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Abstract Broadband ultrasonic spectra (100 kHz to 2 GHz) of aqueous solutions of
liposomes from phospholipids without and with cholesterol or with a peptide added
are analyzed near the main phase-transition temperatures of the bilayer systems. All
spectra reveal a critical term due to domain structure fluctuations and up to three
relaxation terms with discrete relaxation times. By analogy with critically demixing
binary fluids, the former is evaluated within the framework of the Bhattacharjee–
Ferrell dynamic scaling theory. The relaxation rates of fluctuations and the critical
amplitudes resulting from this analysis are discussed briefly. Consistency with and
differences to critically demixing systems are demonstrated. The terms with discrete
relaxation times are related to short-scale liposome deformation, rotational diffusion
of phospholipid molecules, and conformational isomerization of alkyl chains within
the bilayers, respectively.

Keywords Concentration fluctuations · Critical amplitude · Critical dynamics ·
Dynamic scaling · Heat capacity · Membranes · Relaxation rate ·
Ultrasonic spectroscopy

1 Introduction

Biological membranes are multicomponent systems with intricate structure [1–4]. It
is now generally accepted that this complex structure is correlated with membrane
functions and is thus a vital aspect in life sciences [3,4]. Since, on the other hand, the
predominant constituents of biological membranes are flexible and laterally mobile,
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membrane structures are subject to considerable fluctuations in the conformation of
membrane molecules and in their local concentration. Such fluctuations span a chal-
lenging time scale, ranging from correlation times of around 10−10 s, as for the relax-
ation time of the structural isomerization of phospholipid alkyl chains [5], up to 105 s
for the trans-membrane flip-flop of lipid molecules [1]. Within this broad range, relax-
ation times for various other mechanisms are found, among them correlation times of
domain structure fluctuations of the membranes [6].

Domains exist already in comparatively simple single-component phospholipid
bilayer systems which are therefore often investigated as models of complicated
biomembranes. Despite their simplicity in chemical composition, such phospholipid
systems reveal already highly complex features [7,8]. They undergo a thermotropic
phase transition at which, correlated with cooperative melting of the lipid hydrocar-
bon chains, a change from a solid-like ordered (gel) phase to a liquid-like disordered
(fluid) phase occurs [9–11]. Hence, this “main” phase transition of bilayers involves a
loss of conformational order of alkyl chains as well as a change in the spatial order of
molecules. Near the main phase-transition temperature Tm, thermodynamic domain
structure fluctuations over vast ranges of sizes, ranging from molecular dimensions to
mesoscopic scales [12], occur. Conformationally disordered fluid domains are formed
in the ordered gel phase and vice versa. It is believed that such domain structures and
their fluctuations are essential in living systems [13–17]. The average domain size,
however, is an equilibrium property that may be expressed by the fluctuation correla-
tion length ξ . The correlation length increases significantly when Tm is approached
from either side, thus resembling critical behavior. The critical point, however, appears
to be anticipated by a first-order phase transition [13].

In recent years it became apparent that broadband ultrasonic spectroscopy offers a
valuable tool to investigate bilayer domain structure fluctuations and also other relax-
ation phenomena, such as the rotational diffusion of phospholipid molecules and the
structural isomerization of their alkyl chains [6]. Ultrasonic spectra of lipid bilayer
systems have indeed been measured for a long time [18–28] but the available fre-
quency range was often too small to allow for a reliable subdivision in contributions
from different relaxations. This paper summarizes results from recent measurements
in sufficiently broad frequency ranges [29–32] to show that the bilayer domain struc-
ture fluctuations near Tm can be well treated by analogy with concentration fluctu-
ations of demixing binary liquids near their critical temperature [33]. In addition to
single-parameter bilayers, those composed of different phospholipids or those with
cholesterol or a peptide enclosed in a phospholipid matrix will be considered in view
of effects in the domain structure and dynamics. Albeit the focus is the critical domain
fluctuations, parameters of the additional non-critical relaxation terms will be also
discussed briefly.

2 Experimental

The phospholipids 1,2-dimyristoyl-3-sn-phosphocholine (DMPC), 1,2-dipalmitoyl-
3-sn-phosphocholine (DPPC), and 1,2-dioleoyl-3-sn-phosphocholine (DOPC), as well
as cholesterol and the peptide alamethicin were used to prepare suspensions of large
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unilamellar liposomes in doubly distilled (Millipore) water [29–32] by means of the
extrusion method [34]. As verified by quasi-elastic light-scattering measurements,
uniform liposomes with small size distribution were obtained [31]. The transition
temperatures Tm of the samples were determined by sound velocity measurements
utilizing high-resolution cavity resonator techniques [35–37] and also by recording
heat-capacity profiles on highly sensitive differential scanning calorimeters [36,37].

Measurements of the ultrasonic attenuation coefficient α as a function of frequency
ν have been performed between 100 kHz and 2 GHz using a resonator method at
100 kHz ≤ ν ≤ 15 MHz and a pulse-modulated wave transmission method at 7 MHz
≤ ν ≤ 2 GHz [29–32]. The experimental error in these measurements was on the
order of �α/α = 0.01.

3 Results and Analytical Treatment of Ultrasonic Spectra

In the upper part of Fig. 1, the ultrasonic spectrum of a DMPC suspension is shown in
the frequency-normalized format and, in the inset, also as frequency-dependent excess
attenuation per wavelength,

(αλ)exc = αλ − Bν. (1)

Here λ = cs/ν is the wavelength, cs is the sound velocity, andB = B ′cs, where B ′ is the
asymptotic high-frequency part in the α/ν2 spectra (Fig. 1). The spectra at 28 ◦C reveal
a broad contribution and also two more narrow relative maxima in the (αλ)excdata,
as characteristic for Debye-type relaxations with discrete relaxation times. The low
frequency part of the broad contribution increases significantly when the temperature
approaches Tm = 24.0 ◦C (Fig. 1, inset). Such behavior is also characteristic for criti-
cal binary liquids when approaching their demixing point. In addition to this analogy,
similarity to spectra of critically demixing liquids, an example is given in the lower
part of Fig. 1 that supports the idea that ultrasonic spectra of liposome suspensions
near Tm are dominated by a term reflecting critical fluctuations. Ultrasonic attenua-
tion related to critical demixing and also to fluctuations near the van der Waals critical
point has stimulated a variety of theoretical models [38–52], based on the conception
that the anomalous attenuation results from a time lag in the establishment of long-
range correlations of density fluctuations when the system is slightly disturbed by the
pressure and temperature variations of the sonic fields. Experimental results are favor-
ably represented by the Bhattacharjee–Ferrell theory (“BF”, [46,48]). In conformity
with experimental findings, it predicts a very slow decrease of the absorption-per-
wavelength spectrum, proportional to ν−δ , toward high frequencies (Fig. 1). Here
δ = α0/(Z ν̃) = 0.058, where α0 (= 0.11 [53]) and ν̃ (= 0.63 [54]) are the critical
exponents of the specific heat and the fluctuation correlation length, respectively, and
Z (= 3.069 [55,56]) is the dynamic scaling exponent. Another favorable feature of the
BF model is its availability in analytical form. Hence, for critically demixing liquids,
both parameters controlling the critical ultrasonic attenuation can be obtained from
independent data: the relaxation rate Γ of order parameter fluctuations is available
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Fig. 1 Top: Ultrasonic attenuation spectrum in the frequency-normalized format for an aqueous solution
of liposomes from DMPC (10 mg · ml−1) at 28 ◦C (•; Tm = 24.0 ◦C [29]). Inset shows excess attenu-
ation-per-wavelength spectra (Eq. 1) of the solution at the same temperature (•) and also at 24.0 ◦C(�).
Dotted lines are graphs of a Bhattacharjee–Ferrell term, dashed lines show Debye-type relaxation contribu-
tions, and dashed-dotted line indicates the asymptotic high-frequency part in the α/ν2 spectrum. Full lines
represent the sum of the relevant terms. Bottom: Ultrasonic excess attenuation-per-wavelength spectrum of
the binary isobutoxyethanol—water system of critical composition (◦; mass fraction of alkanol Y = 0.33,
critical temperature Tc = 26.52 ◦C [58]) at 26.3 ◦C. Again the BF contribution is represented by a dotted
line

from shear-viscosity and dynamic light-scattering measurements and the relaxation
amplitude ABF from thermodynamic quantities.

BF dynamic scaling theory has been originally derived to describe critical fluctu-
ations of 3-D binary liquid mixtures. Since the dimensionality is a crucial parameter
in the description of critical phenomena, it is not self-evident that the BF model
applies also to quasi-2-D domain structure fluctuations of bilayers. However, it has
been shown theoretically that the model can be employed to represent the liposome
suspension spectra, because fluctuations in the lateral area per molecule are correlated
with fluctuations in the local thickness of the membranes [6].

The shape of the experimental spectra of liposome suspensions (Fig. 1) suggests
a sum of a BF term and two Debye terms. When evaluating the ultrasonic spectra,
however, it turned out that, with some spectra, a meaningful dependence of relaxation
parameters upon temperature T requires an additional Debye term at temperatures
close to Tm. For that reason, the spectral function,

S(ν, T ) = ABF(T )F∗
BF(ν, T ) +

2∑

i=0

Aiωτi

1 + (ωτi )2 + Bν, (2)
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has been used to describe the frequency dependence in the attenuation-per-wave-
length data. In this relation F∗

BF(ν, T ) = ν−δ F(Ω), with F denoting the scaling
function. Ω = ω/Γ is the scaled frequency, ω = 2πν, and the Ai and τi , i =
0 . . . 2, are the amplitudes and relaxation times of the Debye terms, respectively. In
the analytical representation of the experimental spectra, the empirical scaling function
[57],

F(Ω) = (2/π)0.5[{1 + Ω2}0.25 cos{0.5 arctan(Ω)} − 1] (3)

has been used. Full lines in Fig. 1 are examples to show that Eq. 2 along with Eq. 3
describe the experimental spectra well within the limits of experimental error. Unlike
critically demixing systems, the relaxation rate of fluctuations and the critical ampli-
tude are not known from other measurements. Hence, with the liposome solutions,
ultrasonic spectroscopy has been applied to determine these parameters of bilayer
fluctuations, as will be discussed below.

4 Discussion

4.1 Scaling Function

To verify the appropriateness of relaxation spectral function S, the critical contribution,

(αλ)cr = αλ −
2∑

i=0

Aiωτi

1 + (ωτi )2 − Bν (4)

to the attenuation-per-wavelength spectra has been calculated to gain the scaling func-
tion according to [33,46,48]

F(Ω) = (αλ)cr(T )/(αλ)cr(Tm). (5)

For some bilayer systems such F(Ω) data, when fitted to Eq. 3, are displayed in Fig. 2.
These data were obtained by considering Ai , τi , i = 0 . . . 2, as well as B fixed in the
fitting procedure but using Γ as an adjustable parameter.

Both parts of the figure reveal excellent agreement of the experimentally determined
F(Ω) data with the theoretical profile, indicating that the model spectral function
(Eq. 2 along with Eq. 3) applies well to the bilayer systems. For single-component
bilayers from DMPC, the main part of the figure demonstrates that ultrasonic spectra
below and above the transition temperature may be considered. This feature distin-
guishes the order—disorder transition of single-component bilayers from a demixing
point. For DMPC bilayers with 1 % alamethicin added, the inset of Fig. 2 reveals
a likewise favorable fit of the experimental data to the theoretical scaling function.
No systematic deviations at different temperatures of measurement emerge, indicat-
ing again the appropriateness of the spectral function S. Furthermore, the diagram
shows that alamethicin does not noticeably affect the scaling function related to the
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Fig. 2 Lin-log plot of scaling function data (Eq. 5) for a DMPC liposome (10 mg ·ml−1) solution in water
versus reduced frequency Ω [29]. Data at temperatures below (•) and above (◦) Tm are distinguished by
symbols. A log–log plot of scaling function data at T < Tm(= 24.5 ◦C) for DMPC-alamethicin liposomes
(99:1 mol· mol −1 [30]) is given in the inset. Symbols distinguish measurements at different temperatures
between 15 ◦C(�) and 23.7 ◦C(♦)

domain structure fluctuations. At that alamethicin content the peptide molecules clus-
ter already to form pores, accompanied by membrane thinning [37,59–61]. Similar
results have been obtained for DMPC bilayers with cholesterol added [32] and for
two-component phospholipid bilayers [31] in which, in addition to the conformation-
ally distinct domains, compositionally distinct domains are formed [62]. Effects of
bilayer composition are found in the relaxation rate Γ which will be discussed in the
next section.

4.2 Relaxation Rate of Fluctuations

Representative examples of relaxation rate behavior are shown in Fig. 5 where Γ

values, resulting from the fit of scaling function data (Eq. 5) to the theoretical profile
(Eq. 3), are displayed versus T . For each bilayer system the relaxation rate data reveal
distinct effects of slowing when T approaches the phase-transition temperature Tm.
Close to Tm, the Γ values fall even below the lower limit of the measurement fre-
quency range. Hence, they follow from extrapolation of measured spectra and should
thus not be overemphasized.

Often the relaxation rates follow the power law,

Γ (t) = Γ0tγ (6)
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Fig. 3 Relaxation rate Γ of domain structure fluctuations as a function of temperature T for bilayer systems
from DMPC (• [29]), DMPC with alamethicin added (�; 99.3:0.7 mol · mol−1 [30]), and a mixture of
DMPC and DPPC (◦; 83:17 mol · mol−1 [31]). Lines are drawn to guide the eye. Dashed lines indicate
Γ values corresponding with frequencies below the measurement range. For the DMPC bilayer system at
T > Tm the inset shows a log–log plot of Γ values versus reduced temperature t . The line represents a
power law (Eq. 6) with universal exponent γ = 1.92

where t = |T − Tm| /Tm denotes the reduced temperature and Γ0 is an amplitude.
The Γ data for the single-component DMPC bilayer system presented in the inset
of Fig. 3 feature even the universal exponent γ = Z ν̃ = 1.92 as characteristic for
critically demixing binary liquids [33]. Somewhat different γ values, however, have
also been found.

Below Tm, the relaxation rates for the fluctuations of the DMPC—alamethicin sys-
tem almost agree with those of the single-component DMPC bilayers, only at T > Tm,
a noticeable difference between both series of data emerges. The relaxation rate pro-
files in the presence of alamethicin are hardly shifted with respect to pure DMPC. This
finding is in accordance with sound-velocity profiles for which likewise a minor shift
to lower temperatures is observed (Fig. 4). The small reduction in the phase-transition
temperature is indicative for a situation in which the peptide does not partition well in
both lipid phases. Obviously it forms pores, as mentioned before, or it accumulates at
domain interfaces [63]. In contrast, a continuous variation of the main phase-transi-
tion temperature, between the limiting values of the pure constituents, is characteristic
for binary phospholipid mixtures [64]. For that reason the relaxation rate profile of
bilayers from a mixture of DMPC (Tm ≈ 24 ◦C) and DPPC (Tm ≈ 41 ◦C) is shifted
to temperatures above 24 ◦C (Fig. 3).
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Fig. 4 Sound-velocity number u (Eq. 7) versus temperature T for aqueous suspensions of liposomes from
DMPC (• [36]) and mixtures of DMPC with alamethicin (�, 99:1 mol ·mol−1; ♦, 98:2 mol ·mol−1; [37]).
Lines are graphs of the sound-velocity number profiles resulting from heat-capacity profiles

The sound-velocity numbers presented in Fig. 4 are defined by

u = (cs − cs0)/(cs0Ĉ), (7)

where cs0 is the sound velocity of the solvent and Ĉ is the solute concentration in
mg·ml−1. Here, sound velocities have been used just to determine the main phase-
transition temperatures. It is worthwhile to note, however, that the compressibility
and heat capacity of membranes are strongly correlated. Based on the experimental
findings [65,66] that, close to the melting transition of alkyl chains, volume changes
and enthalpy changes of membranes are proportional to each other,

ΔV (T ) = β · ΔH(T ), (8)

it has been shown that sound-velocity number profiles of bilayer systems can be cal-
culated from heat-capacity traces [36,64,67]. Results of such calculations are shown
in Fig. 4 by full lines.
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4.3 Critical Amplitude

Different from critically demixing binary liquids, the amplitude ABF of the bilayer
systems depends noticeably upon temperature and exhibits a pronounced maximum
at the respective Tm (Fig. 5). According to the BF theory, the amplitude, according to
[33,46,48]

ABF(T ) = πδCpccs(Tm)

2TmC2
pb

(
Ω1/2Γ0

2π

)δ

g2(T ), (9)

can be calculated from thermodynamic parameters, with Cpc and Cpb denoting the
amplitude of the critical part and the background part of the heat capacity at con-
stant pressure, respectively. In Eq. 9 Ω1/2 is the scaled half-attenuation frequency,
g(T ) = ρ(T )C p(T )∂Tm/∂p − T αp(T ) is the adiabatic coupling constant, and αp

is the thermal expansion coefficient at constant pressure. Normally, the weakly tem-
perature-dependent first term on the right-hand side dominates the expression for the
coupling constant. With bilayer systems, however, the thermal expansion coefficient
term exceeds the first term considerably. The thermal expansion coefficient, calculated
as the relative slope ϕ−1

V (T )dϕV (T )/dT in the temperature dependence of the apparent
specific volume ϕV of DMPC, reveals a significant relative maximum at Tm (Fig. 5).
This maximum certainly contributes to the maximum in the critical amplitudes ABF.
It is, however, affected by the opposite effect from the temperature dependence in
the background part of the heat capacity. The maximum in the C p profiles (Fig. 5,
inset) are due not only to the critical domain structure fluctuations of the membranes
but also to the melting of alkyl chains. The counteracting effect of αp and Cpb in the
BF amplitude may be the reason for the rather broad (when compared to αp) ABF
maxima. Regrettably, the heat-capacity profiles are difficult to analyze in terms of the
different contributions, particularly since they display, in addition, a splitting (Fig. 5)
which is believed to result from a change of the vesicle geometry during the transition
[68].

4.4 Relaxation Times of Non-Critical Terms

In contrast to the relaxation times τdiel from dielectric spectra [69], Debye-term relax-
ation times τ1 from ultrasonic spectra reveal noticeable slowing near Tm (Fig. 6).
Agreement of the order of the τ1 values with the NMR correlation times for the axial
diffusion of phospholipid molecules [5] suggests the ultrasonic relaxation to also
reflect the axial diffusion of complete molecules, at variance with the reorientational
motions of the dipolar phospholipid head groups which are probed by dielectric spec-
troscopy [69]. Outside the transition regions, head group reorientations appear to be
largely coupled to axial diffusion of the phospholipids. Around Tm, the former pass
through a step-like change, reflecting the change in the lateral area per head group. The
latter are obviously significantly affected by the enhanced fluctuations in the available
free volume near Tm and thus by a correlation with lateral diffusion.
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Fig. 5 Critical amplitude ABF (Eq. 9) of sound-velocity spectra as a function of T for liposome solutions
from DMPC (•; 10 mg · ml−1 [29]) and a mixture of DMPC and DPPC (�; 83:17 mol · mol−1 [31], data
converted to refer to 10 mg · ml−1). Also given is the thermal expansion coefficient profile for the DMPC
system (◦). Inset shows heat-capacity traces for both the DMPC and the DMPC–DPPC systems [64]

Fig. 6 Relaxation times of Debye-term “1” in the ultrasonic spectra (closed symbols [29,31]) and dielectric
relaxation times of the phospholipid head group reorientations (open symbols [69]) versus temperature T for
suspensions of liposomes from DMPC (•, ◦) and a mixture of DMPC and DPPC (�, �; 50:50 mol·mol−1)
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Fig. 7 Relaxation times τ2 of the high-frequency Debye term in the ultrasonic spectra versus T for lipo-
some aqueous solutions from DMPC (• [29]), and DMPC with alamethicin (♦; 99.3:0.7 mol · mol−1 [30])
as well as cholesterol (�; 85:15 mol · mol−1 [32]) added

Relaxation times τ2 of the high-frequency process reveal a distinct step-like change
at Tm. The τ2 values between roughly 100 ps and 1 ns agree with ultrasonic relaxation
times of n-alkanes with corresponding lengths [70]. In conformity with results from
NMR studies of deuterium-labeled membrane systems [5], they have been assigned to
a collective mode of alkyl chain conformational isomerization of the lipids [29] and
have been discussed in terms of a torsional oscillator model [71,72]. The step-like
change at Tm nicely reflects the enhancement in the mobility of chain structural iso-
merizations when the bilayers pass the transition from solid-like order to a fluid-like
disordered structure (Fig. 7).

Knowledge about the relaxation process with a relaxation time τ0 (10 ns≤τ0 ≤170
ns [29,32]) is still incomplete. It has been tentatively assigned to short-scale deforma-
tions of the liposome shape in the transition region.

Open Access This article is distributed under the terms of the Creative Commons Attribution License
which permits any use, distribution, and reproduction in any medium, provided the original author(s) and
the source are credited.
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