 43
AD [s�2] (1.3�0.2) � 109 (3.5�0.3) � 109 170
tR [s] (1.1�0.3) � 10�8 (1.6�0.3) � 10�8 45
AR [s�2] (2.0�0.3) � 108 (1.5�0.2) � 108 �25
AFMJFM [s�1] (5�1) (7.1�0.8) 42

Table 1. Parameters corresponding to the simulation of the relaxation
profile using the single population approach, recorded at 298 K for DOPC
LUVs with 10 mol % cholesterol and an average radius R0 = 80 nm. The
parameters corresponding to free-cholesterol DOPC LUVs at the same
temperature and average radius are shown for comparison (see Figure 2).
The percentage change in the parameters is also included.

Parameter Model value Change %

Cholesterol % 0 10 –
h D2O [K g s�1 m�1] 1.1 � 10�3 1.1 � 10�3 –
s 0 0 –
a [nm] 1 1 –
k [J] (5.4�0.8) � 10�20 (6.3�0.9) � 10�20 17
AOF [s�2] (1.0�0.3) � 109 (1.4�0.3) � 109 40
D [m2s�1] (1.3�0.4) � 10�11 (0.7�0.2) � 10�11 �46
tD [s] (0.7�0.2) � 10�4 (1.2�0.3) � 10�4 71
AD [s�2] (1.0�0.3) � 109 (1.2�0.4) � 109 20
tR [s] (1.1�0.3) � 10�8 (2.1�0.5) � 10�8 91
AR [s�2] (1.0�0.3) � 108 (0.7�0.2) � 108 �30
AFMJFM [s�1] (5�1) (6.1�0.9) 22

Figure 4. Sum of the squared differences of simulated and experimental pro-
files using the two-population approach as a function of percentage of af-
fected lipids for DOPC + 10 mol % cholesterol liposomes, average radius
R0 = 80 nm, at 298 K. The minimum shows that the optimal simulated disper-
sion curve corresponds to 40 % of affected lipids.
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a) 10 mol % cholesterol and average radius of R0 = 80 nm, and
b) 25 mol % cholesterol with an average radius of R0 = 68 nm.
In Figures 4 and 5, the SSD values are shown as a function of
the percentage of affected lipids for both cholesterol composi-
tions. Minima appear at 40 % and 90 % of affected lipids, for 10
and 25 mol % cholesterol, respectively. The experimental and
simulated profiles corresponding to these Naff values are pre-
sented in Figures 6 and 7, and the corresponding parameters
are given in Tables 3 and 4, again for 10 and 25 mol % choles-
terol, respectively.

The results obtained clearly show that it is also possible to
generate simulated profiles that are in very good agreement
with experimental data for both cholesterol concentrations

using the two-population approach. The numerical values used
for the optimal simulations are in the expected literature range
(compare Table 3 and Table 4 with Table 5). The analysis produ-
ces optimal Naff values of 40 % affected lipids (Ra = 0.63 nm) for
10 mol % cholesterol, and 90 % (Ra = 0.48 nm) for 25 mol % cho-
lesterol. The average number of affected lipids for each choles-
terol molecule is ~3. Note that the values of and the changes
in the key parameters (Tables 3 and 4) are consistent with
physical expectation. However, the appearance of the spectral
density contributions from the two populations, shown in Fig-
ures 6 and 7, largely reflect the key parameter, Naff.

2.2. Discussion

Studies of Cholesterol in Model Membranes

The effect of cholesterol on membrane dynamics has been in-
tensively studied and numerous works have shown that the
molecule strongly affects the lateral organization of the other
lipids. The general view is that at a microscopic level cholester-
ol causes an increase in the order parameters of acyl hydrocar-
bon chains by reducing the number of trans-gauche isomeriza-
tions. This is supported by spectroscopic[57, 58] and other evi-
dence, and it is found that the effect is stronger for saturated
hydrocarbon chains.[59] However, rapid lipid rotation and lateral
diffusion continue to occur in the fluid phase.[60] At lower cho-
lesterol concentrations and higher temperatures membranes in
the liquid disordered phase (ld) retain liquid-like properties,
while at higher concentrations and lower temperatures phase
separation into liquid-disordered and liquid-ordered phase (lo)
has been described,[3, 4] largely based on the superposition of
characteristic 2H NMR patterns.

For binary mixtures of cholesterol with low Tm lipids, such as
1,2-dioleoyl-sn-glycero-3-posphocholine (DOPC), PFG-NMR

Figure 5. Sum of the squared differences of simulated and experimental pro-
files using the two-population approach as a function of percentage of af-
fected lipids for DOPC + 25 mol % cholesterol liposomes, average radius
R0 = 68 nm, at 298 K. The minimum shows that the optimal simulated disper-
sion curve corresponds to 90 % of affected lipids.

Figure 6. Experimental relaxation profile for DOPC + 10 mol % cholesterol
liposomes, average radius R0 = 80 nm, recorded at 298 K (*). The optimal si-
mulated dispersion curve using the two-population approach corresponds
to 40 % of affected lipids (grey solid line). Contributions from each type of
motion are included in black solid lines for affected (thicker lines) and unaf-
fected lipids: order fluctuations (OF), diffusion (DIFF), rotation (ROT), and fast
motions (FM). The relevant parameters are included in Table 3.

Figure 7. Experimental relaxation profile for DOPC + 25 mol % cholesterol
liposomes, average radius R0 = 68 nm, recorded at 298 K (*). The optimal si-
mulated dispersion curve using the two-population approach corresponds
to 90 % of affected lipids (grey solid line). Contributions from each type of
motion are included in black soild lines for affected (thicker lines) and unaf-
fected lipids: order fluctuations (OF), diffusion (DIFF), rotation (ROT), and fast
motions (FM). The relevant parameters are included in Table 4.
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measurements have shown that,
at compositions where there
may be multiple domains, there
is rapid molecular exchange be-
tween the pools, which must
therefore be sub-micron in
scale.[2, 47] It was also suggested
that the system remains in the ld

phase up to 40 mol %, at room
temperature. Indeed it is gener-
ally accepted that for binary
compositions, sub-micron do-
mains are better described as
fluctuations rather than persis-
tent, or stable, thermodynamic
phases.[1] The lateral diffusion of
different sterols and POPC or
DPPC in mixed membranes was
also investigated by pulsed field
gradient magic angle spinning
1H NMR spectroscopy (PFG MAS
1H NMR).[9, 10] The method com-
bines the high resolution of MAS
with the ability to measure ap-
parent diffusion coefficients for
all resolved components in the
mixture, for example, lateral dif-
fusion of the sterol and phos-
pholipid in the same membrane,
without the use of perturbing
labels. The findings were in
broad agreement with the PFG-
NMR studies on oriented
layers.[2, 47] It was shown that the
boundaries between liquid-or-
dered and liquid-disordered do-
mains are not insurmountable

Table 3. Parameters for the simulation of the relaxation profile using the two-population approach with 40 %
of affected lipids. Corresponds to data recorded at 298 K for DOPC LUVs with 10 mol % cholesterol and an aver-
age radius R0 = 80 nm (see Figure 6).

Parameter Model value

Unaffected lipids (ld phase) Affected lipids (lo phase)
h D2O [K g s�1 m�1] 1.1 � 10�3 1.1 � 10�3

s 0 0
a [nm] 1 1
Cholesterol area [nm2] – 0.35
Lipid area [nm2] 0.73 0.71
K [J] (5.4�0.8) � 10�20 (30�10) � 10�20

AOF [s�2] (1.0�0.3) � 109 (3�2) � 109

D [m2s�1] (1.3�0.4) � 10�11 (0.5�0.2) � 10�11

tD [s] (0.7�0.2) � 10�4 (1.5�0.5) � 10�4

AD [s�2] (1.0�0.3) � 109 (2.1�0.9) � 109

tR [s] (1.1�0.3) � 10�8 (4.4�0.9) � 10�8

AR [s�2] (1.0�0.3) � 108 (0.8�0.1) � 108

AFMJFM [s�1] (5.8�0.6)
Ra [nm] – 0.63
Number of lipids affected by cholesterol – 3.6

Table 4. Parameters for the simulation of the relaxation profile using the two-population approach with 90 %
of affected lipids. Corresponds to data recorded at 298 K for DOPC LUVs with 25 mol % cholesterol and an aver-
age radius R0 = 68 nm (see Figure 7).

Parameter Model value

Unaffected lipids (ld phase) Affected lipids (lo phase)
h D2O [K g s�1 m�1] 1.1 � 10�3 1.1 � 10�3

s 0 0
a [nm] 1 1
Cholesterol area [nm2] – 0.35
Lipid area [nm2] 0.73 0.64
K [J] (5.4�0.9) � 10�20 (30�10) � 10�20

AOF [s�2] (1�0.3) � 109 (5.1�1.9) � 109

D [m2s�1] (8.8�0.3) � 10�12 (5.5�0.8) � 10�12

tD [s] (0.7�0.2) � 10�4 (1.0�0.1) � 10�4

AD [s�2] (1.3�0.2) � 109 (4.3�0.4) � 109

tR [s] (1.1�0.3) � 10�8 (3.7�0.5) � 10�8

AR [s�2] (2.0�0.3) � 108 (0.9�0.1) � 108

AFMJFM [s�1] (8.4�0.2)
Ra [nm] – 0.48
Number of lipids affected by cholesterol – 2.7

Table 5. Summary of the most probable intervals for each physical parameter in the ld phase and lo phase with indicative references.

Parameter ld phase range Refs. lo phase range Refs.

Cholesterol molar percent 0[a] 10[b] 25[c] – �35
�50[d]

–

h D2O [K g s�1 m�1] (0.8–1.3) � 10�3 (0.8–1.3) � 10�3 (0.8–1.3) � 10�3 [20, 21] (0.8–1.3) � 10�3 [12, 13]
s 0–25 0–25 0–25 [20, 22, 23] 0–25 [12, 14, 15]
a [nm] 1–1.2 1–1.2 1–1.2 [24–27] 1–1.2 [16–19]
Cholesterol area [nm2] – 0.32–0.39 0.32–0.39 [28–31] 0.32–0.39 [20–23]
Lipid area [nm2] 0.71–0.74 0.7–0.72 0.64–0.69 [31–34] – –
k [J] 0.4 � 10�20–1 � 10�19 (6.1–8.8) � 10�20 (6.4–8) � 10�20 [32, 33, 35–37] 3.5kld�klo�6kld [30, 31]
AOF [s�2] 1.6 � 107–9.9 � 109 1.6 � 107–9.9 � 109 1.6 � 107–9.9 � 109 [40, 41] 1.6 � 107–9.9 � 109 [32, 33]
D [m2s�1] 10�12–10�10 (5.8–7) � 10�12 (4.9–6) � 10�12 [2, 8, 21, 26, 42–46] Dld/4�Dlo�Dld/2 [2, 5, 39–41]
AD [s�2] 1.6 � 107–9.9 � 109 1.6 � 107–9.9 � 109 1.6 � 107–9.9 � 109 [40, 41] 1.6 � 107–9.9 � 109 [32, 33]
tR [s] 10�10–10�7 10�10–10�7 10�10–10�7 [13, 50, 51] 2tR

ld�tR
lo�4tR

ld [41]
AR [s�2] 1.6 � 107–9.9 � 109 1.6 � 107–9.9 � 109 1.6 � 107–9.9 � 109 [40, 41] 1.6 � 107–9.9 � 109 [32, 33]
Ra [nm] – 0.5–3 0.5–3 [28, 29, 52–55] 0.5–3 [20, 21, 45–48]
Number of lipids affected by
cholesterol

– 1–9 1–9 [52, 53, 56] 1–9 [45, 46, 49]

[a] Compare to Tables 1–4. [b] Compare to Table 1. [c] Compare to Table 2. [d] Compare to Tables 3 and 4.
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for diffusion of phospholipid and sterol. The sterol diffusion
rates were also found to depend on the sterol affinity to the
phospholipids, with cholesterol showing the strongest interac-
tions/slowest diffusion. However, it is difficult to translate these
results directly to our study as multi-lamellar liposomes were
used, which as noted above, are not stable under our condi-
tions. The lateral diffusion may also differ for fully hydrated
single bilayers. Significant decreases in diffusion on addition of
cholesterol were also noted from EPR studies,[61] although once
again these were typically performed on MLVs. In addition mo-
lecular spin labels (effectively additional components) are re-
quired, so the composition is not strictly binary.

Turning to the high-resolution field-cycling studies, the 1H–
31P dipolar contribution to the 31P relaxation was approximated
by a field-dependent term, corresponding to a single correla-
tion time tc, which was assumed to be the dominant low-field
contribution. This dynamic process, which is on the 10�8 s
timescale, was initially attributed to rotations of the whole
lipid molecule around its long axis and/or torsional motions of
the phosphate group,[15] and subsequently to a wobble in the
cone describing the vectors connecting the 31P nucleus to the
two nearest glycerol 1H.[16] The addition of cholesterol dramati-
cally affects the low-field relaxation dispersion, increasing the
tc value. While consistent with our findings for molecular rota-
tions, the author’s interpretation does not allow direct assess-
ment into the potential influence of collective dynamics on the
1H-induced 31P relaxation. Comparison of the 13C and with the
31P case,[17] showed that the correlation time for the motion is
the same for both cases in the presence of cholesterol. Howev-
er, in the cholesterol free sample, the correlation time obtained
from 31P data is shorter, probably due to a faster local motion
that becomes dampened in the presence of the sterol. The dy-
namic wobble process is apparently present with and without
cholesterol. As such a motion cannot be uncorrelated in the
presence of other lipids forming the membrane, one could
speculate that it is the connection between the local and col-
lective dynamics (it corresponds to the hydrodynamic mode
whose damping time can be associated with the extracted tc

value). Unfortunately, the quality of the data currently attaina-
ble with the high-resolution experiment, and the lack of spec-
tral resolution in FFC NMR preclude a definitive study at this
time.

On the other hand, molecular dynamics (MD) simulations
have been very widely applied to study the energy landscape
of lipid molecules (usually phosphatidylcholines) in bilayers in
the vicinity of cholesterol and they provide an alternative pic-
ture. These studies suggest that, contrary to the description
used in most experimental studies (fluorescence and PFG-
NMR), the lipid pool is partitioned into fractions of affected
and unaffected lipids depending on their proximity to a choles-
terol molecule.[28, 29, 52, 53, 55] The former are commonly considered
to be in the lo phase and the latter in ld. The consensus that
emerges from the molecular dynamics simulations is that at
moderate content the cholesterol molecules are dispersed
across each layer[55] and each one orders a small number of
lipid molecules[53] usually within the first neighbors (Ra

ca.1 nm), although some authors have claimed a more longer
range, but gradually weakening effect.[55]

MD simulations have potential to provide an atomic-scale
picture of structural and dynamical properties of lipid mem-
branes that complements and assists in the interpretation of
experimental results. Among the effects of cholesterol studied
by simulation[62, 63] are the condensing effect, that is, the ten-
dency of cholesterol to reduce the area or volume per lipid in
bilayers, the increase of bilayer thickness and in the hydrocar-
bon chain (deuterium) order parameter, the decrease of cho-
lesterol average tilt angle, and a weakening of water bridges
between lipid molecules. It has also been shown[62] that choles-
terol has a significant influence on the lipid dynamical process-
es on the sub-nanosecond time scale, including; headgroup
flip-flop, chain defect motion along the acyl chains, partial ro-
tation of the molecule as a whole, and single-molecule protru-
sion and lateral rattling-in-a-cage motions. It is likely that these
motions are important for the lateral and trans-bilayer trans-
port of small molecules. Therefore, the increase of the micro-
scopic viscosity of the bilayer interior with cholesterol content,
obtained identified from simulations is consistent with the ob-
served reduction in passive bilayer permeability. MD simula-
tions have also been used to study the hydrogen-bonding net-
work within binary membranes.[64] It was concluded that each
cholesterol molecule is hydrogen-bonded to no more than
two lipids, with the interaction with saturated being favored
over unsaturated lipids.

In the approach of Miao and Mouritsen[65] Monte Carlo im-
portance sampling was used to obtain a statistical ensemble of
microscopic states according to the Boltzmann distribution.
The model incorporates a large number of sterols and PCs
evolving under an approximate interaction potential with
translational and molecular conformational degrees of free-
dom, and with a minimal model of the interactions between
the molecules. From the simulation data the equilibrium con-
formational order parameter is obtained. Thread-like micro-do-
mains were identified as a key feature. Cholesterol was found
to have increased capacity, as compared to lanosterol, to stabi-
lize the lo phase.

Despite the obvious strength of computational methods
they remain somewhat limited even today. In the case of MD
the number of molecules included (100 s of lipid molecules) re-
mains quite low, and in particular the total time of the MD sim-
ulations (100s of ns range) remains short. New insights into
the dynamics, composition and lifetimes of domains in binary
membranes from experimental studies are required to develop
this picture. We believe that the approach described here has
potential to contribute to that effort.

Fast Field-Cycling Relaxometric Study of Binary Membranes

Firstly, our results and analysis strongly suggest that the model
previously used to explain the relaxation profile in single-com-
ponent liposomes[12, 14] can be extended to the study of binary
liposomes containing cholesterol in the membrane. However,
as two models can be used to reproduce the experimental
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profiles a full evaluation of their relative merits is required. We
shall look first at the statistical quality of the simulations.

Considering the single-population approach, the value of
SSD for the simulation with 10 mol % was about 4.4 times
smaller than that for 25 mol % cholesterol. On the other hand
for the two-population approach, the SSD value for 10 mol %
was about 10 times smaller than for 25 mol % cholesterol.
Clearly both approaches provide a better reproduction of the
experimental profile at lower cholesterol content. This proba-
bly arises because the cholesterol dynamics, which become
more important at higher content, are not included independ-
ently. The SSD values also provide a means to compare the
single- and two-population approaches. In the case of
10 mol % cholesterol, the SSD of the single population was
about 3.3 times larger than for the two-population approach.
On the other hand, in the case of 25 mol % cholesterol, the
corresponding factor was about 1.4. The SSD values suggest
that the two-population approach provides a better descrip-
tion of the experimental data. Although the interpretation of
the key Naff values, used in this model, requires some inde-
pendent validation. Comparisons between the results obtained
for the two cholesterol molar percentages using the two ap-
proaches are provided in Table 6.

In the case of the single-population approach it was as-
sumed that cholesterol induces a modulation of the viscoelas-
tic parameters of the entire membrane that remains in the dis-
ordered liquid crystalline phase, ld, at 298 K. The results are
consistent, for both compositions, with the observations of
other authors that can be found in the literature.[2, 47] The ob-
tained parameters are within the expected range (according to
the literature) for both cholesterol percentages (compare
Tables 1 and 2 with Table 5). Comparing the values of tD for 0,
10 and 25 mol % cholesterol, the expected slight increase with
cholesterol content can be noted.[2, 45, 46] A similar behaviour
can be observed for the values of tR.[39] These results suggest
that the cholesterol slows down the translational and rotation-
al diffusion processes. The bending elastic modulus k shows
a slight increase with the cholesterol content, also in agree-

ment with other studies reported in the literature.[33, 37] This
result was attributed to a more rigid and ordered structure of
the lipids in the presence of cholesterol.[28–30, 37, 48, 52, 59, 66–74] All of
these effects confirm that the essential aspects of the physical
changes induced by cholesterol are captured by the FFC NMR
approach, one of its main advantages is that it provides all of
the information, for processes occurring over a very different
timescales, from a single experiment.

The amplitude pre-factors did not show a very large change
with the addition of cholesterol, but their variations were
bigger for the case of 25 mol % cholesterol (see Tables 1 and
2). We attribute this effect to dynamics of the cholesterol mol-
ecule; as the concentration increases, cholesterol molecules
contribute to the 1H signal and their own dynamics start to be
relevant. Since we did not include a special term reflecting the
cholesterol dynamics, this contribution becomes absorbed into
the lipid pre-factors. This approximation is equivalent to the
implicit assumption that the cholesterol dynamics follows or
mirrors the lipid dynamics, which in principle is reasonable for
diffusion, in agreement with other authors,[9] and order fluctua-
tions. This interpretation is also supported by the fact that the
simulation using the single-population approach is closer to
the experimental profile for the 10 % cholesterol case, as noted
above. The model could be further refined to account for cho-
lesterol dynamics. However, a more physically intuitive im-
provement of the model is to partition the total lipid.

The two-population approach was inspired by results from
computational simulations, mostly involving molecular dynam-
ics,[28, 29, 52, 53, 55] which partition the lipid population into those in
a region around each cholesterol molecule which are strongly
ordered, and non-affected disordered lipids outside these re-
gions. The simulated 1H relaxation profiles obtained by split-
ting the population agree very well with experimental data for
both cholesterol compositions.

The key step in applying this methodology was identifying
the optimal Ra, by statistical comparison of experiment and
simulation. The results suggest that there are about 3 affected
lipids for each cholesterol molecule. This finding is consistent

Table 6. Comparative analysis of the most important physical parameters for the simulation of the relaxation profiles, recorded for DOPC LUVs with 10
and 25 mol % cholesterol at 298 K, using the single- and the two-population approaches.

Parameter
Single-population
approach (ld phase)

Two-population approach
Single-population
approach (ld phase)

Two-population approach
60 % unaffected
lipids (ld phase)

40 % affected lipids
(lo phase) Ra = 0.63 nm

10 % unaffected
lipids (ld phase)

90 % affected lipids
(lo phase) Ra = 0.48 nm

Cholesterol
molar percent

10 0 10 25 0 25

Ro [nm] 80 80 80 68 68 68
k [J] (6.3�0.9) � 10�20 (5.4�0.8) � 10�20 (30�10) � 10�20 (8�1) � 10�20 (5.4�0.9) � 10�20 (30�10) � 10�20

AOF [s�2] (1.4�0.3) � 109 (1.0�0.3) � 109 (3�2) � 109 (2.0�0.4) � 109 (1.0�0.3) � 109 (5.1�1.9) � 109

D [m2s�1] (0.7�0.2) � 10�11 (1.3�0.4) � 10�11 (0.5�0.2) � 10�11 (5.5�0.8) � 10�12 (8.8�0.3) � 10�12 (5.5�0.8) � 10�12

tD [s] (1.2�0.3) � 10�4 (0.7�0.2) � 10�4 (1.5�0.5) � 10�4 (1.0�0.1) � 10�4 (0.7�0.2) � 10�4 (1.0�0.1) � 10�4

AD [s�2] (1.2�0.4) � 109 (1.0�0.3) � 109 (2.1�0.9) � 109 (3.5�0.3) � 109 (1.3�0.2) � 109 (4.3�0.4) � 109

tR [s] (2.1�0.5) � 10�8 (1.1�0.3) � 10�8 (4.4�0.9) � 10�8 (1.6�0.3) � 10�8 (1.1�0.3) � 10�8 (3.7�0.5) � 10�8

AR [s�2] (0.7�0.2) � 108 (1.0�0.3) � 108 (0.8�0.1) � 108 (1.5�0.2) � 10�8 (2.0�0.3) � 108 (0.9�0.1) � 108

AFMJFM [s�1] (6.1�0.9) (5.8�0.6) (7.1�0.8) (8.4�0.2)
Sum of the
squared
differences

211 63 942 661
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with the literature values from molecular dynamics.[53, 56] There
is little experimental evidence pinpointing the numbers of ‘af-
fected’ lipids. However, in a recent commentary Evans[75] corre-
lated the calculated energy (derived from micromechanical
measurements of PC:cholesterol interaction at different com-
positions, with the area per lipid (from 2H NMR analysis). It is
interesting that the suggested optimal PC:cholesterol cluster
cohesion energy occurs at a ratio of 5:2, which compares rea-
sonably with our Naff values.

Finally, examination of the physical parameters used in the
optimal simulations shows that the diffusional and rotational
processes become slower for affected lipids. The bending elas-
tic modulus k increases by a factor of ~5.5 in the lo phase,
which is consistent with a more rigid and ordered structure. In
fact the profiles are particularly sensitive to changes in k. All
these changes in the extracted parameters are consistent with
the anticipated effect of cholesterol ordering on local dynam-
ics. The amplitude pre-factors do not show very large changes
between the populations. However, the variations were greater
for the case of 25 mol % cholesterol (see Tables 3 and 4).
Again, this can be attributed to the increased influence of the
cholesterol dynamics. As expected therefore, the simulation,
after optimising Naff through the statistical analysis, provides
slightly closer agreement with experiment for 10 mol % choles-
terol.

3. Conclusions

We find that the 1H relaxation profiles are more consistent
with the partitioning of the lipid molecules into affected and
unaffected portions, than with a single averaged phase. Taking
into account the coarseness of the Naff sampling, Figure 4 and
5, and the quality of the NMRD data (given the high 1H dilu-
tion in the colloidal D2O samples) we do not attribute any sig-
nificance to the slight differences in Naff obtained for the two
compositions, Table 3 and 4. Hence for compositions up to
25 mol % cholesterol, we conclude that each sterol molecule
orders three DOPC molecules, in agreement with a great many
computational studies.[28, 29, 52, 53, 55, 62–64]

It is apparent that the observation or non-observation of do-
mains depends strongly on the sensitive timescale of the rele-
vant technique. So for instance PFG-NMR provides an averaged
view, given the rapid exchange timescale between the popula-
tions and the phase encoding times that are used. Similarly,
2H NMR lineshape studies usually present spectral super-posi-
tions wherein the domains are in the slow exchange limit.
FFC NMR relaxometry, while providing data which is sensitive
to a broad range of motions, remains in the weak collision
limit, tc ! T1, at all n0 values for unilamellar vesicles. Hence the
response is always in the slow motion limit and the data
allows the two populations to be identified. Hence, using the
FFC NMR approach it is not possible to directly obtain informa-
tion on the rate of lipid exchange between the pools.

We have now validated the fast field-cycling approach for
studying dynamics over a wide timescale for single component
liposomes of different curvature and as a function of tempera-
ture[12, 14] and for multi-component liposomes. The specific ad-

vantages are the ability to provide information on membrane
rigidity and lipid lateral mobility from a single experiment on
intact highly curved liposomal membranes of differing compo-
sitions. Hence the approach may add to the insights that can
be gained from the array of physicochemical and computation-
al techniques currently being used. In particular, the approach
provides the elastic modulus of the membrane, and insights
into local ordering in the vicinity of cholesterol. The latter is
normally only obtainable from simulation.

In ongoing work we will exploit these advantages to evalu-
ate the effect of temperature an isotonic strength of the
medium on the key parameters derived for binary composi-
tions of cholesterol with both unsaturated and saturated phos-
phatidylcholines. This may throw further light on the character
of the different lipid populations. We will also to extend the
approach to complex compositions of naturally sourced lipids,
which provide a better model of biological membranes and
their domain structure.

Experimental Section

Reagents: 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was
purchased as a lyophilized powders (>99 %) from Avanti Polar
Lipids (Alabaster, AL) and stored at �20 8C. Deuterium oxide (D2O,
purity 99.9 %) was obtained from Apollo Scientific Limited (UK) and
cholesterol (>99 %) was purchased from Aldrich Chemical Co. (Mil-
waukee, WI). All reagents were used without further purification.

Liposome Preparation: Large unilamellar vesicle (LUV) suspensions
of DOPC of different vesicle sizes, 68 and 80 nm in radius, were
prepared using established techniques. Uniform lipid/cholesterol
mixtures were prepared by dissolving ~70 mg DOPC and 10 or
25 mol % cholesterol in 2 mL CHCl3. The solvent was removed
under a slow stream of N2 over 24 h. Liposomes were prepared by
hydrating the mixtures in 1.5 mL deuterium oxide (5 m proton,
0.06 m lipid) under a constant flow of Ar. The residual 0.1 % HDO in
the D2O corresponds to a 1H concentration of c. 0.05 m, which is
a relatively low concentration for FFC NMR. The technique, like all
low field NMR techniques, is highly insensitive which largely pre-
cludes the use of isotopic substitution with 2H to provide site spe-
cific 1H information. Hence the ratio of lipid to HDO 1H is ~100:1
and we can be confident that the measured 1H signal arises from
the lipid 1H component. The suspensions were heated above the
main phase transition, Tm, to ~22 8C for 24 h, followed by three
heating/cooling/shaking cycles to ensure a homogeneous prepara-
tion. Following hydration, the vesicle suspensions were exposed to
six freeze–thaw cycles using liquid N2 and warm water (40 8C), then
passed at least eleven times through an Avanti Polar Lipids mini-
extruder (Alabaster, AL) containing polycarbonate membranes with
a pore size of 0.2 or 0.1 mm (Whatman Nuclepore; Clifton, NJ). The
extrusion process was carried out above Tm in an AtmosBag glove-
bag (Aldrich Chemical Co. ; Milwaukee, WI). It was found that as
the % cholesterol was increased the extrusion process became
more difficult, and more physical force was required. However, ex-
trusion was successful in each case; the polycarbonate membrane
survived the process intact, the widths of the DLS size distributions
were comparable, and the samples were comparably stable.

Dynamic Light Scattering: The average sizes of the unilamellar lipo-
some suspensions were determined using a High-Performance Par-
ticle Sizer HPPS (Malvern Instruments; Malvern, U.K.) using a detec-
tion angle of 1738 and a 3 mW He-Ne laser operating at a wave-
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length of 633 nm. The mean hydrodynamic diameter is determined
from the rate of fluctuation of the intensity of scattered light.

Relaxation Rate Dispersion Experiments: 1H relaxation rate disper-
sions (also termed NMRD profiles) were measured using the
FFC NMR technique[11] with a Spinmaster FFC-2000 Fast Field-Cy-
cling NMR Relaxometer (Stelar; Mede, Italy) for liposome samples
of 1 mL volume. In all cases a polarization magnetic field of 0.329 T
(equivalent to 14 MHz for 1H) was used, which was switched on for
a period of 0.5 s to generate sample magnetization. The value of
the acquisition field was 0.217 T (9.25 MHz). A field slew rate of
0.47 T ms�1 (20 MHz ms�1) was used in all cases, with a switching
time of 1.5 ms to allow the magnetic field to settle. A digitization
rate of 1 MHz was used for acquisition, while the dead time of the
spectrometer was about 20 ms. The FID was sampled with 512
points in the time range 25–540 ms, after the front edge of the 908
pulse, which was of 7.5 ms duration. It should be noted that the
FFC NMR approach uses fast switching, low-resolution (spatially in-
homogeneous) electromagnets, and thus provides no spectroscop-
ic resolution. The acquired signal contains unresolved contribu-
tions from all the 1H nuclei within the sample; phospholipids and
cholesterol, with the former predominant. It should be noted that
any broadening due to the cholesterol that would be observable
using high resolution NMR is masked by the B0 inhomogeneity.
The relaxation rates, R1, were determined from the magnetization
recovery curves. The R1 values were not sensitive to the time
window over which the FID was sampled. The spin relaxation pro-
cess for all samples was found to be mono-exponential, within
error, at all frequencies. Sample temperature was controlled to
within about 0.5 K using the Spinmaster Variable Temperature Con-
troller. Temperatures were calibrated externally using a Cu–Al ther-
mocouple in a 10 mm NMR tube. The time for each experiment
was limited by the stability of the suspensions. 64 scans were used
at each frequency and the total measurement time was 24 h. It
was verified by NMR and DLS that the suspensions remained un-
changed after the total time of the experiment. After several days,
changes were observed in both R1 and the hydrodynamic size. Pro-
files were measured within the frequency range from 30 kHz to
15.2 MHz in the liquid crystalline phase for liposomes of DOPC con-
taining 10 mol % and 25 mol % of cholesterol. We find that at
lower frequencies the local field becomes dominant and hence the
magnetization does not evolve according to T1, at higher frequen-
cies the frequency dependence becomes essentially non-disper-
sive.[12] Experiments were performed on liposome suspensions with
average hydrodynamic radii of 80 and 68 nm, at 298 K.

Simulation of the Relaxation Rate Dispersions: For this task we
adopted the systematic approach already discussed by us previ-
ously[12, 14] with small modifications: 1) The relevant physical param-
eters were fixed within their most probable intervals, using litera-
ture values. 2) The frequency-independent contribution to the opti-
mal parameter set was adjusted to within their most probable in-
tervals. 3) Fine adjustments were made to the amplitudes (pre-fac-
tors) of each spectral density contribution, if required. The optimal
simulation was obtained by manually minimizing the sum of the
squared differences between the simulated curve and the experi-
mental data.

Keywords: cholesterol effect · fast field-cycling NMR · lipid
bilayers · molecular dynamics · NMR spectroscopy
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