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The frequency dependence of ultrasonic velocity as well as absorption in a suspension of sonicated 
dipalmitoylphosphatidylcholine vesicles was measured by a differential ultrasonic resonator. The frequency 
was scanned between 1.3 and 13 MHz and the temperature was varied from 25 to 47°C. A pronounced 
relaxation was observed in the time range of 10 ns. The data were analyzed assuming a single relaxation 
which appeared to be a good approximation. The relaxation time as well as relaxation strength increased 
anomalously in the vicinity of the gel-to-liquid crystal transition of 41.5°C. This result represents the first 
definite evidence of the critical slowing down in the lipid bilayer and is discussed in terms of the Landau 
theory of phase transition. The possible biological significance of the mechanical relaxation is also presented. 

Introduction 

It has been established that biological mem- 
branes are not rigid bodies but flexible and fluid 
materials. After Frye and Edidin [1] elucidated the 
fluid nature of biological membranes, molecular 
dynamics of membranes were extensively studied 
by various techniques: fluorescence measurements 
[2,3], absorption anisotropy decay [4], electron spin 
resonance [5,6] and so on. The mobility of probe 
molecules in membranes as measured by these 
techniques was rather high. For example, the rota- 
tional relaxation time of lipid-like molecules is 
about 1 ns [3], and their translational diffusion 
constant is about 10 -8 cm2/s [5,6]. So, lipid bi- 
layers in biological membranes are two-dimen- 
sional liquids, in which molecular diffusion may 
freely occur in the plane of membrane and not in a 
perpendicular direction. 

It should be noted that these techniques of 
molecular dynamics are concerned with the dy- 
namic properties of a single molecule which are 

0005-2736/82/0000-0000/$02.75 © 1982 Elsevier Biomedical Press 

influenced by local environment. Therefore, the 
dynamics of membranes measured by these tech- 
niques have to represent a short-range molecular 
fluctuation which is rather insensitive to long-range 
structural fluctuation. However, thermodynamic 
fluctuation of membrane order in semi-micro- 
scopic domains is also expected in addition to the 
molecular movement. Thermodynamic fluctuation 
of membrane order is particularly interesting in 
the vicinity of the transition temperature, because 
an anomalous enhancement of the relaxation time 
and strength is expected from the universality of 
transition behaviors. In general, second-order 
phase transition is characterized by the disap- 
pearance of the restoring force against the fluctua- 
tion of order parameter, irrespective of the physi- 
cal nature of the system [7,8]. As a result of this 
fact, the magnitude, the relaxation time and the 
characteristic length of structural fluctuation 
markedly increases in the neighborhood of the 
transition temperature. It was previously suggested 
from the ultrasonic velocity at 3 MHz that the 
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phase transition of pure phosphatidylcholine 
membrane is very near a second-order transition 
[9,10]. Theoretical calculation also predicted a sec- 
ond-order character of the lipid bilayer transition 
[11-13]. If we can measure the relaxation time as 
welt as strength of thermodynamic fluctuation of 
membrane order, it is possible to prove decisively 
the second-order character of the lipid bilayer 
transition. 

In the present work, we have measured the 
frequency dispersion of ultrasonic velocity and 
absorption of a lipid bilayer suspension by a dif- 
ferential ultrasonic resonator [14,15], because the 
ultrasonic propagation is very sensitive to thermo- 
dynamic structural fluctuation in the vicinity of 
phase transition point [16,17]. It was elucidated 
that there was a relaxation of about 10 ns in lipid 
bilayers, which anomalously increased in the vicin- 
ity of the gel-to-liquid crystal transition. This fact 
together with anomalous enhancement of the re- 
laxation strength clearly indicated the second-order 
character of the lipid bilayer transition. 

Materials and Methods 

Synthetic L-a-dipalmitoylphosphatidylcholine 
was purchased from Sigma Chemical Co. and used 
without further purification. First, multilamellar 
liposomes of dipalmitoylphosphatidylcholine were 
prepared by stirring the lipid film with distilled 
water in a round-bottomed flask. Then, single 
lamellar small vesicles were obtained by sonicating 
the multilamellar liposomes for 30 min at the 
power level of 150 W [9]. We used the suspension 
of single lamellar vesicles with the dry weight 
concentration of 5.0 mg/ml.  

We have developed a differential ultrasonic res- 
onator which is specially designed for the frequency 
dispersion measurements in dilute membrane sus- 
pensions [14,15]. The principle of the apparatus is 
the following. A steady ultrasonic wave is gener- 
ated in a cell by the sending transducer. The 
output voltage from the receiving transducer is 
monitored by a high-frequency voltmeter, which 
varies according to the frequency due to the reso- 
nance conditions in the cell. When the ratio of the 
cell length to the ultrasonic wavelength is equal to 
a half integer, reflected ultrasonic waves interfere 
with each other to give a maximum value of out- 

put voltage. Hence, the ultrasonic velocity is de- 
termined from the frequency of resonance peaks, 
whereas the ultrasonic absorption is obtained from 
the half-width of the resonance peak. 

Since high accuracy is necessary for the mea- 
surements of dilute membrane suspensions, we 
used a differential type of cells and developed a 
new method of analysis. The output voltage U is 
measured as a function of the frequency f of the 
input signal. The theoretical relationship between 
U and f is described by 

( sin2(2~rfl/V) ) ' 2 
U = U, .... 1 + sinha(cd ) (1) 

where Um~ x is the output voltage at the maximum, 
l is the cell length, V and c{ are the ultrasonic 
velocity and absorption [ 15,18], respectively. If We 
fit Eqn. 1 to experimental data by a least-square 
method assuming that V and a are unknown 
parameters, very accurate determination of the 
ultrasonic velocity as well as absorption is possi- 
ble. In fact, we could determine the ultrasonic 
velocity and absorption per wavelength to an accu- 
racy of ± 1 c m / s  and -+2 • 10 4 when 20 points in 
the vicinity of a resonance peak were used for the 
least-square fitting. Differential cells were em- 
ployed in order to cancel the large temperature 
coefficient of the ultrasonic velocity in water, which 
was particularly necessary for dilute suspensions. 
The frequency range was between 1 and 13 MHz 
when the absorption was small enough. When the 
ultrasonic absorption became large, the frequency 
range was reduced to between 1.5 and 8 MHz. 
Although the frequency range of our measure- 
ments is rather narrow, the accurate measurements 
of both ultrasonic velocity as well as absorption 
enabled us to determine the relaxation time and 
strength unambiguously. Details of the apparatus 
are presented elsewhere [15]. 

When the medium of ultrasonic propagation 
shows a single relaxation, the ultrasonic velocity as 
well as absorption per wavelength are expressed by 
the following equations, 

~2T2 
= ~ (2) v :  v0~+ ( v ~ -  v0:) 1 +,o2~. 2 

I ) -1/T- 1 + ~2"r2 (3) 



in which V~ and V 0 are the ultrasonic velocity at 
high- and low-frequency limits, a n d ,  is the relaxa- 
tion time [19]. If we measure the ultrasonic veloc- 
ity as well as absorption of homogeneous medium 
as a function of frequency, we can determine the 
relaxation time and strength by Eqns. 2 and 3. 

In the case of membrane suspensions, however, 
the ultrasonic velocity and absorption depends on 
the concentration of membranes. Furthermore, the 
ultrasonic velocity of a suspension is severely af- 
fected by the change in the ultrasonic velocity of 
aqueous solvent. Therefore, we use the limiting 
numbers of velocity [V] and absorption per wave- 
length [/~] [20]: 

V-Vs 
[ V ] = lim (4) 

c ~ 0  Vsc 

[#] = lim t~ - tt~ _ lim a?~ - as?, s (5) 
c~O C c--O C 

On the assumption that the suspension is very 
dilute, namely the difference between suspension 
and solvent is small, we can derive simple equa- 
tions of ultrasonic relaxation of suspensions: 

~02~. 2 
IV] - -  [ V ] 0 + A - -  (6) 

1 + W2'I "2 

- a  
2~r 1 + 602T 2 (7) 

The relaxation strength A is described by 

V 2 -  V0 2 
A=½1im oo - [V]o~- -  [V]o 

c ~ 0 Vs2C 
(8) 

where [V]~ and [V]0 in this case denote the 
limiting velocity number of a membrane suspen- 
sion at high- and low-frequency limits and c is the 
dry weight concentration of membranes. Since the 
relaxation strength A is an intrinsic quantity of 
suspended membranes, comparison of various data 
becomes possible by Eqns. 6, 7 and 8. 

Results 

We have measured the frequency dependence of 
the ultrasonic velocity in the temperature range 
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Fig. I. The limiting numbers of velocity ( 0 )  and absorption 
per wavelength (@) at 30.81°C of a suspension of sonicated 
dipalmitoylphosphatidylcholine vesicles are plotted as a func- 
tion of frequency. A differential ultrasonic resonator was used 
for the measurement. The dry weight concentration of the 
sample was 5 mg/ml .  Distilled water was used as solvent. The 
dashed line represents the data of Gamble and Schimmel [21] 
at 30°C. Solid lines are the best fitted single relaxation curves. 

v 

from 25 to 47°C. Figs. 1, 2 and 3 represent the 
results at 30.8°C, 39.9°C and 41.4°C, respectively, 
as examples. Corresponding data of ultrasonic ab- 
sorption were reported by Gamble and Schimmel 
[21] for these three points. They reported parame- 
ters of best fitted single relaxation curves. The 
limiting number of absorption per wavelength was 
calculated from their parameters and is shown by 
dashed lines in the frequency range above 15 MHz 
where their measurements were carried out. Solid 
lines in Figs. 1-3 represent single relaxation curves 
fitted by Eqns. 6 and 7. The estimated relaxation 
time and strength are shown in Table I. Our data 
and the data of Gamble and Schimmel agreed 
fairly well with single relaxation curves. The re- 
laxation time and strength which Gamble and 
Schimmel obtained from their data were smaller 
than ours. This is mainly due to the fact that they 



414 

0.05 

o o 

E 

-0.05 

3.05 

0 

Frequency  (MHz)  

Fig. 2. The limiting numbers  of velocity (©.) and absorption 
per wavelength ( 0 )  at 39.90°C of a suspension of sonicated 
dipalmitoylphosphatidylcholine vesicles are plotted as a func- 
tion of frequency. The conditions of measurement are the same 
as Fig. 1. The dashed line represents the data of Gamble  and 
Schimmel [21] at 40°C. Solid lines are the best fitted single 

relaxation curves. 
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Fig. 3. The limiting numbers  of velocity (O)  and absorption 
per ,~avelength (0 )  at 41.45°C of a suspension of sonicated 
dipalmitoylphosphatidylcholine vesicles are plotted as a func- 
tion of frequency. The conditions of measurement are the same 
as Fig. 1. The dashed line represents the data of  Gamble  and 
Schimmel [21] at 41.3°C, Solid lines are the best tilted single 

relaxation curves. 

measured only ultrasonic absorption in the 
frequency range above the relaxation frequency. 
We measured both ultrasonic velocity and absorp- 
tion. Furthermore, we compared our data with the 
data of Gamble and Schimmel. Therefore, there is 
little ambiguity in the relaxation parameters of our 
analysis. 

It is apparent from Figs. 1-3 that there is a 
relaxation at about 10 MHz. The relaxation time 
as well as strength are enhanced when the temper- 
ature increases to the transition point in the gel 
phase. The same tendency was also observed in the 
liquid-crystalline phase above the transition tem- 
perature. That is, the relaxation time and strength 
increased abruptly, when the temperature is de- 
creased and approaches to the transition point. 

The single relaxation curve is in good agree- 
ment with the experimental data, when the tern- 

TABLE I 

RELAXATION PARAMETERS OF DIPALMITOYLPHOS-  
P H A T I D Y L C H O L I N E  VESICLES 

Temp. r A 8 K m 
(oc)  (ns) (cm3/g) (cm2/dyn) 

(X lO II ) 

25.02 14~ 2 0.0250 0.22 
30.81 15 0.0300 0.26 
34.15 17 0.0421 0.37 
37.98 22 0.0680 0.59 
39.90 24 0.0860 0.75 
41.08 26 0.1226 1.05 
41.49 29 0.1224 1.05 
42.29 23 0.0894 0.77 
43.99 21 0.0335 0.22 
46.59 15 0.0164 0.14 



perature is far from the transition point. However, 
it appears that there is distribution of relaxation 
time in the vicinity of the transition temperature. 
The accuracy and the frequency range of our 
measurements is not so good at present as to be 
analyzed by multiple relaxation. So, we neglect 
here the possible distribution of the relaxation 
time. This simplification does not affect the semi- 
quantitative discussions about the relaxation time 
and strength. 

Fig. 4 shows the temperature dispersion of the 
ultrasonic velocity at 2, 4, 6 and 8 MHz. Dashed 
lines represent [V]o o and [V]o, as analyzed by a 
single relaxation formula. At the low-frequency 
limit, [V]o shows a very sharp dip near the transi- 
tion point, whereas [V]~ monotonously decreases 
and the inclination becomes sharper only in the 
vicinity of the transition temperature. 
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Fig. 4. The limiting velocity number at 2 MHz (O),  4 MHz 
(A) ,  6 MHz (A)  and 8 MHz (O) are plotted as a function of 
temperature. Dashed lines represent the limiting velocity num- 
bers at the high-frequency limit [ V ] ~  (upper) as well as at 
low-frequency limit [V]0 (lower), respectively. A dotted line 
represents the limiting velocity number in the frequency range 
of GHz,  which is calculated from the data of Brillouin light 
scattering [37]. 
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Fig. 5. Relaxation time plotted as a function of temperature. 

The temperature dependence of the relaxation 
time as well as relaxation strength are shown in 
Figs. 5 and 6. Remarkable enhancement of these 
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Fig. 6. Relaxation strength plotted as a function of tempera- 
ture. 
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quantities is obtained in the vicinity of the transi- 
tion temperature. The relaxation time below 30°C 
and above 46°C is about 15 ns. It increases 
anomalously to about 30 ns at the transition tem- 
perature. The relaxation strength also increases 
from about 0.02 to 0.12 cm3/g at the transition 
temperature. The width of the transition anomalies 
is very broad and more than ten degrees. 

Discussion 

The experimental results are summarized as 
follows: (1) The ultrasonic relaxation of lipid bi- 
layers is characterized by a relaxation time of the 
order of 10 ns. (2) The relaxation time as well as 
strength of this relaxation anomalously increase in 
the vicinity of the transition point. (3) The limiting 
velocity number at low-frequency limit has a dis- 
tinct dip, whereas the limiting velocity number at 
high-frequency limit only shows a break point at 
the transition temperature. 

Several questions arises from these results: 
Which kind of molecular process is associated with 
the ultrasonic relaxation? Why and how are the 
relaxation time and relaxation strength enhanced 
in the vicinity of the transition temperature? The 
temperature dispersion of the velocity appears to 
be qualitatively different from the sigmoida.1 tem- 
perature dependence of mechanical properties 
estimated by the techniques of molecular dy- 
namics [22,23]. How is this apparent disagreement 
explained? Do the transition anomalies have any 
biological significance? 

The first two questions are concerned with the 
molecular mechanism of the ultrasonic relaxation 
in the lipid bilayer. We discuss this problem on the 
basis of the Landau theory of phase transition. In 
the framework of the Landau theory, it is assumed 
that the free energy of the system may be ex- 
panded by an order parameter in the vicinity of 
the transition temperature: 

F(P,T, 'q)=Fo(P,T)+½A2~ 2-!A3 3rl 3+~A4~ 4 

(9) 

A 2 ( P , T ) = a ( P ) ( T - -  T* ) (1o) 

Here, 77 is the order parameter and T* is the lower 

pseudo-critical temperature. The coefficients 
a, A3,A 4 are positive and only weakly dependent 
on the temperature. This type of free energy was 
successfully used for the analysis of the nematic- 
isotropic transition, in which ~ represents the 
orientational order parameter [25,26]. The validity 
of Eqn. 9, however, is not self-evident for the lipid 
bilayers, because we do not know what kind of 
parameter best describes the order of membranes. 
The plausible alternatives of the membrane order 
are the average orientational order of hydrocarbon 
chains [27,28] and the lateral packing density [29]. 
As a matter of fact, the average orientational order 
abruptly decreases at the transition temperature 
[30], which is analogous to the nematic-isotropic 
transition. On the other hand, the lateral packing 
density is considered to be a relevant parameter 
not only because it shows a sharp decrease [31 ] but 
also because the lateral pressure-area curves are 
very similar to the pressure-volume curves in a 
gas-liquid transition [32-34]. Due to the ambiguity 
of the order parameter mentioned above, we here 
assume only that the free energy of the lipid 
bilayer may be expanded by a certain order 
parameter, 7, as per Eqns. 9 and 10. This assump- 
tion has been used successfully for many physical 
systems. 

Then, we can derive various features of the 
transition. The transition temperature T. is defined 
by 

F( P, Tc,~c)= Fo( P, T~.) (ll) 

When the temperature is lower than the transition 
temperature T c, the order parameter is finite, 
whereas ~ = 0 in the disordered phase. The tem- 
perature T* corresponds to the point at which the 
disordered phase becomes absolutely unstable. 
When A 3 =0 ,  T* coincides with the transition 
temperature T~ and the transition becomes of sec- 
ond order. It may be deduced as well from the 
consideration of order parameter fluctuation that 
the magnitude ( ~ 2 ) ,  the relaxation time r and the 
coherence length ~ of the fluctuation of the order 
parameter are enhanced near the transition tem- 
perature [7,25,28], 

kT 
(8n2>= (12) 

a ( T - -  v*) 
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~. = ~" (13) 
a(T -  T*) 

( ( TV#oa/Cp,o) + b )2 (18) 

8Xm--V((Ta2/Cp,oAn)+2)A4 

T* 1/2 

Here, ~ is a phenomenological kinetic coefficient. 
Eqns. 12-14 indicate that (8@), r and ~ increase 
anomalously in the vicinity of the transition tem- 
perature (exactly speaking, the pseudo-critical 
temperature T*). 

The remarkable slowing down of the ultrasonic 
relaxation time in Fig. 5 seems to indicate the 
applicability of Eqn. 13 at least qualitatively to the 
gel-to-liquid crystal transition. However, in order 
to conclude that the present results certainly arise 
from the slowing down of the order parameter 
fluctuation, we have to prove following proposi- 
tions. (1) The ultrasonic propagation is certainly 
coupled with the order parameter. (2) The magni- 
tude of the relaxation time is reasonable for the 
order parameter fluctuation. 

Since a longitudinal wave causes adiabatic com- 
pression, its propagation is subject to coupling 
with thermal properties of the medium. The 
anomalous behavior of the ultrasonic propagation 
was first discussed by Landau and Khalatnikov 
[24] and developed by Okano and coworkers [26] 
on the assumption of Eqns. 9 and 10. Thebasic 
idea of their theory is as follows. Ultrasonic propa- 
gation gives rise to periodic changes of local pres- 
sure and temperature. Thereby, the equilibrium 
values of the free energy, the order parameter and 
so on vary periodically. Due to the friction to the 
change in the order parameter, we will have a 
phase difference between the periodic changes of 
pressure (or temperature) and the order parameter 
over a certain frequency range. That is, the ultra- 
sonic velocity and absorption show relaxation. If 
we assume that A 3 is zero, the adiabatic compressi- 
bility K s is easily calculated [26] as: 

s---- T--(rvOg/Cp ) KO ,0 (16) 

(1) 
'r a((Ta2/Cp.oA4) ÷ 2) ~ (17) 

Here, K0 T, 90 and Cp, o are the isothermal compressi- 
bility, thermal expansion coefficient and specific 
heat of the lipid bilayer, respectively. Then, the 
relaxation strength of the ultrasonic properties A is 
described by 

2K s 

in which K s denotes the compressibility of the 
aqueous solvent. 

This theory is constructed on the assumption 
that the ultrasonic waves are coupled to the order 
parameter only through the thermal properties 
(entropy) and certainly predicts the slowing down 
of the ultrasonic relaxation time. This coupling 
mechanism has to exist in any physical system 
near the transition temperature, because the ent- 
ropy necessarily varies according to the change in 
the order parameter. In this case, however, the 
coupling seems rather weak, because it is deduced 
theoretically that the relaxation strength is only 
weakly dependent on the temperature, as per Eqn. 
18. 

However, the experimental result in Fig. 6 indi- 
cates that the relaxation strength shows pro- 
nounced singularity in the vicinity of the transition 
temperature. The singularity of the relaxation 
strength appears even stronger than that of the 
relaxation time. This kind of singularity occurs 
when the ultrasonic property, that is, the com- 
pressibility, is directly related to the order parame- 
ter. For example, the order parameter of a gas- 
liquid transition is the density of the system [8]. 
Since the compressibility K is generally propor- 
tional to the fluctuation of number density <~p2) 
[7,20], 

x -  (Bp2) (20) 
vTp 2 

the relaxation strength of the ultrasonic properties 
has to show the same temperature dependence as 
the order parameter in the case of the gas-liquid 
transition. In the same way, the anomaly in the 
relaxation strength in the lipid bilayer as well as 
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the analogy of 7r-A curves of lipid monolayer to 
P-V curves of gas-liquid systems strongly suggest 
direct coupling in the lipid bilayer. We suppose 
that the ultrasonic propagation is coupled to the 
membrane order through both thermal and mecha- 
nical properties. 

Next, we have to examine the magnitude of the 
relaxation time. Several authors have reported 
various relaxations of  d ipalmitoylphosphat i -  
dylcholine membranes.  The rotational relaxation 
time of hydrocarbon chains or probe molecules is 
about 1 ns [22]. The temperature jump technique 
has revealed two kinds of relaxation time in the 
range of milliseconds, which also show slowing 
down in the vicinity of the transition temperature 
[35]. Therefore, we have to discuss whether the 
ultrasonic relaxation time in Fig. 5 really corre- 
sponds to the relaxation of the order parameter. 
Since the order parameter  is defined as an average 
value in semimicroscopic volume, the relaxations 
from molecular aspects do not correspond in 
principle to the relaxation of the order parameter. 
The rotational relaxation time of a lipid molecule 
is eliminated for this reason. However, the relaxa- 
tion time of the order parameter  fluctuation should 
not be very different from the motional relaxation 
time of a single molecule except for the immediate 
vicinity of the transition temperature, because the 
coherent length of the order parameter  fluctuation 
normally does not exceed a few nanometers. Eqn. 
14 indicates that the correlation length, ~, is of the 
same order of magnitude as the molecular dimen- 
sion, '~0, when T - T *  is not very small. The 
relaxation time observed by the temperature jump 
technique appears too long as compared to the 
rotational relaxation time of hydrocarbon chains. 
In contrast, the relaxation time of several tens of 
nanoseconds is larger than the rotational relaxa- 
tion time only by an order of magnitude and 
reasonable for the relaxation of the order parame- 
ter. 

The comparison to the nematics also suggests 
that the ultrasonic relaxation corresponds to the 
fluctuation of the order parameter  of the lipid 
bilayer. For example, N-(p-methoxybenziliden)- 
p-butylaniline (MBBA) is a rod-like molecule about 
2 nm long [25]. It is established that the ultrasonic 
relaxation time of tens of nanoseconds represents 
the fluctuation of the orientational order of MBBA 

[26]. As discussed previously [9], hydrocarbon 
chains of phospholipids are similar to MBBA in 
their molecular dimension as well as in the struct- 
ural transformation involved in the phase transi- 
tion [9]. Therefore, it should be reasonable to 
consider that the ultrasonic relaxation in our sam- 
pie is due to the fluctuation of membrane order. In 
consequence, the present results of the ultrasonic 
anomalies should indicate the enhancement of the 
fluctuation of membrane order as it is predicted 
by the Landau theory. 

As is well known, it is very important and 
informative to determine the order of phase transi- 
tions, because many important features of physical 
properties may be derived from that order. In a 
first-order transition volume and entropy change 
discontinuously, while a second-order phase tran- 
sition is characterized by the discontinuity or di- 
vergence of specific heat and compressibility. 
However, we have refrained from the discussion of 
the order of the gel-to-liquid crystal transition in 
this paper. We suppose that the sonicated vesicles 
30 nm in diameter is too small a system in which 
to discuss the order of the transition, although the 
ultrasonic anomalies apparently indicate the sec- 
ond-order character. When the size of a system 
becomes smaller, thermal fluctuation of the system 
predominates and the phase transition is neces- 
sarily broadened. A single vesicle of about 30 nm 
in diameter contains only some thousands of mole- 
cules. This number is nearly the same as the 
number of particles assumed in usual computer 
simulation, which is considered to be too small for 
the study of transition behavior. In fact, the transi- 
tion of multilamellar large vesicles (liposomes) is 
much sharper than the sonicated small vesicles 
[9,36]. Therefore, we have to measure the ultra- 
sonic behavior of multilamellar liposomes in order 
to determine the order of the gel-to-liquid crystal 
transition. When we plot the relaxation time in 
Fig. 5 as a function of temperature in a double- 
logarithmic scale, we obtain an apparent critical 
exponent of about 0.2. However, we do not believe 
that the critical exponent of the lipid bilayer is 0.2. 
It is probably due to the small size of the system of 
sonicated vesicles. We conclude here only that the 
relaxation time and the magnitude of the order 
parameter  fluctuation are anomalously enhanced 
in the vicinity of the transition temperature due to 



the second-order character of this transition. 
We realize that the present results apparently 

contradict other data: the shape of the transitional 
anomaly and the transition temperature. It seems 
helpful to discuss the temperature dispersion of 
the ultrasonic velocity in the high-frequency limit 
in order to clarify the relationship between the 
ultrasonic measurements and many data of molec- 
ular dynamics. The ultrasonic velocity of lipid 
bilayers in the gigahertz region was reported by 
LePesant et al. [37] using a Brillouin light scatter- 
ing. A lipid multilayer containing a small amount 
of water was used as the sample in their experi- 
ment. Assuming that the concentration of their 
sample is approx. 1 g/cm 3, we can estimate the 
limiting velocity number from their data. The 
dotted line in Fig. 4 represents the recalculated 
data of the Brillouin scattering. Rather good 
agreement between the high-frequency limit of the 
present analysis and the data of LePesant et al. 
was obtained in the vicinity of the transition tem- 
perature. Since the order parameter is frozen at 
high frequencies, the mechanical properties are 
determined only by the average structure, i.e., 
average order parameter, which is independent of 
the magnitude of the fluctuation. Therefore, the 
ultrasonic velocity at the high-frequency limit does 
not show any anomaly due to the pronounced 
fluctuation of the order parameter. 

The mobility of molecules in membrane mea- 
sured by fluorescence or magnetic resonance shows 
only an abrupt sigmoidal change, and no anoma- 
lous dip or peak was found near the transition 
temperature [22,23,38]. This is probably due to the 
frequency range of the molecular motion. The 
rotational relaxation time of lipid-like molecules is 
about 1 ns, which is much shorter than the relaxa- 
tion time of the order parameter. Therefore, if we 
regard the molecular motion as a probe of the 
order parameter fluctuation, it provides informa- 
tion only about the high-frequency limit. Thus, the 
temperature dispersion of the ultrasonic velocity at 
high-frequency limit is similar to the temperature 
dependence of various data of  the molecular dy- 
namics as well as the average order parameter 
[22,23,30,38]. 

The transition temperature determined in this 
work is different from the temperature determined 
by other techniques such as fluorescence measure- 
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ment [22,23]. Previous studies of sonicated di- 
palmitoylphosphatidylcholine vesicles by fluores- 
cence techniques provided a transition tempera- 
ture of 37-39°C, while the present work revealed a 
transition temperature of 41.5°C. This apparent 
disagreement is due simply to the definition of the 
transition temperature. Fluorescence anisotropy 
shows a sigmoidal decrease in the vicinity of the 
transition point, and the midpoint of the sigmoidal 
curve is usually regarded as the transition, temper- 
ature. It seems that this definition is introduced 
without consideration of the nature of the phase 
transition. This practical definition fails in general 
when critical phenomena predominate. For exam- 
ple, the order parameter of ferromagnets gradually 
decreases with increasing temperature, until the 
long-range order disappears at the Curie point. If 
we take the midpoint for the magnetic transition 
temperature, it will be very different from the real 
transition temperature, the Curie temperature. The 
same discussion applies to the lipid bilayer, be- 
cause marked critical fluctuation is proved in this 
work in sonicated vesicles. In a phase transition 
which is very near a second-order transition, the 
change in the order parameter occurs rather 
smoothly over a wide temperature range. In such a 
case, the midpoint of a sigmoid does not neces- 
sarily coincide with the true transition tempera- 
ture. Phenomenologically, the transition tempera- 
ture may be defined by the divergent maximum of 
the second derivative of free energy: specific heat, 
compressibility and so on. In the present work, the 
maxima of the relaxation time, the relaxation 
strength, the ultrasonic absorption and the com- 
pressibility estimated from the ultrasonic velocity 
coincide with each other, indicating a transition 
temperature of 41.5°C. Comparing our results with 
other data, we propose that the transition tempera- 
ture should be defined by the high-temperature 
end of various sigmoidal changes which probably 
corresponds to the appearance point of the mem- 
brane order. 

Finally, we consider the biological significance 
of the relaxation of the membrane order, which is 
anomalously enhanced in the vicinity of the gel- 
to-liquid crystal transition. It is well known that 
membranes of some micro-organisms have a phase 
transition near the growth temperature [39,40]. 
The correlation between the phase transition and 
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the change in the growth rate or membrane per- 
meability has been pointed out in relation to the 
biological significance of the phase transition 
[41,42]. However, the physical mechanism of the 
effect of the transition on the physiological func- 
tions has not yet been elucidated. 

The plausible significance of the critical phe- 
nomena lies in the anomalies of passive permea- 
bility of membranes. Some small molecules have 
been found to permeate through membranes very 
quickly near the transition temperature [43,44]. As 
discussed previously, the anomalous increase of 
passive transport of membrane near the transition 
temperature is probably due to the enhanced 
fluctuation in membrane structure [11,12]. The 
probability of occurrence of large pores in the 
lipid bilayer is expected to increase when the 
fluctuation in the order of hydrocarbon chains is 
enhanced. This fact, together with the enhance- 
ment of the life-time of the pores which is sug- 
gested from the present work, will cause a pro- 
nounced increase in the permeability of small 
molecules through membranes. If the permeability 
of biological membranes really show this kind of 
permeability anomaly, it will have profound in- 
fluence on the metabolism of a cell. 

The present study of the ultrasonic relaxation 
also provides a new insight into the interaction 
between the lipid matrix and membrane proteins. 
The lipid matrix has to behave in different ways 
towards changes in protein structure at different 
speeds, particularly in the vicinity of the lipid-bi- 
layer transition. When the structural change is 
much faster than the relaxation time of the lipid 
bilayer, the lipid bilayer behaves as a hard matrix. 
On the other hand, the lipid bilayer should be 
softer against slow structural change of proteins. 
When the temperature approaches the transition 
point, the relaxation strength increases abruptly. 
Thus, the nearer the temperature approaches the 
transition point, the softer the lipid matrix be- 
comes towards the structural change slower than 
1/~s. Therefore, if there is any membrane protein 
which requires for its function the movement of 
the l ipid/protein interface, the relaxation of mem- 
brane order has to play a very important role in 
terms of hardness of the lipid matrix. 

We may estimate the relaxation strength, 6K m, 
of the compressibility of membrane from A by 

Eqn. 19. Table I shows the relaxation strength of 
the compressibility. It is about 0.2 - 10 ~ cm2/dyn 
below 30°C as well as above 44°C and shows a 
maximum of about 1.1 • 10-~l cm2/dyn at the 
transition point. The absolute value of the com- 
pressibility of membrane was also calculated 
according to the method of analysis described 
previously [20] using the following equation: 

lf m ) 
[VI : - 2  K~ Os / t ~ - - m  (23) 

Assuming that the amount of hydrated water 8 is 
about 0.4 g / g  dry membrane and that Om--~ 1.1 
g / c m  3, the absolute value of the compressibility at 
the high-frequency limit of dipalmitoylphosphati- 
dylcholine membrane, was calculated to be from 
3.3.10 ~ to 4 .0 .10  - l l  cm2/dyn throughout the 
temperature range studied. Hence, the relaxation 
strength is as large as 25% of the compressibility at 
the transition temperature. This change in the 
mechanical property appears to be large enough to 
affect the protein activities. Thus, not only passive 
but also active functions of biological membranes 
may be influenced by the pronounced relaxation 
of the lipid matrix in the vicinity of the gel-to-liquid 
crystal transition. 
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