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Summary

The acoustic absorption of sonicated and unsonicated suspensions of
dipalmitoyl phosphatidylcholine has been studied as a function of temperature
at frequencies between 0.6 and 4.0 MHz. The absorption at a fixed frequency
passes through a maximum at a temperature which is dependent on the sample
preparation and history and somewhat dependent on the frequency of observa-
tion, with sonicated vesicles exhibiting a temperature of maximum absorption
2—3°C below that found for unsonicated dispersions. The temperature depen-
dence of the absorption at fixed frequency suggests a cooperative process while
the frequency dependence of the absorption at fixed temperature indicates that
more than a single relaxation time is required to describe the acoustic absorp-
tion.

Introduction

Thermotropic phase transitions occurring in phospholipid bilayer systems
have been intensively studied during the past few years [1]. While the majority
of these studies have been concerned with the characterization of the thermo-
dynamics of the transition, the molecular structure of the bilayer, or with the
alteration of the fluidity of the bilayer interior, the detailed dynamics of the
bilayer molecules have received less attention. It is known from NMR experi-
ments that the correlation times for hydrocarbon chain isomerization and
reorientation are in the range of 1077—107!°s [2] and that head group rota-
tions have correlation times of about 1077 s [3]. Attempts to deduce the nature
and rates of the kinetic steps involved in the transition have included studies
by means of temperature jump experiments [4] which indicated a relaxation
time of about 30 - 1073 s for unsonicated liposomes and were interpreted in
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terms of a cooperative lattice model, and by means of ultrasonic absorption
experiments [5,6].

The periodic oscillations in temperature and pressure of an acoustic wave
perturb the equilibria between any states of a system which differ in either
their volume or enthalpy. This perturbation results in an absorption of energy
from the sound wave. The absorption per wavelength due to a single process
(a)), with a relaxation time 7 is given by the expression [7]

(@M. = C(27fr)/(1 + (27fT)*) (1)

The constant C is independent of frequency and depends on the volume (AV)
and enthalpy (AH) changes of the process, the constant pressure heat capacity
(Cp) and coefficient of thermal expansion (a,), the density (o), temperature
(T) and adiabatic compressibility (k) of the solution, the ideal gas constant R,
and the chemical factor I' according to the relation

C = m(AV — apAH/pCp)*T/KRT (2)

The quantity I' is given by the dependence of the reaction affinity A on the
degree of advancement €:

I'~''=—(0A/%€)r p/RT (3)

In dilute aqueous solution AV usually dominates due to the small value of a,
and the AH portion of Eqn. 2 is often ignored.
For a unimolecular process

the relaxation time is given by
Tl=k +k_,

and the amplitude factor is
C=m(AV)’K([A] + [B])/(1 + K)>kRT

where the square brackets denote concentrations and K is the equilibrium
constant. The quantity C is a maximum when K = 1. For a cooperative process
a superposition of terms of the form given by Eqn. 1 is appropriate, and C is
increased by the degree of cooperativity [8].

The temperature dependence of the amplitude factor C is controlled primar-
ily by the temperature dependence of the equilibrium constant K. For a
cooperative process the temperature dependence of K is given by mAH where
m is the number of cooperative units with the consequence that C is a stronger
function of temperature.

The results of the acoustic absorption experiments with dimyristoyl phos-
phatidylcholine (DMPC) vesicles near the transition temperature [5] indicate a
maximum in the absorption at a temperature 4°C below the transition tempera-
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ture for unsonicated DMPC liposomes. This temperature dependence was inter-
preted in terms of cooperative headgroup motions which occur prior to the
thermodynamic transition. In contrast to this study, acoustic absorption mea-
surements [6] in sonicated dipalmitoyl, dimyristoyl, and distearoyl phos-
phatidylcholines (DPPC, DMPC and DSPC, respectively) indicated in each case
a maximum absorption at the thermodynamic transition temperature and were
interpreted in terms of the hydrocarbon chain reorientations within the bilayer.

In this paper the results of acoustic absorption measurements of both soni-
cated and unsonicated DPPC dispersions are presented in order to demonstrate
the dependence of the absorption on sample preparation. The character of the
spectra obtained are discussed in terms of their thermodynamic and kinetic
implications. Although the processes responsible for the acoustic absorption
cannot be unequivocally identified, some constraints on the nature of these
processes can be deduced.

Materials and Methods

DPPC was obtained from Sigma Chemical Co. (St. Louis, MO). The purity
was checked by thin-layer chromatography using a CHCl,/CH,;OH/H,O (65 :
25 : 4, v/v) solvent system. Only one spot appeared after development of the
plate with I,. However, at higher concentrations of DPPC another faint spot
appeared just above the DPPC spot. This spot was determined to contain
choline by use of Dragoff’s choline-specific reagent.

The liposomes were prepared by dispersion of 1 mg DPPC per ml H;0O con-
taining 0.02% NaN; and 10°° M EDTA with a Vortex mixer at a temperature
of 50°C. The dispersion was then incubated for 1 h at 50°C before use. The
vesicles were prepared by sonication at 50°C of 2 mg DPPC per ml H,O con-
taining 0.1 M NaCl, 0.02% NaN; and 10"°M EDTA with a Bransonic ultra-
sonic cleaner.

Electron micrographs of suspensions prepared in a similar way were obtained
on a Zeiss Model A10 transmission electron microscope. The bilayer dispersion
was mounted on 200-mesh copper grids coated with carbon on formvar by the
drop method [9] and stained with 1% uranyl acetate.

Acoustic measurements were obtained with a fixed path length variable fre-
quency ultrasonic interferrometer of a design similar to that of Eggers et al.
[10]. The interferrometer was immersed in a water bath controlled to
+0.002°C longterm by a Tronac (Orem, UT) Precision Temperature Controller.
The temperature was measured to £0.05°C using a calibrated digital thermo-
meter.

The ultrasonic absorption at several frequencies between 0.6 and 4 MHz was
measured at various temperatures in the transition region of the DPPC bilayers.
The absorption of the vesicles was measured for both heating and cooling
through the transition. The absorption of the liposomes, due to the instability
of the suspension, was measured at only four temperatures.

Results and Discussion

Measurements of the acoustic absorption have been made in two distinct
preparations of DPPC as a function of frequency (600 kHz to 4 MHz) and
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temperature near the phase transition temperature. The absorption per wave-
length (a)) as a function of temperature at a frequency of 980 kHz for soni-
cated vesicles and for unsonicated liposomes is shown in Fig. 1. The data for
vesicles is in good agreement with the observations of Eggers and Funck [5] for
DMPC with respect to both the magnitude and the temperature dependence.
They observed, as in this case, that the temperature (T,,) of maximum absorp-
tion (at frequencies below 10 MHz) occurs at temperatures distinctly below the
thermodynamic ‘melting’ point which is 41—42°C in DPPC liposomes [11].

The frequency dependence of aA (shown in Fig. 2) is indicative of more
than one relaxation process with a mean relaxation frequency which appears
to be greater than the highest frequency of our measurements. As the tempera-
ture increases above Ty, the slope 9ln a)/dw increases, suggesting an increase in
the mean relaxation frequency. Below T,,, the slope aln aA/dw decreases
slightly with increasing temperature. Though it is not possible to deduce a
relaxation frequency from these measurements, the results are not inconsistent
with the acoustic measurements of Gamble and Schimmel [6], who observe a
maximum in o) at a frequency near 15 MHz in DPPC vesicles at T,.
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Fig. 1. The excess absorption per wavelength (aA) divided by the concentration in mg/ml at 976 kHz is
displayed vs. temperature for sonicated DPPC dispersions in 0.1 M NaCl,1-10"5 M EDTA, 0.02% NaNj.
O, first cooling curve; 4, reheating curve; 0, second cooling curve, The solid line is calculated for a two
state model with AH? = 100 kcal/mol and a temperature-independent relaxation time. The data for un-
sonicated DPPC liposomes in 1.0 - 10°5 M EDTA, 0.05% NaNj3 are represented by crosses (X) and the
broken curve is calculated for a two state model with AHO = 550 kcal/mol.
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Fig. 2. The specific excess absorption per wavelength is given vs. frequency for sonicated DPPC vesicles in

0.1 M NaCl, 1.0-10"5 M EDTA, 0.02% NaNj3 at 32.0°C (C------ c), 34.0°C (9------T), 39.0°C
(d------0), and 43.0°C (v v). The data for unsonicated DPPC liposomes in 1.0 - 1075 M EDTA
and 0.02% NaNj is given at 40.0°C (®------ ®); 41.0°C (@------ »), 41.6°C (A------ 4), and 42°C

(v———v). The curved lines have no theoretical basis.

Absorption measurements of unsonicated dispersions of DPPC show dis-
tinctly different behavior in comparison to the sonicated dispersions. As seen
in Fig. 1, the dependence of aA on temperature is much sharper and Ty, is
significantly higher for the unsonicated dispersions, though the frequency
dependence (Fig. 2) of aA is qualitatively similar for both preparations.

Electron micrographs of suspensions prepared similarly to those used in the
ultrasound experiments indicate that the mass average diameter of the vesicles
increases from about 1000 to 2000 A on cycling through the transition. This is
similar to observations in the literature [4,12] and may explain the hysteresis
in the heating and cooling curves in the vesicles. This result, combined with the
large difference in behavior between the liposomes and vesicles indicates a
strong dependence of the acoustic properties on sample preparation and history.

The shape of the temperature dependence of the absorption can, in principle,
provide some information concerning the thermodynamic nature of the
processes responsible for the acoustic relaxation. Table I gives the full width at
half height AT for the constant frequency thermograms at several frequencies.
In the sonicated preparations the AT seems to be essentially independent of
frequency between 630 kHz and 3.2 MHz with a value of about 7°C, in good
agreement with the values deduced from Fig. 4 of ref. 5 and from Fig. 2 of
ref. 6. For a single unimolecular process, the shape of the constant frequency
thermogram is determined by the enthalpy change and activation energy in a
straight forward way. If the variation in relaxation time with frequency is
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ignored, the solid curve in Fig. 1 represents the temperature variation for an
enthalpy change of 100 kcal/mol while the broken curve corresponds to an
enthalpy change of 550 kcal/mol. A similar calculation using the calorimetric
AH® of about 10 kcal/mol [11] results in a thermogram with a AT of about
70°C. If the widths of the curves in Fig. 1 are partially the result of the super-
position of narrower curves due to the polydispersity of the sample or are
broadened due to the presence of a temperature-independent background
absorption, the values of AH® required would be even larger. The most obvious
interpretation of the discrepancy between the AH® required to explain the
temperature dependence of the acoustic absorption and the calorimetric AH? is
that the process observed in the acoustic measurements is cooperative in nature,
involving at least 10 molecules in the sonicated vesicles.

For processes with temperature-dependent relaxation times, the tempera-
ture of maximum absorption is a function of frequency. The variation of T,
with frequency shown in Table I may be due to such an effect and could
account for at least part of the difference between the temperatures of maxi-
mum absorption observed in this work and those found at a frequency of
15 MHz [6]. It is also possible that this variation is due to a combination of the
polydispersity of the sample and a size-dependent relaxation time [2,4].

Results of NMR measurements [2,3] indicated that motions of the hydro-
carbon chains and head groups occur on a time scale similar to the relaxation
times observed in these and other acoustic measurements, while temperature
jump experiments reflect relaxations on a much slower time scale [4]. As men-
tioned above, the temperature profiles of the acoustic measuremerts are not
consistent with the thermodynamics of the overall melting. This suggests that
the acoustic relaxation corresponds either to a somewhat cooperative process
(about 10 molecules for the vesicles) or to microscopic steps in the overall
transition which have surprisingly large enthalpy changes for such a rapid
process. Additionally, the dependence of the absorption on sample state, though
ultimately providing a clue to the mechanism, currently prevents the atiribu-
tion of the absorption to any particular process.

TABLE I

THE FREQUENCY DEPENDENCE OF THE TEMPERATURE-DEPENDENT ABSORPTION FOR DPPC
VESICLES

Data are for the first cooling curve for sonicated DPPC vesicles in 0.1 M NaCl, 1.0 - 105 M EDTA, 0.02%
NaNj.

Frequency T (al\)m X 108 Ty T, AT
(MHz) ¢cya (ml/mg) b oy e cey e ¢cyd
0.631 38.7 200 41.7 35.0 6.7
0.976 39.0 215 41.9 35.1 6.8
1.76 39.4 250 42.0 35.6 6.4
2.37 39.6 260 42.2 35.4 6.7
3.25 39.8 260 42.4 35.1 7.3

2 Temperature of maximum absorption.

Maximum specific excess absorption per wavelength.
€ Temperature at which (al)e = 1/2(aX ).
d71,~T,.
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