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ABSTRACT The recently developed laser-induced phonon spectroscopy (LIPS) technique is applied to the determina-
tion of dynamic mechanical properties of aligned dilauroylphosphatidylcholine (DLPC) multibilayer arrays containing
2 and 20% water by weight. Sample excitation by two crossed 100-ps laser pulses generates a longitudinal ultrasonic
wave whose wavelength depends on the crossing angle. In these experiments, the acoustic wave propagates parallel to
the bilayer planes. The ultrasonic velocity and attenuation are monitored through the diffraction of a variably delayed
probe pulse by the acoustic grating. The velocity measures the lateral area compressibility of the bilayers, while the
attenuation is related to the viscosity. Velocities obtained in the gel and liquid crystal phases are compared with those
found previously using Brillouin scattering. The acoustic attenuation is shown to be an order of magnitude more
sensitive to the gel-liquid crystal phase transition than the velocity. The lipid area compressibility and viscosity of
DLPC-20% water multilayers with and without 100 mM CaCl, are found to be identical within our experimental

€rror.

INTRODUCTION

The application of a variety of experimental techniques to
lipid-water multibilayer systems has greatly enhanced our
understanding of the physical properties of biological
membranes. A key method for elucidating the dynamic
mechanical properties of these systems has been ultrasonic
wave propagation (1-7). Most frequently, such studies are
carried out on mutlilamellar vesicles in the presence of
excess water. Under these conditions, the measured sound
velocity and attenuation are independent of propagation
direction; i.e., they are bulk properties. The advent of
relatively thick, aligned multilamellar samples (8-10),
however, has made it possible to explore the anisotropy of
the mechanical properties by choosing the acoustic wave
vector to be at an arbitrary angle with respect to the bilayer
normal. Using Brillouin light scattering to generate acous-
tic waves of well-defined wave vector in aligned dipalmi-
toylphophatidylcholine (DPPC) multilayers, Le Pesant et
al. (7) obtained the high frequency elastic constants of this
system at a variety of water and cholesterol concentra-
tions.

We describe here the application of a recently developed
ultrasonic technique called laser-induced phonon spectros-
copy (LIPS) (11,12) to the study of the mechanical
properties of aligned, multilamellar lipid-water phases. In
effect, LIPS is the time-domain analogue of Brillouin
scattering. However, in several respects LIPS is more
flexible in that it is capable of generating acoustic waves of
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lower frequency (<10® Hz vs. >10° Hz) and of accurately
measuring large acoustic attenuations.

Briefly, the typical experiment proceeds as follows. The
aligned lipid multibilayers are exposed to two crossed,
picosecond excitation pulses having the same wavelength
and polarization. Constructive and destructive interference
in the crossing volume produces a sinusoidally varying
pattern of intensity peaks and nulls that launches an
acoustic standing wave. The acoustic wavelength and
orientation match the interference pattern geometry (11).
The periodic density (and thus refractive index) variations
associated with the acoustic wave propagation act as a
diffraction grating for a variably delayed probe pulse
incident at the Bragg angle. The changes in diffracted
probe intensity as a function of delay time following the
grating excitation are used to calculate the velocity and
attenuation of the induced ultrasonic wave (12).

LIPS has previously been used to explore the mechani-
cal properties of a variety of bulk liquids and solids
(11, 12), and recently it has been extended to the isotropic,
nematic, and smectic A phases of thin liquid crystal films
(13). Here we report LIPS data on smectic multi-bilayer
arrays of dilauroylphosphatidylcholine (DLPC) containing
2% water by weight in both the liquid crystal and gel
phases. From the velocity and attenuation of 200-600-
MHz longitudinal waves propagating parallel to the
bilayer planes, the lateral area compressibility and viscos-
ity of the bilayers are calculated. These values are com-
pared with those obtained previously on the DPPC-water
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system (7). Also, we report preliminary results on the
effect of 100 mM CaCl, on the mechanical properties of
DLPC multibilayers containing 20% water by weight.
LIPS enjoys several unique advantages over other ultra-
sonic techniques, and further experiments are outlined in
which these will be used to explore the mechanical proper-
ties of these model membranes in a variety of physical and
chemical environments.

THEORY

The longitudinal acoustic wave launched in the multibilayer samples in
response (o the grating excitation is due to both thermal and electrostric-
tive perturbations of the density. Under these conditions the time
dependence of the diffracted probe intensity is given by (12):

I(t) « {4{1 — cos wt - exp (—aV?)]
— Blsinwt - exp (—aVO)]?, (1)

where A and B are constants specifying the amplitudes of the thermal and
electrostrictive contributions, respectively, and w is the circular frequency
of the acoustic wave having velocity ¥ and attenuation a (neper [Np]/
cm). In lipids the thermal term dominates for 1.06 = um excitation
(A > B), although the electrostriction term is not negligible and must be
included to analyze the data properly. The heating is due to absorption by
the forbidden v = 0 — v = 3 vibrational transition of C-H stretching
modes, followed by rapid radiationless relaxation. The heating occurs in
the intensity peaks of the optical interference pattern and launches an
acoustic wave having the grating wavelength. We estimate that the
temperature increase in the intensity peaks is <10~* °K per shot. Thus,
the excitation of the acoustic wave is an extremely mild perturbation of
the sample. Note that for times £ » {(a V)™, 1(1) « A% reflecting the fact
that after the acoustic waves have been damped or have propagated out of
the grating region, a temperature grating remains that decays with the
thermal diffusion time (microseconds). In the lipid multilayers (« V)" is
of order 10~%s. Thus, on a nanosecond time scale, the diffraction intensity
tends to a constant nonzero value.

The two observables in an ultrasonic experiment are the acoustic
velocity ¥ and attenuation a. The acoustic velocity is related to the elastic
constants C; of the system, while the attenuation reflects relaxation
processes that tend to absorb the acoustic energy. Following Le Pesant et
al. (7), we note that the lipid-water multilayer system is characterized by
three elastic constants, denoted C,,, Cy;, and (3, and the system can
support two acoustic waves with speeds V) (transverse) and ¥ (longitudi-
nal). We have

o+ 05 =p7"[Ch + (Cy — Cyy) cos’ ¥1;
vjod = p7[C, Cyy — Ch)sin’ Y cos’ ¢,  (2)

where p is the macroscopic density and . is the angle between the acoustic
wave vector and the normal to the bilayers. Here ¢ = 90° (wave vector in
the plane of the bilayer) so that:

vi=0
and
vi=p"'Cy (2a)

The elastic constant C,, is a measure of the area compressibility of the
lipid in the bilayer plane at constant layer spacing d:

aP oP
C)=-4 (a)d =p (g)d’ 3)

38

where 4 is the area per molecule and P is the lateral pressure that tends to
change A. It is implicit that the derivatives are taken at constant entropy
and water concentration (7).

The acoustic attenuation a can be written as the sum of three
contributions (14):

a=a,+ o+ a, 4

where a, represents absorption due to viscous effects; a;, the absorption
due to acoustic perturbations of the lipid internal degrees of freedom; and
a, the attenuation caused by critical fluctuations near phase transitions.
Both «; and «, are dynamic quantities that are associated with specific
relaxation processes having characteristic times ;. The contribution of
these terms to the overall acoustic absorption is therefore strongly
dependent on the frequency w ~ 2=/ (14):

alf? =B+ 2 AMr(l + @'r))". e

B- is a constant that describes the limiting viscosity at high frequency,
and 4? is proportional to the volume viscosity at zero frequency of process
i. Gamble and Schimmel (4) fit their ultrasonic absorption data on the
gel-liquid crystal transition in DPPC vesicles approximately with a single
relaxation time 7 = 10 ns (16 MHz). This was attributed to acoustic
absorption associated with rotational isomerization about carbon-carbon
single bonds of the lipid chains, a process that is strongly coupled to the
phase transition. They did not observe any significant relaxation processes
above 150 MHz. In the work described here, typical acoustic frequencies
are in the range 200600 MHz. Therefore, with w’r® » 1 we can neglect
the second term in Eq. 5 and obtain:

aff* = a,/f* = B". (5a)

Just as with the acoustic velocity, the symmetry of the multibilayer array
requires that the attenuation be anisotropic; i.e., its magnitude depends on
the acoustic wave vector (15). For the case of ¢ = 90°, the expression for
a/f? simplifies to (14):

2 2
aff?= p—;, (m + M), (6)

where n, and #, are two of the five viscosities required to describe a
compressible smectic system, in the notation of reference 15. If we
identify », with the shear viscosity n and 5, = #' + 1 n where %’ is the bulk
or volume viscosity, this reduces to the equation describing ultrasonic
attenuation in an isotropic liquid (14):

2 2
aff?- p—’;, (/37 + 1), 7

EXPERIMENTAL PROCEDURES

The laser system used in these experiments is a continuously pumped
Nd/YAG oscillator that is acousto-optically mode-locked and Q-
switched to produce 1.06-um pulses at 200 Hz (11). The output is a train
of some 40 mode-locked pulses of width ~100 ps separated by 11 ns. A
~50-ulJ pulse from the center of the train is selected out by a Pockels cell.
A small portion of the infrared (IR) single pulse is frequency doubled
using CD*A to give a ~5-u) probe at 532 nm. The remainder is beam
split to give two ~15-uJ pulses that, after traveling equal path lengths, are
crossed at an angle 8 in the sample (Fig. 1). The sample is thus exposed to
a sinusoidally varying pattern of intensity peaks and nulls produced by the
interference between the IR excitation beams. The fringe spacing A is
given by:

A

A= /2y ®)
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FIGURE 1 Schematic illustration of the LIPS experiment. The crossed
excitation pulses generate a standing longitudinal acoustic wave in the
aligned lipid multibilayers having the wavelength and orientation (wave
vector along Z) of the optical interference pattern. The resulting time-
dependent modulation of the index of refraction creates a diffraction
grating that Bragg-diffracts a variably delayed probe pulse. In this case,
Z is parallel to the bilayer planes.

where A is the laser wavelength. In this work, A was kept constant at 3.8
pum.

The interaction region of the IR excitation beams is probed at the
Bragg angle with the 532-nm pulse that could be timed to arrive
continuously from 1 ns before to 16 ns after the IR excitation, using an
optical delay line. Spot sizes of the excitation and probe beams were 100
and 60 um, respectively. The probe diffraction was detected with a
photodiode coupled to a lock-in amplifier, and signal from each scan of
the optical delay line was stored on a computer for subsequent analysis.

The lipid DLPC was obtained from Avanti Polar Lipids, Inc. (Birming-
ham, AL) and was lyophilized from benzene after filtration through a
pore size of 0.1 um to remove dust particles (16). Appropriate quantities
of water were added externally with a microliter syringe, and the mixtures
were allowed to equilibrate for several days before use. Approximately
10-20 mg of the lipid-water mixture was sandwiched between silica
optical flats separated by a Teflon spacer of 125 or 280-um thickness. The
surfaces of the flats had been treated with octadecyltrichlorosilane
(Petrarch Systems Inc., Levittown, PA), which is known to produce
homeotropic alignment (director perpendicular to the surface) of liquid
crystal films (17). This assembly was inserted into a variable temperature
cell that could be heated resistively up to 200 °C. The temperature was
monitored using a 3-mm platinum resistance thermometer (GSO 330;
Omega Engineering, Inc., Stamford, CT) that was inserted into a hole
drilled into one of the optical flats. The temperature was constant to
+0.2°C.

Alignment of the sample into planar, multibilayer arrays was achieved
by gently shearing and compressing the lipid above the gel-liquid crystal
phase transition temperature, according to the method of Asher and
Pershan (10). The process was monitored by placing the sample on the
stage of a polarizing microscope, in which the aligned regions appear
black between crossed polarizers. DLPC samples 125-um thick contain-
ing 20% water by weight could be aligned at room temperature, with
monodomain regions several square millimeters in area obtained after
~20 min (10). In samples containing 2% water by weight, monodomain
regions 280-um thick were obtained by the same method after first
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heating the lipid to 125 °C. The uniaxial alignment of the liquid crystal-
line phase was preserved after slow cooling (~1 °C/min} until at 40 °C
the phase transition to the biaxial gel occurred. This could be detected
either as an increase in light transmission through the sample viewed with
a polarizing microscope, or as an increase in the scattering of the probe
laser beam. Extensive optical studies of the DPPC-water phase diagram
have been carried out (9) showing the strong dependence of the phase
transition temperature on water concentration in these multilayer sys-
tems.

The data were least-squares fit to Eq. I with the four parameters A, B,
a, and w. The velocity V is obtained from

Aw
e

©)

and typically is accurate to +1%. The uncertainty in the acoustic
attenuation was estimated from repeated sets of data to be +7%. Because
the four parameters are nearly independent of one another, we found that
the fitting procedure always yielded the same final values, regardless of
the initial guesses.

RESULTS AND DISCUSSION

Typical LIPS data from 280-um thick DLPC multibi-
layers containing 2% water by weight {~1:1 molar ratio)
are shown in Fig. 2. At ¢ = 0, the excitation and probe
pulses are all simultaneously inside the sample. The small
peak at ¢ = 0 is due to diffraction from the electronic Kerr
effect (18), which disappears with the cross correlation
time of the excitation and probe pulses (13). After ¢ = 0,
the probe diffraction rises and falls with the periodic
modulation of the density caused by a longitudinal acoustic
standing wave propagating parallel to the bilayer planes.

DLPC-2% HZO
A 42 °C

Diffracted Probe Intensity

L

10 12

0 2 4 6 8
Delay Time(ns)

FIGURE 2 The diffracted probe intensity as a function of probe delay
time in the liquid crystal phase (4) and gel phase (8) of 280-um thick
aligned DLPC multibilayers containing 2% water by weight. The phase
transition temperature T, is 40°C. Also shown is the least-squares fit of
the data to Eq. 1, which yields the acoustic velocity ¥ and attenuation a.
InA, V=182x 10°cm/sand a/f? = 560 x 10" s*/cm. In B, V =
1.97 x 10*cm/s and &/ f = 280 x 107" s*/cm.
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The acoustic period is obtained from the spacing between
the diffraction peaks, while the attenuation is found from
the exponentially decreasing peak amplitudes (12). In Fig.
2 A, the temperature is 2 °C above the gel-liquid crystal
phase transition at this water concentration (7, = 40 °C),
and in 2 B, 2 °C below it. Also shown are least-squares fits
of these data to Eq. 1, yielding 4 = 043, B = 0.35, V =
1.82 x 10° cm/s, a/f* = 560 x 10~'7 s’/cm in the liquid
phase; and 4 = 0.37, B = 0.09, V = 1.97 x 10° cm/s,
aff? =280 x 107" s’/cm in the gel phase. It is found that
A > B, i.e., the heating mechanism is the dominant means
by which the acoustic waves are generated. This domi-
nance is magnified by the fact that the constant 4 multi-
ples a (1 — cos wt) term that at its maximum is twice as
large as the sin w? term multiplied by B. The quantity a/f
is reported rather than « because at high frequencies a « /2
(Eq. 5a). This facilitates the comparison of attenuations
measured at different frequencies.

Fig. 3 displays the temperature dependence of the
acoustic velocity and attenuation for the same sample and
propagation direction as in Fig. 2. The gel-liquid crystal
phase transition is observed at 40 °C as an abrupt change
of ~8% in the acoustic velocity and of nearly a factor of two
in the attenuation. Thus, the attenuation is more sensitive
to the physical state of the membrane than the velocity.
The slope of the velocity vs. temperature curve appears to
be the same in the gel and liquid crystal phases, and this
seems to hold for the attenuation as well. The fact that no
anomalous increases in the attenuation or decreases in the
velocity are observed at the phase transition (5) is consis-
tent with the conclusion that the acoustic frequencies
involved (200-600 MHz) are too high to permit effective
coupling to critical fluctuations (~20 MHz) (4) described
in the second term in Eq. 5. Thus, the attenuation is a
direct measure of the viscosity in the two phases (Eq. 6).

We can compare the lateral area compressibility of the
DLPC-2% water system with earlier results on DPPC-

Velocity x 10° cm/s

FIGURE 3 The temperature dependence of the ultrasonic velocity
{closed circles) and attenuation (open circles) for the same sample as in
Fig. 2. At T, = 40°C, the velocity changes by ~8%, while the attenuation
jumps by nearly a factor of 2. Uncertainties for the velocities and
attenuations are +1 and +7%, respectively. See text for the computation
of the elastic constant C,, and viscosity 5 from these data.
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2.5% water obtained by Brillouin scattering (7). To take
account of the fact that the phase transition temperature
T. in the DPPC system is much higher (~80°C as
compared with 40 °C), we consider the elastic constants as
a function of AT = (7 — T,) in the gel phase. For AT =
—10°C, we obtain from Fig. 3and Eq. 2a p~' C, = 4.24 x
10" cm?/s? for DLPC as compared with 3.5 x 10'° cm?/s?
for DPPC. At AT = —20 °C, we find in DLPC 4.75 x 10'°
cm’/s?, while in DPPC the value is 4.1 x 10'° cm?/s%. No
data were reported in DPPC above T, at this water
concentration (7). Given that the macroscopic density of
the DPPC samples is probably 10-20% lower at a given
AT, we can conclude that the in-plane area compressibili-
ties of the two bilayers are approximately equal, i.e., they
are independent of chain length.

The membrane viscosities obtained from ultrasonic
attenuation measurements are not directly comparable to
those deduced from rotational and translational diffusion
studies (19-21) since in the latter the volume viscosity is
not considered. However, we can make an approximate
comparison using Eq. 6 by noting that in most liquids »n, ~
7, in the high frequency range (14). Taking o/ f? ~ 700 x
107" s?/cm at 70 °C in Fig. 3, we have (, + 5,) = 1.2 p
poise or 7 ~ 0.6 p poise. The reported value for the viscosity
of most biclogical membranes is ~1 poise from diffusion
measurements (19-21) in good agreement with our
approximate result.

We also examined the mechanical properties of DLPC
multilayers containing 20% water by weight. At this water
content, which corresponds to half of the maximum possi-
ble water uptake, the phase transition temperature is
~0 °C (22). The sample could be aligned at room tempera-
ture (10), where AT = +20°C. We obtained V' = 1.57 x
10°cm/s and a/f? = 430 x 10" s?/cm, corresponding to
p ' C, =2.46 x 10" cm?/s* and 5 ~ 0.4 p poise. Le Pesant
et al. (7) measured p~' C), = 2.2 x 10'° ¢cm?/s* at AT =
+20°C in DPPC mulitilayers containing 25-30% water.
This once again indicates that the elastic constant C,, is
independent of chain length, although it depends strongly
on water content at low water concentrations (7).

The influence of divalent cations on the properties and
interactions of cell membranes has been a subject of active
interest. In particular, Ca®* ions have been shown to induce
phase transitions and structural rearrangements in bilayers
containing charged lipids like phosphatidylserine (23).
Recently, however, it has been recognized that Ca’* also
adsorbs onto zwitterionic phosphatidylcholine head groups
(24, 25). This results in increased separation between
bilayers in nonaligned multibilayer samples, as well as
phase separation in bilayers made up of lipid mixtures
(25). For example, at room temperature 1| mM CaCl,
causes the separation between DPPC bilayers, determined
by x-ray scattering, to increase from 19 A inpure water to
> 90 A (24).

To explore the effect of Ca’* ions on the mechanical
properties of the DLPC bilayers, we aligned a 125-um
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thick sample containing 20% by weight 100 mM CaCl,
solution. The acoustic velocity and attenuation at ¢ = 90°
were compared with those of an identical sample hydrated
with 20% pure water. Within our experimental error, the
100 mM Ca?* did not cause a change in either of the
measured values. There could be several explanations for
this result. One possibility is that there were insufficient
numbers of Ca?* per head group (~1:64) to significantly
perturb the multilayer structure. Our sample differed from
those studied previously in that the quantity of calcium
ions was fixed at the outset by the amount of solution used
to hydrate the DLPC, rather than having the lipid in
equilibrium with a bath of excess Ca®* at a given concen-
tration. However, the 1:64 ratio is in the range examined in
the x-ray experiments. Another explanation is that the
separation between the multilayers was indeed larger in
the presence of Ca**, but the in-plane bilayer properties
were not significantly affected. Further experiments using
various [Ca’®*] at constant water composition and various
water concentrations at constant [Ca’*] should provide
valuable information about the influence of Ca** on
bilayer structure and properties.

CONCLUSION

Here we have demonstrated that the LIPS technique,
previously applied to study acoustic wave propagation in
bulk liquids, solids, and liquid crystals, can be used to
explore the mechanical properties of model biological
membranes. By measuring the velocity of a longitudinal
acoustic standing wave propagating parallel to the bilayer
planes, we obtained the lateral area compressibility of
DLPC bilayers in the 200600 MHz range at 2 and 20%
water. These values were nearly identical to earlier results
in DPPC multilayers from Brillouin scattering measure-
ments above 1 GHz. From the acoustic attenuation,
approximate values of the bilayer viscosity were calculated
that agreed well with previous values based on rotational
and translational diffusion. The gel-liquid crystal phase
transition was observed in DLPC-2% water multilayers,
and was shown to affect the acoustic attenuation signifi-
cantly more than the velocity. Finally, the compressibility
and viscosity of DLPC-20% water bilayers with and with-
out 100 mM CaCl, were shown to be identical within our
experimental error.

The above experiments were performed using a single
acoustic wavelength and propagation direction. By rotat-
ing the aligned multibilayer samples with respect to the
crossed excitation beams, one can generate a sound wave in
any desired direction, permitting the three elastic constants
of Eq. 2 to be determined. Also, by reducing the angle
between the beams, the wavelength can be increased (Eq.
8), and thus the frequency reduced to the range in which
the acoustic wave can couple to the lipid internal degrees of
freedom and to fluctuations of the order parameter near
the phase transition {(~20 MHz). In this range, the disper-
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sion in the velocity and attenuation provides information
on dynamic relaxation processes in the bilayers, rather
than on the viscosity alone.

In several respects, the LIPS technique combines the
most desirable characteristics of the two ultrasonic meth-
ods that have previously been applied to lipid studies. As
with Brillouin scattering, the acoustic frequency and wave
vector can be continuously varied. As with transducer
techniques, the frequency can be reduced to the chemically
interesting megahertz range, and large attenuations can be
conveniently measured. Thus, the application of LIPS to
lipid multilayer systems containing varying amounts of
water, ions, cholesterol, and other biological ingredients is
a fruitful source of information on the mechanical proper-
ties of biological membranes.
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