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ABSTRACT Thermotropic phase transitions in single planar bilayers of glycerol mono-oleate have been investigated
using quasi-elastic light scattering from thermally excited membrane fluctuations. In certain cases both spectroscopic
and intensity information were derived from the observations. For solvent-free bilayers transitional changes were
observed in several membrane parameters: in tension, viscosity and thickness, in a combination of lipid orientational
order parameter and dielectric anisotropy, and in the lateral compression modulus. These changes, particularly those in
membrane thickness and in the anisotropy/order combination, were clearly indicative of a chain-melting transition in
the lipid molecules. The chain-melting transition temperature was identified as 16.6 + 0.03°C (AT, = 1.5°C). The
other changes tended to cluster around 12.5 and 16.6°C, suggesting that a two-stage transition was involved. Analysis of
pretransitional fluctuations in membrane viscosity, based on a Landau approach, suggested that at the transition the
membrane was close to a critical point (T* = 12.7°C). Less information was accessible for membranes containing
n-decane within their structure. In this case, the change in membrane tension was much smaller than in the solvent-free
case and the transition was considerably broadened. These effects accord with an increase in ‘interactive volume’ within

the bilayer due to solvent inclusion.

INTRODUCTION

Various biologically significant processes appear to be
modulated by the thermotropic phase transitions that
occur in the lipid component of biomembranes. Character-
ization of the transitions in pure lipid systems should
provide a basis for understanding these biomembrane
phenomena (1). Many different techniques (DSC, DTA,
ESR, NMR, Raman, etc.) have been applied to a variety
of model membrane systems. These studies have linked the
main transition in such lipid systems to the cooperative
trans-gauche isomerization about carbon—carbon bonds in
the lipid hydrocarbon chains. In the high temperature,
fluid ‘liquid-crystalline’ phase the lipid molecules, each
possessing on average several gauche configurations, pack
together in a relatively disordered state. In the low temper-
ature, ordered ‘gel’ phase the lipid molecules, in all-trans
configurations, can pack in a more ordered solid state.
Lipid membrane systems involve two-dimensionally
ordered molecular arrangements. A two-dimensional solid
may melt via a two-stage process, involving a novel inter-
mediate phase (2). Among the two-dimensional systems
that have been studied are liquid crystals; the smectic
B-smectic A transition should be an exemplar of this
two-stage melting. One model membrane system that may
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offer useful analogies is the planar lipid bilayer. Such
bilayers are thin (thickness, # ~ 4 nm) and may appear
effectively two-dimensional if A « g~', where ¢ is the
wave-number of those membrane motions probed by the
experimental technique. This condition is necessary but
may not be sufficient: the extra degrees of freedom inher-
ent in the lipid hydrocarbon chains may override any
strictly two-dimensional effects.

The various membrane systems used as models of bio-
membranes place different constraints upon the constitu-
ent lipid molecules, which may influence the phase transi-
tions of the system. For example, in some model systems
certain lipids have been found to display a lower or
pretransition several degrees below the main chain-melting
change. However, in unilamellar spherical vesicles the
uniform tilt of the lipid molecules believed to occur
between the lower and main transitions is forbidden and
the lower transition is not observed (3). Again, a single
planar lipid bilayer (hereafter BLM) lacks the inter-
bilayer forces known to exist in multilamellar dispersions
(e.g. 4) that may act to change the nature of the transition.
Experimental work to date has concentrated upon multila-
mellar and vesicular systems, because most techniques
would derive an inadequate signal from a single lipid
bilayer. The dependence of the nature of the transition
upon the membrane model used suggests that there is a
place for experimental techniques capable of studying the
transitions of single bilayers.

$1.00 869




Laser light scattering from thermally excited fluctua-
tions on planar lipid bilayers (see reference 5) is shown
here to yield information about the membrane viscoelastic-
ity, the membrane thickness, the dielectric anisotropy and
orientational order parameters, and the in-plane mem-
brane compressibility. Changes at bilayer phase transitions
are observable in all these parameters. The light scattering
method provides information on a single bilayer without
introducing any molecular or other perturbation. The
membrane properties measured are averages over the
illuminated area of the BLM (radius ~ 300 um). Some
techniques applicable to single BLM involve insertion of
probe molecules into the membrane (6) and provide infor-
mation on the microscopic environment of the probe. Other
methods involve macroscopic deformation of the BLM
(e.g. 7). Light scattering methods illuminate molecular
processes within the membrane without any perturbation
of the system.

The experimental results presented here derive predomi-
nantly from studies of ‘solvent-free’ BLM of glycerol
mono-oleate (GMOQ). Various thermally-induced changes
in the properties of GMO bilayers, occurring over a range
of temperatures about 15°C, have been reported
(8,9, 10, 11), but to date the exact nature of the transition
involved has not been clearly established. No thermally
detectable pretransition has been observed (8).

The next two sections of this paper present brief
accounts of the relevant theoretical background and the
experimental methods used. In view of detailed accounts in
earlier publications (e.g. 5, 12), we concentrate here upon
aspects that have not hitherto been significant or that are
particularly relevant to studies of phase transitions. The
following section presents data and their interpretation
concerning first (and briefly) GMO bilayers containing
appreciable quantities of solvent and second essentially
solvent-free BLM. In the latter case a particularly detailed
and unified picture of the transition emerges. The Discus-
sion centers upon the nature of the transition in GMO
bilayers and upon interconnections between the transi-
tional changes in various membrane properties. Finally the
Conclusions of this work are briefly summarized. The
principal symbols used are identified in a Glossary for easy
reference.

GLOSSARY

e, static lateral compression modulus of BLM
f polarization vector of scattered light

h BLM thickness

i polarization vector in incident light

n orientation of lipid molecules in BLM

n,  mean refractive index of BLM

ny refractive index of ambient medium

q 2x/A

q.  component of scattering vector normal to BLM
A amplitude of oscillatory correlation function
B background to correlation function

C BLM capacitance

AH; Enthalpy of BLM fusion
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light intensity

I scattered by compression waves

1 of heterodyne reference beam
measured [ scattered by capillary waves
predicted / scattered by capillary waves
total detected /

curvature elastic modulus

Boltzmann’s constant

BLM reflectivity

BLM orientational order parameter
high temperature inflexion point of S(T')
main BLM transition temperature
critical temperature of BLM

BLM tension

transverse shear viscosity of BLM
dielectric constant of ambient fluid
anisotropic dielectric constant of BLM
mean dielectric constant of BLM
dynamic viscosity of ambient fluid
wavelength of light

relaxation time

an order parameter of BLM

capillary wave frequency

capillary wave temporal damping
capillary wavelength
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THEORETICAL BACKGROUND

A lipid bilayer exhibits a variety of viscoelastic moduli that
influence its motion. Several membrane vibrational modes
arise, which may propagate or diffuse depending upon the
balance of forces (driving and dissipative).

For a membrane comprising isotropic molecules up to
five separate interfacial moduli may exist (13). One of
these, slip of the membrane relative to the ambient fluids,
can usually be neglected (14). The four remaining viscoe-
lastic moduli can be separated into two pairs, each com-
prising a modulus describing compression (or dilation) and
another describing shear. One pair acts in the membrane
plane and the other normal to that plane (Fig. 1).

Each modulus can be expanded as a positive definite
response function to explicitly demonstrate the elastic and
viscous portions. The shear modulus transverse to the
membrane is

Y =" — iwY', )]

where 7y, is identified as the usual static value of the
interfacial tension (15). Some of the other moduli can
similarly be identified with familiar membrane properties.
The imaginary part of the in-plane shear modulus relates
to the usual ‘interfacial viscosity.” The real part of the
in-plane dilational modulus is the conventional interfacial
elastic modulus

eq = 3vo/dIn A (2)

(e is here preferred to the more conventional ¢ to avoid
subsequent confusion with dielectric constant). The visco-
elastic response of a membrane cannot be summarized by
an interfacial elasticity and an interfacial viscosity. The
response discerned experimentally must depend upon the
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FIGURE 1 (A) The molecular motions possible in a lipid film (partly
adapted from 13): (a) transverse shear; (b) transverse compression; (c)
slip or horizontal shear; (d) lateral shear, (e) lateral compression; ( )
splay in a molecular plane; (g) twist of a molecular plane; and (k)
orientational order fluctations about molecular axes. (B) The three types
of membrane fluctuation which scatter light: (a) transverse; () thickness;
and (c) compression. a and b differ in the relative phases of the motion of
the bilayer interfaces. In a the two interfaces move in sympathy whereas
in b their motions are out of phase.

motions examined. Thus the interfacial viscosity deter-
mined in this work is v’, the transverse shear viscosity
(Eq. 1).

The membrane modes associated with these four moduli
are discussed below for the case of a membrane of optically
isotropic molecules. Subsequently the more complicated
case of a membrane comprising anisotropic molecules will
briefly be examined. In both cases the membrane is
assumed to be isotropic within its plane.

Membranes of Isotropic Molecules

Kramer (16) analyzes the fluctuations of an optically
isotropic membrane, discussing three sets of modes (in-
plane shear, transverse shear and in-plane compression).

The fourth mode that would be expected—thickness fluc-
tuations—can only be significant over a limited range of
wave-lengths, set by the transverse compressibility of the
membrane (17). For membranes formed from monoglycer-
ides dispersed in squalene (similar to the present ‘solvent-
free’ BLM) this compressibility is so low that g must
exceed 10° cm™! (A <10 nm), far above the regime
observed in our experiments (17).

The membrane displacement for each mode is assumed
to behave as

{(r, t) = {0 exp [i(q.l‘ - wt)]! (3)

where g is the wave-number (27/A) and w is the complex
frequency (w = —iT + w,) of the fluctuation probed.

Leaving aside the thickness mode, two types of mem-
brane fluctuation scatter light (Fig. 1). Kramer’s mode
involving in-plane shear couples to no other membrane
motion and involves no perturbation of the dielectric
constant. It will not be considered further. The remaining
two membrane motions, the in-plane compression and
transverse shear (or capillary) modes, are in general
coupled. For the case of a symmetric bilayer (one separat-
ing identical fluids), the compression and transverse modes
decouple (16). The dispersion equations for these modes
are then

iw — vq’ (¢ — m)/2ipmw = 0 )
for the transverse case and
iw — eq’(q — m)/2ipw = 0 (5)
for the compression modes. Here
m = {q* — iwp/n]'"* Re(m) > 0. 6)

In Egs. 4 to 6 the density p and viscosity # refer to the
ambient fluid and both v and e are positive-definite
response functions (cf Eq. 1). The elastic modulus e
influences the transverse mode of a symmetric membrane
only indirectly through changes in tension (Eq. 2).

Approximate solutions of these dispersion equations
relate the mode frequency and wave-number more trans-
parently to the properties of the system. For example, for
the transverse waves

w0~ Y0 q’/2p and T = nq*/p. M

Higher order approximations, including the effect of v/,
have been derived (5). The frequency of the compression
waves is

w3 ~ e3q*/4np, (8)

approximately.
Light incident upon the membrane will be scattered by
the fluctuations in dielectric constant caused by these

- various membrane modes. The scattering process is illus-

trated in Fig. 2, where q is seen to be the component of the
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FIGURE 2 Scattering by an interfacial fluctuation of wave-vector
q (|q| = 2x/A). Light incident with wave-vector k; is scattered through a
small angle 46 relative to the specular reflection, the scattered wave-vector

is k,.

usual scattering vector (Q = k; — k,) parallel to the
membrane plane.

The spectrum of light scattered by thermally excited
membrane fluctuations simply reflects the power spectrum
of the fluctuations. The primary concern of the present
paper is with transverse or capillary waves. In this case the
spectrum of the scattered light is

1_2q kBT

P(w) =
(@) 2p 7w

9)

(1 +28)2 1
D(S) '

an approximately Lorentzian form with peak frequency w,
and linewidth T. In Eq. 9 the following abbreviations are
used:

1=#‘12,S=—iw1 (10)
and D(S) = 0 represents the dispersion equation (Eq. 4).
These values of w, and T are close to those given by the
complex conjugate roots of the dispersion equation. While
the capillary waves will be overdamped under certain
conditions, the present experiments have all been in the
propagating regime.
The intensity scattered by the various modes is given by
Kramer as

l dl 1rz kBT

I,dQ A\ Ag?

. (6, — ) + q; B [en — Yoley + )]’ " q*h*(e,, — 1) (an
Yo Yo €q

for incident light plane polarized perpendicular to the
plane of incidence. In Eq. 11, A is the membrane area, A
the membrane thickness and ¢, ¢, and ¢, the dielectric
constants of the ambient fluids in the reflection and
transmission half-spaces and the membrane respectively.
The factor g, is defined in Fig. 2. For a fluid surface, the
scattering should be dominated by the first term of Eq. 11.
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Unfortunately the form of this term does not agree with
other published results (18, 19): in particular the intensity
scattered in the reflection half-space should include the
surface reflectivity. Similar considerations will apply to the
second term of Eq. 11, relating to scattering by capillary
waves upon a membrane (20), but not to the final term,
concerned with compression waves within the membrane
(and hence fluctuations in ¢, alone). These arguments
suggest that, for the case of a symmetric membrane (e, =
€; = €), Eq. 11 should be rewritten as

1dlIl =« kgT

T %l qgths.p(ém - e0)2 + qzhz(em - 1)2
10 dQ )\‘ qu Yo €9

» (12)

where R, is the reflectivity of an interface between media
of ¢, and ¢, for perpendicular (s) or parallel (p) polariza-
tion states of the incident light. The two terms of Eq. 12
will hereafter be referred to as I, and I respectively (for the
theoretically predicted intensities due to transverse and
compression waves).

In general, e, considerably exceeds v, for a bilayer and
so I, is much smaller than /.. An experimental observation
of the ratio of the two scattered intensities

_eﬁ qg Rs.p(em - 60)2

13
Yo q2 (em - 1)2 ( )

A
-
would permit e, to be estimated relative to vy,.
The amplitudes of thermally excited motions of a bilayer
are microscopic. The mean square amplitude can be
estimated (21): for capillary modes

Yoq’A’

(%)) = (14)
For a bilayer of diameter 4 mm, tension 3.5 dyne/cm and
using ¢ = 1,300 cm ™' (comparable to experimental values)
the rms displacement is 0.02A. The g value used corre-
sponds to a wavelength A = 48 um, extending over some
10° lipid molecules (assuming an intermolecular spacing ~
5A). The fluctuation involves only tiny motions of the lipid
molecules. The overall time average displacement of the
membrane due to transverse fluctuations can be estimated
by integrating Eq. 14 over g between physical limits
{(molecular separation <A < BLM diameter). The average
rms displacement thus found is ~3 A, less than one-tenth
of the membrane thickness.

Membranes of Anisotropic Molecules

A membrane comprising anisotropic molecules has more
degrees of freedom available to it: fluctuations in intra-
molecular order and in molecular orientation become
possible (22). Hitherto experimental studies of thermal
fluctuations of model membranes (mono- or bilayers) have
provided no evidence for the existence of these fluctua-
tions.

The order parameter for uniaxial molecules in the BLM
is the symmetric traceless tensor (see reference 23)
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Sij = S(3nin" - 6“)/2, (15)

where S is a scalar quantity describing the degree of
alignment of the lipid molecules and the unit vector
describes the average orientation of the molecules (as-
sumed normal to the BLM plane at equilibrium). Both S
and i are subject to thermal fluctuations, leading to order
fluctuations and to twist and splay modes of the molecular
orientation (Fig. 1). The order and splay modes couple to
the fluctuations already discussed for the isotropic case.

The order fluctuations couple with the compression
modes and the splay fluctuations couple with the trans-
verse modes. For a symmetric membrane these two sets of
modes are decoupled from each other, just as the trans-
verse and compression modes are decoupled in the isotropic
case. The dispersion equation for the splay-transverse
vibration modes becomes (22)

. [ M(W+Kq’)}q’<q—m)
iw — |y + -

W+ M+ Kqg?| 2ipme

where M expresses the coupling of the molecular orienta-
tion to the local BLM normal and K is the curvature elastic
modulus (that governing splay) of the membrane. Nor-
mally Wis zero for a BLM (22). For large M, the effect of
this coupling upon the capillary waves is to increase vy, by
Kq’. Thus the capillary wave frequency (w,) is increased
for given g, whereas the damping I' is unchanged to first
order (Eq. 7). The spectrum of light scattered by the
coupled splay-transverse modes is unchanged in form from
that for the capillary waves.

The intensity of light scattered by the transverse-splay
modes (1)) is also affected (22). For a symmetric mem-
brane with molecular orientation tightly coupled to the
local BLM orientation (i.e. M large),

l % 7|'2 knT
1,42~ N ag

. [f * iqz h Rsl.{)z (em - 60) — € SO qh ('x.fz +./:tiz)]2
Yo + Kq?

0, (16)

, (17)

where ¢, is the anisotropy of the dielectric constant of the
BLM (¢, = ¢j — €,, €y = (¢) + 2¢,)/3). The vectorsiand f
are the initial and final polarization vectors and compo-
nents x and y are taken in the BLM plane, parallel and
normal to q, the wave-vector of the fluctuation involved in
the scattering. The order parameter enters via its equilib-
rium value S,. Eq. 17 has been adapted from Fan (22) by
inclusion of the BLM reflectivity in the scattering by
transverse motions. This equation shows that in some
circumstances the molecular anisotropy results in a reduc-
tion in scattered intensity.

MATERIALS AND METHODS

Membranes

Bilayer membranes were formed under a 0.1 M NaCl solution from
glycerol-1-monooleate (GMO). BLM incorporating substantial quanti-
ties of solvent (solvent membranes) were formed from solutions of GMO

in n-decane. ‘Solvent-free’ BLM were formed from dispersions of GMO
in squalane. In all cases lipid concentrations in the film-forming solutions
were 10 mg/ml. The details of BLM formation have been described
previously (5).

Membrane impurities are known to alter the characteristics of the lipid
transition. Thus particular attention was paid to the purity of all the
chemicals used. The suppliers (Pharmacia) quote the GMO purity as
>99%, the oleic acid moiety being claimed 99+% pure. TLC tests with
various solvent systems revealed only trace impurities (apparently free
fatty acids and diglycerides). GLC on methyl esters of the lipid suggested
the fatty acid constituent of the impurity was C,4,, at a concentration
below 1%. Independent GLC studies on GMO from the same supplier
suggested the contamination by the 2-isomer was <0.5% (R. A. Klein,
private communication). Consequently, GMO was used as supplied
without further purification. Decane and squalane (‘pure’ grade, Koch-
Light Chemicals) were purified using silver nitrate-alumina (24). The
aqueous medium (0.1 M NaCl solution) comprised sodium chloride of
99.999% purity (‘Gold Label’ grade, Aldrich Chemical Co. Inc., WI)
dissolved in ‘polished’ water (resistivity 1.8 x 10" @ cm) from a Milli Q
filtration system (Millipore Corp). The solution was filtered through a
0.05 um cellulose nitrate membrane filter and degassed before use.

The light scattering technique requires stable membranes that are of
high quality and free from deformations from planarity. Many of the
BLM formed were not of suitable quality and could not be used.
‘Solvent-free’ BLM appeared more planar than those incorporating
decane. In this respect they were more suitable for light scattering studies,
yielding data of higher accuracy. Unfortunately they were shorter-lived
(4-5 h on average), making long experiments difficult. Data from solvent
membranes showed random fluctuations, likely due to temporary local
variations in membrane properties as microlenses of solvent in the
membrane moved about. These fluctuations reduced the apparent preci-
sion of the technique for these BLM.

All membranes examined were subjected to the same experimental
procedure. The film was formed at room temperature, well above the
reported GMO phase transition, and allowed to drain for 2-3 h before
light scattering work was started. Observations were then taken over
several hours as the membrane was cooled slowly (<0.1°C/min) to below
the accepted transition temperature. The temperature of the system was
noted (£0.025°C) as each light scattering observation was started.
Typically each such observation lasted 30 s, some two or three hundred
correlation functions being recorded in a cooling run. If the membranes
survived sufficiently long the process was continued in a heating run.

Light-Scattering

Light scattered at a well-defined small angle (<1%) from the specular
reflection off the BLM was detected in a heterodyne spectrometer.
Details of the apparatus and of its modification to provide sufficient
resolution for phase transition studies have been published elsewhere
(5, 12). Briefly, the membrane was illuminated by light from an Ar* laser
(A = 488 nm, TEM mode). The scattered light, together with light
diffusely reflected from the membrane, was directed to the photomulti-
plier. Servo-controlled optics compensated for any changes in membrane
orientation, ensuring negligible variations in the selected g value. The
diffuse reflection provided a heterodyne reference beam. The photomulti-
plier output was analyzed by a multi-bit correlator (Malvern K7025).
Measurements indicated that the laser beam was plane polarized (polar-
ization ratio ~ 400:1) perpendicular to the plane of incidence. Scattering
was detected in the plane of incidence. No restriction was placed upon the
polarization of the scattered light collected by the detector. Heterodyne
detection of depolarized scattering would only be possible if the reference
beam were not fully polarized.

The heterodyne correlation functions observed could be represented
by

G(t) = B + Acos (wet + ¢) exp (—T1), (18)
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where the phase term ¢ accounts for deviations of the spectrum (Eq. 9)
from the exact Lorentzian form (25). Fitting this form to the observed
correlation functions yielded estimates of the amplitude of the time-
dependent part (A), the bakcground (B) and the frequency (w,) and
damping (T') of the surface fluctuations.

The frequency and damping observed for capillary waves of known ¢
can be used to infer values of the viscoelastic properties of the system. The
analytic approximations mentioned earlier could be used, but it is more
accurate to substitute wg and I' into the dispersion equation as the real and
imaginary parts of w. The dispersion equation can then be solved for two
physical properties. Initially we assumed 4’ = 0 to derive values of -y, and
n. If n was acceptably close to the known viscosity of the aqueous medium,
v’ was considered to be negligible (see 5). If, however, n exceeded the
accepted value, ¥’ was estimated by solving the dispersion equation for vy,
and v, while holding 5 equal to its accepted value. Tests with simulated
data suggested that values of 4’ thus derived were substantially more
precise than those found using the higher order approximations (26).

The observed correlation functions corresponded very well with the
form expected for thermally excited transverse fluctuations of the BLM.
No extraneous scattering processes were evident on time scales compara-
ble to or much slower than those appropriate to the transverse waves
(25, 27). Very much faster processes could not be definitely excluded.
Additional verification that the observed scattering arose from transverse
fluctuations on the BLM was provided by the concurrence of the
functional dependences upon ¢ of wg and I' (5) and of scattered intensity
(27) with those expected theoretically. Further, for solvent membranes
the variations were entirely compatible with the behaviour predicted from
the accepted value of n of the aqueous medium and from a membrane
tension comparable with twice the bulk phase interfacial tension. As
noted elsewhere (12), our present system yielded tension values compara-
ble to membrane tensions, rather than interfacial tensions.

For molecularly anisotropic membranes, the membrane tension must
be replaced by .4 (= vo + Kg%). All tensions reported below must be
regarded as such ‘effective tensions’. In principle, careful measurements
of wy and T as functions of ¢ could indicate the effect of K upon v.4.
Sufficiently precise measurements have not yet been carried out.

The correlator monitor channels provided an estimate of the total
photon count rate (/) and this, together with the amplitude to
background ratio of the correlation function

LI
/iy (19)
B I,
where
Itot = 1: + Ir (Ir > 1:) (20)

permitted estimates of J, and I, to be derived (27), despite the uncon-
trolled nature of the heterodyne reference beam. This derivation depends
upon the presence of a single dominant scattering process in the systern.
Problems could arise in evaluating I, and /, if external vibrations coupled
to the BLM. Such coupling has occasionally been evident in our experi-
ments, observable as a long-time oscillation in the correlation functions.
Any data showing such effects have been rigorously excluded from the
present work. We believe that such gross disturbances do not influence the
results reported below (see also 27). (The amplitude 4 (Eq. 18) should in
principle contain a coherence factor, less than unity, (e.g. 62) which
would modify 7, and I,. For our experimental geometry this factor is close
to unity (>0.97). It will be constant for fixed g, so that the variations of I,
and I, inferred will not be changed. This factor is thus neglected here.)
Instrumental effects upon the form of the spectrum are well understood
(25) and are negligible at sufficiently large g values (1,000 cm™!, as in
the present experiments). However, there are also effects upon the
scattered intensity. The specular reflection from the BLM is observed to
be diffuse due to deviations from planarity etc.: measurements of I, as a
function of ¢ (27) suggest a reflected spot of Gaussian profile having o ~
300 ¢cm~! (equivalent to 4 mm radius). This will lead to a similar spread in
light scattered by a transverse fluctuation of fixed g (first term of Eq. 12).
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The detector pinhole (radius 0.2 mm) will accept only a small fraction
(~107?) of the intensity scattered by this fluctuation. Comparison of the
calculated intensity scattered by the transverse waves with measured
values confirmed this instrumental reduction. The scattering by compres-
sion waves (second term in Eq. 12) relates to fluctuations within a
membrane (assumed planar) and will not be so affected. The net effect
will be to rather reduce scattering by transverse waves compared to
compression waves.

We report below data from a single BLM of each particular type. In all
cases qualitative support was provided by data from similar membranes.
Data from different membranes were not averaged, as results might vary
slightly with the batch of GMO or solvent. As film-formation is not a very
controlled process, the membrane composition may also vary slightly. For
these reasons exact quantitative agreement is not to be expected, although
transition temperatures observed for several BLM of similar type agreed
to within 0.1°C. Many of the BLM studied did not provide data of good
enough quality to justify detailed analysis. This likely arose from mem-
brane variability.

RESULTS

GMO/Decane Membranes

There are two reasons for discussing experimental observa-
tions of GMO/decane membranes. Firstly, such BLM
apparently have only a small membrane viscosity (if any)
and thus the damping of the capillary fluctuations probed
by light scattering can be compared with exact predictions
based upon accepted n values (5). Such comparisons
engender confidence in the experiment and the data inter-
pretation. Secondly the transitions of these membranes
offer illuminating comparisons with the ‘solvent-free’ case
to be discussed below.

Frequency and damping data for a GMO/decane mem-
brane taken through a complete temperature cycle from
22.1 to 9.9°C and back again are shown in Fig. 3. The
changes in wy and T with temperature arise from changes
within the BLM and the ambient fluid. Arguments against
an instrumental origin for these changes have been detailed
elsewhere (12). The data at high temperature on the
heating run coincide with those taken several hours earlier
at the start of the cooling run.

The agreement between the heating and cooling runs
permits the data of Fig. 3 to be averaged. Fig. 4 shows the
tension (y,) and viscosity (n) values derived from w,and T
data averaged over intervals of 0.1°C. The smooth curve
through the viscosity data shows the accepted T variation
of n for 0.1 M NaCl (28). The observed n values follow the
accepted trend reasonably closely (cf reference 5), suggest-
ing that our experimental and analysis procedures are
valid. At low T the observed data are systematically
slightly below the accepted values. This is difficult to
explain except by an error (~1.5%) in the ¢ value used in
the data interpretation. Such a small error is within the
experimental precision. If the g value were corrected to
ensure that n values at low T were scattered about the
accepted line, the higher T data would slightly exceed that
variation. Such a difference, while not large, might be
indicative of a small but non-negligible membrane viscos-
ity (v) above ~16.5°C. Such membrane viscosity—
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FIGURE 3 The frequency (w,) and damping constant (T') of capillary waves (¢ = 1,440 cm™') upon 2 GMO/decane membrane. Data is

shown for a complete cooling (+) and heating (O) cycle.

perceptible at high T and falling to negligible levels at low
T—is suggested by observations of GMQO/decane mem-
branes containing cholesterol (12) and by data for solvent-
free BLM. We have not pursued such an analysis of the
GMO/decane data because of the necessarily arbitrary
nature of the correction to g.

The absolute tensions are comparable with literature
values. The interfacial tension of a 3 mg/ml solution of
GMO in n-decane against 0.1 M NaCl (29) suggests a
membrane tension ~7.6 dyne/cm at 20°C (using vy, =
2%imer)- Given the variation of v, with lipid concentration
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FIGURE 4 Viscosity of the ambient medium (0.1 M NaCl) and mem-
brane tension inferred for a GMO/decane membrane (using Eq. 4). The
line indicates the accepted temperature variation of viscosity.
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in the film-forming solution (5) the agreement with the
present data (~7.1 dyne/cm at a lipid concentration of 10
mg/ml) is very good.

The data of Fig. 4 confirm the positive dy,/dT reported
for bilayers (30) and for certain lipid monolayers at the
oil-water interface (e.g. 31). The change in tension over the
T range covered is small (~7%), and there are few relevant
data for direct comparison. The interfacial tension of a
solution of GMO in n/decane against 0.1 M NaCl
increases at a rate of 0.034 dyne cm™'/°C between 15 and
30°C (S. H. White, personal communication). The average
gradient of the present data above 15°C is 0.039 dyne
cm™'/°C, in good agreement with this value.

The T variation of v, (Fig. 4) is more complex than is
implied by a single statement of slope. Between ~12 and
18°C the variation is faster than outside these limits. The
behavior about 18°C resembles the variation of tension for
lipid monolayers at an oil-water interface (31). While the
present data are not sufficiently precise for any detailed
interpretation, all GMO/decane membranes examined
have exhibited such a double change in dvy,/dT. There are
some indications of a ‘kink’ in the tension data about 16°C,
such as is more clearly perceptible in the ‘solvent-free’
BLM to be discussed below. However, there are no clearly
evident discontinuities or sharp changes that could be
associated unambiguously with a cooperative transition: a
single transition temperature cannot be defined. Indeed it
appears that the membrane transition extends over much
of the T range examined, suggesting a rather low degree of
cooperativity in the transition process.

GMO/decane membranes are known to retain substan-
tial quantities of decane within the bilayer structure (32).
The rather broad transition observed for these BLM may
be explained by the effects of these solvent molecules.
Hydrocarbon molecules within the BLM structure will
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increase the internal volume (interactive volume) available
(33). This will effectively reduce the intermolecular inter-
actions within and between the constituent monolayers,
permitting some lipid molecules to undergo conformational
changes without the need for cooperativity. Such weak
intermolecular interactions naturally explain the very low
¥’ values observed for GMO/decane membranes.

Observations of the scattered intensity for GMO/
decane membranes contributed little additional informa-
tion: the data were widely scattered, with no apparent
correlation with any of the features of the spectroscopic
data. This scatter was probably due to variations of the
scattered intensity at solvent lenses (depending on the local
membrane thickness, see Eq. 12).

Solvent-Free Membranes

Spectroscopy. Experimental results for a ‘sol-
vent-free’ BLM formed at 25°C and cooled slowly to 7°C
are shown in Fig. 5. The frequency of the capillary waves
upon the membrane varies reasonably linearly with tem-
perature. Some small systematic deviations from the line
are evident between 12 and 18°C. However, the tempera-
ture-induced changes are more noticeable in the damping
of the membrane fluctuations. At low T the measured I’
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FIGURE 5 The observed frequency (wo) and damping constant (I') of
capillary waves (¢ = 1,275 cm™') on a ‘solvent-free’ BLM. The line
through w, is a linear fit; that associated with " indicates the damping due
to the viscosity of the ambient fluid. The I line extrapolates smoothly to
higher temperatures.
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FIGURE 6 The membrane tensions (vy,) and viscosities (v’) inferred
from the data of Fig. 5 (using Eq. 4). The piece-wise linear fit to v, is
discussed in the text.

values are close to the variation expected from the accepted
viscosity of 0.1 M NaCl. Above about 12°C the data depart
markedly from these predictions.

Values of v, and ' (Fig. 6) have been derived from the
individual observed w,, I data, assuming that 5 followed its
accepted variation. The plot of v, is less linear than that for
wq. The frequency w, is predominantly determined by the
tension v,, but the membrane viscosity ¥’ depresses the
frequency expected for a given tension (5). The reasonably
linear w, variation thus results from the fortuitous cancel-
lation of the effects of v, and v".

Membrane Tension. As for solvent membranes,
the average room temperature tension for ‘solvent-free’
membranes is in good agreement with literature values, in
so far as comparison is possible. Hladky and Gruen (17)
quote a surface tension of 1.5 dyne/cm but state that this
should underestimate the half-membrane tension, which in
turn should be less than the monolayer tension of 2.3
dyne/cm. Our half-membrane tension, about 1.8 dyne/cm
at 21°C, falls between these two values.

The changes of v, are substantially greater for ‘solvent-
free’ BLM than for the GMO/decane membranes. As in
that case, two main changes of slope occur within the
temperature range covered: an increase in gradient at
~12.5°C followed by a decrease about 17.5°C. The possi-
bility that there may be two stages involved in the overall
transition will be discussed. A piece-wise linear fit based on
data well away from the regions of change of slope is shown
in Fig. 6, mainly to indicate the principal features of the v,
variation. The interfacial entropies (S = —dv,/dT) are
shown in Table I. The data do not, however, demand two
first-order transitions as would be implied by discontinui-
ties in S: nonlinear functions could fit the data equally well.

BIOPHYSICAL JOURNAL VOLUME 49 1986




Inspection of the residuals of this piece-wise linear fit
reveals only one area of poor fit: systematic deviations
occur between 15 and 18° (also seen in the w, data, Fig. 5).
These deviations are subtle but are observed for all mem-
branes examined, both solvent and ‘solvent-free.” Compari-
sons with data on membrane reflectivity for the same BLM
(see below) permit the identification of this ‘kink’ in the v,
data with a transitional change and provide a precise value
for T,, 16.6°C.

Similar changes in slope have been observed for the
interfacial tension of monomolecular films at oil-water
interfaces (31). These latter data indicated a +, variation
approximating two straight lines, the higher temperature
slope being smaller. The temperatures of the change of
slope tended towards the accepted lipid transition tempera-
tures as the lipid concentrations were increased. These
changes were analyzed in terms of the enthalpy of fusion of
the monomolecular film, evaluated by

s, (2H) A0 (2H)
a4, A, \dAJ;
where A, and A, are the different areas occupied by lipid
molecules in the fluid and solid phases and

8H) _ P e
A T.P_% AT )pa”

This analysis, while originally applied to monolayers,
translates in its entirety to lipid bilayers (see reference 30).
The enthalpies shown in Table I were derived from the
present data between 13 and 25°C using values of A, and
A, for GMO given by White (9). The final enthalpy of
fusion, AH; is 277 cal/mol, far below typical values of the
transitional enthalpy change (AH,) deduced from calori-
metric measurements on aqueous dispersions of lipids (e.g.
1). AH; reflects the free energy changes due to changing
lipid adsorption, whereas AH, will include the energy
required for conformational changes that only indirectly
affect the adsorption.

(22)

@1

Membrane Viscosity. The 4’ data also show
changes at certain temperatures, which correspond closely
with the discontinuities in the v, data (Fig. 6). Above
about 17.5°C 4’ decreases more or less smoothly with T.
Below 12.5°C, however, it is essentially constant, close to

TABLE 1
ANALYSIS OF ENTHALPY OF FUSION OF BILAYER

T s 3H/3A A AHE AH;

°C ergfem’/°C calfem A? cal/cm? cal/mole

20 —-00481 -252x10"7 37 _,
14 —0.107 -689x10-7 27 43x10 2
9 _0.0638

*From White (9).

$On the basis of molecular areas in solid phase.

zero (within the errors due to the precision of ¢). Above
12.5°C 4’ increases smoothly to connect with the higher
temperature variation. These v’ data may be considered
from several rather different points of view.

For many bulk fluids viscosity falls approximately
exponentially with increasing 7. Moore and Eyring (34)
showed that this behaviour should also apply to the surface
viscosity (in-plane shear) of monomolecular films on liquid
surfaces. If the arguments of Moore and Eyring can be
extended to transverse shear, the high T variation of v’ is
comprehensible. Motions of the lipid molecules are hin-
dered by interactions between the fluid lipid chains, requir-
ing activation over the barrier thus presented. At low T the
small v’ suggests lipid molecules relatively free to move
transverse to the membrane. At these temperatures, the
lipid molecules thus appear to be aligned and compara-
tively rigid. The significance of the cis 9-10 double bond in
the center of the GMO hydrocarbon chain, which would
rather inhibit intermolecular motions, may be less than
would at first appear because the thermal fluctuations of a
given g value probed by light scattering are of very small
amplitudes, so that only minutely small transverse shear-
ing motions are involved. Between 12.5 and 17.5°C ¥’
shows a gradual transition between the two extremes.

An Arrhenius variation of viscosity seems most probable
far from any phase transition, where purely kinetic activa-
tion may be expected, without any drastic changes in
molecular interaction. However, close to a phase transition
viscosity, like other dissipative response functions, is more
likely to display characteristically transitional behavior.

Various theories of phase transitions of lipid systems
have been developed in recent years. However, few, if any,
treat the effects upon the membrane viscoelasticity. We
have, therefore, sought theoretical treatments that are
couched in rather general terms. Jahnig has treated various
aspects of membrane transitions using a Landau approach
(35, 36) and concludes that, while the transitions are
first-order, they are ‘almost second-order’ in nature. Simi-
lar conclusions were reached by Doniach (37) for the
specific case of ionic permeapbility.

Here only a brief sketch of this approach is appropriate,
concentrating upon the observable consequences of the
proximity of the membrane transition to a critical point.
The main consequence is the appearance of fluctuations in
the system. At a phase transition long-range order (for
lipid bilayers the orientational order of the lipid chains)
arises spontaneously. Using a Landau expansion the
bilayer free energy can be expressed in terms of the scalar
order parameter, S of Eq. 15:

= —a;S + Yha (T — T*)S?
— 1/3 azsl + l/‘a‘S‘ —_— e, (23)

where T* is the critical temperature of the membrane, and
the coefficients are positive constants. The cubic term
shifts the transition from a critical point at T* to a first
order transition at 7, (>T*) at which the equilibrium
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order parameter changes discontinuously. The order
parameter fluctuates as 7, is approached. The fluctuations
in S can be computed:

(BS(QP )« (T - T*'T>T,
«(T,-T)'T<T, (24)

where T, is the high temperature inflexion point of S(7).
These ‘pre-transitional’ fluctuations, while characteristic
of second-order transitions, do occur for first-order
changes, being rather less pronounced. The fluctuations at
a first-order transition display the classical critical expo-
nents of Eq. 24 as T, is relatively far from T*, in the
so-called classical regime (35). Such pretransitional effects
should also be evident in the response of the system to
external perturbations (35). It should be noted that these
pretransitional fluctuations have nothing to do with the
so-called pretransition (here called ‘the lower transition’
for clarity) observed for dispersions of phospholipids in
water but rather reflect the ease with which fluctuations
can arise close to critical points.

The data of Fig. 6 are strongly suggestive of such
behavior: a first-order transition rather close to a critical
point. The tension data of Fig. 6 show a rather small
change at 7, (i.e. the ‘order parameter’ changes only
slightly); considerable pretransitional effects appear in the
response function (v'). The inter-relation between v and
orientational order in the membrane is somewhat ill-
defined, but the dissipative response function ¥’ clearly
reflects a pretransitional increase in fluctuations of the
order parameter.

The 4’ data of Fig. 6 were analyzed using Eq. 24, for T >
T, and T < T, separately. In both cases data within the
transition region (15.8 to 17.4°C) was omitted. Due to the
scatter on the ¥’ data the values of 7* and T, inferred in
this fitting process were somewhat dependent on the exact
data points used in the fitting procedure. The analysis was
therefore repeated several times, shifting the lower (upper)
limit of the high (low) temperature data systematically up
(down) by one point at a time. The fit to the high
temperature data was remarkably constant, giving 7* =
12.7°C to within 0.4°C as data points between 18.5 and
19.4°C were progressively eliminated. The fit to the low
temperature data was much less stable, a constant value of
T, = 16.8°C (to within 0.1°C) being obtained only as
points between 15.5 and 15.8°C were dropped. Inclusion of
data closer to T, for this low temperature data caused the
fit ( judged by both the sum of squares and the runs of the
residuals) to deteriorate significantly. Thus, while the
value T* = 12.7°C seems well-founded, T, = 16.8°C is
rather less certain.

Fig. 7 shows the best-fit functions of the form of Eq. 24
together with v’ averaged over intervals of 0.5°C (the
original data were of course used in the fitting process). As
T decreases in the fluid phase the free energy falls as if
approaching a second-order transition at T *. Before reach-
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FIGURE 7 Membrane viscosity, averaged over 0.5°C intervals, com-
pared to best-fit functions of the form of Eq. 24. The asymptotes of these
functions are indicated by dashed lines at 7* and 7,

ing T*, however, the actual first order change supervenes.
Similarly, in the ordered phase, the free energy falls as T
increases as if another second order transition at T, were
being approached. Again the actual transition occurs at T,
preempting this variation. The free energy associated with
fluctuations in S about its equilibrium value falls as T, is
approached, causing the ‘pre-transitional’ fluctuations in
the order parameter.

Finally, the viscoelastic modulus v (= ¥, — iwy") that
governs the thermally excited transverse waves of the
membrane can be analyzed to yield a characteristic relaxa-
tion time. As w increases from zero so the imaginary part of
v increases, ultimately exceeding v,. Increasing the effect
of the dissipative 4’ relative to the driving force of tension
will ultimately lead to overdamping of the waves. We
define the relaxation time 7 as

7= 1/Q = 1/(v/7)

Q being a frequency such that the real and imaginary parts
of v are of equal magnitude. Such a relaxation time
determines the time-scale of the fluctuations of that order
parameter relevant to the transverse shear motions. Fig. 8
shows 7 as a function of 7, averaged over intervals of
1.0°C.

Five time scales characteristic of different processes
occurring in the lipid phase transition have been identified
in a study using an iodine-laser T-jump technique (38).
These time scales range from a few ns to 1072 s, corre-
sponding to different stages in the transition process, from
the non-cooperative formation of kinks in the lipid hydro-
carbon chains to the strongly cooperative destruction of
ordered clusters. The cooperativity of each process was
judged by the sharpness of the corresponding transitional
peak (38). The observed time scale t; ~ 107° s was
associated with the cooperative formation of gauche con-

(25)
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FIGURE 8 Relaxation time 7 (= v’/7,, data from Fig. 6) associated with
transverse fluctuations of the membranes. Values shown are averaged
over intervals of 1.0°C.

formations in the hydrocarbon chains. The data of Fig. 8
are similar to this 5, both in cooperativity and in absolute
magnitude. The appearance of gauche conformations will
change the lipid head group separation, altering the ten-
sion.

This assignation is supported by the effects of cholesterol
upon the relaxation time 7. Published data for w, and T for
GMO/decane membranes incorporating cholesterol (12)
show transitional effects rather similar to those reported
here for ‘solvent-free’ BLM. The cholesterol data lead to a
rather less cooperative behavior for 7 and a reduced peak
value (~3 x 107" s). Eck and Holzwarth (39) found that
the addition of cholesterol to membranes caused such
faster relaxation and lower cooperativity due to uncoupling
of the hydrocarbon chains in the apposed monolayers.

Having identified one time scale in the present data, the
question arises whether other time scales could be detected
by such experiments. Very much faster relaxation pro-
cesses could not be observed by the present light scattering
techniques: much more precise w, and T data, together
with an exact determination of ¢, would be needed to
perceive the effects of ¥° « 107® dyne.s/cm. However, it
does appear that any relaxation processes much slower
than 10~° s that may occur in the transition are not
involved in the response to transverse shear stress.

Intensity Measurements

The correlation data can provide further information (27)
concerning light intensities (expressed here as photodetec-
tion count rates). These are derived from the ampli-
tude:background ratio (4/B, Eq. 19) and the mean count
rate (I, approximately I, Eq. 20), both shown in Fig. 9.
A/B abruptly decreases at ~12°C, and increases more
gradually towards 18°C. These changes appear to arise
primarily from I, rather than from the scattered intensi-
ty.

These data yield I, and I, as functions of T (Figs. 10 and
12). The results are noisy, as our experiments were not
optimized for intensity measurements. The basic assump-
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FIGURE 9 The ratio amplitude: background (A4/B) of the observed
correlation functions and the mean photodetection count rate (/,,).

tion, that no extraneous scattering processes occur,
appeared well founded for all the present data: the
observed correlation functions always had flat back-
grounds that agreed well with the background at infinite
time computed from the correlator monitor channels and
were always of the form theoretically expected. We can
definitively exclude any processes having time scales
slower than or comparable to the transverse waves but not
those so fast that the time dependence is averaged out
within one correlator sample time (typically 5 us).

Reference Beam Intensity. It is convenient to
discuss 1, first. This displays a considerable peak between
12 and 14°C, which will be discussed below in detail:
briefly we associate it with the appearance of another
process. Leaving aside this peak, I, increases slowly with T
from 7°C until a sudden decrease about 16.5°C, after
which a slow increase is again evident. The fluctuations
that are visible, particularly below 16°C, do not obscure
these trends. The lines on Fig. 10 are the best-fit straight
lines to the I, data below and above the sudden change
(omitting the peak between 12 and 14°C from the fit).

The reference beam (I,) arises from flare from glass
components, from scattering by quasi-static ‘particles’ in
the aqueous medium and from diffuse reflection from the
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FIGURE 10 The reference beam intensity derived from the data of Fig.
9 (by solution of Egs. 19 and 20). The solid lines indicate linear fits to the
data above and below the change near 16.5°C (neglecting the peak
between 12 and 14°C). See the text for a discussion of the quantities @ and
b. The nonlinear right-hand scale h indicates the rms thickness of the
membrane (see text).

BLM. The optical system ensures that these components
can only reach the photodetector after reflection from the
BLM. It is most unlikely that the first two contributions
cited would consistently change close to T,. The changes in
I, are thus correlated with variations in membrane reflec-
tivity. This is given by (40)

R = [2x(n, — 1y + A)h/A]? (26)
where
A= (nm - ”0)2/("m + n0)7 (27)

h is the membrane thickness, n,, the mean refractive index
of the membrane, and n, the refractive index of the
aqueous phase. As both n, and n, can be taken as constant
(see below), I, « k2.

We associate the sharp change in /, at ~16.5°C with a
change in BLM thickness. Other explanations are less
likely. Solvent lenses might arise at membrane transitions
but have never been observed (by ourselves or by other
workers) for ‘solvent-free’ BLM. Rippling of the mem-
brane, as observed between the main and lower transition
in bulk dispersions of phospholipids (41), would increase
the diffuse reflectance. However, it is known that single
bilayers adopt planar configurations (17). Also lipid mole-
cules with small head-groups (such as GMO) should
preferentially orientate normal to the membrane plane
(41) and indeed, as this would imply, no lower transition
has been observed for mono-glycerides (8). We thus dis-
count the possibility of rippling.

Variations in reflected intensity at lipid transitions have
been reported previously. Analysis of the abrupt reflectiv-
ity changes observed (8) as single BLM formed from
glycerol monostearate in n-hexadecane were cooled
through the transition (as determined by DSC) showed
that A increased from 45 + 1A to 77 + 4A at T,, whereas
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n,, remained unchanged (within experimental error). We
will return to the apparent constancy of n,,.

The data of Fig. 10 permit the rms thickness & to be
deduced as a function of 7 (assuming constant n,). From
membrane reflectivity measurements Dilger (42) has
determined h = 36A at 20°C for a ‘solvent-free’ BLM
formed from a 3 mg/ml dispersion of GMO in squalene.
Using this calibration datum and assuming I, « A%, we
derive the thickness scale shown in Fig. 10. The observed
change in h at ~16.5°C is 8 A. The BLM thickness at 16°C
is therefore ~44A, in excellent agreement with a value of
44.6A suggested for a bilayer of fully-extended GMO
molecules orientated normal to the membrane (9). At
present we concentrate upon the changes close to 16.5°C.
The slow temperature variations in h* will be discussed
below.

An ‘order parameter’ ¢ appropriate to the changes in I,
(or k%) can be defined (see reference 43). The differences
(a and b) of the data within the transition region from the
extrapolated linear variations shown in Fig. 10 enable this
order parameter to be estimated:

¢=af(a+b). (28)

The order parameter varies through the transition region
as shown in Fig. 11, the transition temperature being
defined as the temperature for which ¢ = 0.5. Avalue T, =
16.6 + 0.03°C is found. Hereafter, reference to T, will
imply this value. The data of Fig. 11 are very close in form
to erf(T — T,) with standard deviation ¢ = 0.6 + 0.02°C
(AT,;, = 1.5°C). The transition thus appears quite sharp
and symmetrical, at least as evidenced by these changes in
membrane reflectivity. Unfortunately the lack of a value
for AH, prohibits estimation of the size of the cooperative
unit.

The order parameter is plotted in Fig. 11 as (1 — ¢) to
facilitate comparisons with the variation of v,. The slight

(w>/2uhp) °}

17 %
TEMPERATURE (°c )

FIGURE 11 The variations of the order parameter ¢ (x) derived from
the change in I, at ~16.5°C. Values of membrane tension (0) are also
plotted.
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kink evident in the original plot of +, (Fig. 6) coincides
closely with the 7, as inferred from ¢, the temperature
variations of v, and ¢ following very similar courses. The
kink in v, thus appears to be real and associated with the
membrane transition.

We now return to the slow variations of I, away from T.,.
The present data indicate that dh?/d T is 25A?/°C between
7 and 15°C and 37A%/°C between 18 and 25°C. These
positive gradients are somewhat unexpected, although
there are very few, if any, reports of measurements of
dh/dT for BLM. Even for multi-lamellar systems only the
transitional change in h has been reported (e.g. 45).
Theoretical arguments (e.g. 44) based upon molecular
conformational changes suggest an essentially constant
membrane thickness below T, and a negative temperature
gradient above that point, as the lipid chains become more
disordered and hence, on average, shorter. These theoreti-
cal thermal expansion coefficients have been compared
(44) with the average bulk thermal coefficient measured
for multi-lamellar lipid dispersions, showing some measure
of agreement. This conflict with the present results is more
apparent than real, as the systems are rather different. The
perturbation due to the inter-lamellar forces (e.g. 4) may
well overwhelm an intrinsic increase in membrane thick-
ness on heating.

A positive dh/dT is compatible with the observed T
dependence of the capacitance (C) of single GMO mem-
branes (9). C generally decreased with increasing T for
BLM formed from GMO dissolved in various solvents; in
some cases the gradient changed at ~16°C. The specific
geometric capacitance of the BLM is (using ¢, for the
permittivity of free space)

C; = ento/ 29)

so that (for constant ¢, — cf n, [8]) a negative dC/dT
implies a positive dh/dT. These capacitance observations,
taken together with our /, data, substantiate the reported
lack of variation of n, for monoglyceride BLM (8). Both
C, and R increase with n, (Egs. 26,29), so that the
opposite signs observed for dC/dT and dI,/dT support the
constancy of n,, over the T range covered (8). Therefore the
variations of C and 7, must arise from changes in A. It
should be noted that the change in h at T, cannot easily be
estimated from these studies of C: either the membranes
contained quantities of solvent or the transitional region
was confused by the proximity of the solvent melting
point,

It is not immediately obvious why single BLM slowly
increase in thickness on heating (away from 7,). White
(33) suggests that the average membrane thickness might
be influenced considerably by random fluctuations of a few
lipid molecules from a gauche conformation to the fully-
extended all-trans state. Above T, this might well cause a
positive dh/dT, but just below T, our rms value for A
(~44A) is already close to twice the length of a fully
extended GMO molecule. While below 7, the GMO

molecule is slightly lengthened if the terminal ¢trans bond
of the hydrocarbon chain transforms to a gauche bond
(46), neither the overall average temperature variation of
I, below T, nor the fluctuations in that region can easily be
explained by White’s mechanism. Theoretical treatments
of the membrane thickness (e.g. 44) ignore the possibility
of temperature-dependent interactions within or between
the two monolayers of the BLM. Any changes in inter-
molecular forces will modify the potential U(h) and may
alter the equilibrium thickness of the membrane. For
example the increasing probability of gauche conforma-
tions above T, will increase steric forces, increasing d’U/
dh’. The present observations are compatible with an
increase in the mean square amplitude of thickness fluc-
tuations (17) since both v, and d’U/dh* increase with
temperature. The increased gradient of 7, above T is likely
to reflect the greater flexibility of the melted lipid chains.

Scattered Intensity. The observed I, (the mea-
sured intensity scattered by capillary waves, found by
solving Eqgs. 19 and 20) is shown in Fig. 12. Within the
range 12-14°C values of I, were derived using I, from the
linear variation shown in Fig. 10. The I, values thus
determined agreed excellently with adjacent results (see
Fig. 12). Other procedures destroyed this agreement.

Given the T dependences of h? and of «, the theoretical
variation of the intensity (J,) of light scattered by trans-
verse fluctuations of a membrane comprising isotropic
molecules can be calculated from the first term in Eq. 12
(16). The piece-wise linear descriptions of <y, (Fig. 6) and
h? (or I, Fig. 10) give I, shown by the solid lines in Fig. 12,
normalized to I, at 24°C. Between 15.4 and 17.8°C (2¢
range from T,) the expected behavior is approximated by
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FIGURE 12 The scattered intensity /, (x) derived from the data of Fig. 9
(solving Eqs. 19 and 20). Data derived using interpolated values of I,
between 12 and 14°C are distinguished (*). The line indicates the
variation of I, predicted by Eq. 10 for a membrane of isotropic
molecules.
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the dashed line. The observed data (I,) agree excellently
with the predictions (1,) above the transition region. Below
18°C a marked divergence appears over a wide tempera-
ture range, the agreement becoming reasonable again
below ~9°C. These observations could arise from a sub-
stantial decrease in n, over a limited 7 range but this
would be incompatible with other observations (8, 9).

Constraints are placed upon explanations for this dis-
crepancy as I, derives from the amplitude of the time
dependent part of the observed correlation functions. We
have already noted that this time dependence accords well
with that expected for transverse membrane fluctuations.
Thus any mechanism postulated to explain the deviation of
I, from the expected behavior must involve processes
closely coupled to the transverse fluctuations so that the
overall spectrum of the scattered light does not deviate
from that of the transverse waves. This argument elimi-
nates uncoupled membrane modes, such as thickness fluc-
tuations, which could scatter light.

The essential elements of an explanation appear in Fan’s
treatment of the scattering of light from a membrane of
optically anisotropic molecules (22). The transverse waves
couple to fluctuations of the molecular splay: we shall
consider the case of molecular axes strongly coupled to the
local membrane normal. One effect is to increase the
membrane tension by a term Kgq?, the other, of present
concern, is to modify the scattered intensity (see Eq. 17).
The exact change in I, depends upon polarization factors
and the relative magnitudes of ¢, (mean membrane dielec-
tric constant) and the product ¢,S, (anisotropic part of the
dielectric constant and equilibrium order parameter).

The expression (Eq. 17) for the intensity scattered by
the coupled splay-transverse vibration modes upon a sym-
metric membrane can be expanded as

1 dIl = kaTH

I—E=F P [E+F—G], (30)
0
where
. [4:(em — @)]?
E-(f-i)? R, 9\m— )
P %9
22
F = Gif, + £i,)? 6% (31
0
(em - ‘0) EISO

G- 2(1xfz + fxlz)(f ¢ i) Rll.{)z q.
Yo q

Comparison with Eq. 12 shows that the term E here is
identical with I, Aside from the physically interesting
variations which may occur in ¢Sy, the magnitudes of these
three terms depend (both absolutely and relatively) upon
the reflectivity, an instrumental factor already discussed
(not shown explicitly in Eq. 31, but affecting the terms E
and G similarly to R,,) and the polarization states of the
incident and scattered light. These factors were all some-
what ill-determined in our experiment. However, we esti-
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mate that the combined reflectivity (R ~ 10~%) and
instrumental factor (~1073, see above) reduced E by
~107% (and hence G by 107*). The exact value is of little
consequence as it simply combines with the polarization
factor

(isf; + £iis)

X
f.i

(32)
For the case of light plane polarized in the s state incident
upon the membrane the terms F and G in Eq. 30 vanish.
However, measurements suggest that the extinction ratio
of the beam actually reaching the BLM might have been
<50:1. Slight variations of the membrane orientation could
alter the polarization factor. For an extinction ratio of 50:1
and our experimental geometry the factor X would be
~0.02.

We have computed the intensity terms which involve the
molecular anisotropy (F and G) relative to the dominant
term (E) for various polarization factors. Fig. 13 a shows
these terms as functions of ¢,.S, for various X values (found
using a value of 10~* for the combined reflectivity/
instrumental factor). For small polarization factors both F
and G are negligible compared to E. For X = 0.01 the
combination (E + F — G) is always less than E alone
(6,50 > 0). At relatively large X (e.g. 0.05) the contribu-
tions F and G are significant (Fig. 13 b): at low values of
€S, the total scattered intensity is substantially decreased
(G > F) whereas for large ¢,S, the scattered intensity is
increased (F > G).

Any choice of a specific value of X is essentially
arbitrary as the exact initial and final polarization states
were not defined during the present experiments, nor was
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FIGURE 13 Effects of molecular anisotropy upon the intensity scattered
by splay-transverse fluctuations. (a) Terms F (—) and G (---) from Eq.
30 plotted relative to E (= /). (b) The combined intensity (E + F — G)
plotted as a fraction of E. The parameter of the curves is the polarization
factor, X.
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the combined reflectivity and instrumental factor defi-
nitely established. While this leads to difficulties in estab-
lishing absolute values of ¢,S, from our results, we can be
confident of the form of the temperature variation of ¢,S,
that would account for the observed I, data.

From Fig. 12 the differences between the observed I,
values and the predicted variation of I, can be estimated (as
{I, — 1]/1,). Comparisons with curves such as those of Fig.
13 b permit estimation of the variation of ¢S, (Fig. 14,
deduced using X = 0.03) required to explain the observed /
data. Other choices of polarization factor change the
absolute values of ¢S, but do not alter the form of the
variation. This form is clearly suggestive of a transitional
change close to 15.5°C. The apparent sharpness of the
transition is independent of the value of X.

The normalization of the theoretical I, variation to the
observed I, data at high temperature (T = 24°C) neces-
sarily matches J, to I, in this region and hence forces ¢,S, =
0 here. However, this feature is an artefact of our analysis.
The lipid orientational order parameter is known to be
nonzero in the fluid phase (for phospholipids S, ~ 0.7,
(47}) and even at high temperature the lipid molecules are
somewhat anisotropic (42). The value of ¢S, at high
temperature may be estimated to be ~0.09 (see below).

The agreement of the observed I, values with the
expected variation (/) at T < 9°C is apparently fortuitous.
The variation of ¢S, shown in Fig. 14 could lead to
I, > I, atlow T. The lack of I, data below 7°C has prevented
verification of this prediction.

Since ¢,S, is a double valued function of (E + F — G)
for all but the smallest values of X (see Fig. 13 b) other
variations of ¢,S, could be invoked to explain the data. For
example, as T decreases ¢S, could increase to ~0.1 at
15.5°C followed by a drop to zero. The variation shown in
Fig. 14 is preferred for its physical plausibility.

The uncertainties in this interpretation of the data on
scattered intensity could largely be eliminated by further
experiments involving precisely specified initial and final
polarization states (i and f) and measurements of depolar-
ized scattering.
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FIGURE 14 The variation of ¢S, (the anisotropic dielectric constant
combined with the orientational order parameter) required to account for
the observed behavior of /, (Fig. 12). The polarization factor was taken as
X = 0.03.

Compression Waves. We return to the substan-
tial peak in I, between 12 and 14°C (Fig. 10), which
basically reflects the corresponding feature in the average
photodetection count rate, I, (Fig. 9). Now I, is the total
photodetection count rate, due to the reference beam and
to light scattered by all processes occurring in the scatter-
ing system. If the transverse fluctuations of the BLM are
the only scattering process present the analysis outlined
earlier yields values of 7, and I, that behave consistently
(see Figs. 10 and 12 away from 12-14°C) (also 27).
Between 12 and 14°C the analysis of A/B and I, in terms
of I, and I, breaks down: the I, values deduced are
excessively large (see Fig. 10) and the I, values would be
too small unless corrected I, values are used. An extra
scattering process causing scattered intensity I. would

imply
Lay=1+1 + I 33)

We have seen that replacing I, in the analysis for I
between 12 and 14°C by values deduced from the linear
interpolation of Fig. 10 leads to values of I, entirely
compatible with results at neighboring temperatures (Fig.
12). This suggests that the peak in the observed I, data
(Fig. 10) indeed arises from another scattering process,
contributing to I, as in Eq. 33. Below 12°C I, displays
fluctuations; these appear to be real variations in the
reference beam intensity. The values of 7, inferred using
these measured /, values do not display corresponding
fluctuations in this region (Fig. 12), unlike between 12 and
14°C.

I. can be extracted from I, in the region 12-14°C using
Eq. 33, taking the linearly interpolated I, (Fig. 10) and the
observed I, values (Fig. 12). This analysis procedure forces
I, to zero outside this 7 range. In reality, while such an
extraneous process might cause negligible scattered inten-
sity, I. would never become identically zero. This error
slightly affects the values of the membrane properties
underlying the extra scattering process and necessarily
restricts the T range accessible.

Compression (density) modes in the membrane plane
provide the most likely explanation for I.. Thickness fluc-
tuations in ‘solvent-free’ BLM are only significant for ¢
values much larger than that used experimentally (17).
Changes in diffuse reflectance from the membrane (or any
other static process) might occur, but would contribute to
the heterodyne reference beam: the peak in Fig. 10 is not
part of the reference beam intensity.

Eq. 13 relates the ratio of the theoretical intensities
scattered by transverse and compression modes of the
membrane ([,/1.) to the ratio of the in-plane compression
modulus to the tension of the membrane (e,/,). In general
for BLM far from a transition =, is low, e, is large and I,
dominates /.. This is the case in the present data for T <
12°C and T > 14°C. However, between 12 and 14°C the
scattering by density waves dominates. Eq. 13 permits e, to
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be estimated, knowing /,, I, and -y,. Other quantities in Eq.
13 are known constants: at 20°C ¢, = 2.20 (42) and ¢, =
1.788 (48),g = 1,275cm™"and ¢, = 2.30 x 10° cm™! from
experimental geometry:

q, = 4 /X [cos 8 + cos (8 + 46)]. (35)

Any slight changes of dielectric constant with temperature
might refine the value of ¢; but will not alter the general
variation radically. The combined reflectivity and instru-
mental factor was again taken as 102, In forming the ratio
L/1,, I, was evaluated from the line of Fig. 12, as Eq. 13
neglects the molecular anisotropy which affects the
observed [, values. The temperature variation found for ¢,
is shown in Fig. 15. The form of the temperature variation
of e, is quite well-established but the absolute values are
rather uncertain (as for ¢,S;).

The compression modes scatter light strongly over the
region 12-14°C and might be expected to contribute an
observable time-dependence to the correlation functions.
However, using Eq. 8, the approximate frequency corre-
sponding to the minimum value of ¢, in Fig. 15 (~3
kdyne/cm) is found to be 8.4 MHz. The time dependence
of a fluctuation of this frequency would be completely
averaged out within a single correlator sample time (~5 us
in these experiments). The compression modes are also
very rapidly damped (I' ~ 4 x 107¢ s7'). Even large
decreases in the absolute values of e, would not cause the
compression waves to have frequencies observable in our
experiments.

A drop in membrane lateral compression modulus (e;)
close to a lipid phase transition has been suggested before.
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FIGURE 15 Values of the compression modulus derived from the peak

in I, (Fig. 10) between 12 and 14°C, using Eq. 13 and the observed
variation of vy, (Fig. 6).
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Theoretical treatments of the transitional increase in mem-
brane permeability (49, 50) have predicted a variation of e,
in general accord with the form of the present results.
Measurements on DMPC bilayer vesicles showed a transi-
tional peak in the elastic area compressibility (1/e,) coinci-
dent with the accepted T, (60). Both the theoretically
predicted values of e, and those inferred from these
measurements are very much lower at the transitional
minimum than the data of Fig. 15.

The present results are not in very good accord with
other measurements of bilayer compression moduli (51, 7).
The discrepancies between the results may simply reflect
the different model systems (differences in packing, geom-
etry, open vs. closed systems, inter-bilayer forces), dif-
ferent lipid head groups and the effects of mixed lipid
compositions (7). However, the major source of differences
is probably the uncertainty in the present absolute values of
e, arising from the ill-determined combined reflectivity
and instrumental factor.

While for most interfacial systems compression waves
will cause negligible scattered intensity compared to the
capillary waves (16), this is not the case for BLM in the
transitional region. In this system the spectrum of light
scattered by compression waves should be measurable.
Such observations would permit e, (and possibly e’) to be
determined directly, removing the ambiguities of the pres-
ent approach.

DISCUSSION

The Nature of the Transition in GMO

Earlier studies on GMO bilayers are briefly reviewed
below, preceding a discussion of the information from the
present study. Transitional changes have previously been
demonstrated in GMO over a range of temperatures (~12
to ~17°C) but little information has emerged upon the
nature of the transition.

The calorimetric observations of Pagano et al. (8) have
usually been cited as evidence of a lipid chain-melting
transition. In these studies of lipid/hexadecane/water sys-
tems a peak at 15.2°C was only observed in the presence of
GMO. This peak was attributed to a lipid phase transition
in GMO, but the transitional temperature is close to the
freezing point of hexadecane and may be influenced by the
binary nature of the system investigated. These difficulties
have been pointed out by R. A. Klein (private communica-
tion), who recently studied GMO/water as a control. A
transitional peak was observed about 15°C, but, rather
abnormally, only on the heating part of the temperature
cycle. Capacitance studies of BLM formed from GMO in
various solvents (9) suggested organizational changes in
the GMO molecules between 15 and 20°C, and perhaps
between S and 10°C. These C changes correlated with
changes in the interfacial tension of a solution of GMO
against water between 15 and 18°C. Fahey and Webb (10)
studied BLM formed by both the Montal-Mueller (MM)
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method (giving solvent-free membranes) and the Mueller-
Rudin (MR) method (solvent type membranes). The
lateral diffusion coefficient of a fluorescent probe (dil) in
MM membranes slightly increased between 10 and 16°C,
whereas the MR type showed no significant change. A
much more distinct change occurred in fluorescence inten-
sity measurements (for M540) at ~12.8°C. The use of
probe molecules would have somewhat perturbed the
membrane. Shchipunov and Drachev (11) investigated the
irreversible electrical breakdown of BLM formed from
GMO in n-decane. They observed an increase in the
average membrane lifetime below 14°C compared to that
above 20°C, compatible with a gel to liquid-crystalline
transition. Finally, light scattering studies of a GMO
monolayer at the air/water interface fully compressed at
low temperature (52) show an abrupt decrease of surface
pressure at 15.5°C (AT, ~ 0.5°C) with no perceptible
change at other temperatures. As expected, the changes
were larger than observed for BLM (53). Reanalysis of the
data of this experiment suggests small changes in scattered
intensity about 12.5°C.

The changes in membrane properties observed near the
transition in the present work are summarized in Fig. 16.
The effects which bear most closely upon the nature of the
transition are those in membrane thickness and dielectric
anisotropy/order parameter. The changes in h seem to be
reliable both in form and in magnitude, whereas the
change in ¢,S;, while well established in form, is not certain
as to magnitude.
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FIGURE 16 A schematic summary of the transitional changes in the
various membrane properties probed.

The clearest indication that the observed transition at
16.6°C is accompanied by a change in the average confor-
mational state of the lipid hydrocarbon chains is seen in A.
Just below 16°C the BLM thickness is close to that
expected for a bilayer of fully extended GMO molecules,
falling at 16.6°C by 8A. It has been suggested (9) that on
average about seven gauche rotations occur per GMO
molecule, changing the chain length by about 4.5A, in
good accord with the present result. The observed Ah
accords well with theoretical predictions of chain-short-
ening in the melting of an all-trans hydrocarbon chain
(44).

The behavior of ¢,S, close to T, affords further support
for a chain-melting transition, being compatible with the
limited available evidence. S, is known to change from
close to 1.0 (ordered phase) to about 0.7 (fluid phase) in
phospholipids (47). We assume similar changes would
occur for chain-melting of GMO. There is little direct
evidence concerning dielectric anisotropy in BLM. Above
T, €,/€q ~0.06 for GMO bilayers (42). Depolarized light
scattering from phospholipid vesicles (54) suggest a sub-
stantial increase in ¢, below the transition. The analysis is
somewhat uncertain, but a value of ¢,/¢, ~ 0.2 below the
transition (cf reference 22) seems reasonable. We thus
infer that ¢S, should change substantially at the lipid
transition. The form of the temperature variation of ¢,S is
entirely compatible with a chain-melting transition.

We have associated a relaxation time 7 (= v'/v,) with
the transverse membrane fluctuations governed by the
elastic modulus +: for ‘solvent-free’ BLM this was rather
similar in both magnitude and cooperativity to the time
scale for the appearance of gauche conformations in
phospholipid membranes (38). The domination of capillary
waves by a time-scale characteristic of lipid chain-melting
further supports this interpretation of the transition at
16.6°C in GMO.

The transition temperature found for GMO, 16.6°C, is
higher than expected for a chain-melting transition ina C,4
lipid molecule with a cis double bond at the 9-10 position
(see reference 55). Other effects should be considered. For
example, changes in intra-molecular motions, detectable
by Raman or infrared spectroscopy, have been observed in
some membranes without accompanying thermally observ-
able transition (56). However, the relevant intra-molecular
motions are of high frequency and low amplitude and seem
unlikely to strongly influence the comparatively low fre-
quency disturbances observed in the present study. Fur-
ther, such high frequency motions would not be liable to
change the equilibrium order parameter, the molecular
anisotropy or the lipid chain length. Changes in Raman-
detectable motions are known to accompany a chain-
melting transition but seem unlikely to simulate the effects
of such a transition.

Certain other studies seem to confirm the association of
the observed transition in GMO with considerable changes
in the oleate chain. Over the range 12 to 17°C various
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properties of a solution of oleic acid in CCl, showed
marked changes in temperature dependence (61). The
main effects occurred close to 17°C. The correspondence
with the present GMO transition is clear. The rate of
formation of bimolecular films of diolein shows a transi-
tional change between 13 and 19°C, again apparently
deriving from the presence of the oleate chain (57).

It now seems well established that GMO undergoes a
transition in the region 12-17°C. Various membrane
observables show transitional changes at rather different
temperatures within this range. All of the results reported
are explicable in terms of a chain-melting transition.
Certain of the present observations seem to demand such
an explanation.

Transition-associated Changes

The transition as observed in GMO/squalane membranes
is summarized in Fig. 16. The form of the transitional
changes in the various properties seems well established,
but in some cases (already noted) the absolute magnitudes
are uncertain. The effects occur over a restricted tempera-
ture range (12.5 to 17.5°C), several at common tempera-
tures, perhaps indicating interconnections between the
relevant properties.

On heating from below T, the first changes (~12.5°C)
are an increase in the temperature gradient of tension (v,),
the appearance of an observable transverse shear viscosity
(v") and the sudden decrease of the lateral compression
modulus (e;). Above 12.5°C the membrane viscosity
increases as (7, — T)~!, T, being 16.8°C. On further
heating, e, increases at about 14°C, a temperature not
associated with any other observed changes. About 15.7°C
the transitional increase in vy, commences, 4’ departs from
its systematic increase, h starts to drop and ¢,S, decreases
discontinuously. This drop in ¢S, thus coincides with the
apparent onset of the melting of the lipid acyl chains.
Finally at ~17.3°C the transitional effects in both v, and h
cease and ¥’ starts to decrease as (T — T*)~!, T* being
12.7°C. The transitional changes in v,, v’ and 4 all center
upon T, (= 16.6°C), v, and h showing similar variations
(sharp and symmetrical) around that temperature.

The variations of vy, and h over the whole temperature
range covered (Figs. 6 and 10) are less similar than the
changes close to T,. The differences far from T, suggest
that these properties derive from rather different aspects of
the membrane. The variations of both v, and k at T, reflect
the chain-melting transition: h directly as hydrocarbon
chain-length and «, as average lipid packing density. The
changes in dv,/dT at 12.5 and 17°C arise from changes in
interfacial entropy, via the Gibbs’ adsorption isotherm.
The positive dh?/dT observed away from 7, derive from
changes in inter-molecular interactions within and
between the monolayers comprising the BLM.

It appears that the transition extends over a range of
temperatures and that the various membrane properties
observed reflect different aspects of the transition. Such
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behavior would be typical of a weak transition with strong
pretransitional effects. Close to the transition, fluctuations
appear easily in the membrane, involving small expendi-
ture of energy. These fluctuations would affect different
membrane properties in different ways.

The fluctuations evident in v’ suggest that the modulus
¥ (= 7o — iwy’) reflects aspects of the membrane that are
affected by the proximity of a critical point, whereas the h
data suggest a rather clear first-order transition. Analysis
of the fluctuations in v’ suggests that the critical tempera-
ture (T*), at 12.7°C, is indeed close to the observed
transition at 16.6°C. Similar fluctuations in membrane
properties have been analyzed in such terms by Jahnig (36)
for various systems and by Doniach (37) for the specific
case of ionic permeability of lecithin bilayers. Recently the
critical parameters of DPPC membranes have been deter-
mined (58): T* at 38.2°C was rather below the transition
at 41°C. The extent of the present pretransitional fluctua-
tions (T* to T}, 12.7 to 16.8°C) may be seen as indicating
the range of metastability in the temperature variation of
the order parameter describing the lipid system (36).

The changes in membrane properties observed in the
present work tend to cluster at two temperatures (about
T* and T,). While the chain-melting might prohibit any
true two-dimensional effects in amphiphilic systems,
experiments on single bilayers are not affected by inter-
bilayer forces that may enforce ordering in the third
dimension of multi-lamellar systems (see 59 and the
ensuing discussion). The present technique, applicable to
single BLM and involving no molecular or macroscopic
perturbation of the membrane, appears ideally suited to
further study of the dimensionality of these transitions.

The transition in solvent-free membranes is quite sharp
(AT,;, ~ 1.5°C). This is characteristic of transitions in pure
lipid systems and confirms both that solvent is excluded
from GMO/squalane membranes and that the GMO
sample was rather pure. For GMO/decane membranes the
transitional changes were of lower magnitude and were
spread over a wider temperature range, showing the effects
of the incorporated solvent upon the transition. The mem-
brane viscosity might plausibly have had a rather small but
nonzero value above ~16°C, but this is not proven.

Similar differences were found between MM and MR
membranes of GMQ by Fahey and Webb (10), who found
greater lateral diffusion coefficients of molecular probes in
the MR case than for MM. This parallels the different
values found here: substantially greater for solvent-free
BLM than in the GMO/decane case.

CONCLUSIONS

Dynamic light scattering from membrane vibrations has
been shown to be a sensitive spectroscopic tool for the
investigation of phase transitions in both solvent and
‘solvent-free’ bilayer lipid membranes. In favorable cases
(e.g. solvent-free BLM) the extraction of intensities from
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heterodyne correlation functions has provided complemen-
tary information.

Many methods of probing membrane properties either
sample rather vaguely defined properties (e.g. membrane
fluidity) or are applicable only to multilamellar systems. In
contrast, light scattering measures precisely defined mem-
brane properties, including specific elastic moduli or visco-
sities, of single planar bilayers. Measurement of well-
defined quantities is essential if these properties are to be
related to inter- and intra-molecular processes.

Much of this paper has been concerned with data
observed from one solvent-free BLM. This data was of
particularly high quality (due to membrane stability and
quality), justifying detailed analysis. While the results are
substantiated by data from similar BLM, no one of these
provided data of comparable quality. In such favorable
cases the basic light scattering experiment provides infor-
mation about a multiplicity of membrane properties simul-
taneously. Each concerns a different aspect of the transi-
tion and the consistency of the changes observed in all of
them enables a coherent picture of the transition to be built
up. This permits the accurate specification of the transition
characteristics.

This study of solvent-free BLM formed from GMO
dispersed in squalane yielded, for the first time, reliable
data on the transitional changes in several properties of
single bilayers. The main transition occurred at T, =
16.6°C, in a temperature region where previous studies had
suggested that GMO showed a transition. The present
observations suggest a two-stage transition. Unlike the
results of these earlier studies, the presently observed
changes in membrane properties were such as to permit
identification of the transition as a lipid chain-melting
event. This is one of the major conclusions of our study.
Other specific conclusions are:

(a) The membrane tension displays a two-stage change
within the transitional region. A more rapid variation
about T, is superposed upon these slower changes.

(b) Pretransitional fluctuations in the transverse shear
membrane viscosity suggest that the membrane at the
transition is close to a critical point (T* = 12.7°C).

(¢) The capillary waves upon BLM display a relaxation
time similar to those associated with chain-melting in
phospholipids.

(d) The membrane thickness changes sharply at 7, by
an amount consistent with a chain-melting transition
(AT, = 1.5°C).

(e) The membrane thickness shows a positive tempera-
ture gradient away from 7. This result for a single BLM
contrasts with negative gradients inferred from studies of
multilamellar systems. The single bilayer result may arise
from the effect of thickness fluctuations upon the mean
value.

(f) The combination of dielectric anisotropy and molec-
ular orientational order (¢S,) shows a discontinuous
change at the onset (T < T,) of the chain-melting event.

(2) The lateral compression modulus of the membrane
shows a sharp minimum at temperatures rather below T,
though close to the lower temperature change in tension
and to T*.

The studies of GMO membranes incorporating solvent
in the bilayer structure demonstrated the effects of such
solvent in broadening and reducing the transitional change.
These observations emphasized the desirability of studying
phase transitions without such additives.

Further experiments could reduce many of the uncer-
tainties of the present results. Ambiguities in the analyses
leading to €S, and to e, could be eliminated by suitable
studies of depolarized scattering and of the spectrum of
light scattered by compression waves respectively. The
latter experiment would potentially yield information upon
the dynamics of the events at the onset of the transition.
Extensions of the present study to higher and lower
temperatures would reveal how the observed pretransi-
tional changes (e.g. in v,, v’ and h) carry over into more
regular temperature variations. Studies of solvent-free
BLM throughout complete cooling/heating cycles would
be useful.

The potential of the present data on solvent-free mem-
branes has not been exhausted by the analyses presented
here. For example, if reliable data were available for
molecular areas as a function of temperature a detailed
study of the observed variation of membrane tension in
terms of inter-molecular forces would become possible.
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