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Material properties of lipid bilayers were studied on the mesoscopic scale using deuterium nuclear magnetic
resonance spectroscopy. The fluid phase of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was
compared with DMPC containing a nonionic detergent as an additive. Order parameter profiles were obtained
from the deuterium NMR spectra of DMPC having perdeuterated acyl chains (DMPC-d54). A reduction of
the order parameters of DMPC-d54 in the presence of the detergent octaethyleneglycol-mono-n-dodecyl ether
(C12E8) was observed, consistent with an increased configurational freedom of the phospholipid acyl chains.
Relaxation ratesR1Z

(i) andR1Q
(i) were measured and spectral densitiesJm(mω0) wherem ) 1,2 were calculated

from the combined relaxation results. Profiles of the observables, i.e., order parameters, relaxation rates, and
spectral densities were interpreted within the framework of a new composite membrane deformation model,
which describes characteristic properties of the membrane in terms of a continuum picture. According to this
model, the influence of the nonionic detergent (C12E8) on the electroneutral DMPC membrane is to increase
the membrane flexibility as manifested by the functional dependence of theR1Z

(i) and R1Q
(i) rates, i.e., the

dependence of the spectral densities on the corresponding profiles of the orientational order parameters|SCD
(i) |.

Within the theoretical framework the increased flexibility of the detergent-containing membranes corresponds
to a decrease of the elastic constants for continuum (elastic) deformations of the membrane bilayer. In the
case of splay fluctuations the elastic constant and the bilayer thickness are related to the macroscopic bending
rigidity, which qualitatively yields a correspondence to studies of macroscopic bending fluctuations thus yielding
support for the model. In general, these findings indicate a softening of the membrane bilayer by the presence
of a nonionic detergent, which corresponds to a decrease of the elastic constants for continuum deformations
of the membrane.

Introduction

The elasticity of lipid bilayers is of fundamental importance
regarding biomembrane functions such as ligand-receptor
interactions, endo/exocytosis, membrane fusion, and other key
processes.1 A number of analytical techniques are available for
assessment of micromechanical membrane properties,2-7 the
majority of which investigate the properties of model membranes
such as giant vesicles and multibilayers. By contrast spectro-
scopic methods are intrinsically suited for the measurement of
microscopic properties, which may be related to bulk membrane
properties in favorable cases. Of particular interest is the
correspondence of microscopic observables from solid-state
NMR spectroscopy to the properties of lipid assemblies on a
mesoscopic length scale. This length scale is intermediate
between the cross-sectional size of individual molecules and
the macroscopic bilayer dimensions where the lipid aggregates
can be treated as a continuum material. In the present study
emphasis is focused on the flexibility of bilayer aggregates on
the mesoscopic scale, comprising phospholipids and a nonionic
amphiphile.

It is known from studies of membrane-bending deformations
that additives such as detergents and cholesterol can have an
influence on the membrane elastic properties.7,8 Addition of
single-chain amphiphiles leads to softening and eventually to
the disintegration of bilayer membranes resulting in the forma-
tion of small micelles. Mixtures of phospholipids and nonionic
detergents from the poly(oxyethylene) series have been previ-
ously studied with regard to the structure and dynamics of mixed
micelles,9,10 the thermodynamics of mixing and membrane
solubilization,11-13 water uptake and membrane swelling,14 and
bilayer/nonbilayer phase transitions.15,16Previous work has also
investigated properties such as aggregate flexibility, magnetic
orientation, and phase diagrams.17-19

NMR spectroscopy has the advantage of enabling a com-
parison of membrane properties versus membrane composition
using microscopic observables, i.e., NMR line shapes and
orientational order parameters, together with the corresponding
nuclear spin relaxation rates and the derived spectral densities
of motion Jm(mω0), where m ) 1,2. In the present study
deuterium NMR spectra were obtained of 1,2-diperdeuteri-
omyristoyl-sn-glycero-3-phosphocholine (DMPC-d54) in the
fluid state, and of DMPC-d54 containing the nonionic detergent
octaethyleneglycol-mono-n-dodecyl ether (C12E8). Order pa-
rameter profiles extracted from the spectra were indicative of
increased configurational freedom of the phospholipid chains
in the presence of the detergent. Moreover, relaxation rates, viz.
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R1Z andR1Q and the corresponding spectral densitiesJm(mω0)
were obtained for the phospholipid/detergent mixtures and for
the pure phospholipids. Spectral densities were interpreted within
the framework of a new composite membrane deformation
model which describes elastic properties of the membrane in
terms of a continuum picture.20

Theoretical Background

Lipid bilayers can be studied using order parameters and
nuclear spin-lattice relaxation which involve the mean-squared
amplitudes and rates of orientational fluctuations of the mol-
ecules in the MHz range. Individual order parametersSCD can
be defined assuming axial symmetry of the electrical field
gradient tensor (EFG) of the individual C-2H bonds:

where âPD
(i) denotes the transformation from the static EFG

tensor of theith C-2H bond to the bilayer normal.21 The
observable quadrupolar splitting of theith C-2H bond is related
to the order parameterSCD

(i) by

HereP2 denotes the second Legendre polynomial,θ is the angle
between the normal to the bilayer and the magnetic field, and
øQ is the static quadrupolar coupling constant of the C-2H bond
(170 kHz). It is customary to assume that the observed
quadrupolar splittings decrease monotonically with the carbon
index i on going from the interfacial segments of the phospho-
lipid molecule to the terminal methyl group.

The spin-lattice relaxation rateR1Z
(i) is due to orientational

fluctuations of the individual C-2H bonds and is given to second
order by

Similarly, the decay of quadrupolar order is given by the
relaxation rateR1Q, viz.,

The Jm(mω0) are the irreducible spectral densities of motion:

whereGm(t) indicates the rank-2 autocorrelation functions of
the perturbing Hamiltonian (m ) 1,2), andω ) mω0 is the
deuteron Larmor frequency.

As a conceptual framework, we shall assume the relaxation
is described by a composite membrane deformation model.20

(It may be helpful for the reader to refer to a schematic diagram
of the various Euler angles, see e.g., Brown21.) In what follows
the symbolDm′m

(2) (Ω) denotes the rank-2 Wigner rotation matrix
elements, where (m′,m) are generalized projection indices.21 The
various Euler angles,Ω ≡ ΩPI, ΩIM, ΩMN, andΩND, describe,
respectively, transformations from the principal axis system (P)
of the EFG to an internal frame (I); from the internal frame to
the molecular frame (M); from the molecular frame to the local

or instantaneous director frame (N), and last from the local
director to the average director frame (D) corresponding to the
macroscopic bilayer normal.22 The EFG fluctuations can include
rapid local motions of thestatic EFG tensor, described by a
fast order parameterSf

(2) ) 〈D00
(2)(ΩPI)〉. Moreover, slower

motions of theresidual EFG tensor left-over from the faster
fluctuations can occur. The slow order parameter is given by
Ss

(2) ) Ss
(2)molSs

(2)col ) 〈D00
(2)(ΩMN)〉〈D00

(2)(ΩND)〉 and can be due to
the combined effects of molecular and collective motions.
According to the closure property of the rotation group, the
observed order parameter is thenSCD ) Sf

(2)S̃int
(2)Ss

(2) where

is a geometric factor which describes the orientation of the
residual coupling tensor together with the effective asymmetry
parameterηQ

eff.
The composite membrane deformation model explains both

the orientation anisotropy and the frequency (magnetic field)
dependence of theR1Z andR1Q relaxation rates of bilayer lipids
in the liquid-crystalline state.20 For this model the irreducible
spectral densities of motion are given in closed form by

The first term in eq 7 represents the spectral density due to
collective membrane excitations, and assumes a single elastic
constant for twist, splay, and bend (3-D) deformations. Assum-
ing small-amplitude order-director fluctuations (linear order23),
the spectral densities are given by20,22

where the Euler anglesΩDL correspond to the fixed transforma-
tion from the director frame (D), viz. the macroscopic bilayer
normal, to the laboratory axis system (L). For three-dimensional
(d ) 3) director fluctuations this yields anω-1/2 frequency
dependence. The above formula corresponds to the overdamped
regime for collective fluctuations, where each of the modes
relaxes with a single exponential time constant. According to
eq 8, the spectral densitiesJm

col(ω) depend on the square of the
observed order parameterSCD ) Sf

(2)S̃int
(2)Ss

(2). The viscoelastic
constant is

where K is the elastic constant for twist, splay, and bend
fluctuations. Note that the slow-order parameterSs

(2)col is
absorbed into the viscoelastic constantD and cannot be
determined independently ofK andη. It follows that a square-
law functional dependence of the spectral densities and relax-
ation rates on the observed order parameterSCD is obtained for
collective membrane motions assuming thatSs

(2)col is constant
along the entire chain.23 In addition one can consider 2-D
membrane excitations (d ) 2), e.g., in terms of a flexible surface
model, leading to anω-1 frequency dependence, which is not
found experimentally at MHz frequencies.22

The second term in eq 7 corresponds to the spectral densities
for rotations of the flexible lipid molecules, and is given by24

SCD
(i) ) 1

2
〈3 cos2 âPD

(i) - 1〉 (1)

∆νQ
(i) ) 3

2
øQP2(cosθ)SCD

(i) (2)

R1Z ) 3
4
π2øQ

2 [J1(ω0) + 4J2(2ω0)] (3)

R1Q ) 9
4
π2øQ

2J1(ω0) (4)

Jm(ω) ) ∫Gm(t) exp(-iωt)dt (5)

S̃int
(2) ≡ {D00

(2)(ΩIM) - x2
3

ηQ
effReD(20

(2) (ΩIM)} (6)

Jm(ω) ) Jm
col(ω) + Jm

mol(ω) + Jm
mol-col(ω) (7)

Jm
col(ω) ) 5

2
SCD

2 Dω-(2-d/2)[|D-1m
(2) (ΩDL)|2 + |D1m

(2)(ΩDL)|2] (8)

D ) 3kBTxη/5πx2K3(Ss
(2)col)2 (9)
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For the above expression the fast-order parameter isSf
(2) )

SCD/S̃int
(2)Ss

(2) which is related to the effective quadrupolar cou-
pling constant byøQ

eff ) øQSf
(2), and ηQ

eff is the effective
asymmetry parameter of the residual EFG tensor (due to pre-
averaging by faster segmental motions). Equation 10 assumes
the amplitude of the collective slow motions is small such that
Ss

(2)col ≈ 1. The Euler anglesΩ ≡ ΩMD are for transformation
from the molecular frame (M) to the director frame (D). The
quantitiesjqn

(2)(ω) denote Lorentzian reduced spectral densities,
with correlation timesτqn corresponding to the principal values
of the rotational diffusion tensor,D⊥ and D|.23,25 Last, the
geometric cross term in eq 7 is given by24

The individual spectral densitiesJqn
mol-col(ω) are Fourier trans-

forms of products of the correlation functions for the various
rotational modes (q, n) and the correlation functions for
collective membrane deformations, and depend on bothK and
τqn.20

In terms of eqs 8-11, the spectral densities in closed form
depend on the square of the observed order parameterSCD.
Equation 8 predicts a square-law functional dependence of the
R1Z andR1Q relaxation rates on the observed order parameter,
given that the amplitude of the slow collective motions as
described bySs

(2)col is the same along the entire chain.23

Equations 10 and 11 also require that the amplitude of the slow
molecular motions as described bySs

(2)mol, as well as the
residual tensor principal axes as given byΩIM and the
asymmetry parameterηQ

eff, are constant. If such a square-law
functional dependence along the chains is found this provides
evidence in support of composite slow motions as the source
of the relaxation. Any deviation from linearity (upward or
downward curvature) may represent variations in either the
orientation of the residual coupling tensor along the chain or in
the amplitude of the slow motions.

Experimental Section

Materials. The nonionic detergent C12E8 was obtained from
the Kouyoh Trading Co. (Tokyo, Japan) or from Fluka (Neu-
Ulm, Germany). DMPC and deuterium-depleted water were
purchased from Sigma (Deisenhofen, Germany). DMPC with
fully deuterated acyl chains (DMPC-d54) was from Avanti Polar

Lipids (Alabaster, AL); the percentage of deuteration was
checked by high-resolution proton NMR spectroscopy. The
requisite amounts of phospholipid and detergent were dissolved
in chloroform and dried under a stream of nitrogen. Drying was
completed on a vacuum line overnight. The mixtures were
suspended in doubly distilled water or in deuterium-depleted
water (Sigma, Deisenhofen, Germany) by vortexing at temper-
atures above the main phase transition of DMPC (≈23 °C). The
samples were further homogenized by heating above the phase
transition temperature and subsequently by cooling on ice. This
procedure was repeated until an optically clear solution was
obtained. Before measurement the samples were equilibrated
at 4 °C for several days and the heating-cooling cycle was
repeated. In the2H and31P NMR experiments, the total amount
of phospholipid was typically 5 mg in 90µL of water, i.e., the
water content of the NMR samples was about 90% of the total
sample weight.

NMR Measurements. 2H NMR measurements were per-
formed using GN 300 (2H frequency 46.1 MHz), GN 500 (2H
frequency 76.8 MHz), and Varian VXR 400S (2H frequency
61.4 MHz) spectrometers. A phase-cycled quadrupolar echo
sequence (π/2)φ - τ1 - (π/2)φ(90 - τ2 - acquirewas applied
for data acquisition. The C-2H segmental order parameters of
pure DMPC-d54 were obtained by numerical deconvolution (de-
Pakeing) of the2H NMR spectra.26 Signal assignments were
made as described previously.19 Spin-lattice relaxation times
were determined at 46.1 and 76.8 MHz by the inversion-
recovery quadrupolar echo pulse sequence (π)φ - t1 - (π/2)φ
- τ1 - (π/2)φ(90 - τ2 - acquire27,28 using a 32-step phase
cycle. Quadrupolar order relaxation at 46.1 and 76.8 MHz was
measured with the pulse sequence (π/2)φ - 2τ1 - (3π/8)φ-90

- 2τ1 - (π/4)φ+90 - τ1 - (π/4)φ+90 - t1 - (π/4)φ - τ2 -
(π/2)φ - τ2 - acquirewheret1 represents a variable delay time
and τ1 and τ2 are fixed delays.29,30 Quadrupolar order that is
created before thet1 delay relaxes duringt1 and the remaining
magnetization is refocused as a quadrupolar echo during the
second part of the sequence. A 16-step phase cycle was applied
andt1 was varied as shown in Results. The31P NMR data were
acquired using the Varian VXR 400S spectrometer (31P fre-
quency, 161.9 MHz). A simple one-pulse sequence with a 4-step
phase cycle was applied. Typically, no1H decoupling was
applied, since little effect on the31P NMR line shape was
observed at the relatively high magnetic field strength.

Results

Detergent-Induced Bilayer Flexibility. Deuterium and
phosphorus-31 NMR spectra of DMPC-d54 in the fluid state
and of DMPC-d54/C12E8 mixtures are shown in Figure 1. These
spectra reflect the decreasing bending rigidity of the bilayers
with increasing detergent concentration. Specifically, the disap-
pearance of the broad shoulder to higher frequency (ppm) in
the 31P NMR spectrum (i.e., when the DMPC-d54/C12E8 ratio
approaches 2:1 mol/mol) indicates that the lamellar aggregates
are macroscopically oriented by diamagnetic interaction with
the magnetic field of 9.40 T, withθ ) 90°. The bilayer
alignment is also evident from the linenarrowing of the
corresponding2H NMR spectra of the chain-deuterated DMPC
component (DMPC-d54) (cf. eq 2). Spontaneous orientation of
bilayer membranes containing phospholipid and single-chain
amphiphiles in a magnetic field has been attributed to the
decreased elastic modulus of the aggregates.19,31Thus, the torque
arising from the anisotropic susceptibility of the alkyl chains
overcomes the bending rigidity of the mixed bilayer aggregate,
resulting in the observed bilayer orientation with the normal to

Jm
mol(ω) )

SCD
2

S̃int
(2)2Ss

(2)2
∑

q
∑

n

|D0q
(2)(ΩIM) -

ηQ
eff

x6
[D-2q

(2) (ΩIM) + D2q
(2)(ΩIM)]|2[〈|Dqn

(2)(ΩMD)|2〉 -

|〈Dqn
(2)(ΩMD)〉|2δq0δn0]jqn

(2)(ω)|Dnm
(2)(ΩDL)|2 (10)

Jm
mol-col(ω) )

SCD
2

S̃int
(2)2Ss

(2)2
∑

q

|D0q
(2)(ΩIM) -

ηQ
eff

x6
[D-2q

(2) (ΩIM) + D2q
(2)(ΩIM)]|2 ×

{Jq1
mol-col(ω)[3|D0m

(2)(ΩDL)|2 + |D-2m
(2) (ΩDL)|2 +

|D2m
(2)(ΩDL)|2] + [32Jq0

mol-col(ω) + Jq2
mol-col(ω)] ×

[|D-1m
(2) (ΩDL)|2 + |D1m

(2)(ΩDL)|2]} (11)
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the aggregate surface being perpendicular with respect to the
magnetic field.32-34 Finally a narrow signal is obtained at an
equimolar phospholipid/detergent molar ratio (1:1, see Figure
1) in the 2H and 31P NMR spectra, indicating that the bilayer
aggregates undergo a transition into isotropically tumbling small
micelles.19

It should be noted that the2H and31P NMR spectra in Figure
1 were obtained at 42°C, i.e., well above the phase transition
temperatureTm of the phospholipid component (23.9°C for
DMPC and ≈19 °C for DMPC-d54). Upon lowering the
temperature towardTm the field orientation is lost and the
lamellar aggregates transform atTm into a micellar solution as
shown previously by light scattering, differential scanning
calorimetry, and NMR spectroscopy.19 Conversely, upon in-
creasing the temperature beyond 45°C a point will be reached
(lower consolute phase transition) where a detergent-rich phase
separates out.35 Thus, it is important to maintain a temperature
well aboveTm, yet below the consolution point when studying
the bilayer properties of these phospholipid/detergent aggregates.
The strong temperature dependence of the phase structure in
the DMPC/C12E8 system is in line with previous work dealing
with the phase diagrams of other members of the CmEn

series.36,37

To examine the homogeneity of the system over a broad
concentration range, mixtures of (protiated) DMPC and C12E8

(molar ratio 2:1) were prepared in2H2O and the2H NMR spectra
of the interlamellar2H2O were recorded. A high-resolution NMR
probe was used to obtain an undistorted line shape and to resolve

quadrupolar splittings<10 Hz. Figure 2 shows the residual
quadrupolar splittings as a function of the total concentration
of the DMPC/C12E8 mixture at two different temperatures.
Linear regression of the splittings extrapolates to nearly zero
quadrupolar splitting for both temperatures, suggesting that upon
dilution the bilayers undergo “swelling” over the concentration
range studied without phase separation. Thus, there is only one
homogeneous lipid/water phase over a broad range of aggregate
concentrations, in marked contrast to a suspension of pure
DMPC bilayers in the fluid state.38,39The quadrupolar splitting
of the2H2O signal increases with temperature, in analogy with
earlier observations by2H NMR in hydrated phospholipid
dispersions.40

Order parameter profiles of pure DMPC-d54 in comparison
to a DMPC-d54/C12E8, (2:1 mol/mol) mixture obtained at 64.1
MHz and at different temperatures from 30 to 45°C are shown
in Figure 3. As can be seen, the effect of C12E8 in the lamellar,
liquid-crystalline phase is to decrease the order parameters of
all segment positions dramatically, and to yield a more
monotonic decrease as a function of acyl segment position (i).
Moreover, in the presence of C12E8 there is a more homogeneous

Figure 1. Effect of increasing C12E8 concentration on the2H (left
column) and 31P NMR spectra (right column) of the DMPC-d54

component in DMPC-d54/C12E8 mixtures at 40°C. The2H and31P NMR
spectra were obtained at resonance frequencies of 61.4 and 161.9 MHz
(9.40 T), respectively. The numbers denote DMPC-d54/C12E8 molar
ratios where the total lipid content of the sample was 10% w/w. The
spectral amplitudes are normalized at their maxima and the shoulders
of the2H NMR spectra are also shown with an 8-fold vertical expansion.
Spontaneous orientation of the detergent-containing bilayers is evident
at a 2:1 molar ratio by the extreme line narrowing of the2H NMR
spectrum, by the chemical shift of the residual31P NMR signal, and
by the absence of shoulders to low and high frequency that are
characteristic for unoriented samples (compare the pure DMPC-d54

spectra with the spectra obtained at a DMPC-d54/C12E8 molar ratio of
2:1).

Figure 2. Residual2H NMR quadrupolar splittings for2H2O obtained
at 61.4 MHz in a spontaneously oriented DMPC/C12E8 mixture (2:1
mol/mol) as a function of total amphiphile concentration: squares, 31
°C; triangles, 39°C. Inset: representative spectra obtained at 39°C.

Figure 3. Order profiles for (a) DMPC-d54 and (b) for a DMPC-d54/
C12E8 (2:1 mol/mol) mixture (90% w/w H2O) in the fluid phase at
various temperatures. The data were obtained at 61.4 MHz. Order
parameters were derived from the quadrupolar splittings of (a)
numerically deconvoluted (de-Paked)26 2H NMR spectra or (b) from
the 2H NMR spectra of the magnetically oriented mixture.
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distribution of the quadrupolar splittings, in contrast to the order
parameter “plateau” in pure DMPC-d54 comprising the first
≈seven acyl chain segments (starting with the interfacial
segment). That is to say the presence of the cosurfactant (C12E8)
leads to increased configurational freedom over the entire length
of the phospholipid acyl chains. The temperature dependence
of the ordering profiles yields a similar result, i.e., the detergent
reduces the absolute magnitude of the profiles over a range of
temperatures and abolishes the order parameter plateau. The
temperature dependence is less pronounced in the phospholipid/
detergent mixture than in the pure phospholipid (Figure 3),
which represents a further consequence of the configurational
freedom introduced by the nonionic detergent into the phos-
pholipid acyl chains.15

The detergent-induced decrease in the2H NMR quadrupolar
splittings and derived segmental order parameters is also clearly
seen in the case of unoriented DMPC-d54/C12E8 mixtures in the
LR phase at lower water content (50 wt %).15 Consequently it
is not principally due to disorder in the magnetic alignment of
the system at higher water content (90 wt %). Order parameter
profiles for the DMPC-d54/C12E8 mixture were also obtained at
different field strengths (7.05 and 11.8 T). The magnetic field
effect on the profiles is illustrated in Figure 4a,b for temperatures
of 30 and 42°C, respectively. It is shown that the magnitude
of the profiles is slightly higher at 11.8 T (maximal increase in
the splittings ofe4 kHz), suggesting that interaction with the
magnetic field results in an increase of the ordering of the soft
bilayers (see Discussion).

2H NMR Relaxation and Membrane Dynamics.In addition
to the2H NMR line shapes, we have studied the2H spin-lattice
relaxation rates (R1Z) and the quadrupolar order relaxation rates
(R1Q) to gain insight into the dynamics of the phospholipid/
detergent aggregates (cf. Tables 1 and 2). Partially relaxed
spectra obtained at 30°C and 76.8 MHz using the inversion
recovery pulse sequence (R1Z) and the broadband Jeener-
Brockaert sequence (R1Q) are shown in Figure 5, parts a and b,

respectively. It has been demonstrated earlier that the latter pulse
sequence29 is superior to the standard Jeener-Brockaert sequence
as it yields broadband excitation of quadrupolar order.29,30The
top spectrum in theR1Z series (left column in Figure 5)
represents the fully relaxed2H NMR spectrum due to single
quantum transitions. Similarly, the top spectrum in theR1Q series
(right column of Figure 5) is close to the equilibrium state of
zero quadrupolar order. The signals relax to the final equilibrium
state upon increasing the relevant delay times as can be seen in
Figure 5. Analogous experiments were performed at 42°C
(spectra not shown). Profiles of the Zeeman relaxation rates
R1Z

(i) and of the corresponding quadrupolar order relaxation
rates R1Q

(i) as a function of the carbon index (i) obtained at
Larmor frequencies of 46.1 MHz (7.05 T) and 76.8 MHz (11.8
T) are shown in Figure 6, parts a and b, respectively. Both
relaxation rates decrease monotonically with increasing carbon
index (i), yielding site-specific profiles which are reminiscent
of the order profiles (vide supra).

Considering these data, there are several aspects of interest.
First, there is a frequency (magnetic field) dependence of the
relaxation profiles such that bothR1Z and R1Q decrease with
increasing resonance frequency. Second, at each frequency the
value of R1Q is less than the value ofR1Z. Consequently, the
frequency dependence of the relaxation appears to be an inherent
feature in the case of the detergent-containing phospholipid

Figure 4. Effect of the magnetic field strength on the2H NMR order
parameter profiles of a DMPC-d54/C12E8 (2:1 mol/mol) mixture (90%
w/w H2O). Closed symbols, 11.8 T; open symbols, 7.05 T. The spectra
were acquired at (a) 30°C and (b) 42°C. The order parameters were
derived from the2H NMR spectra of the magnetically oriented mixture.

Figure 5. (a) Partially relaxed2H NMR spectra obtained using the
inversion recovery pulse sequence and (b) partially relaxed2H NMR
spectra obtained by the broadband Jeener-Brockaert pulse sequence for
DMPC-d54/C12E8 (2:1 mol/mol). For details of the pulse sequences see
the Experimental Section. The excellent resolution permits determina-
tion of (a) the spin-lattice relaxation ratesR1Z

(i) and (b) the quadrupolar
order relaxation ratesR1Q

(i) for individual C-2H bonds (i). Tempera-
ture, 30°C; resonance frequency, 76.8 MHz.
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bilayers, as in the case of pure DMPC-d54 bilayers.20 It is also
noteworthy that the detergent has different effects on the
relaxation rates,R1Z

(i) and R1Q
(i) , and on the order parameters,

|SCD
(i) |. The order parameters decrease (cf. Figure 3) while the

relaxation rates change only slightly in the presence of the
detergent (see Discussion).

As a final stage of the data reduction and analysis,R1Z and
R1Q were used to obtain the individual spectral densities of
motion J1(ω0) andJ2(2ω0) according to eqs 3 and 4. Figure 7
shows profiles of the irreducible spectral densitiesJ1(ω0) and
J2(2ω0) as a function of the carbon index (i). It can be recognized
that the irreducible spectral densitiesJm(mω0) depend on the
frequency, and thatJ1(ω0) is typically greater thanJ2(2ω0).

Discussion

The present study emphasizes the importance ofcombined
NMR line shape and relaxation studies in membrane investiga-
tions, i.e., the correlation between structural and dynamical
bilayer properties can be found by combining the information
obtained from chain order parameters (SCD) and relaxation rates
(R1Z, R1Q). Considering the typical lateral dimensions of
liposomal and cellular membranes (from≈50 to≈10 000 nm)
one may ask for the most promising approach to investigating
bilayer structure and dynamics in the short distance/high
frequency (MHz) regime. Accordingly, the concept of elastic
bilayer deformation is extended here to the mesoscopic length
scale which is comparable to the bilayer thickness (≈4 nm).
This accounts for the averaging taking place by molecular
diffusion on the time scale of nuclear relaxation.6 A recent
molecular dynamics simulation41 has shown that the concept

of bending elasticity is indeed applicable to this length scale.
To obtain the desired information one may extrapolate from
the molecular level or, alternatively, from the macroscopic
bilayer level to the mesoscopic length scale. For instance, using
NMR observables that provide local information, i.e.,SCD, R1Z,
andR1Q, one possibility is to consider molecular properties and
extrapolate to the mesoscopic scale. However, in this work we
consider the macroscopic material properties of the aggregate
in relation to the bilayer properties as probed by2H NMR
spectroscopy.

It has been suggested on the basis of comprehensive theoreti-
cal work20,22,23that2H NMR spin-lattice relaxation in the MHz
regime can be used for study of the micromechanical properties
of bilayer lipids in the liquid-crystalline state, e.g., in terms of
quasielastic bilayer deformations. Alternative interpretations in
terms of predominantly molecular motions have also been
proposed.42,43Previously we have suggested23 that a continuum
of bilayer elastic modes exists, spanning long wavelengths on
the order of the sample dimensions (coupled membrane regime)
to deformations on the order of the bilayer thickness (free
membrane regime), up to a cutoff near the segmental dimen-
sions. At significantly lower frequencies, corresponding to
transverse NMR spin relaxation, a similar explanation in terms
of elastic bilayer properties has been suggested.44-46 Therefore
the question arises as to whether a picture in terms of quasielastic
bilayer deformation23 can explain the nuclear spin relaxation
over the entire frequency range, spanning transverse (R2)
relaxation at low frequencies, as well as longitudinal (R1Z, R1Q)
relaxation in the MHz range.

The goal of the present contribution is to investigate
experimentally the above theoretical concepts, and to demon-
strate that2H NMR relaxation can give insight into the collective
dynamics of phospholipid bilayer membranes on a mesoscopic
length scale. Thus, to test the collective membrane excitation
model20 it is important to be able to manipulate the viscoelastic

Figure 6. (a) Profiles of the Zeeman relaxation rateR1Z
(i) for DMPC-

d54/C12E8 (2:1 mol/mol) as a function of the carbon index (i) at the
two frequencies of 46.1 and 76.8 MHz. (b) The corresponding
quadrupolar order relaxation ratesR1Q

(i) as a function of the carbon
index (i). Temperature, 42°C.

Figure 7. Profiles of the irreducible spectral densitiesJ1(ω0) and
J2(2ω0) of a DMPC-d54/C12E8 (2:1 mol/mol) mixture as a function of
the carbon index (i) at two different temperatures (30 and 42°C) and
two resonance frequencies (46.1 and 76.8 MHz).
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properties of the bilayer while maintaining the bilayer in the
lamellar, liquid-crystalline (LR) phase. This can be accomplished
conveniently by inclusion of additives such as cholesterol or
single-chain amphiphiles in the phospholipid bilayer.7,24,47The
influence of the single-chain amphiphile is to increase the
configurational freedom of the bilayer components. This is a
consequence of the imbalance of headgroup and chain lateral
pressures, which is related to the different cross-sectional areas
of the lipid and amphiphile molecules. The phospholipid DMPC
forms gel state and liquid-crystalline bilayers in excess water
with a main phase transition at 23.9°C, according to its well-
established binary phase diagram.48 The binary water/C12E8

phase diagram, on the other hand, exhibits only a narrow
lamellar phase region around≈73% w/w (centered around 15
°C), while a broad hexagonal (HI) region appears between≈70%
w/w and≈40% w/w and a micellar solution below 40% w/w
(15 to 55 °C).36 Incorporation of the detergent which has a
propensity of forming structures with a positive spontaneous
curvature, such as micelles andHI-cylinders, results in a
softening of the phospholipid bilayer and, eventually, in a
transition to the mixed micellar state. Thus, the lamellar DMPC/
C12E8 mixture that has been studied here represents an inter-
mediate state of phospholipid bilayers solubilized by the
nonionic detergent.49

There are two properties that make the DMPC/C12E8 mixture
particularly suited for the present study, i.e., the reduced stiffness
results in spontaneous orientation of the liquid crystalline
bilayers in the magnetic field of the NMR spectrometer,19 and
the bilayers take up water almost indefinitely without formation
of a separate “fully hydrated” liposomal phase as clearly shown
in Figure 2. The first of these features circumvents the
orientation dependence of the2H nuclear relaxation,20,50 while
the second property is desirable as the swelling is associated
with bilayer repulsion, due to entropic confinement that
otherwise could result in damping of high-amplitude motions
of the liquid-crystalline structure. The magnetically ordered
DMPC/C12E8 bilayers most probably represent flattened vesicles,19

in agreement with previous observations by cryo-electron
microscopy in similar phospholipid/detergent systems.11

The elastic bilayer deformation model20 considers a hierarchy
of motions, i.e., relatively fast local fluctuations of the static
EFG tensor and relatively slow collective fluctuations of the
residual EFG tensor described by order parametersSf

(2) and
Ss

(2), respectively. The closure property of the rotation group
then yields the observed order parameterSCD, i.e., SCD ) Sf

(2)

S̃int
(2)Ss

(2) where S̃int
(2) denotes a geometric factor.22 According to

theory, all spectral densities in closed-form scale with the square
of SCD. Thus, assuming thatSs

(2) and S̃int
(2) are similar for all

chain segments, eqs 3, 4, and 7-11 predict a square-law
dependence connecting the relaxation ratesR1Z

(i) and R1Q
(i) with

the observed order parametersSCD. Figure 8, parts a and c,
shows plots ofR1Z

(i) and R1Q
(i) versus |SCD

(i) |2 at two different
frequencies for DMPC-d54 at 40 °C. Analogous plots for the
DMPC-d54/C12E8 (2:1) mixture at 30°C are shown in parts a
and c of Figure 9. It should be noted that the pure DMPC-d54

bilayers were aligned20 between glass slides withθ ) 90°, in
close analogy with the spontaneously orienting DMPC-d54/C12E8

system that was also oriented withθ ) 90°. A linear square-
law functional dependence is observed for the DMPC-d54 sample
at 40 °C and for the mixture at 30°C. Moreover, the slope
decreases with frequency as previously observed for13C NMR
data.51 According to the composite membrane deformation
model,20 the frequency dependence in the 46.1-76.8 MHz range

is strongly influenced by 3-D collective modes with anω0
-1/2

dependence (cf. eq 8). The ratio of the slopes predicted by the
model is (76.8/46.1)-1/2 ) 0.77 in good agreement with our
experimental findings (Figures 8 and 9). This is clearly
illustrated by scaling the relaxation rates byω0

-1/2, i.e., multi-
plication byω0

1/2, as shown in Figures 8 and 9, parts b and d. It
can be seen that theR1Z

(i) andR1Q
(i) relaxation rates versus|SCD

(i) |2

Figure 8. (a) Zeeman relaxation ratesR1Z
(i) as a function of the square

of the corresponding order parameters|SCD
(i) |2 for DMPC-d54. Closed

symbols, resonance frequency 46.1 MHz; open symbols, 76.8 MHz.
(b) Zeeman relaxation rates, scaled with the square root of the Larmor
frequency (ω0

1/2) versus |SCD
(i) |2. The corresponding plots for the

quadrupolar order relaxation rate,R1Q
(i) versus |SCD

(i) |2 and ω0
1/2R1Q

(i)

versus|SCD
(i) |2, are shown in (c) and (d), respectively. Temperature, 40

°C. The relaxation data for DMPC-d54 are from ref 20.

Figure 9. (a) Zeeman relaxation ratesR1Z
(i) as a function of the square

of the corresponding order parameters|SCD
(i) |2 for the DMPC-d54/C12E8

(2:1 mol/mol) system. Closed symbols, resonance frequency 46.1 MHz;
open symbols, 76.8 MHz. (b) Zeeman relaxation rates scaled with the
square root of the Larmor frequency (ω0

1/2) versus|SCD
(i) |2. The corre-

sponding plots for the quadrupolar order relaxation rate,R1Q
(i) versus

|SCD
(i) |2 and ω0

1/2R1Q
(i) versus|SCD

(i) |2, are shown in (c) and (d), respec-
tively. Temperature, 30°C.
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are then brought into coincidence. Consequently the data are
in accord with a quadratic (|SCD

(i) |2) dependence on the order
parameter and anω0

-1/2 frequency dependence.23

However a downward curvature is obtained in the square-
law plots for the DMPC-d54/C12E8 mixture at the higher
temperature of 42°C, where the bilayer can be expected to be
somewhat softer. The initial slopes (Figure 10) are less at 76.8
MHz than at 46.1 MHz, in agreement with anω0

-1/2 frequency
dependence. As noted in Theoretical Background, any deviation
from linearity along the entire chain can be due to variations in
the orientation of the residual coupling tensors along the chain
(principal axes), as described by the geometric factorS̃int

(2), or
alternatively to the amplitude of the slow motions as described
by the slow-order parameterSs

(2). In addition, it should be
noted that for the square-law plots any systematic errors or
changes that affect the determination of the order parameters
are magnified by the quadratic dependence, and thus can
influence their general appearance (≈ linear or curved). Ac-
cording to the results shown in Figure 4 (see also Tables 1 and
2) the calculated order parametersSCD at 46.1 MHz (7.05 T)
are somewhat smaller than the values at 76.8 MHz (11.8 T)
(cf. Figure 4, a and b). One possibility is that this may reflect
a greater degree of alignment disorder in the former case. The
degree of magnetic alignment is associated with the mosaic
spread of the director (bilayer normal) and perhaps with bilayer
defects.52 This could lead to an influence on the slopes of the
square-law plots, although this was not further investigated. A
second possibility is that for soft bilayers the magnetic field
influences directly the quadrupolar splittings, e.g., due to a
quenching or damping of long-wavelength undulations, corre-
sponding to very slow motions of the bilayer treated as a flexible
surface. Such deformations are expected to be enhanced for
dilute systems of amphiphiles in water, e.g., as in the present
case as well as in dilute phases of surfactants. According to
this interpretation, for relatively soft bilayers, e.g., which are
susceptible to alignment by the magnetic field, a field-induced

increase in the observedSCD values would occur due to damping
of the order parameters for very slow motions which do not
directly affect theR1Z and R1Q relaxation rates in the MHz
regime. The result of the magnetic field influence on bothR1Z

andR1Q as well as onSCD could be a curvature of the square-
law plots along the entire chain.

The data shown in Figures 8 and 9 (cf. also Table 1 and ref
20) are combined in Figure 11 to emphasize the consequences
of the detergent-induced bilayer softening on the square-law
functional dependence. Figure 11a shows plots ofR1Z

(i) versus
|SCD

(i) |2 at two different temperatures and at a resonance fre-
quency of 46.1 MHz for the DMPC-d54/C12E8 mixture and for
pure DMPC-d54. The corresponding square-law plots of the
quadrupolar order relaxation rateR1Q are shown in Figure 11b.
The major feature for the detergent containing DMPC-d54

bilayers compared to the pure DMPC-d54 bilayer is a marked
increase in the slope of the square-law plot for bothR1Z and
R1Q. Thus, for the same degree of ordering the values ofR1Z

(i)

and R1Q
(i) are greater and the relaxation is more efficient for a

given value of |SCD
(i) |2. The square-law dependence is also

shown in Figure 12 where the spectral densities of motion
J1(ω0) andJ2(2ω0) as obtained from the combined relaxation
ratesR1Z

(i) and R1Q
(i) are plotted against|SCD

(i) |2 for two different
temperatures at 46.1 MHz. Note that the square-law plots for
J1(ω0) are linear to a good approximation, whereas a slight

Figure 10. (a) Zeeman relaxation rates and (b) quadrupolar order
relaxation rates as a function of|SCD

(i) |2 for the DMPC-d54/C12E8 (2:1
mol/mol) mixture. Closed symbols, 46.1 MHz; open symbols, 76.8
MHz. Temperature, 42°C.

TABLE 1: Order Parameters (SCD), Spin-Lattice (R1Z) and
Quadrupolar Order ( R1Q) Relaxation Rates, and Spectral
DensitiesJ1(ω0) and J2(2ω0) for sn-1 and sn-2 Acyl Chains in
a DMPC-d54/C12E8 Mixture (molar ratio 2:1) at 46.1 MHz a

sn-1 sn-2 SCD R1Z/s-1 R1Q/s-1 J1(ω0)/1011 s J2(2ω0)/1011 s

T ) 30 °C
2 3 0.138 30.1 31.2 4.86 2.30
3 4 0.138 30.1 31.2 4.86 2.30
4 5 0.138 30.1 31.2 4.86 2.30
5 6 0.138 30.1 31.2 4.86 2.30
6 7 0.138 30.1 31.2 4.86 2.30
7 8 0.125 35.6 26.4 4.12 3.13
8 9 0.125 35.6 26.4 4.12 3.13
9 10 0.114 31.6 20.9 3.26 2.87

10 0.114 31.6 20.9 3.26 2.87
11 0.100 24.9 19.0 2.96 2.17

11 2 0.093 26.6 17.3 2.69 2.44
2 0.085 19.9 13.4 2.09 1.80

12 0.085 19.9 13.4 2.09 1.80
12 0.074 15.1 9.0 1.40 1.41
13 13 0.063 15.0 9.6 1.50 1.38
14 14 0.018 4.4 4.5 0.70 0.34

T ) 42 °C
2 3 0.141 40.7 28.3 4.42 3.66
3 4 0.130 38.2 25.7 4.00 3.47
4 5 0.130 38.2 25.7 4.00 3.47
5 6 0.130 38.2 25.7 4.00 3.47
6 0.130 38.2 25.7 4.00 3.47

7 0.117 36.0 22.6 3.53 3.32
7 8 0.110 34.3 20.7 3.23 3.20

2 0.110 34.3 20.7 3.23 3.20
8 9 0.095 29.5 17.0 2.65 2.79
9 0.095 29.5 17.0 2.65 2.79

10 10 0.085 23.3 12.6 1.96 2.23
11 0.085 23.3 12.6 1.96 2.23

11 0.075 23.0 12.6 1.97 2.20
2 0.069 18.9 9.5 1.48 1.84

12 0.069 18.9 9.5 1.48 1.84
12 0.063 14.7 7.9 1.23 1.41

13 0.054 10.0 5.2 0.81 0.97
13 0.047 9.3 4.5 0.70 0.92
14 14 0.013 2.90 4.09 0.637 0.185

a The spectral densitiesJ1(ω0) and J2(2ω0) were obtained by
combining eqs 3 and 4 of the text.
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nonlinearity is evident forJ2(2ω0). Hence the nonlinearity for
the R1Z

(i) data originates from the higher-frequency spectral
densityJ2(2ω0), rather than from the lower-frequency spectral
densityJ1(ω0).

According to the composite membrane deformation model20

the slopes of the square-law plots are inversely proportional to
the (≈ single) elastic constant for the bend, twist, and splay

deformations of the bilayer treated within the continuum
approximation (eqs 8 and 9). Thus, from the slopes in Figure
11 one can conclude that addition of the nonionic detergent
C12E8 to the electroneutral DMPC bilayer leads to the reduction
of the elastic constants. Moreover, for splay fluctuations the
splay constant in terms of force is related to the well-known
bending rigidity7,53 or bending elastic modulusκ in units of
energy byκ ) Kt, wheret is the bilayer thickness. Consequently,
the bending elastic modulus calculated within this framework
decreases upon addition of detergent to the bilayer. This is in
agreement with previous studies which show that the bending
rigidity of surfactant films37 is on the order ofkBT, whereas it
is about 10kBT in the case of phospholipid bilayers.54 It would
appear that the bending rigidity of the mixed phospholipid/
detergent bilayer is intermediate between the bending rigidity
of a pure detergent bilayer, on one hand, and a pure phospholipid
bilayer, on the other.

From the slopes ofR1Z
(i) and R1Q

(i) versus |SCD
(i) |2 for pure

DMPC-d54 and for the DMPC-d54/C12E8 mixture, an estimate
of the elastic constantK can be obtained. Assuming that the
deformation viscosityη in eqs 8 and 9 is independent of the
detergent, and that the collective modes contribute similarly to
the relaxation rates with anω-1/2 frequency dependence,20,22 it
follows thatKDMPC/C12E8 ) (DDMPC/DDMPC/C12E8)2/3KDMPC. Using
the viscoelastic constant ofD ) 1.02× 10-5 s1/2 for DMPC-
d54 as a reference,20 values ofK ) 6.3 × 10-12 N and 7.7×
10-12 N are obtained from Figure 11, parts a and b, respectively,
which correspond to bending energies ofκ ≈ 7.3 kBT and 8.9
kBT, assuming thatκ ) Kt where the bilayer thickness ist ≈ 4
nm. This may be compared with the bending energies estimated
by 2H NMR relaxation for pure DMPC (κ ≈ 11 kBT) and for
an equimolar DMPC/cholesterol mixture (κ ≈ 100 kBT).24,55

The comparison of the estimated bending rigidities from NMR
gives rise to the important conclusion that the flexibility of
phospholipid membranes is adjustable within a wide range of

TABLE 2: Order Parameters (SCD), Spin-Lattice (R1Z) and
Quadrupolar Order ( R1Q) Relaxation Rates, and Spectral
DensitiesJ1(ω0) and J2(2ω0) for sn-1 and sn-2 Acyl Chains in
a DMPC-d54/C12E8 Mixture (molar ratio 2:1) at 76.8 MHz a

sn-1 sn-2 SCD R1Z/s-1 R1Q/s-1 J1(ω0)/1011 s J2(2ω0)/1011 s

T ) 30 °C
2-6 3-7 0.154 32.0 25.4 3.96 2.75
7-9 8,9 0.134 25.9 18.7 2.92 2.30
10 10,11 0.124 22.7 15.8 2.46 2.03
11 0.109 21.3 14.7 2.30 1.91

2,12 0.103 19.1 12.6 1.96 1.74
12 0.093 15.7 9.63 1.50 1.46

13 0.082 12.6 6.75 1.05 1.21
13 2 0.069 13.3 7.89 1.23 1.25
14 14 0.019 3.5 2.21 0.34 0.32

T ) 42 °C
2 0.173 30.2 28.0 4.36 2.40
3 3,4 0.156 29.4 23.4 3.64 2.53
4-6 5-7 0.142 27.6 20.6 3.22 2.42
7 8 0.127 26.2 18.8 2.94 2.32
8 2b,9 0.118 24.2 17.6 2.73 2.15
9 10 0.103 21.5 14.4 2.25 1.95
10 0.095 19.3 12.3 1.92 1.78

11 0.092 17.6 11.3 1.76 1.61
11 2a 0.080 18.1 12.5 1.94 1.63

12 0.074 13.1 8.6 1.34 1.20
12 0.069 12.3 7.61 1.19 1.14

13 0.058 8.6 5.29 0.82 0.80
13 0.050 8.2 4.76 0.742 0.77
14 14 0.014 2.8 1.4 0.21 0.28

a The spectral densitiesJ1(ω0) and J2(2ω0) were obtained by
combining eqs 3 and 4 of the text. The inequivalent deuterons in
position 2 of thesn-2 chain are denoted by 2a and 2b, respectively.

Figure 11. Summary of the Zeeman relaxation rates (a) and of the
quadrupolar order relaxation rates (b) of DMPC-d54/C12E8 (circles) and
of DMPC-d54 alone (triangles). The temperature was 42°C (open
symbols) or 30°C (closed symbols) for the mixture and 40°C for
DMPC-d54 alone. Resonance frequency, 46.1 MHz.

Figure 12. (a) Spectral densitiesJ1(ω0) and (b)J2(2ω0) obtained from
the combined relaxation ratesR1Z andR1Q (eqs 3 and 4) as a function
of |SCD

(i) |2. Closed circles, 30°C; open circles, 42°C for DMPC-d54/
C12E8 (2:1 mol/mol); triangles, pure DMPC-d54 at 40°C (data from ref
20). Resonance frequency, 46.1 MHz.
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elastic moduli simply by adding single-chain amphiphiles or
sterols. The extreme softness of phospholipid bilayers containing
single-chain amphiphiles has a number of implications with
regard to biological membranes. The persistence lengthú which
characterizes the length scale over which a membrane surface
maintains an average spatial orientation is a function of bending
rigidity and temperature, i.e.,ú ) a exp(2πκ/kBT) wherea is
the dimension of an individual lipid molecule.56-58 Considering
the entire bilayer, according to this exponential formula the
persistence length of a biological membrane withκ g 10 kBT
is usually much larger than the dimension of a typical cell. A
very soft bilayer membrane, however, withκ ≈ kBT is expected
to undergo extreme fluctuations, eventually resulting in rupturing
of the membrane. A common example of this situation is the
budding of micellar aggregates from a bilayer that is saturated
with a single-chain amphiphile or detergent during biomembrane
solubilization.11,59 Thus, bilayer elasticity is an important
determinant of biomembrane stability, considering the expo-
nential dependence ofú on the bending elastic modulusκ. The
persistence length, defining the distance range over which the
bilayer correlations vanish, is related to the low frequency/long
wavelength undulation modes of the bilayer. In agreement with
a recent molecular dynamics study,41 it is shown here that
bending modes are already present on a much shorter (meso-
scopic) length scale (as detected by2H NMR relaxation). The
persistence length for these shorter wavelength deformations is
thenú f ú′ ≈ a exp (2πκa/kBTt) which is on the order of the
bilayer thicknesst or less. As in the case of macroscopic
deformations, the short wavelength modes are strongly affected
by the presence of a single-chain amphiphile, lending additional
support to the present analysis.

It also well documented, both on theoretical grounds53 and
experimentally,54,60,61 that an interbilayer undulation pressure
Pund develops as a function of the interbilayer separationh, i.e.,
Pund ) 3π2(kBT)2/64κh3. This repulsive pressure is a conse-
quence of the loss of entropy associated with the close approach
of undulating membrane surfaces. The inverse relation between
Pund and κ implies that extreme membrane flexibility may
interfere with numerous highly regulated intracellular fusion
events, e.g., the fusion of Golgi or presynaptic vesicles with
the cell membrane. Taken together, it seems important to keep
the concentration of single-chain amphiphiles in biological
membranes, e.g., lysophospholipids or fatty acids that may
accumulate as intermediates of phospholipid turnover, trans-
membrane signaling, etc., as low as possible. It must be noted
that the elastomechanic properties of biological membranes are
not only determined by the bulk lipid composition, but also by
the lateral membrane organization and by the interaction among
integral and cytoskeletal proteins. Moreover, recent research has
shown that cholesterol and sphingolipids are particularly
enriched in certain cell membrane regions (lipid rafts) that are
suspected to be involved in signal transduction and secretory
and endocytotic pathways.62 The approach applied here bridges
the gap between the molecular and continuum properties of the
liquid crystalline bilayer membrane, and seems particularly
suited to providing additional information on the fine-tuning
of these properties in biological membranes.
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