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CHAPTER 1
INTRODUCTION

Ultrasound, a pressure wave with frequencies above the human perception limit, viz.,
beyond about 20 kHz, is often employed in science and technology [IEEE Centennial, 1984],
and as a diagnostic and therapeutic tool in medicine [Kossoff and Fukuda, 1984; Chaussy et
al., 1984]. The propagation of ultrasound through various types of media is dependent upon
the physical characteristics, €.g., densities, compressibilities, homogeneity and chemical
nature, of these media. As ultrasound interacts with, for example, biological media, energy
attenuation occurs resulting from a number of factors which can be grouped into two
categories, viz., scattering and absorption. Scattering refers to the removal of energy from
the wave path by reflection, refraction and diffraction processes associated with structural
elements of all sizes having distributions of speed of sound, acoustic impedance, etc.
Absorption refers to the conversion of ultrasonic energy to thermal energy and the
consequent dissipation of heat.

The observed rate of ultrasound absorption in biological systems is relatively high, is
~ largely determined by the macromolecular content [Dunn and O'Brien, 1976], and is not
accounted for completely by theories of classical ultrasound propagation in bulk media
[Herzfeld and Litovitz, 1959; Dunn et al., 1969]. The fate of the absorbed energy as heat
dissipation or as contributions to conformational or chemical changes in, for éxample, cells
or the cell membrane, is poorly understood, although ultrasound absorption has been studied
as a function of protein, water, fat and collagen content in biological tissues [Dunn and
O'Brien, 1976, O'Brien et al., 1987]. A deeper understanding of ultrasound absorption in
biological media could aid in the identification of the events contributing to ultrasonic
interaction with biological media. It is important to understand these mechanisms, to
determine not only the safety of diagnostic and therapeutic ultrasound, but also as an aid to
their effective application. In addition, with an understanding of ultrasonic interaction with

cells, ultrasound may be used as a probe of molecular, cellular, and cell membrane events.
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Biological systems are composed of many levels of structure and the ultrasound wave
may interact at any level, depending upon its frequency. Ultrasound may interact with
biological systems at the level of organs, their tissue structure, and their individual cells and
macromolecules. Ultrasound absorption has been studied in tissues, and it can be used to
characterize tissues [O'Brien et al., 1987; Olerud et al., 1987]. In order to understand the
microscopic or macromolecular interaction of ultrasound with biological media, the
understanding of ultrasound interaction with the cell and its various components is necessary.
Ultrasound, a mechanical wave process, yields information about the mechanical properties
of biological suspensions of cells. Direct measurement of the speed of sound and
determination of the ultrasonic absorption coefficient per wavelength, ai, (the exponential
reduction in the sound pressure amplitude as the acoustic wave travels the distance of one
wavelength) can be made in these suspensions. Determinations of oA as a function of
temperature and frequency can provide information as to the nature of ultrasound
interaction(s) with these systems. Compressibility, determinable by ultrasonic techniques, is
related to biological membrane permeability, and viscosity, which contributes to ultrasonic
absorption, is related to membrane fluidity [Mitaku and Okano, 1981].

To further simplify this investigation, models are often used in the study of the
interactions between ultrasound and suspensions of cells. Biomembrane vesicles
(liposomes) are useful models of biological systems for the elucidation of the interaction of
ultrasound with cell suspensions, and as a step to answer the fundamental question of how
ultrasound affects specific cellular function, in which membranes are found to play an
important role. Ultrasound has been used to investigate the mechanical and thermodynamic
properties of liposomes, including MLVs (multilamellar vesicles), SUVs (small unilamellar
vesicles) and especially LUVs (large unilamellar vesicles), in aqueous suspension as model
cell systems [Hammes and Roberts, 1970; Eggers and Funck, 1976; Gamble and Schimmel,
1978; Harkness and White, 1979; Strom-Jensen et al., 1984; Maynard, 1984; Maynard et
al., 1985; Mitaku and Sakka, 1987].
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Small unilamellar vesicles, formed by intense sonication of phospholipids in aqueous
suspension, are spherical unilamellar vesicles with diameters in the range of 20 to 50 nm
[Cullis and Hope, 1985]. Multilamellar vesicles, formed by agitation and vortexing of
phospholipids in aqueous suspension, are composed of multiple bilayers, whose outside
diameter ranges from approximately 1.0 to 3.0 pum [Paphadjopoulos et al., 1972]. Large
unilamellar vesicles, formed by the reverse phase evaporation method [Szoka and
Papahadjopoulos, 1976] are spherical, as determined by electron microscopy, with diameters
in the range of 0.2 to 0.8 pm and are composed of natural or synthetic phospholipids (see
Figure 1.1) [Strom-Jensen et al., 1984]. The relatively simple structure and composition of
these vesicles, and their association with the suspending medium, could aid in identifying the
events contributing to ultrasonic interaction with membranes. The LUV system can be made
more complex and biologically relevant by, for example, incorporating within their structure
lipid mixtures, proteins and other biomolecules in order to model living cells more closely.

The first ultrasound studies involving liposomes were performed on small unilamellar
vesicle (SUV) and multilamellar vesicle (MLYV) suspensions and showed that oA exhibited
maxima at certain relaxation frequencies [Gamble and Schimmel, 1978; Hammes and
Roberts, 1970; Harkness and White, 1979]. The relaxational absorption of ultrasound in the
vesicle suspensions was presumed to be due to ultrasonic coupling to movement of
phospholipids in the vesicle membrane. It was observed with MLV that o exhibited a large
increase near the phase transition temperature (ty,) of the phospholipids in the vesicle

membrane [Harkness and White, 1979; Sano et al., 1982]. The LUVs, which are

structurally more similar to biological cells than are the SUVs or ML Vs, also exhibited large
increases in o, in the 1-5 MHz range of ultrasound, near the phase transition temperature of
the vesicle membrane. The peak in oA was correlated with structural changes in the
membrane which led to dramatic increases in the permeability of LUV membranes in the
vicinity of the phase transition temperature. For the membrane composition used in these
experiments, this increase in permeability, as measured by the release of tritiated Ara-C,

occurred 2°C below the t, of the phospholipid bilayer [Magin and Niesman, 1984]. Further
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ultrasonic studies using LUV of a specific composition (see Figure 1.2) have shown that, at
the phase transition temperature of the liposomes, a maximum in o at 2.1 MHz occurred and
represented a relaxation frequency of the LUV suspension [Strom-Jensen gt al., 1984]. Such
a frequency dependence was also seen in nuclear magnetic resonance (NMR) studies of
MLVs, which showed correlation times of 10-6 to 10-8 seconds for the methylene groups of
the fatty acyl chains nearest to and furthest from the phospholipid headgroups [Nagle, 1973].

Ultrasonic studies employing LUVs have shown that the incorporation of biological
molecules into the membrane bilayer could affect the temperature dependence of o, as well
as its frequency dependence. For example, the incorporation of gramicidin into the
phospholipid bilayer broadened the phase transition, possibly by decreasing the cooperativity
of the phase transition, and the addition of 5 mole percent gramicidin shifted the relaxation
frequency of the suspension from 2.1 to 0.75 MHz at ty, [Strom-Jensen gt al., 1984]. These
results suggested that certain substances that insert into the hydrophobic membrane are able
to affect the time rate of the event responsible for the absorption of ultrasonic energy. Itis
therefore suggested that it is some event occurring within the hydrophobic phospholipid
bilayer, at the phospholipid phase transition temperature, to which ultrasound couples,
resulting inn the oA maximum at 2.1 MHz.

Ultrasonic absorption measurements have also been performed on LUV suspensions of
different sizes, ranging from 0.03 pum to 0.4 pm in diameter, to determine whether LUV size
has an-effect on ultrasonic absorption [Maynard et al., 1985]. It was found that ultrasonic
absorption per wavelength, o, as a function of temperature was not dependent upon LUV
size until very small LUV diameters (0.03 pm) were reached, whereupon the absorption
versus temperature curve began to appear similar to that of SUVs. 'In studies of LUVs of
different sizes, oAmax (at ty,) as a function of frequency did not shift as a function of LUV
size for LUV separated by size in column chromatography or for 0.1 um, 0.2 ym or 0.4 pm
filtered LUVs. Experiments performed in this laboratory using SUVs showed that the
relaxation frequency was shifted to low frequencies as might be expected due to the greater

restriction of hydrocarbon side-chain motion, due to the small radius of curvature in the SUV
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population. This further suggested that the absorption of ultrasound at 2.1 MHz is related to

ultrasonic participating in a relaxation process that is not a function of liposome diameter, but
rather of membrane mechanical properties.

It is the purpose of this study to determine the site and nature of the interaction of
ultrasound with biological membranes. This was accomplished by perturbing LUV
membranes, as models of biological membranes, with agents such that the resulting changes
in LUV membrane dynamics would be reflected by changes in o of ultrasound as a function
of temperature and frequency. By perturbing different sites of the LUV suspensions, €.g.,
the aqueous component of the suspension, the hydrophobic bilayer, the membrane-aqueous
interface, etc., and by analyses of the resulting changes in ultrasonic absorption, the
mechanisms of ultrasound interactions with the liposome membrane may be identified. If
ultrasound interacted with a particular site of the bilayer, perturbation of that site (in the LUV
suspension) might alter the observed ultrasonic absorption. Conversely, if the perturbation
of a specific site, or aspect, of membrane structure did not result in a perturbation of the
ultrasonic interaction with the LUV suspension, then that site would most likely not be the
site of the observed ultrasound interaction with the LUVs. Changes in oA as a function of
frequency and temperature were noted. Analyses were performed to give information on the
transition temperature, transition enthalpy and the Van't Hoff enthalpy of the transition, as
well as to study the relaxational character of the transition, where the relaxation time is
identified by the frequency of maximum ultrasound cA. The relaxation time is defined as the
characteristic time needed for a reaction system, once perturbed, to reach a new state of
equilibrium, Such analyses have been carried out in other media where it has been shown that
oAmax and the relaxation frequency fiyax are related to the relaxation strength (Axg/kg) (kg =
adiabatic compressibility) of a reaction and could be used to determine the enthalpy and
activation energy of a relaxation mechanism [Lamb, 1965]. Further analysis of data would
determine whether the absorption changes seen as a function of temperature and frequency
represent a thermal relaxation‘ process or a structural relaxation process. A thermal relaxation

process can be represented in terms of a single relaxation time or characteristic frequency,
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whereas structural relaxation mechanisms usually give rise to a distribution of relaxation
times and result in a velocity dispersion of ultrasound in the fluid media. Differentiation
between thermal and structural relaxation mechanisms may be ascertained by studying oA as
a function of frequency and noting if, over an appropriate range of frequencies, a single
relaxation frequency appeared or whether a distribution of frequencies occur.

Specifically, it is hypothesized that the site of ultrasonic interaction with the LUV
membrane is at the level of the fatty acyl side chains of the phoSpholipid bilayer, and that the
interaction comprises an event related to the trans to gauche conformational change of the
phospholipid fatty acyl side chains occurring at the lipid bilayer phase transition that causes
the increased excess ultrasonic o) observed at the phase transition temperature of the LUVs.
Therefore, agents that affect the hydrophobic portion of the bilayer should change the
frequency dependence of al, while those agents that affect other aspects of membrane
dynamics should not. :

The perturbing agents in this study were chosen such that each would affect a different
aspect of membrane structure, and the corresponding changes in ol as a function of
temperature and frequency would give informatidn to identify the aspects of membrane
structure and dynamics most important in determining the absorption of ultrasonic energy in
biological media. The perturbing agents used in this study were divalent cations (Ca2+,
Mg2+), deuterium oxide, and the lipophilic ionophore, A23187, which are now briefly
introduced.

Divalent cations, e.g., Ca2+ and Mg2+, are known to interact specifically with
negatively-charged phospholipids, viz., DPPG, to produce changes in the phase transition
temperature and membrane permeability [Muhleisen et al., 1983]. They interact with the
headgroups of the phospholipids, thus possibly perturbing the headgroup movements and
their interactions with one another and the aqueous medium. As such agents do not interact
with the hydrophobic region of the membrane bilayer, they should not perturb the kinetics of

ultrasonic interaction with that bilayer.
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Deuterium oxide, DO, is used as a specific variation on water structure in order to
determine the sensitivity of ultrasonic absorption to perturbations of the membrane-water
interaction. The D50 is specfically different from water in such molecular properties as
mass, density, dielectric constant, dipole moment, melting and boiling points, critical
temperature and pressure, triple point temperature and pressure, and index of refraction
[CRC, 1987]. These differences are a consequence of the difference in mass between these
two aqueous types, as the molecular weight of D70 is 10% greater than that of water. In this
study, D70 is used in place of HyO (in specified proportions) as the main component of the
aqueous hepes buffered saline, in order to investigate the importance of the aqueous
component in the interactions of ultrasound with LUV membranes. The differences in the
interaction of DO as compared to HyO with LUV membranes may not be complex.
However, because of its 10% greater mass (MW = 20.028), DO may interact with
individual phospholipids differently than does HyO with respect to the phospholipid
membrane.

The third perturbing agent in this study is the antibiotic, Ca2+ - specific ionophore,
A23187 (C29H37N3O6, m.p. = 181-182°C). The A23187 is a small molecular weight,
viz., 523.6 daltons, ionophore which forms stable complexes with divalent cations, thus
making these ions soluble in ordinary organic solvents. It has been shown to partition into
the phospholipid bilayer of phosphatidylcholine liposomes [Vidaver and Lee, 1983]. Such
hydrophobic agents have been studied previously and have given varying results as to

changes in ol as a function of temperature and frequency [Strom-Jensen et al., 1984]. The

structure of this ionophore is shown in Figure 1.3.

The A23187 compiexes consist of two molecules per divalent cation complexed.
However, A23187 is not well defined in its effect on membrane structure. It should partition
into the hydrophobic membrane as it is readily soluble in organic solvents [Houslay and
Stanley, 1982]. The insertion of A23187 may affect the cooperative unit of the transition, as
can be detected by measurements of oA as a function of temperature. However, it is not

known whether it may affect movement in the phospholipids and/or their carbon side chains.
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Also, it is possible that the ionophore may not partition homogeneously into the membrane.
If it does not, two or more peaks may be seen by the determination of oA as a function of
temperature or frequency. Note that, as A23187 does interact with the hydrophobic bilayer,
o) as a function of frequency in these LUV suspensions may be perturbed.

This thesis is organized in the following manner. Chapter 2 addresses the acoustic
theory of ultrasonic absorption in fluid media with specific attention to the microscopic
absorption mechanisms of an ultrasound wave in fluid media, and also addresses the theory
of the acoustic interferometer. Chapter 3 deals with the biochemical materials and the
methods used to synthesize liposomes, and includes details on the structure and operation of
the acoustic interferometer. The addition of increasing concentrations of divalent cations to
LUV suspensions, and its effects on o) as a function of temperature and frequency are
presented and discussed in Chapter 4. The effects of replacing increasing portions of the
aqueous content of LUV suspensions with DO on oA and oﬁ differential scanning
calorimetry (DSC) measurements are discussed in Chapter 5, as are the implications for
ultrasound interaction with the aqueous portion of LUV suspensions, and the effects of the
addition of A23187 to LUV membranes on ol are discussed in Chapter 6. The replacement
of DPPC by per-deuterated DPPC, and its effect on oA as a function of temperature and
frequency are also discussed in Chapter 6. Chapter 7 includes a final discussion of the
experiments presented in Chapters 4, 5 and 6, summarizes the results from the three phases
of experimentation in this thesis, proposes mechanisms for ultrasound absorption in LUV

membranes and also addresses future directions in this field.
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(DPPG) dipalmitoylphosphatidylglycerol
These molecules differ only in the headgroup structure.
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Figure 1.3 Chemical structure of A23187 in its free acid form and its complexed form.
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CHAPTER 2

ACOUSTIC THEORY

2.1. Introduction
The propagation of a sound wave in a fluid medium may be described by variables such
as p (pressure), t (temperature), and ¢ (velocity). When a small amplitude sound wave
travels through a fluid medium there occurs a small alternating increase and decrease in the
pressure (Ap) which is superiinposed on the medium's static pressure (py). The changes in
pressure are accompanied by changes in the volume of a small element of the fluid medium,
thus bringing about density and temperature fluctuations. Such small changes are interrelated
in a way determined by the equation of state of the fluid and by the type of thermodynamic
process. that takes place. If one assumes an unlimited medium in which a given plane is
subjected to a simple harmonic motion produced by the periodic ultrasound wave, and if it is
also assumed that the "perfect” fluid possesses no viscosity and no thermal conduction, then
the pressure and density changes take place reversibly and a plane soﬁnd wave propagates
through the fluid medium with an undiminishing pressure wave amplitude. In the case of
such ideal wave propagation, the equation representing the propagation of a plane acoustic
wave may be written: |
p= p(,ei(“)t -kx) 2.1

where o = the frequency of the wave and k is the wave number.

2.2. Macroscopic Absorption Mechanisms

In contrast to the above ideal propagation, as a real sound wave travels in a real
homogeneous fluid its energy is eventually dissipated as heat. Absorption refers to the
processes by which energy losses occur in the medium in which ultrasound energy is
converted to thermal energy. The mechanisms of such energy absorption may be broadly

classified into two categories: macroscopic mechanisms and microscopic mechanisms.
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Macroscopic mechanisms of absorption of an acoustic wave consist of those absorption
phenomena dependent upon the macroscopic variables of a fluid, such as the viscosity and
the compressibility of a fluid. Such phenomena were treated in the last century and consist of

two main types of phenomena: viscosity and heat conduction [Kinsler et al., 1982].

Viscosity refers to the relative motion between adjacent portions of a medium, and is

analogous to a frictional force [Kinsler et al., 1982]. Heat conduction refers to the

conduction of thermal energy between higher temperature condensations and lower
temperature rarefactions of a sound wave. These two phenomena result in the dissipation of
heat and result in attenuation of the propagating acoustic wave. They also give rise to an
absorption that is described by the classical absorption coefficient, oclags, Which is the

equation

Cclass = (%;@z—ﬂm (f—)(v- 1)—2(”:—) 22)
C po P

where n = viscosity of the fluid medium, y = the ratio of the heat capacities, A = the

wavelength of the sound wave and Cp = the heat capacity of the fluid at constant pressure.

2.3. Molecular Mechanisms of Ultrasound Absorption
2.3.1. Introduction to Relaxation Phenomena

Classical absorption does not account for all of the absorption observed in fluid media.
Ultrasound also couples to molecular relaxation processes and this also contributes to the
absorption of ultrasonic energy in fluid media. This absorption is represented by a term, 1y,
the volume viscosity. The volume viscosity is a measure of the mechanical energy lost by a
fluid subjected to pure compression or dilatation [Kinsler et al., 1982], represents relaxation
processes which may be thermal and/or structural in character, and may be determined by
comparing the observed ultrasonic absorption coefficient agphg and oclass. The exact relation

[Lamb, 1965] is:
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3 Ny %class

®obs ~ Fclass = (Z) (2.3)
Mg

where ng = shear viscosity and can be measured by subjecting a fluid to shearing forces.

In order to describe further thermal and structural relaxation processes, and their
interaction with a propagating ultrasound wave, the definition of a relaxation process will
first be given. A thermodynamic system (A==B) will be studied where states A and B may
represent reactants and products, two structural states, etc., and where k is the forward rate
of the reaction and ky is the rate of the backward reaction at equilibrium. At equilibrium, this
system may be subjected to a sharp variation in some physical parameter, upon which the
value of the equilibrium constant, k = ko/k1, is dependent. The system must then change to
a new state of chemical or structural equilibrium, and the rate of this change may be
followed. If the displacement of the chemical or molecular equilibrium is small enough, the
rate of restoration of equilibrium can be assumed to follow first order kinetics. Such a
process is characterized by a time constant, the "relaxation time," which, for a one-step
reaction under defined external conditions, can be simply related to the rate constants [Eigen
and deMayer, 1963]. Thatis -dca/dt =dcg/dt =kjcp - kocp, where cA = the concentration
of substance A and cg = the concehtration of substance B. For small perturbations from
equilibrium, if x is the initial value of the displacement of a system parameter from
equilibrium, and x is the value of this displacement at any time t after the initial disturbance, x
may be assumed to vary with time as

x = Xoe VT, 1/t =kq +ko, 2.4)
where 1T is defined as the chemical or molecular relaxation time for the reaction system.

If the time course of the perturbation, i.e., the ultrasound wave, is described by a
forcing function f(t), then f(t) may be included in the differential equation of motion to obtain
[Eigen and deMayer, 1963]

dx/dt + x/r = f(H. (2.5)
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This yields the general solution for the response of the system parameter x(t)

t
x(t) -_-i,zﬁfet'/"f(f)dt'. (2.6)
0

If the forcing function can be written as a complex exponential of the form f(t) = CePt (of
which f(t) = Felot is an example) then the stationary relation between x(t) and f(t) is
expressed by

- x(t) = T1(), 2.7
where T represents a time-independent function called the transfer function [Eigen and

deMayer, 1963]. The solution of the integral in Eq. (2.6) is [Eigen and deMayer, 1963]:

Feicot
1+imt’

x(t) = 2.8)

Therefore the transfer function, T, is equal to 1/(1 + iwr), and can be written in the forrh,
T = Treal + Timag = 1(1 + 022) + i(-0)/(1 + w?12). (2.9)
Having described the transfer function for a system under forced harmonic oscillation,
one may turn to rewriting the wave equation for the propagating ultrasound wave in fluid
media, considering only the effects of chemical relaxation upon such propagation. The
expression for the adiabatic compressibility is [Eigen and deMayer, 1965],
kg = kg™ + ¥'gT. (2.10)
where k' is complex and corresponds to the adiabatic compressibility relating to the effects
of the reaction A¥=B, and x> corresponds to relaxations at frequencies much greater than
those referred to in these studies. As the propagation velocity, ¢ = (pgkg)” 12 ¢ s also
complex and may be expressed as
1/c = 1/cge - io/m, (2.11)

where ¢y = real phase velocity, = absorption coefficient. Also, since ¢ = (pg %g)” 172,

pots = [ - @1 - i) 2.12)
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The real and imaginary values of kg are related to velocity and absorption as

-2R
2= (111 + (e Retc) 1) @13)
plIm2(xy)]
and
e Re(iy) 2,172

{1-[1 + Am(c/Re(k )1} 2.14)

@ " pIm(xy)

where Re and Im are the real and imaginary parts of xg. If the assumption is made that the

Im(xg) << Re(xg), then

-1/2
Cre = [pRe(KS)] / (2.15)
and
oc ,
2 = fim(k/Re(kg) (2.16)
Therefore,
12 Ks 1
Cro =Pk T {1- { )} (2.17)
e 0°s 2K§°\1+m21:2 A
and
%o _ K5 @ty (2.18)
@ 268 1+ 0321:2

where o is the frequency-dependent absorption coefficient due to the reaction (A<—=B). If
this absorption coefficient can be assumed to add algebraically to the classical absorption then

it becomes

Awrt
oA = ——>—+ Bw (2.19)
1+ co21:2

where A and B are the amplitude coefficients for the relaxational and the classical absorption

processes, respectively. Note o is the value determined in these studies. When relaxational
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absorption occurs, there is a flow of energy from the mechanical energy mode to the internal
energy mode of the equilibrium that is being perturbed by the variation in the variables, viz.,

pressure and temperature. This flow will be significant when the period T 2 7.

2.3.2. Thermal Relaxation Processes

When an ultrasound wave sinusoidally perturbs a liquid, sinusoidal perturbations in
pressure and temperature occur. Perturbations in temperature are discussed first. As noted
by Lamb [1965], propagation of a compressional wave through a liquid is essentially an
adiabatic process at the frequencies used in this study. The excess pressure at any point in
the liquid alternates sinusoidally about the ambient pressure, pg, in the medium. Because Cp
> Cy, there will be a corresponding cyclical variation in temperature, and relaxation
processes arise from these temperature variations accompanying the ultrasonic wave.
Thermal relaxation mechanisms are those for which absorption arises from a perturbationin a
molecular equilibrium due to temperature alternations in a compressional wave. If the
oscillation in temperature is on a timescale of microseconds to nanoseconds, it is possible to
excite, and to study, reactions in liquids and in biblogical samples in suspension that take
place on such time scales. Such molecular exchanges of energy may involve the following
processes: conversion of the kinetic energy of molecules into stored potential energy,
internal rotational and vibration energies in polyatomic molecules, and energies of association
and dissociation between different ionic species and complexes in ionized solutions.

Thermal relaxation gives rise to a measured absorption which can be represented by an

equation of the form:

A , (2.20)

=B 2
n @]
where f = frequency, f; = characteristic frequency of the relaxation process and B' = B/2nc
and A' = Af2rc. In these studies, it has been found that a single relaxation occurs in LUV

suspensions, in the frequency range of 1 - 5 MHz. As this relaxation is observed at the
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phase transition of the phospholipid bilayer of these suspensions, it is possible that the
observed relaxation is thermal in character and is related to the "melting" process undergone
by phospholipids at their gel to liquid-crystalline phase transition. However, as volume
changes, and thus, reordering of phospholipids occur at this transition, it is also possible that

the observed relaxation is structural in nature.

2.3.3. Structural Relaxation

The second type of molecular relaxation mechanism, structural relaxation, based on the
exposition of Litovitz and Davis [1965], is discussed. Structural relaxation in liquids arises
from changes in liquid structure due to (in this case) ultrasonic perturbation of a structural
molecular equilibrium. Ordinary liquid structure may be described as consisting of small
regions (5 - 50 or more molecules) of short-range order which are continually breaking up
and reforming. When the pressure and temperature are changed in such a system, the degree
of order and potential energy, which describes the geometric state of the liquid, are also
changed, thus requiring energy to be added to or taken from the system. If the perturbation
in pressure is on a time scale greater than or equél to the time required for a molecular
rearrangement to occur, then the relaxation time of the structural rearrangements due to
changes in pressure and temperature may be observed, as well as the energy loss due to these
structural réarrangements. Such structural rearrangements occur in biological molecules
often on the time scale of milliseconds to nanoseconds and thus may be detected by
ultrasound. In these studies, ny comprises the structural component of volume viscosity of
the liquid media.

Two theories of the analysis of structural volume viscosity will be discussed briefly,
although it must. be noted that the theories apply only to very simplified systems and cannot
be used directly to discuss biological suspensions. The first is Hall's [1948] two-state theory
of structural viscosity. In this theory, it is proposed that the absorption properties of water
are due to the coexistence of two structure types in the liquid, each of which exhibits a

different molar volume and exists at certain mole fractions in the liquid. Here, the
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relaxational thermal expansion and the relaxational isothermal compressibility are defined for
the differences in the two states, whose change in volume is defined as Av. Using these
equations, and the equilibrium constant for the two states: (x1/xp) = ¢-F/RT the equations for
relaxational thermal expansion and relaxational isothermal compressibility may be defined in
terms of thermodynamic variables and analyzed to obtain ny. For a more detailed discussion
the reader is referred to [Hall, 1948] or [Litovitz and Davis, 1965].

The second theory of structural viscosity discussed is the hole theory of viscosity [Hirai
and Eyring, 1958]. Here it is proposed that at equilibrium a certain number of holes exists in
a group of molecules, and that when an external pressure is applied, the equilibrium is shifted
to fewer holes, through rearrangement of the liquid molecules. The rate of compression is
determined by the rate of molecular rearrangement. For a more detailed discussion on this

theory the reader is referred to Hirai and Eyring, [1958].

2.3.4. Differentiation between Thermal and Structural Relaxation

One may differentiate between structural and thermal relaxation in the following
manners. One difference between these phenomeha is that the former exhibits only one
characteristic frequency of relaxation, while the latter exhibits a distribution of characteristic
frequencies. Another difference may be found in the ratio of ny, to ng. In thermal relaxation
phenomena, which are the major causes of volume viscosity in non-associated liquids, ny/ng
is dependent on temperature, and may be quite large [Lamb, 1965]. However in structural
relaxation mechanisms, ny/ng is relatively independent of temperature and is limited by 20 >
ny/mg > 0.1 [Litovitz and Davis, 1965]. This may allow one to determine, using
measurements of the volume viscosity versus shear viscosity as a function of temperature,
the character of the relaxation mechanism studied. It also gives information of the character
of structural relaxation mechanisms. The relation between 1y and ng in structural relaxation
mechanisms may occur because of the similarity of molecular movement in shear versus
structural relaxation processes. Shear viscous flow theoretically involves "jumps"” of a

molecule from one lattice position to another in the direction of shear flow [Litovitz and
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Davis, 1965]. Structural or compressional rearrangement processes also seem to involve a
jump of one or more molecules from one site to another, however, in the direction of closer
packing. Therefore, in both shear and structural compressional processes, molecules change
their lattice positions, and it is therefore the bonds that are broken in these processes, thus
closely relating their activation energies. It is important to note, however, that the volume
viscosity due to structural relaxation in the liquid medium is related to entropy changes that
occur during fusion. This was found in molten salts, and the relation is expressed by:
In(ny/ng) = C - D(SF/R) 2.21)

ny/mg has also been found to be related to ASE, change in entropy, in alcohols, although the
coefficients, C and D are different for these systems. This relation of ny/ng to the entropy of
fusion indicates that the structural relaxation flow occurring in liquids is not a process in
which a series of "jumps" from one lattice site to another occurs, but is instead a cooperative
phenomenon. In such a situation, a cooperative group of molecules in the quasi-crystalline
state would melt or randomize in structure, before flow could occur, during which molecules
could change their positions in order to reach a new equilibrium. As the relaxation seen in
studies of LUV suspensions is also at the phase transition or "melting" of the phospholipid
bilayer, it is quite possible therefore that a single molecular relaxation is not being observed,
but instead that a cooperative phenomenon of repacking of the phospholipids or of some
region of the side chains, upon undergoing the gel to liquid-crystalline phase transition, is
being detected.

It has been suggested in this discussion that thermal and structural relaxation
mechanisms in fluid media may be investigated using ultrasound. The ultrasound
determination of aA and f; allow a single relaxation to be analyzed for thermodynamic
properties of a reaction or conformational change. These properties include the enthalpy of a
process, the activation energy of a process, and the change in compressibility characteristic of
the relaxation process. However, in structural relaxation mechanisms, analysis of a} as a
function of frequency is difficult, as a distribution of relaxation times occurs. Here, only the

average relaxation times may be obtained, and in certain cases, crude estimates of activation
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energies. The determination of ny/ng as a function of temperature can be used to determine
whether an observed relaxation is structural or thermal in character.

Ultrasound determinations of o and fi,5x as a function of temperature and frequency
in liposome suspensions have shown maxima as a function of temperature and frequency and
these data in model cell systems suggest that ultrasound indeed does interact with biological
samples at the molecular level, specifically at a microsecond to nanosecond time scale. It has
not yet been determined whether these phenomena are thermal or structural in character. In
order to do so, ny, and ng determinations might be carried out, as could e determinations as
a function of frequency, over a wide range of frequencies. Also, structural relaxation
phenomena show velocity dispersion [Lamb, 1965], which could be used as a test to
differentiate between the two non-classical absorption processes.

In these studies, o as a function of frequency has been determined at the phase
transition temperature of LUV suspensions of specific composition, where fiax = 2.1 MHz
(see Figure 2.1). The o\/c versus frequency curves at tyy, for a number of LUV suspensions

-were analyzed in the following manner. A baseline curve was fit to the e2/c points which did
not include the peak (defined by (cA/c)max) by a least squares linear regression. The average
uncertainty in these baselines was approximately 0.002 ml/g, and the average peak is
approximately 0.020 ml/g above the baseline at this frequency. Therefore the signal to noise
ratio (S/N) of the detection of this peak is approximately 10, which is considered significant.
The best determination of this relaxation as thermal or structural can only be made if the
frequency range of the ultrasound o determination is increased beyond its present range of
0.58 to 6 MHz. A discussion on the frequency range of the interferometer is given in

Chapter 3.

2.4. Theory of the Acoustic Inteferometer
2.4.1. Introduction
The theory of the CW two-transducer, fixed-path acoustic interferometer is discussed.

This discussion pertains to the use of the interferometer in the determination of the ultrasound
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absorption coefficient per wavelength, oA, in fluid media. The fluid media under study
consist of biological solutes (e.g. proteins, phospholipids, liposomes, etc.) dissolved in
biologically compatible solvents. The acoustic interferometer is well-suited to such
measurements because of its sensitivity and because it requires relatively small samples for
study. The acoustic interferometer, based on the design of Labhardt and Schwarz [1976],
requires only milliliters of sample, compared to the liters needed for other techniques used to

measure ultrasound absorption in liquid media.

2.4.2. Physical Description of the Acoustic Interferometer

The CW two-transducer, fixed-path acoustic interferometer consists of a cylindrical
cavity (called a "cell"), whose ends are bounded by X-cut quartz transducers (X-cut specifies
that the thickness is along the X-crystallographic axis), and whose side walls consist of an
inert material which ideally does not interact with the fluid sample or the transmitted sound
wave. A schematic of this situation is shown in Figure 2.2.

The quartz plates are piezoelectric transducers which transmit and receive the ultrasound
waves. Specifically, one of the transducers, the "ﬁansnﬁtﬁng" transducer, is driven by a
tunable frequency synthesizer. The transducer has a diameter much greater than the
wavelength of the sound in the quartz plate and in the liquid specimen. The wave is then
reflected back and forth between the two transducer faces, while the transmitting transducer
continually propagates sound into the medium. The theory describing the operation of the
interferométer assumes that the transducer surfaces are perfectly planar and parallel, due to
the large number of reflections that a sound wave must undergo before being damped to 1/e
of its original value [Strom-Jensen, 1984]. If the plates are not parallel, propagation of the
sound wave out of the resonator axis direction would result in an energy loss so large that
absorption by the fluid would be obscured. The resultant pressure wave in the medium
drives the receiving transducer, which develops a voltage signal output at the terminals of the
receiving transducer. The system may be modelled as three adjacent media whose interfaces

are perfectly planar and are perpendicular to the axis of wave propagation. As the quartz
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transducers have impedances greater than that of the fluid medium (characterisitic impedance
of quartz = 15.3 x 106 Pa s/m, characteristic impedance of water = 1.48 x 106 Pa s/m), the
propagated wave is reflected at the fluid-quartz boundary in phase, and with a pressure

reflection coefficient of ~ 0.84.

2.4.3. Resonance Frequencies of the Acoustic Interferometer

The acoustic interferometer is employed to observe the resultant pressure wave in the
medium, and to identify its peak power frequencies and half-power frequencies. The method
takes advantage of the fact that the peak power frequencies of the wave occur when the
driving frequency of the transmitting transducer is such that an integral number of
half-wavelengths exist in the space between the two transducers. It is at one of these
frequencies, called a "resonance" frequency, that the interference between the sound waves
travelling in the positive and negative x-directions (x chosen as the coordinate axis along the
axis of wave propagation) is constructive at the receiver transducer interface. The resulting
standing wave has a maximum pressure amplitude at the transducer faces, which in turn
develops maximum force at the receiving transducér. The resulting voltage output is thus
also maximum, and is manifest as a voltage peak appearing at the transducer electrical
terminals. The driving frequency corresponding to such a voltage peak is referred to as £,
while the frequencies above and below f,, at which the power of the wave falls to half its
peak value, are termed f,. and f_, respectively. Defining the peak power frequency and a half
power frequency allows two equations for power of the sound wave to be found, each of
which is directly related to the other by the relation

power at f, + Af = 1/2 power at f5, Af=(f; -f). (2.22)

The above comparison of the two equations will then yield the absorption per
wavelength of the sound wave in the fluid medium, in terms of f, £ and f.. The derivation
of the equation for the absorption per wavelength of sound (o) in a fluid medium for this

situation is given by Maynard [1984].
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2.4.4. Resonance Theory

Resonance conditions may be described by a quality factor, Q, where
Q = 2n(Energy stored in system)/(Energy dissipated per cycle). (2.23) -
In order to use this equation the energy associated with an acoustic wave must be given in
acoustic parameters. The energy transported by an acoustic wave may be described by E'=
E/v, energy density, where E is the energy transported by the wave and v volume.
Expressed in terms of equilibrium density and the positive and negative particle velocities,
E'(energy density) = po(U42 + U.2). (2.24)
The energy transported by the wave process across a unit area in a unit time is the energy
density times the propagation velocity, called the intensity,
I=CcE'=poc (U2 +U2), (2.25)
or in terms of acoustic pressure,
I=pZ/psC. (2.26)
As the sound intensity decays exponentially,
I=1I,e20X, (.27
To find an expression for energy dissipation per cyéle, first one may calculate 91/9x, which
yields the energy loss per volume per unit distance:
al/ox = 20,6 20X = -20l. (2.28)
If the energy dissipated per cycle is much less than the total energy, E, of the wave, then I is
not signficantly changed in one period T. Therefore, Eq. (2.28) becomes
ol/ox ~ -2aly (2.29)
and the energy dissipated per cycle is given by -20d,(v1/f) where the acoustic resonator
volume is v and wave period 1/f. Therefore,
Q = 2npg (U42 + U2)v20poc (U42 + U2)v(1/) (2.30)
which may be simplified to:
Q=nflac  orod=nr/Q. 2.31)
It is known that the mechanical quality factor of a resonance is expressed by the quantity

Q =fo/Af (2.32)
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where f,, is the resonance frequency and Af is the half-power bandwidth of the resonance.
Combining Eq. (2.31) and Eq. (2.32), one obtains
oh = mAf/f,. : (2.33)

2.5. Discussion of o Determination

In the determination of o in the case of a suspension of biological material, an absolute
value cannot be found. The o directly determined is the result of many absorption and other
attenuation mechanisms. Specifically, the measured absorption in a homogeneous fluid
medium within the interferometer may be attributed to solute (LUVs), diffraction, scattering
of sound from the side walls of the cylinder, imperfect reflection at transducer surfaces, and
absorption by solvent. If these modes of attenuation can be assumed to be algebraically
additive, then it is possible to isolate the absorption due to the solute, i.e., biological sample,
by making a measurement of o) in a reference fluid whose absorption and other physical and
acoustic properties are known. Such suitable reference liquids as water, hepes buffer, etc.,
must be of hearly the same density and impedance as the sample in order to be able to account
for the effects noted above. In this case the "excess" absorption per wavelength, odexcess:
is given by the following equation:

ahexcess = MAfsusp - Afref)/fo- (2.34)

These are the equations needed for the analyses in the following chapters.
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Figure 2.2 Schematic of the resonator cavity. '
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CHAPTER 3

MATERIALS AND METHODS

3.1. Liposome Suspensions
3.1.1. Chemical Materials

All standard liposome preparations were made from mixtures of
dipalmitoylphosphatidylcholine (DPPC) and dipalmitoylphosphatidylglycerol (DPPG), in a
4:1 (w/w) DPPC:DPPG ratio.  All lipids were obtained from Avanti Biochemical Co.
(Birmingham, AL, USA). The DPPG, whose head group has a net negative charge at pH
7.4, is thought to inhibit liposome aggregation and fusion due fo surface repulsion of
liposomes [Maynard et al., 1985]. Samples of DPPC and DPPG (100 mg) gave single spots
on thin-layer chromatograms (silica gel G developed with CHCl3/CH30H/H0, 64:24:4,
visualized with Ip vapor). Crystalline 1-B-D arabinofuranosylcytosine (Ara-C) and
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes) were purchased from Sigma
Chemical Company (St. Louis, MO, USA). Ethylenebis(oxy-ethylenenitrilo)tetraacetic acid
(EGTA) was purchased from Sigma Chemical Co. 'Hepes buffer was composed of 10 mM
hepes, 139 mM NaCl, 6 mM KCl, and distilled water, using 10 N NaOH to adust the pH to
7.4 at room temperature. Ninety-nine point eight mole percent deuterium oxide was
purchased from Sigma Chemical Company. Nitroxides, 5- and 12-DS (4,4 -
dimethyl-oxazolidine-N-oxyl derivative of 5- and 12-ketostearic acid); and CATj¢
(2,2,6,6-tetramethyl piperidine-N-oxyl-[N,N dimethyl-N-hexadecylammonium]) were
purchased from Molecular Probes (Junction City, ORE, USA) and PC-12-DS
(1-palmitoyl-2-(12-doxyl stearoyl) phosphatidylcholine) was purchased from Avanti Polar
Lipids (Birmingham, AL, USA). A23187 was purchased from Boehring Diagnostics
(Calbiochem, Los Angeles, CA, USA).
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3.1.2. Liposome Preparation
3.1.2.1. Standard preparation LUV suspensions

All standard large unilamellar vesicle (LUV) preparations were made from mixtures of
DPPC:DPPG in a 4:1 (w/w) ratio, and were prepared by the reverse phase evaporation
method based on the work of Szoka and Papahadjopoulos (1978). Dry lipids (100 mg
DPPC, 25 mg DPPG) were dissolved in an organic solution of 8 ml isopropy! ether and 4 ml
chloroform. At a temperature (50°C) well above the ty, of 42.0°C, 4 ml of the buffer dilution
(30 milliosmolar hepes fixed to 300 milliosmolar with Ara-C) were added. The mixture was
then sealed under Ny gas and sonicated for approximately two minutes, forming an
emulsion. The emulsion was transferred to a rotary evaporator, where reverse phase
evaporation, i.e., preferential removal of the organic phase, took place, with vigorous
foaming and venting. The aqueous phase which was evaporated was then replaced to result
in 5 ml of suspension, and the suspension was dialyzed at approximately 9°C.

This process resulted in distributions of liposomes having an average diameter of 0.20
+ 0.05 pm (SE) and ranging in size from 0.06 to 0.43 um, as determined from electron
micrographs of suspensions. The resultant averagé concentration of phospholipid in the
preparation was found to be 21.0 £ 0.1 mg/ml (SE), using the Bartlett phosphorus assay.
Samples of the original suspensions were diluted to 2 mg/ml phospholipid in hepes buffer for

acoustic measurements. This was hereafter referred to as a standard LUV suspension.

3.1.2.2. DO LUV suspensions
The only difference in the preparation of DoO LUVsuspensions as compared to LUV

suspensions was that the HpO in the aqueous component of the suspension was replaced
with deuterium oxide. In the subsequent dilution to 2 mg/ml, varying ratios of D0:H0
were used. Note also that in ESR experiments (described in a later section) various ESR
probes (i.e. 5-doxyl stearate and 12-doxyl stearate) were added after liposome preparation,
(at a phospholipid:probe ratio of 100:1). This was accomplished by drying the probe on the

bottom and sides of a culture tube (with No gas), and then adding the freshly prepared
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liposomes and vortexing to ensure complete mixing. The probe partitioned into the organic
phase of the LUV suspension, as was shown by the broad ESR spectrum thus obtained from

the probe, typical for a nitroxide spin label in a membrane (see Chapter 5).

3.1.2.3. A23187 LUV suspensions

The A23187 LUV suspensions were prepared in the same manner as standard LUV
suspensions with the exception that varying amounts of A23187 (MW = 523.6 daltons)
Ca2+-jonophore were added to the organic phase (chloroform, ether, lipid, A23187) before
performing the reverse phase evaporation process. This resulted in LUVs in which A23187
was a specific portion of the lipid bilayer, as A23187 is hydrophobic. The A23187 was
shown to be in the LUV suspension by absorption spectrophotometry measurements, which
clearly showed the A23187 spectrum superimposed upon the normal LUV spectrum. It was
also shown that A23187 was in the hydrophobic portion of the LUV suspension, as the
supernatant of A23187 LUV suspensions showed, in the absorption spectrophotometer, less
than 1% of the A23187 absorption than was seen in the corresponding LUV suspension. The
mole percents of A23187 in the phospholipid bilayér of the LUVs used in these studies were
1, 2 and 5 mole %. These were referred to as A23187 LUV suspensions.

3.1.2.4. LUV suspensions with per-deuterated DPPC

The LUV suspensions with per-deuterated DPPC were prepared in the same manner as
standard LUV suspensions, with the exception that varying amounts of DPPC were replaced
with per-deuterated DPPC (DPPC with the side chain hydrogens replaced by deuterium).

Further details on the characteristics of such LUV suspensions are given in Chapter 6.

3.2. Ultrasonic Apparatus
3.2.1. Introduction
The acoustic interferometer used in this study was based on the design of Labhardt and

Schwarz [1976] and consists of two identical X-cut quartz transducers (diameter = 1 inch,
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frund (fundamental frequency of the transducers) = 4.0 MHZz), positioned coaxially and

parallel 5.5 mm apart (plexiglass interferometer, 5.1 mm stainless steel interferometer)
[Maynard, 1984], forming the end walls of the measuring cell. One transducer is excited
electrically at a predetermined frequency to transmit CW ultrasonic waves through the fluid
medium. The other transducer receives the sound wave and converts it into an electrical
signal. The electrical input to the transmitting transducer is obtained from a synthesized
signal generator (HP 8660B, Hewlett-Packard, Palo Alto, CA, USA), and the stable power
drive is maintained by the HP 86601A RF section. The electrical output from the receiving
transducer is monitored by a spectrum analyzer (HP 85521, HP 8553B). Ultrasonic
intensities of less than 1 pW/cm? are used [Maynard et al., 1985], which is many orders of
magnitude below that needed to produce cavitation or a significant temperature increase due
to absorption processes [Maynard et al., 1985]. The entire system resonates acoustically at
certain frequencies. The mechanical quality factory Q of this resonance is related to the
acoustic absorption per wavelength by [Maynard, 1984]:

7/Q = nAf/fg = oA 3.1
where o is the absorption coefficient per unit path length, oA is the absorption per
wavelength, A is the wavelength, Af is the 3 dB bandwidth of the resonance curve, viz., the
difference in the two frequencies for which the output power of the signal is one-half that at
the resonance frequency f,, and Q is the quality factor fo/Af.

The excess absorption due to the presence of LUVs in the suspension is obtained by
subtracting the absorption coefficient of the reference buffer from that of the entire ensemble,
viz., reference buffer plus LUVs. For the situation pertaining herein, for which the
suspension acoustic velocity and impedance are virtually the same as that of the reference
buffer, diffraction correction is unnecessary. The excess absorption is: |

(cM)excess = w(Af - Afref)/fo. (32)

3.2.2. Structure

A schematic of the interferometer is shown in Figure 3.1. As the stainless steel
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interferometer was thoroughly described elsewhere [Maynard, 1984], only a brief overview
is given here, with special note of the structural changes made in the design of the plexiglass
interferometer, built October, 1985. The body of the interferometer used before September,
1985 consisted of two identical stainless steel halves. A new interferometer, constructed in
October, 1985 consists of two plexiglass halves. The stainless steel interferometer, though
less susceptible than the previous (brass) interferometer to corrosion by the ionic solvent of
the liposome suspensions, still experienced eventual corrosion, and this was the reason for
the design of a plexiglass interferometer.

The two plexiglass halves of the interferometer are assembled to form the integrated
unit by three plexiglass bolts with brass nuts. Previously four stainless steel bolts and nuts
were used, but one bolt was consistently ineffective (loose) after parallelization and changes
in its position produced uncertainty in the state of parallelization of the interferometer. A
lucite spacer, forming the side walls of the cylindrical cell, is situated between the two
plexiglass halves. Lucite is chosen because its optical transparency makes it possible to see
bubbles adhering to the end walls of the cell during the filling procedure, and because its
characteristic acoustic impedance is nearer to that of the sample than are the impedances of
other materials that could have been chosen for this purpose [Maynard, 1984]. This
approximaté impedance matching minimizes reflection of acoustic energs' departing from the
ideal plane wave propagation.

A cylindrical opening, with an inserted 18 guage needle and attached tube, at the bottom
of the spacer functions as a port for filling and emptying the cell. An identical port at the top
of the spacer allows the maintenance of the atmospheric pressure over the liquid, which is
desirable during the filling procedure. Flat rubber neoprene rings between the lucite spacer
and the plexiglass halves provide a liquid-tight seal and allow the slight angular
displacements of the two halves of the interferometer required for the parallelization
procedure. The end walls of the cell are the piezoelectric transducers which are supported in
the polished recesses of the plexiglass body by RTV sealant and neoprene rings. Vacuum

grease was used to hold the transducers in place in the stainless steel interferometer.
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The transducers are X-cut quartz with overtone polish to a degree of flatness of 1-10 2

of light (Valpey-Fisher Div., Hopkinton, MA, USA). The plates are one inch in diameter
having a fundamental thickness resonance frequency of 4 MHz. The electrodes are
evaporated gold on chromium. The ground potential electrode of each transducer covers the
entire face in contact with the liquid sample. The electrode on the opposite face is coaxial
having a diameter of 7/8", so chosen such that electrical contact with the grounded steel does
not occur. As this is no longer a concern with the plexiglass interferometer, electrical contact
from the transducer to these electrodes is made via 34 guage platinum wires, soldered to
female BNC connectors and bent into a slight hook shape. The pressure applied by the wires
to the transducers is minimal producing no mechanical strain. Holes are drilled through the
plexiglass body to equalize the pressure, on the back sides of the transducer, with the
ambient pressure. The inside diameter of the spacer is 29 mm, and that of the neoprene rings
is approximately 31 mm. The distance d between the inside faces of the transducers may be
calculated from the frequency separation of two adjacent resonances, fy, - fy_1, near ffynd/2
for a liquid with an accurately known acoustic velocity (c), viz., distilled water at a known
temperature. It will then be 1/2 of an acoustic waveléngth
d =c/Qf; - fa-1))- 3.3)

As the spacer is 3 mm wide (stainless steel interferometer), the cell volume (v) is given by the
equation:

v =mr2d 3.4)
where r is the radius of the inside diameter of the spacer and d is the distance between the
inside faces of the transducers.

The holder is set on the base of an L-shaped lucite support (Figure 3.2) [Maynard,
1984]. A stainless steel piston, tightly fitted into a cylinder with O-rings and machined such
that pressure could be controlled for sample input and removal, is attached to the vertical side
of the lucite support. Access to the cylinder is via a bleeder valve which is connected to an
outlet whose dimensions are identical to those of the cell ports. Polyethylene tubing (1.19

mm i.d., 1.70 mm o.d.) connects the top port of the interferometer to the outlet. Tubing also
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connects the bottom port to a reservoir (glass syringe) suspended above the interferometer,

which is used to introduce samples into the interferometer.

3.2.3. Assembly

As the assembly of the stainless steel interferometer was covered thoroughly in
Maynard [1984], only those aspects which were changed in the plexiglass interferometer
assembly are describcd. The BNC connectors were mounted into the center of each steel or
plexiglass half, into threaded bores. RTV sealant was then applied to the nonelectroded area
of a transducer. The transducer was then set on the recessed ring in the body and was
pushed in by using the ‘ringing' method, as detailed in Maynard [1984]. In the plexiglass
interferometer, the flat neoprene rings also held down the transducer along its perimeter, so
as to insure a more secure seal. The ground connection between the gold electrode on the
transducer face and the BNC connector was made with a flat gold foil ring with attached wire
which lined the perimeter of the transducer and was connected the BNC connector. Thus, a
minimum resistance of approximately 1 ohm was established.

The interferometer was assembled by the concentric stacking of the two halves of the
interferomter body with the lucite spacer between them [Maynard, 1984]. This was
completed with the use of the three bolts, threaded into the holes in the body halves. Each
bolt was tightened the same number of turns to ensure approximate tightness and symmetry
of the space between the halves. To parallel the halves, first the bolts were further tightened
until the two halves were equally spaced to = 0.01 cm around the entire circumference of the
body, as determined by caliper measurements [Maynard, 1984]. Then a fine-tune parallelism
procedure, as described in Section 3.2.7. was performed to complete the parallelism

procedure.

3.2.4. Filling
The sample (LUV suspension) is pipetted into the reservoir. The reservoir is then

placed approximately one foot above the interferometer, in order to facilitate gravity flow
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from the reservoir into the sample chamber. In order to start the gravity flow, the piston is
first moved up slowly to reduce pressure inside the cell below the ambient pressure in order
to draw liquid into the cell. Once the fluid flow begins the piston is disengaged and gravity
flow is allowed to proceed until the sample chamber is filled, at which time the reservoir fluid
level is lowered to the same level as that of the interferometer. The gravity flow may also be
stopped by engaging the piston, and this is done in order to stop the gravity flow that occurs
as the interferometer, in its plastic bags, is lifted and put into the temperature controlling

water bath.

3.2.5. Temperature Control

The temperature is controlled as the resonance frequency of the cell and the sample is a
very strong function of temperature [Maynard, 1984]. The interferometer and lucite holder
are placed in two plastic bags and set on the lucite support. The entire ensemble is suspended
in a temperature controlled bath (Exacal 500, Endocal 350 refrigeration unit, Neslab,
Portsmouth, NH, USA). The temperature is stable to = 0.05°C for days at a given

temperature and to = 0.01°C during a particular bandwidth measurement.

3.2.6. Electronic Instrumentation

As stated in Maynard [1984], a synthesized signal geherator (8660B with 86601A RF
section, Hewlett-Packard) drives the transmitting quartz transducer via a length of RG 58A/U
coaxial cable and a BNC connector. The receiving transducer is connected via cable and a
BNC to a spectrum analyzer (8553B RF section, 8552A IF section, 140B oscilloscope,
Hewlett-Packard). The signal generator is capable of selecting frequency to the nearest hertz.
The frequency is adjusted until acoustic resonance is reached, as evidenced by a peak on the

screen of the spectrum analyzer.

3.2.7. Parallelism Adjustment

The transducers forming the end walls of the acoustic interferometer ideally must be
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perfectly parallel. As the sound wave is reflected a large number of times before being
damped to, for example, 1/e of its initial value, deviation from parallelism causes loss in the
amplitude of the ultrasound wave and would contribute to the measurment of ai. The
number of reflections, m, before the amplitude is reduced to 1/e of its initial value for the
perfectly parallel case, is dependent upon the distance between the transducers (d) and the
attenuation coefficient, a, of the fluid in the cavity [Maynard, 1984]. The equation relating
these variables is md = 1/ [Maynard, 1984]. The example given in Maynard (1984), is for
water at 39°C where the frequency of the ultrasound wave is 1 MHz. Here a =2 x 10-4
cm-1 and d = 0.55 cm, thus giving m ~ 104 reflections [Maynard, 1984]. Eggers et al.
[1978] state that the planarity of the two transducers must be able to be controlled to ~ M/m,
where ) is the wavelength at which o is determined. For the frequency range of ultrasound
used in these experiments (1 - 5 MHz) the quantity A/m = 0.15 um. The interferometer body
can be adjusted to 0.40 um given the ability to perform 1/1000 turn on a screw of 64 threads
per inch [Maynard, 1984]. Therefore the transducers may be adjusted to approximately 0.40
pm x (distance between two bolts/diameter of the transducer) = 0.10 um, for the plexiglass
interferometer, which results in a resolution greater than the 0.15 pm adjustment required.

After completing the preliminary parallelism procedure, the cell is filled with distilled
water, and a resonance frequency near 1 MHz is found. The bolts are adjusted to increase
the amplitude of the peak on the spectrum analyzer screen. The amplitude of the resonance
peak is determined by the sum of the constructive and destructive interference of the standing
wave within the cell. The nearer the cell is to perfect parallelism, the smaller will be the
amount of the destructive interference effects of non-parallelism. Therefore the greatest peak
amplitude is observed when the transducers of the cell are perfectly parallel. Retuning of the
driving frequency to a resonance condition is performed after all parallelism adjustments.

At shorter wavelengths, the transducer displacement is a larger fraction of a
wavelength, thus increasing the destructive interference effects of nonparallelism. Therefore
the parallelism procedure is more sensitive at higher frequencies, and must be repeated at

several such frequencies in order to tune it. With the plexiglass interferometer, above 6
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MHz, it is not possible to align the transducers finely enough to produce a peak whose fg and

Af are able to be determined.

A resonance condition occurs theoretically when the space between the transducer faces
an integral number of half-wavelengths. In actuality, each of the observed resonances is the
first mode of a spectrum of resonance modes which result in satellite peaks at closely
neighboring frequencies (within 10 kHz). The observed spectrum is due to nonideal plane
wave behavior, resulting in image sources, imposed by the cylindrical cavity [Labhardt and
Schwarz, 1976; Maynard, 1984]. The amplitude of the largest satellite peak is used to
determine relatively the degree of parallelism of the transducer faces, as the ratio of the
amplitude of the satellite peak to the first mode peak increases as the parallelism decreases.
Examples of the relative amplitudes of the main resonance (amplitude = 1) to the largest
satellite are given in Table 3.1 from [Maynard, 1984] for the stainless steel interferometer and

also for the plexiglass interferometer.

TABLE 3.1
SATELLITES OF RESONANCES IN TWO INTERFEROMETERS

relative satellite amplitude

fo (MHz) plexiglass interferometer  stainless steel interferometer
1 0.05
2 0.09 0.11
3 0.18 0.24
5 0.33 0.30

It has been shown that this alignment, performed at room temperature, is maintained
throughout the temperature range of 4°C to 51°C at least within the uncertainty with which
the system can measure absorption, viz., approximately + 5% [Strom-Jensen, 1983;

Maynard, 1984].
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The frequency range of the plexiglass interferometer is 0.6 to 6.0 MHz. The quality of

the resonances near 2 and 3 MHz is greater than at other frequencies, as is shown in
Maynard, 1984. Specifically, the behaviour of the interferometer is closest to ideal at the
antiresonant frequencies of the transducers which, for these studies, includes 2 and 6 MHz
‘[Maynard, 1984]. At lower frequencies, precision and accuracy are lost due to diffraction.
This is due to the imperfect planar character of the wave originating from the transducers,
increasing as the ratio of the wavelength to transducer diameter increases (see Figure 3.3).
For the more highly absorbing liquid, the bandwidth minimum occurs at a lower frequency
and the diffraction-caused increase in bandwidth at lowest frequencies is not as great
[Maynard, 1984]. Precision and accuracy also lost at higher frequencies, starting near 5
MHz, due to asymmetric peaks, probably representing the destructive effects of
non-parallelism (see Figure 3.3). This loss at higher frequencies helps to determine the high
frequency limit of the interferometer. Another limiting factor in the frequency range is the
inability to obtain data within + 0.5 MHz of the fundamental frequency of the transducers.

This is due to non-ideal behavior of the resonance peaks in this frequency range.

3.3. Data Acquisition
3.3.1. Ultrasound Measurements
‘The equation used to calculate the absorption coeffiient per wavelength, oA, is:

ol = n(Af - Afep)/fo 3.5)
where f, is a given resonance frequency, Af is the half power bandwidth at that frequency,
which includes the losses of the interferometer containing the liquid and the losses due to the
specific interactions of the sample with the propagating ultrasound wave. The Afpef is the
corresponding bandwidth for a system with the same acoustic properties including o as the
solvent, not including that of the sample (LUVs) under study.

The interferometer system is comprised of the interferometer, containing the LUV

suspension, suspended in a water bath of a specific temperature. In this system the
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resonance frequencies and their bandwidths are recorded. The signal generator frequency is
adjusted until a standing wave is produced at a characteristic frequency, as evidenced by a
peak of maximum amplitude, as detected by the spectrum analyzer. The Af is obtained by
tuning the signal generator to give voltage outputs to the spectrum analyzer which are 0.707
of their values at f,. The same procedure is also employed with the reference buffer (at
equivalent resonant frequencies). The Af and Afjef are shown in Figure 3.4. as a function of
temperature for LUV suspensions. The results are for data acquisition as aA/c versus
temperature, to correct the absorption for concentration. The estimated 1o error of the Af
measurement is 1%. The estimated error in f;, is 0.3%. Thus, a generous estimate of 1
standard deviation error in the calculation of a) is approximately 2%. Note that the
uncertainty in ¢ is 5%, given the uncertainty in the initial lipid concentration, pipetting
procedure, dilution procedure and sample input procedure, but as this uncertainty is constant
over all a)/c determinations for an experiment, it represents an offset and need not be

considered in the error of the shape of the oA/c versus temperature curve.

3.3.2. Differential Scanning Calorimeter (DSC) Measurements
The DSC-2 (Perkin-Elmer, St. Louis, MO, USA) is used to obtain the heat capacity at

constant pressure Cp Versus temperature on 50 ul samples of LUVs. This is done because the
temperature dependence of o) at ultrasound frequencies near the relaxation frequency in LUV
suspensions is qualitatively similar to that of excess ¢p versus temperature, as determined by
DSC, a static thermodynamic technique [Dunn and O'Brien, 1976]. It is important to note
however, that DSC measures only the static thermodynamic variables of this system while
ultrasound measurements provide information on the relaxation times and therefore the
kinetics of the system under study. The LUV suspensions ranged in phospholipid
concentration from 25 mg/ml to 60 mg/ml and are discussed more thoroughly in Chapters 4,
5 and 6.
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3.3.3. Electron Spin Resonance (ESR) Measurements

Electron spin resonance measurements were performed at X-band (9.5 GHz) on a
Varian E-109 ESR spectrometer. The temperature of the sample was controlled by a Varian
gas flow system using nitrogen. Spectra were recorded in a standard first derivative mode
with 100 kHz modulation and a microwave power of 5 mW. Data were collected and stored
as arrays of 1024 points per spectrum with a PC computer [Morse, 1987]. The hyperfine
splittings, i.e. the positions of the peaks were determined by expanding the spectral feature of

intrest using the computer (estimated error + 0.3 G for 100 G scans).
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CHAPTER 4

DIVALENT CATION EXPERIMENTS

4.1. Introduction

In order to test the importance of kinetics at the level of the polar headgroups in the
phospholipid bilayer, divalent cations, which are known specifically to interact with
negatively-charged headgroups of phospholipids [Muhleisen et al., 1983], were added to
LUYV suspensions. Specifically, Ca2* and Mg2+ were added in increasing concentration to
LUV suspensions to determine their effects upon the ultrasonic absorption coefficient per
wavelength, o), as a function of temperature and frequency. It was hypothesized that since
the phospholipids of vesicle membranes in suspension contribute to the temperature
dependent ultrasound absorption coefficient, the addition of cations to a liposome suspension
should influence that absorption coefficient. This would be evidenced by a shift in oAmgax as
a function of temperature. However, as the relaxational absorption of ultrasound in
membranes is hypothesized to occur at the level of the fatty acyl side chains of the
phospholipids (DPPC and DPPQG), it could be éxpected that akmax as a function of
frequency, with a peak at 2.1 MHz, would not be affected.

The importance of divalent cations, especially Ca2+, in biological systems is well
known, as many biological processes, €.g., exocytosis and neuronal transmission processes,
involve Ca2+ interactions with cell membranes [Muhleisen et al., 1983]. Such Ca2+
interactions may involve Ca2+-induced changes in the permeability of the membrane. In
LUV suspensions (4:1 w/w DPPC:DPPG), the addition of Ca2+ produced a
Ca2+-concentration dependent increase in the temperature at which a significant rise in
permeability occurs [Chan, 1986]. It was then hypothesized from the results of these
permeability studies that the peak of o/c as a function of temperature may be shifted to
higher temperatures. As the Ca2+ interacts with individual phospholipids, other

characteristics of the phase transition curve (o versus temperature) may be changed, as
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indicated by, for example, a change in the calorimetric enthalpy (AH4)) or in the Van't Hoff

enthalpy (AHvy gy of the lipid bilayer phase transition.

4.2. Procedure

The excess absorption coefficient of LUV suspensions, with and without divalent -
cations added, was determined as a function of temperature mainly at the frequency of 3.1
MHz. A determination of e/c (c = concentration of phospholipid) versus frequency (0.7 -
5.1 MHz) was alsb made at the phase transition temperature of the LUV suspension,
because only at t,;, was ultrasound absorbed greatly and at a characteristic frequency. The
calorimetric transition enthalpy was determined by measuring the area under the al/c versus
temperature curve and comparing this area with the area of a transition of known calorimetric
enthalpy, as determined by DSC. It must be noted that this assumes a correlation between
the enthalpy of the static thermodynamic transition and that of the ultrasonic transition. The
Van't Hoff enthalpy, AHy (cal/mole), of the transition was calculated using the thermal
width of the ultrasonic absorption coefficient by [Maynard, 1984]:

AHVE = 69 Tm2/AT1 /2. @.1)

These enthalpy values may be used to determine the cooperative unit of the transition, equal
to the ratio of the Van't Hoff enthalpy to the calorimetric enthalpy [Strom-Jensen et al.,
1984].

Before adding divalent cations to the LUV suspension, ar/c was determined over the
temperature range 37°C to 45°C, at 3.1 MHz, and was compared with that of standard LUV
suspensions to ensure that the suspension consisted of LUVs (as opposed to being
qualitatively similar to an SUV or MLV curve). This is the most convenient method to
determine the composition (LUVs, MLVs or SUVs) of the suspension. Other methods
include the use of DSC and permeability studies. The temperature of the specimen was then
set to its measured phase transition temperature, ty, and and the fluid in the cell was forced
out of the acoustic interferometer and into the attached reservoir, which is also immersed in

the temperature bath. Four to 40 pl of 250 mM CaCly solution were then added to the
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suspension, resulting in the final sample CaCly concentrations of 0.1 mM and 1.0 mM.
Similar amounts of MgCly were added to LUV suspensions when later measurements were
made in which Mg2+ was studied. The mixture was then allowed to equilibrate thermally for
at least five minutes in the reservoir and to allow complete mixing of the suspension.
Through gravity feed, the fluid was allowed to re-enter the cell, and another aA/c
determination, over approximately the same temperature range, was made. Once the t,'s of
such suspensions were found,Aa determination of a/c versus frequency was made in order
to determine the characteristic frequency of the ultrasonic absorption.

The addition of such small quantities of divalent cation solutions of greater than 300
milliosmolarity was calculated to not increase the osmolarity of the solution outside the
liposomes by more than 5%, and thus should not have disturbed the isosmolarity condition
across the LUV bilayers. It is important to note that other investigators have reported that the
addition of divalent cations caused aggregation, and subsequentlyv fusion, of LUVs and that
sufficiently large additions of these cations caused membrane disruption [Papahadjopoulos et
al., 1978]. However, except for the 10 mM MgCl, solution, the concentrations of divalent
cations used in this study were below those for which fusion has been reported
[Papahadjopoulos et al., 1978]. Some aggregation of the LUVs may have occurred, as
evidenced by (1) observed decrease in aA/c over the temperature range and, (2) the necessity
for remixing after the addition of the divalent cation, approximately every six hours, by
flushing out the contents of the cell and gravity-feeding the content back into the cell.
Nonetheless, after mixing the observed o/c versus temperature curve was still characteristic
of LUVs. After a)/c was determined, a Ca2+ chelater (EGTA) was added to the LUV
suspensions containing CaCly, at the ty, of the suspension. In each case oA/c as a function
of temperature (35°C - 45°C) was determined in order to observe the effect of the divalent
cation chelator on the system. Data presented below show that, under suitable conditions,
the LUVs could be returned to their standard state and this was considered evidence that

intact LUVs were present.
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For DSC experiments, the LUV suspensions ranged in phospholipid concentration
from 25 mg/ml to 60 mg/ml. A first set of experiments employed CaCly and MgCly
concentrations of 0, 2.5, and 25.0 mM. A second set of DSC measurements involved LUVs
with internal aqueous phase of 50 mM EGTA, while maintaining isosmolarity and pH across
the bilayer. The latter set of experiments employed CaCly concentrations of 0, 2.5, 8.0 and
20 mM. The conditions of isosmolarity across the lipid bilayer, in each of these
suspensions, were not violated as no greater than 10% difference in osmolarity existed

between the aqueous phases inside and outside the LUV bilayers.

4.3. Results
4.3.1. Effects of CaCly

Figure 4.1 shows the acoustic absorption per wavelength per unit concentration as a
function of temperature, for suspensions of standard preparation LUVs. With the addition of
CaCly to the LUV suspension, the peak is shifted toward higher temperatures, decreases in
amplitude, and exhibits bfoadening. However, the relaxation frequency of the ultrasonic
absorption does not change with ‘increasing concentrations of divalent cations. That is, oA/c
versus frequency always has a peak at 2.1 MHz, even with the addition of CaCly (see Figure
4.2). Figures 4.3 and 4.4 show that under suitable conditions, the LUVs can be returned

nearly to their standard t,, upon the addition of EGTA.

4.3.2. Effects of MgCly
The addition of MgCly to LUV suspensions yields similar results, though with some

important exceptions (Figure 4.5). The shift seen in ty, as a function of divalent cation
concentration is not as great as that for CaCly additions. Also, the decrease in amplitude of
the aA/c versus temperature peak is much less than for CaCly addition. Convenient
extrapolations of these curves show that AH of the transitions remains approximately the

same at CaCly concentrations of 0.1 mM and 1.0 mM, as does the AH of MgCl) at
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concentrations of 0.1 mM and 1.0 mM. However, at 10 mM Mg2+ concentration, the AH of

the phase transition does increase (see Table 4.1).

4.3.3. DSC Measurements of LUV Suspensions with Divalent Cations

The DSC measurements exhibit a peak in the heat capacity of the suspension which
appears qualitatively to be similar to the ultrasound results. However, the DSC temperature
measurement is performed on a time scale of minutes, compared with the time scale of hours
required for the ultrasound measurement to be fully accomplished. This may be of
importance in studying the kinetics of Ca2+ interaction with the LUVs, as is seen Figure 4.6.
Note however that DSC still measures only the static thermodynamic variables of this
system, while ultrasound absorption measurements give determinations of the relaxation
kinetics of the system.

While the ultrasound oA/c versus temperature measurements exhibit a single peak
shifting to a higher t,, when divalent cations are added, DSC measurements exhibit two
peaks (Figure 4.6B). One peak is characteristic of the ty, of standard preparation LUVs,
while the other peak has a t;, shifted toward higher temperatures, depending upon the
divalent cation concentration in the suspension. Each of these peaks on the first heating is
approximately half the magnitude of the peak seen with a normal LUV suspension.
However, as successive temperature cycles are conducted on the same sample, the first peak
decreases in magnitude, eventually becoming insignificant, and finally leaving only a single
peak at the higher t, (Figures 4.6C and 4.6D). A slower rate of heating the sample may
have overcome this effect, as equilibration of Ca2+ concentration inside and outside of the
LUV bilayer could have occurred. This could indicate that, becauses the divalent cation is
added to the suspension at room temperature for the DSC measurement, the divalent cations
first bind to the outer lipid bilayer (or other lipid subpopulation), and then near ty,, due to
increased permeability of the membrane, have access to the inner lipid bilayers of the LUVs

as well.
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Attempts were made to demonstrate that this hypothesis should hold for the removal of

calcium as well as for its addition. The CaCly was added to liposomes whose internal
aqueous phase consisted of a high concentration of EGTA (50 mM), while still maintaining
conditions of isosmolarity and pH across the bilayer. This experiment could also have been
done such that calcium was encapsulated in LUVs. However, calcium tends to change many
properties of the lipid bilayer, and may at high concentrations even disturb the bilayer's
integrity; the reason for not making LUVs in this manner.

It was hypothesized that if calcium was added to such a suspension, in concentrations
less than or equal to that of the EGTA, two populations of liposomes would be detected by
DSC measurement upon a first heating through the transition. One population should be
bound to the Ca2+ while another population should not. Subsequent heatings should allow
for an equilibrium of EGTA and Ca2+ across the bilayer, thus diminishing the DSC peak of
the bound ﬁpid and increasing the amplitude of the peak at the normal t;; of the unbound
lipid. However, the results suggest that this system is more complicated than originally
believed.

The results show that at a 2.5 mM CaCly concentration, the EGTA simply overwhelms
the Ca2+; two distinct peaks never being seen. This suggests that during the first run
through the phase transition temperature, enough EGTA leaks out effectively to chelate the
Ca2+, and effect an equilibrium, as subsequent heatings showed no change in the DSC peak.

At 8.0 mM CaCly concentration very different results are observed, as shown in Figure
4.7. Two peaks are observed, but the peak representing "bound" lipid, at a higher tpy,, is
much smaller than the peak representing "unbound" lipid. This suggests again that EGTA
leaks out of the liposomes at the phospholipid phase transition. Upon subsequent heatings
however, an effective chelation of the Ca2* by the EGTA is not seen. The peak representing
phospholipid bound to Ca2+ becomes increasingly larger. It appears that although EGTA
may modulate the effects of Ca2+, it does not negate them, and the normal mode of Ca2+

affecting the outside and later the inside bilayers of the LUVs still occurs. The same effects
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were observed with a 20 mM CaCly solution. Note that the temperature at which the second

peak occurs, representing bound lipid, increases with the concentration of CaCly.

Therefore, the DSC measurements suggest that Ca2+ binding to the membrane may be
preferable to its binding with EGTA, and that some rapid equilibration in the system may
occur. However, it is not possible to show that the inside/outside effects of Ca2+ addition to

LUYVs can be observed with its removal.

4.4. Discussion

The results suggest that the acoustic absorption per wavelength (o), as a function of
temperature, in LUV suspensions with added divalent cations was quantitatively different
from that seen for standard LUV suspensions, that ultrasound may interact with the
membrane bilayer, and that ultrasound is sensitive to the divalent cations' interaction with the
bilayer. The evidence suggests further that the ultrasound wave is sensitive to movements of
the individual phospholipid molecules of the bilayer since the cooperative unit of the
transition, as measured using ultrasound, decreases with increasing divalent cation
concentration. However, as the relaxation time of the event responsible for the absorption of
ultrasound does not change with the addition of divalent cations, the event absorbing
ultasound energy has not itself been changed, except in the activation energy needed for its
occurrence, or more specifically with the activation energy needed for the lipid bilayer phase
transition to occur.

The interaction of the divalent cations with the LUVs may, tentatively, be modeled as
follows: The divalent cations introduced to the LUV suspensions interact with the
negatively-charged headgroups of the DPPG molecules and, in some manner as yet
undetermined, constrain the movement of DPPG and DPPC molecules, and/or their carbon
side chains. While the normal activation energy for the conformational change characteristic
of the lipid bilayer phase transition, is 3 kcal/mole [Cullis and Hope, 1985], the binding of
divalent cations to the negatively-charged bilayer surface could produce an increase in the

activation energy over that characteristic of the phase transition, thus causing the phase
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transition temperature to be increased. Support for the cations' interacting directly with the
membrane phospholipids comes from the reduced values of AHy . While the enthalpies,
AH, of the transitions remain approximately the same for 0.1 mM and 1.0 mM concentrations
of the divalent cations, the Van't Hoff enthalpy decreases with increasing divalent cation
concentration. Therefore, the cooperative unit, AHyj/AH, of the transition also decreases as
a function of divalent cation concentration. This supports the view of divalent cations
interacting with phospholipid headgroups, perhaps even inserting themselves between the
headgroups.

The fact that the addition of cation chelator to the suspensions produces a shift of the
phase transition temperature back toward that characteristic ty, of LUVs, and reduction in the
width of the oA versus temperature, implies that the divalent cation interaction with the
negatively-charged phospholipid bilayer is not completely irreversible, and that the bilayer
structure of the LUVs was not altered irreversibly. The DSC measurements suggest that the
binding of the divalent cations to the negatively-charged headgroups is dependent upon the
temperature at which the cation is added and, thereby, the membrane permeability.

The absorption of ultrasound at a relaxation frequency of 2.1 MHz at ty, indicates a
dynamic interaction between the phospholipid bilayer and the ultrasound wave. It is clear
that the relaxation frequency is not perturbed by the addition of Ca2+, which interacts with
phospholipid headgroups. This indicates that while ultrasonic absorption is sensitive to
changes in the lipid bilayer phase transition, the kinetics of its interaction with phospholipid
molecules is not directly sensitive to the effects of divalent cations on the bilayer. Therefore,
the site of the ultrasonic energy absorption probably is not in the region of the phospholipid
headgroups but perhaps lies elsewhere in the bilayer. Such a site may be the phospholipid
carbon side chains were, at t,, the trans to gauche conformational change occurs, as well as
the ultrasosnic absorption peak at 2.1 MHz. Support for this exists in which gramicidin,
which inserts into the hydrophobic portion of the bilayer, changes the relaxation frequency of

the ultrasonic energy absorption [Strom-Jensen et al., 1984].
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Figure 4.6 (A) Cp versus temperature in an LUV suspension.

(B) Effects of CaCl3 (2.5 mM) on LUV suspensions, as measured by DSC (Note: two
peaks), first heating.
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(C) The second heating gives a2 DSC curve where the first peak is reduced in amplitude

while the second peak increases in amplitude.

(D) The third heating of the sample by DSC exhibits further reduction of the first peak
(at the lower temperature) and further increase in amplitude of the peak at higher
temperature.



1.5 60

1.0

0.5

0.0~

1.0

0.5

0.0

Cpleal/zg °C)

1.5

1.0 -

1.0

0.5

0-5 o //\——
0.0%= '

.5

0.0

32 37 42 a7 52
TEMPERATURE (°C)

Figure 4.7 (A) Cp versus temperature in an LUV suspension whose internal aqueous phase has a

50 mM EGTA concentration.
(B) The first heating of the LUV suspension in (A) with 8.0 mM CaCly, as measured
by DSC (Note: two peaks).
(C) The fifth heating gives a DSC curve where the first peak is reduced in amplitude
while the second peak is increased in amplitude. (Note: the second through fourth
heatings indicated the same trend).
(D) The seventh heating of the sample by DSC exhibits further reduction of the lower
temperature peak, and further increases in amplitude of the higher temperature
peak.
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CHAPTER 5

DO EXPERIMENTS

5.1. Introduction

In this study, DO is used to replace HyO in the aqueous buffer (in specified
proportions) of LUV suspensions in order to investigate the importance of aqueous buffer in
the interaction(s) of ultrasound with LUV membranes. The D3O is used as a specific
variation on water structure in order to determine the sensitivity of ultrasonic absorption to
perturbations of the membrane-water interface.

In order to study DO perturbation of LUV suspensions with a static thermodynamic
measure, differential scanning calorimetry (DSC) was also employed. The DSC was
peformed because the temperature dependence of ol at ultrasonic frequencies near the
relaxation frequency in LUV suspensions is qualitatively like that of excess specific heat, Cp>
as determined by DSC.

Electron spin resonance ESR was used as an additional technique to probe changes in
the membrane caused by D2O. The ESR spin probes, such as nitroxides attached to a
specific carbon in a stearate molecule, can provide information about the membrane structure
and mobility at different depths [Jost et al., 1971]. The spectral features of different
nitroxides were used here to probe differences in LUV membranes in the phospholipid
headgroup region, at the water-hydrocarbon interface and déep inside the hydrocarbon

region.

5.2. Experimental Procedures
5.2.1. Ultrasound Procedure

LUV suspensions were made with varying percentages of HpO in the aqueous portion
replaced by DO. With each of the mixtures, DO constituted (molar volume) 0, 20, 50, 80,
or 100% of the aqueous portion of the suspension. In these experiments, LUVs were

prepared in D70 or HyO and were subsequently diluted into mixtures of D20 and H7O to
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give final DpO:HpO ratios. The results for these experiments depended only upon the final

D70:H5O ratio, and were not significantly affected by the method of LUV preparation. The
excess absorption per wavelength per unit concentration, oA/c, (¢ = concentration in g/ml) of
these LUV suspensions was determined as a function of temperature and frequency. The
temperature was varied from 35° to 46°C, while at each temperature the measurement

frequency was varied from 0.64 to 5.2 MHz.

5.2.2. DSC Procedure

The DSC-2 (Perkin-Elmer, St. Louis, MO, USA) was used to obtain the specific heat
at constantbpressure, Cp, Versus temperature on 50 pul samples of LUV suspensions. The
suspensions in this study were 25.0 mg/ml phospholipid and the temperature range studied

was 295 to 325 K.

5.2.3. ESR Procedure

In order to study more closely the dynamic interaction of D20 in LUV suspensions
with the phospholipid bilayer, LUVs made in DZO (where D7O is the only aqueous
component of the buffer solution) wére investigated with ESR spin label probes. Lipid
soluble nitroxides (5-DS, 12-DS, PC-12-DS or CAT1¢) were added to the membrane at a
phospholipid:probe ratio of 100:1 to avoid spin-spin broadening. This was achieved by
drying the probe on the bottom and sides of a culture tube (with N3 gas), and then adding the
freshly prepared liposomes and vortexing to ensure complete mixing. The probe partitioned
into the organic phase of the LUV suspension, as was seen in the observed ESR signal,
indicative of a probe incorporated into the hydrophobic phospholipid bilayer [Jost et al.,
1971; Morse, 1985]. The resulting LUV suspensions were then separated into two groups.
One group was kept stored under nitrogen (these are referred to as DO LUVs). The second
group was dialyzed against ordinary hepes buffered saline (buffer) to replace the D20 with
HyO (referred to as HyO LUVs). Determinations of the anisotropic maximal splitting,

Amax, as a measure of phospholipid mobility were made both as a function of aqueous
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composition (HyO versus D70 in the hepes buffer) and as a function of temperature from

20°C to 48°C. Nitroxide probes are shown in Figure 5.1.

5.3. Results

5.3.1. Ultrasound and DSC Results
5.3.1.1. 95-100% D»>O LUYV suspensions

Differential scanning calorimetry measurements of LUV suspensions prepared in 95 -
100% D70 hepes buffer showed a thermotropic phase transition qualitatively very similar to
that of standard LUV suspensions, with the exception that the t;, was 43°C compared to 42°C
for standard LUV suspensions, as seen in Figure 5.2.

The results of ultrasound experiments in LUV suspensions with varying percentages of
D, 0 hepes buffer (where HyO hepes buffer is replaced with DO hepes buffer) were as
follows. For an LUV supension whose aqueous component consists of 95 - 1600% D70, the
a)/c versus temperature exhibited a shape qualitatively similar to that of a standard LUV
curve, with a sharp peak of At1/p of 1.8 £ 0.1°C (as is seen in LUV suspensions).
However, two differences were noted. First, the phase transition temperature, t;,, was
increased to 42.9 £ 0.1°C in DO preparations, compared to 42.0°C seen in standard LUV
suspensions (see Figure 5.3). Second, AH41 of this measurement, as determined by the
area beneath the a/c versus temperature curve, was approximately 10 - 20% greater than that
normally seen in standard LUV suspensions (see Table 5.2). This was not in agreement with
DSC measurements, which showed a non-significant difference in enthalpy between the two
types of LUVs (Figure 5.2). This suggests a difference in the enthalpy as determined by

ultrasonic absorption measurements as compared to DSC measurements.

5.3.1.2. 80% D»>O LUV Suspensions
Standard LUVs were diluted into D7O hepes buffer (resulting in at least 80% D20

aqueous component). A curve close to that of LUVs with 100% DO resulted, with a

transition temperature of 42.9 + 0.1°C. A slightly broadened peak (At = 2.0°C), with a
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decreased amplitude (Figure 5.3) was obtained. Note that the enthalpy of the transition, was

not significantly decreased compared to 95 - 100% D70 LUVs (Table 5.2).

5.3.1.3. 50:50 D>0O:H»>O LUV suspensions

The oi/c versus temperature curve for LUVs diluted into a D2O/HO hepes mixture so
as to produce a 1:1 DyO/HpO (£ 5%) ratio for the aqueous component of the suspension, is
seen in Figure 5.4. AH,] was less than that of standard LUV suspensions. The clearly
biphasic nature of this curve suggested two superimposed curves, with peaks at 42.0°C and
43.0°C, each representing decreased cooperativity (compared to standard LUV curves) due
to the mixture of two distinct aqueous types. This curve has been decomposed into two
curves, as is shown in Figure 5.4. These two peaks may have represented the phase
transitions of single phospholipids interacting with HyO or DO molecules, respectively.

However, the possibility also existed that the biphasic nature of the curve in the 1:1
mixture of HyO and DO was dependent upon a partitioning of the two aqueous types to
distinct subpopulations of the liposomes. As the liposome preparations were homogeneous
in all aspects except for size (as a range of sizes exists for a given liposome suspension) size
distributions may account for the biphasic nature of the curves. In order to study this
possibility, LUVs of different size populations were studied. The LUVs were made and
were then filtered into two groups, those extruded through a 0.2 pm filter and those extruded
through a 0.1 pm filter. These LUV suspensions were then (in different experiments) diluted
into a mixture of DyO/HO hepes buffer so as to give within 5%, a 1:1 DoO/HO ratio. The
results seen in Figures 5.5A and 5.5B and Table 5.2 show that although the oA/c versus
temperature curves of these different size LUV populations were slightly different, the clearly
biphasic nature of the curve, with a broad maximum at 42.0°C and a sharper peak at 43.0°C
was still seen. This suggested that it was DO and/or HpO interacting with individual
phospholipids or small groups of phospholipids, that caused a biphasic curve to be seen.

However, the distinct peak seen at 42.0°C in the first two preparations was not seen in the
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0.1 um filtered LUVs, suggesting perhaps that some feature of the LUV size may affect

slightly their interaction with deuterium oxide.

5.3.1.4. 20% D»O LUV suspensions

The LUV suspensions prepared such that DO made up at least 20% of the aqueous
component of the suspension produced ultrasonic oA/c values nearly that of LUVs in 80%
D>O hepes buffer, with a ty, of 42.8 + 0.2°C (Figure 5.6) and Aty = 2.3°C, which was
slightly broader than that seen in 100% or 80% D20 hepes buffer LUV suspensions. The
enthalpy, however, was not as large as that seen in pure D20 LUV suspensions (see Table
5.2). It is important to note that in all of these experiments the relaxation frequency of the
phase transition as determined by ultrasound remained 2.1 MHz (see Figure 5.7). This result
suggests that DO does not change the kinetics of the molecular event that is perturbed by

ultrasound.

5.3.2. ESR Results

The broad spectrum in Figures 5.8B - 5.8D are typical for a nitroxide probe
| immobilized within the membrane [Morse, 1985] while the spectrum in Figure 5.8A is
characteristic for rapidly tumbling nitroxides in water. At tempertures below ty,, 12-DS
partitioned in both the membrane and in water, giving the free (aqueous) nitroxide spectrum
superimposed on the spectrum from the probe in the membrane. These lines caused
problems in the estimation of maximum splitting. Moreover, partitioning of 12-DS was
different for DO compared to HpO. Therefore, PC-12-DS was used instead, which gave no
visible free nitroxide signal. The anisotropic maximal splitting, Amax, for different probes
within the membrane of LUVs is often used as a measure of the fluidity of the bilayer at
different fatty acyl positions [Jost et al., 1971]. The motional anisotropy of the labels is
greater for labels whose nitroxide group is placed at the membrane surface than for those

labels whose nitroxide group is located within the hydrophobic region of the phospholipid



66
bilayer, in the order CAT1g > 5-DS > PC-12-DS, in agreement with observations for many

other membranes [Jost et al., 1971; Morse, 1985]. Thus if DO affects membrane structure
and mobility in LUV suspensions, ESR probes at different membrane levels may be used to
determine the site(s) of that perturbation.

The results of 5-DS experiments at 20°C are given in Figures 5.8C and 5.8D. The
experiments at 20°C showed that A,y for 5-DS was increased in DO LUV suspensions
compared to HyO LUV suspensions. The ESR results showed this trend also with
increasing temperature (Table 5.3), although the difference between the Amax in D20 versus
H»O hepes did decrease as the temperature was increased, until at 48.0°C, no significant
difference in splitting was observed between the two samples (see Table 5.3). These results
suggest that aqueous structure is important in dynamics at or near the water-membrane
interface, even to the level of the fifth carbon atom of the fatty acyl chains.

CAT g experiments showed a small difference in Apqay between D20 and HyO LUVs
at 20°C (see Figure 5.9) but showed no significant difference in A,y in DO buffer versus
H,O buffer at higher temperatures, suggesting that the difference in phospholipid mobility at
higher than 20°C is not significant in the aqueous portion of the membrane-aqueous
interface.

In contrast to the 5-DS, the same experiment using PC-12-DS showed no significant
difference in the Apyax of PC-12-DS in D70 versus HpO buffer, suggesting that although
aqueous structure is important in determining phospholipid dynamics and structure at the
membrane-water interface, it is not important (on ESR timescales of 10-8 sec) for

phospholipid dynamics deeper in the lipid bilayer.

5.4. Discussion

In order to determine the site of ultrasound interaction in LUV suspensions, different
regions of LUV structure are perturbed, and the corresponding changes to the frequency
dependence of o) at ty, are observed. The physical propeties of DO are only slightly

different from those of HyO (see Table 5.1). However, small differences in molecular



67

properties may cause a perturbation in the normal aqueous interaction with individual
phospholipids. The DO is more structured than HO and it is known that there exists a
hydration shell that interacts with phospholipid headgroups at the membrane-water interface
[Merck, 1983]; however, the molecular dynamics of the interction between phospholipids
and water molecules has not been described and therefore the effects of D20 on the dynamics
of phospholipid molecules and/or their carbon side chains are not known. It is known that
replacement of HyO by D20 in specific biological systems has a profound effect on those
systems. Specificallly, D20 is known to depress the excitation-contration coupling in frog
skeletal muscle and other experiments have suggested the possibility that D70 influences the
mechanism underlying Ca2+ release from the sarcoplasmic reticulum induced by

depolarization at the transverse tubules [Sato and Fujino, 1987; Fan et al., 1985]. If D20

perturbs the LUV bilayer or the lipid bilayer phase transition and also perturbs al as a
function of frequency, then the membrane-water interface could be a site of interaction of
ultrasound and LUVs.

It is known that D70, as the aqueous component of LUV suspension affects the -
phospholipid phase transition, as association with D;}_O causes at least a subpopulation of the
phospholipids to have an increased tp, to 42.9 +0.1°C from 42.0°C. The 1:1 mixtures of
H,O and D70 clearly create a biphasic nature in the phospholipid phase transiton curve.
This is probably due to random association of single phospholipids with D20 or H0
molecules, which also results in decreased cooperativity of the two components seen in the
transition. These results suggest that the replacement of HpO with DO does cause a change
in the LUVs, specifically to their phase transition temperature. It is important to note that the
oAmax Of 2.1 MHz for standard preparation LUV suspensions is not changed with the
replacement of HyO by D20 in the aqueous buffer of LUV suspensions, suggesting that
D0 does not interact with the site of ultrasound absorption in LUV membranes.

As the activation energy of the phase transition is increased by a substance that should
only affect the membrane surface, it is hypothesized tha the structure and mobility of the

phospholipids at the membrane-aqueous interface are changed. In order to study the mobility
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of the LUV membrane at a specific position at the membrane-aqueous interface, ESR
nitroxide probes are used, and should detect any changes in the mobility of the phospholipids
caused by the addition of D70 in LUV suspensions.

The ESR results indicateAthat DO changes the phospholipid side chain mobility near
the membrane-water interface (to the level of carbon 5) but that it does not significantly affect
side chain mobility in the hydrophobic (at the level of carbon 12) region of the bilayer. The
isotropic splitting constant, A, for nitroxide in solvent (Figure 5.8A) is dependent only
upon the polarity of that solvent, and A for nitroxides dissolved in D20 is the same as in
H)O. Therefore, the difference seen in Apax seen in the D20 and HyO LUVs is unlikely to
originate from the direct interaction of the probe with solvents of different polarity.
Furthermore, in LUV suspensions, the difference in Ayax decreases as temperature
increases, suggesting a dependence on some factor other than polarity of the solvent.
Therefore it seems that the difference in Ay, reflects changes in the structure of the bilayer.
Greater Apax for 5-DS and CAT1g in DO LUVs as compared to HyO LUVs indicates a
more restricted mobility of the probe, i.e., a less fluid membrane in the polar head group
regions.

However, the differences in A% of 5-DS and CATjg in the HpO and DO LUV
suspensions could be a consequence of the different water penetration in the LUV bilayer for
these two aqueous types, which could occur in addition to the differences in phospholipid
mobility. It has been shown that water penetrates into lipid bilayers to a significant distance,
so that 5-DS is affected by the aqueous solvent [Griffith et al., 1974]. Increased Amgax in
D50 LUVSs might then indicate increased water penetration, i.e. a more polar environment of
the probe. The PC-12-DS is in the nonpolar environment and is not sensitive to water
penetration. These effects can be distinguished by recording the spectra at very low

temperatures where the effects of motion disappear.

Regardless of the exact origin of the increased splitting for the DO LUVs, it can be

concluded that the increased splitting reflects changes in the structure of the bilayer. Also,
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these changes are significant in the polar headgroup region and extend a few angstroms into
the hydrocarbon region, as is seen in the 5-DS spectra.

Based on this information a model for the perturbation and general interaction of D70
with phospholipids in the LUV membrane may be formulated: It is given that HyO is
situated at the aqueous-membrane interface to allow the most stable energy configuration of
the phospholipids and the water molecules and other solvent molecules. The exact nature of
this configuration has not been treated but it has been assumed that the dipolar water (1.76
debye) has van der Waals interaction and dipole interaction with the zwitterionic DPPC
moiety and with the negatively-charged DPPG headgroups. This configuration allows fora
certain mobility (fluidity) of the entire phospholipid moiety, the headgroups, and the
hydrocarbon chain near the membrane-water interface in particular. When HyO is replaced
by D>O, a different molecule with an increased molecular weight and increased dipole
moment (1.78 debye), a different low energy configuration at the membrane-water interface
must form. It is likely that not only does each DO molecule take up a slightly different
geometry at the membrane-water interface, but also that the bond strength of the D>O with
those molecules with which it interacts is greater than that of water. This would cause the
membrane phospholipids to be more ordered, suggesting a lower mobility at the
membrane-water interface (as observed in ESR experiments). It would also suggest that a
greater activation energy would be required for the phospholipid gel to liquid phase transition
to occur. These effects were observed in these experiments.

In order to investigate further the interaction of DO with the lipid bilayér a careful
study of the effects of D7O on a series of doxyl stearate nitroxides (e.g. 5-DS, 7-DS, 9-DS,
etc...,) should be performed to provide an estimation of DO penetration into the lipid
bilayer (as compared to HyO) and of the magnitude of its effects at different depths of the
bilayer. Another useful technique in the study of DO effects on the bilayer would be 13¢
NMR, which would give an estimation of fatty acyl mobility in the bilayer on NMR
timescales (10‘6 to 10-8 sec). As there are 13C-1abelled lipids, no probe needs to be inserted

into the membrane.



70
Mixtures of D70 and HpO in LUV suspensions might also be studied with ESR and

NMR in order to determine whether the effects of DO on the lipid bilayer are linear with
increasing concentration as determined by these techniques. Finally deuterium itself is of
interest, as deuterated lipids and proteins are often used in deuterium NMR measurements. It
would also be of interest to measure the ultrasonic absorption coefficient per wavelength of
specifically-deuterated phospholipids as a function of temperature and frequency and to study

these lipids using NMR and ESR as well.
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TABLE 5.1
Physical Properties of HyO and D20
HyO D70

MW (daltons) 18.016 20.028
Cp (cal/g) (4-25°C) 1.000 1.028
H (kcal/mole) 1.436 1.501
Dielectric constant 87.740 78.06
m.p. (°C) . 0.0 3.82
b.p. (°C) 100.0 101.42
Critical temperature (°C) 3742 371.5
density at 25 °C (g/ml) 0.997 1.1044
velocity of sound (my/s) at 20°C 1482.9 1384.2
velocity of sound (my/s) at 40°C 1529.3 1433.1
Index of refraction 1.333 1.3384

Dipole moment (debye) 1.76 1.78
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Figure 5.1 The structures of the nitroxide-labelled molecules used in this study:
5-DS: 4,4-dimethyl-oxazolidine-N-oxyl derivative of 5-ketostearic acid
PC-12-DS: 1-palmitoyl-2-(12-doxyl stearoyl)phosphatidylcholine

CATI16: 2,2,6,6-tetramethylpiperidine-N-oxyl-4-[N,N dimethyl-N-hexaolecyl-

ammonium].
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Figure 5.2 DSC measurement of Cp Versus temperature (°C) of LUVs in:

A. 100% D50 buffer (tz = 43 °C)
B. 100% HO buffer (t = 42 °C)
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Figure 5.5 oA/c versus temperature in:
A. 0.1 um filtered LUVs in 1:1 D2O:H3O hepes buffer.

B. 0.2 um filtered LUVs in 1:1 D2O:H7O hepes buffer.
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Figure 5.8 ESR spectra showing:
A. A, of free nitroxides in solution
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CHAPTER 6

A23187 AND DEUTERATED PHOSPHOLIPID EXPERIMENTS

6.1. Introduction

In order to ascertain the nature of the interaction of ultrasound with biological
membranes, agents with specific partitioning properties can be incorporated into LUV
suspensions. These agents should affect membrane dynamics at their site of interaction with
the membrane, and these perturbations, if of a large enough amplitude may be detected as
changes in the ultrasonic absorption coefficient per wavelength, as a function of temperature
and/or frequency. This depends upon the specific ultrasonic interaction with the membrane at
the site of perturbation and also depends upon the event perturbed occurring on a timescale
that can be detected by ultrasound. The absence of a change in a) as a function of
temperature and especially frequency is then probably due to a failure of one of the
aforementioned criteria, and may be an indication that the interaction of the ultrasound with
biological membranes is not at a tested site.

The A23187 is a small molecular weight Ca2* ionophore (523.6 daltons) that is well
known to partition into the hydrophobic region of the phospholipid bilayer [Houslay and
Stanley, 1982]. It is soluble in organic solvents such as chloroform, DMSO, and ethanol,
and is insoluble in water. The A23187 is a carrier ionophore specific for divalent cations
with its affinity for Mn2+ > Ca2+ > Mg2*. It forms a complex of two molecules in order to
transport divalent cations across a membrane.

As mentioned in Chapter 1, other molecules known to partition into the hydrophobic
lipid bilayer have been incorporated into LUVs, viz., cholesterol, and gramicidin. The
incorporation of these two substances has shown different effects on ed/c as a function of
frequency and temperature. Specifically, the incorporation of cholesterol into LUV
membranes increasingly broadened the a/c versus temperature curve, probably as a result of
decreasing the cooperativity of the phase transition. It is not clear that cholesterol's addition

changed oApax as a function of frequency until at 50 mole % cholesterol the oA/c versus
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temperature and frequency peaks were no longer apparent. This may indicate that cholesterol
does not interact in a dynamic manner with the specific molecular event causing ultrasonic
absorption in the bilayer.

The incorporation of gramicidin into the phospholipid bilayer of LUV suspensions gave
different results. While the phase transition was broadened and AH decreased as a function
of concentration of gramicidin, as was seen with cholesterol, the frequency of maximum o)
for 5 mole % gramicidin incorporation was shifted from 2.1 MHz to 0.75 MHz [Strom
Jensen et al., 1984]. This indicates that (1) ultrasound is sensitive to changes in the phase
transition and (2) that the incorporation of gramicidin changes the relaxation kinetics of the
event that couples with ultrasound. This further suggests that it is a dynamic interaction
between ultrasound and the phosopholipid molecules that is changed by the incorporation of
molecules that change the rate of an event that occurs in the lipid bilayer. It is possible that
A23187, as a transport molecule acting in the lipid bilayer, could also affect the kinetics of
the event responsible for the relaxational absorption of ultrasound.

Deuterated phospholipids are also of interest in the determination of the site of
ultrasound interaction with LUV membranes. Speciﬁcally, it is hypothesized that this site of
interaction is with the hydrophobic fatty acyl side chains of the phospholipid molecule.
Therefore, a perturbation of the fatty acyl side chains may lead to a perturbation of the
relaxation kinetics of the molecular event that interacts with ultrasound, as determined by oA
as a function of temperature and frequency. Phospholipids were obtained in which all of the
hydrogens of the fatty acyl side chains had been replaced by deuterium (referred to
per-deuterated phospholipid). This results in a phospholipid whose molecular weight is
increased by approximately 60 Daltons (796.54 compared to 734.05) and whose AH and t,
are slightly decreased, compared to ordinary DPPC [Guard-Friar et al., 1985]. It is
hypothesized that this perturbation of the phospholipid structure, specifically in the region of
the fatty acyl side chains, will perturb oA as a function of frequency at ty, of the LUV

suspension.
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6.2. Procedure

As described in Section 3.1.2.3., A23187 LUVs were prepared by the reverse phase
evaporation method of Szoka and Papahadjopoulos [1976] as modified by Magin and
Weinstein [1982]. The only exception in the preparation was that in the organic phase (lipid
+ chloroform + ether) at the beginning of the reverse phase evaporation process, dried
A23187 was included, in such quantities as to result in 1, 2, or 5 mole percent LUVs. The
incorporation of the A23187 did not obviously change the preparation of the liposomes and a
stable suspension of liposomes, as determined by consistency and stability over three days in
9°C dark dialysis was observed. In each case, after dialysis, the LUV suspension at 25
mg/ml was directly used for DSC experiments and a portion of the original sample was
diluted to 2 mg/ml in hepes buffer for ultrasound experiments. The DSC experiments gave a
determination of specific heat, Cp, versus temperature (295 - 325 K) and were performed to
(1) compare the A23187 LUV DSC trace to standard LUV DSC traces and, (2) to determine
any changes, e.g. ty,, AH, etc., caused by the addition of A23187 to the LUVs. Ultrasound
experiments consisted of an aA/c determination over the temperature range 35° - 46°C, a
complete frequency scan (0.6 - 5.1 MHz) being performed at each temperature.

Deuterated LUV suspensions were prepared in the saﬁle manner as standard LUV
suspensions, except that a certain portion of the phospholids was replaced by deuterated
phospholipid. In these preliminary experiments specific portions of the DPPC fraction of the
phospholipids were replaced by 50% and 100% deuterated DPPC. The DPPG was retained
as its negative charge causes LUVs to repel one another, therefore ensuring stability of the
LUV suspension. DSC experiments gave a determination of Cp versus temperature in these
suspensions, to determine the viability of the LUV suspensions and to determine
approximately the changes in ty, and AH of these suspensions, compared to normal LUV
suspensions. Ultrasound determinations of o/c as a function of temperature (30° - 45°C)

and frequency (0.6 - 5.2 MHz) were performed for each of these suspensions.
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6.3. A23187 Results

6.3.1. 1 mole % A23187 LUVs
6.3.1.1. DSC measurements

The DSC showed that 1 mole percent A23187 LUVs gave a basically standard LUV
curve with a slightly increased t, (see Figure 6.1). Otherwise no differences between these

and standard LUVs were noted.

6.3.1.2. Ultrasound experiments

One mole percent A23187 LUVs gave an od/c versus temperature peak that was only
slightly different from that of standard LUV suspensions. The only differences, as seen in
Figure 6.2., were that the amplitude of the peak was higher, AH as determined by ultrasound
was increased, ty,; was shifted by 0.2°C to 42.2°C and At]/p was slightly decreased as
compared to standard LUVs. Only small differences were expected as the
phospholipid:A23187 ratio was 100:1.

Most_striking, however, was aA/c as a function of frequency at ty, (see Figure 6.3).
One mole percent A23187 LUVs had an od/c versus'frequency peak that was shifted to lower
frequencies, with a maximum at 1.55 MHz (Figure 6.3). This indicated that the presence
and/or activity of A23187 in LUV membranes perturbed the event to which ultrasound
couples. This effect also definitely pointed to a membrane interaction, as the LUV structure
was maintained with the addition of A23187, as determined by DSC, and as the phase
transition properties of the suspension were otherwise only slightly perturbed by the addition

of A23187.

6.3.2. 2 mole % A23187 LUVs
6.3.2.1. DSC measurements

Two mole percent A23187 LUVs in suspension (25 mg/ml phospholipid) showed a
thermotropic phase transition similar to that of standard LUV in suspension; the tiy of these

LUVs was slightly increased from a normal tyy, of 42°C to 42.2°C, and the amplitude of cp
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was increased slightly, as seen in Figure 6.1. These data suggested that 2 mole % A23187

LUVs were thermodynamically not perturbed greatly in structure from standard LUV

preparations.

6.3.2.2. Ultrasound experiments

Two mole percent A23187 LUVs gave an o/c versus temperature curve that again was
similar to that of standard LUVs, but which showed an increased amplitude and increased
AH, slight broadening (Aty/ = 2.0°C), as expected with a decreased cooperativity, and a
slight increase in ty, to 42.3°C (see Figure 6.4). This suggested that the A23187 decreased
the cooperativity of the lipid bilayer phase transition, as evidenced by broadening of the oiA/c
versus temperature curve, and that A23187 enhanced the ultrasonic -absorption of the
phospholipid bilayer phase transition. Note that the presence of A23187 alone was probably
not causing simply an offset of al/c, as the baseline (measured + 5°C from ty,) had the same
value (0.06 £ 0.01 ml/g) as was seen in standard LUV suspensions.

As was observed with 1 mole % A23187 LUV, oApax of 2 mole % A23187 LUVs at
tm was shifted to 1.55 MHz (Figure 6.5). This fuﬁher suggested that individual A23187
molecules interacted in a dynamic manner with phospholipid molecules to change the kinetics
of the molecular event to which ultrasound couples. As two aA peaks as a function of
frequency, representing two populations of lipid, were not seen in either case, it is probable
that the interaction of A23187 molecules with individual populations of phospholipid
molecules occurred on a fast enough time scale to allow any signal from two populations of

lipid to be observed as an averaged signal for ultrasound timescales.

6.3.3. S5 mole % A23187 LUVs
6.3.3.1. DSC measurements

Five mole percent A23187 LUVs in suspension resulted again, in a cp versus
temperature curve similar to that of standard LUVs in suspension. The ty, and AH were not

changed appreciably from 1 or 2 mole % A23187 LUVs (Figure 6.1).
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6.3.3.2. Ultrasound experiments
Ultrasound experiments on S mole % A23187 LUVs in suspension (1 mg/ml) showed

a dramatically different determination of a/c as a function of temperature and especially of
frequency. As seen in Figure 6.6, aA/c was greatly increased, especially at low frequencies,
and in fact at frequencies from 0.58 - 1.27 MHz, was above the normal baseline throughout
the temperature range studied. At higher frequencies (2 - 5 MHz), oA/c versus temperature
was qualitatively like that of an LUV curve, but with a significantly higher amplitude of od/c
compared to standard LUV suspensions. Note also that ty, was slightly increased, to
42.3°C, and that the peak was broadened (Aty/p = 2.2°C), which is reasonable as the
incorporation of one A23187 molecules for every 20 phospholipid molecules should affect
the cooperative unit of the transition. A peak in oA as a function of frequency at t;y, could not
be found within the operating frequency range as oA increased with decreasing frequency,
suggesting that cAyax Was probably at a frequency lower than that of the low frequency limit
of this interferometer (see Figure 6.7).

6.4. Deuterated LUV Results
6.4.1. 50% deuterated DPPC LUV Suspensions
6.4.1.1. DSC measurements

DSC results showed a broadened transition with t; at 40°C compared to standard
LUVs whose ty, is 42°C (see Figure 6.8). However, AH was not decreased in this LUV
suspension. In 100% per-deuterated DPPC liposomes, a decrease in t;;; was observed in

Guard Friar et al., [1984], but the AH of the transition was decreased in these liposomes.

6.4.1.2. Ultrasound experiments
Ultrasound experiments on LUV suspensions with 50% of the DPPC per-deuterated

showed an a)/c versus temperature curve qualitatively like that of a standard LUV

suspension, but with two major differences (see Figure 6.9). The first difference was that
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the transition temperature of the suspension was 40.8°C, compared with 42.0°C for standard
LUV suspensions. Second, the o versus frequency curve at t,, no longer showed a sharp
peak at 2.1 MHz. As seen in Figure 6.10, these LUVs showed a high a)/c at low
frequencies, indicating a decreased relaxation frequency. A slight increase in oA at 2.1 MHz
was still observed, but was low in amplitude and was broadened out over a wide range of
frequencies. This was perhaps due to the DPPC (50%) and DPPG (100%) which had not
been deuteratéd. These results suggest that the deuterated DPPC LUVs, with their heavier
side chains, had a perturbed oAax, suggesting that the site of the interaction of ultrasound

and LUV suspensions is in the hydrophobic phospholipid side chains.

6.4.2. 100% deuterated DPPC LUV Suspensions

6.4.2.1. DSC measurments

The DSC results with these LUV suspensions show a broadened transition compared to
standard LUVs as well as a decreased t,, of 39°C (Figure 6.8). This was observed also by
Guard-Friar et al., [1985] in 100% per-deuterated DPPC LUVs, where t; was decreased to
36°C and AH was decreased.

6.4.2.2. Ultrasound experiments
Ultrasound experiments on (DPPC:DPPG) LUVs with 100% per-deuterated DPPC

showed a low enthalpy and broadened transition curve of oA/c versus temperature, with a
main peak at 39.0°C and a small peak at 37.5°C (see Figure 6.11). At tyy,, oA as a function of
frequency no longer showed a peak at 2.1 MHz (see Figure 6.12). Rather, the 2.1 MHz
peak was broadened over the frequency spectrum with indications of peaks at 0.75, 2.25,
and 2.95 MHz. These results indicate that deuteration of DPPC fatty acyl side chains
changes the rate of the molecular event to which ultrasound couples and that this coupling is

within or is directly related to the phospholipid side chains of the LUV bilayer.
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6.5. Discussion

The incorporation of A23187 into the phospholipid bilayers of LUVs results in a
change in o as a function of frequency, at the phospholipid phase transition temperature.
The incorporation of 1 and 2 mole % A23187, as shown in DSC measurements perturbs only
slightly the thermotropic phase transition exhibited by LUVs in suspension. The phase
transition temperature is perturbed only slightly without any significant change in AH of the
transition, as determined by DSC. In contrast, ultrasound experiments show an increasing
area under the o/c versus temperature curve with increasing A23187 concentration, and
show that aAmax, as a function of frequency changes to 1.55 MHz. This peak is
presumably shifted from the 2.1 MHz relaxation frequency seen in standard LUV
suspensions, as that peak is no longer observed. These data suggest that A23187, in the
hydrophobic region of the phospholipid bilayer, changes the relaxation rate of the molecular
event responsible for ultrasound absorption in LUV suspensions. These data further suggest
that the relaxational absorption of ultrasound at the phase transition temperature in LUV
suspensions is due to ultrasound coupling to molecules of the hydrophobic bilayer, whose
chemical or conformational state is related to the lipid bilayer phase transition.

In 5 mole % A23187 LUVs in suspension, a)/c as a function of temperature and
especially frequency is changed significantly (Figure 6.7). This also suggests a perturbation
of the ultrasonic interaction with the LUV suspension. However, at such high A23187
concentrations, the A23187 itself may be absorbing ultrasound significantly. Analysis of
oi/c as a function of temperature, at different frequencies has shown that at low frequencies
(0.58 - 1.27 MHz) o/c is high even at 38.0°C and rises slowly until, near ty,, it increases
dramatically and remains the same over approximately 1.0°C, above which temperature it
decreases again to a 0.37 ml/g baseline, and remains there to 46.0°C (see Figure 6.6). At
frequencies above 1.55 MHz, o/c versus temperature is qualitatively like that of standard
LUV suspensions, except for the slight increase in o, tyy, and the decreased cooperativity of

the transition. These data suggest that the A23187 itself (at high concentrations), or an
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A23187-phospholipid complex, absorbs ultrasound in a different manner (at low
frequencies) than does the phospholipid membrane.

The results of LUV experiments with per-deuterated DPPC show that o as a function
of frequency at ty, can be perturbed with the increased mass in the phospholipid side chains.
This suggests that perturbation at this level changes the rate of the molecular event in LUV

suspensions to which ultrasound couples.
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Figure 6.1 Cp versus T(K) in LUV suspensions with 1, 2 and 5 mole % A23187.
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Figure 6.8 Cp versus T(K) in LUV suspensions with 50% and 100% per-deuterated DPPC.
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CHAPTER 7

CONCLUSIONS AND REMARKS

The data presented in Chapters 4, 5, and 6 allow conclusions to be drawn regarding the
interaction of ultrasound with LUVs in aqueous suspension. First, from perturbing different
aspects of the LUV suspension, it is found that oA/c as a function of temperature is sensitive
to any change in the phospholipid bilayer phase transition. That is, any agent that changes
the phase transition temperature of the LUV suspension, or the cooperativity of the
phospholipid phase transition, contributes to a change in oA\yax as a function of temperature,
both in the temperature of the peak and in the broadness of the a/c versus temperature
curve, as indicated by Aty/p. This is the case with divalent cations (Chapter 4) and with
deuterium oxide (Chapter 5). In both of these studies, the perturbing agent changes t;,, and
Aty /o of the lipid bilayer phase transition to some extent. However almax at ty of these
LUV suspensions is not changed from its value of 2.1 MHz, for standard LUV suspensions.
These results suggest that while the character of the phase transition could be changed, the
relaxation time of the event to which ultrasound coﬁples is not changed by these perturbing
agents, which act at the polar headgroups and at the membrane-aqueous interface,
respectively. It is therefore reasonable to conclude that the site of the observed ultrasonic
interaction is not at the level of the polar headgroups or membrane-aqueous interface.

The hydrophobic ionophore A23187, however, should affect aA/c as a function of
frequency given two requirements: (1) that ultrasound interaction with the LUVs is at the
level of the hydrophobic bilayer and, (2) if the incorporated A23187 can perturb that
molecular event to affect its relaxation time. As ultrasound is sensitive to changes in the
cooperative unit of the lipid bilayer phase transition, and if the hypothesis that ultrasound
interacts with the hydrophobic region of the lipid bilayer is valid and is dependent upon the
melting of single phospholipid molecules or the cooperative melting event between a small
number of phospholipid molecules, then A23187 insertion between phospholipid fatty acyl

chains may be able to perturb the rate of such a molecular event. As seen in Chapter 6, the
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inclusion of A23187 in the phospholipid membrane of LUVs did perturb o/c as a function

of frequency at ty,, even without a significant perturbation to the lipid bilayer phase
transitibn, as determined by DSC measurements. These data suggest that the ultrasound
must be sensitive to small perturbations of the hydrophobic region of the phospholipid
bilayer.

One and 2 mole % A23187 in LUVs increase the amplitude of o/c slightly, but the
increase in a)/c is seen only near ty,, suggesting that it is still the lipid bilayer phase
transition and events tied to it that cause the absorption of ultrasound energy. If an a)fc
offset was observed at all temperatures, then the change in a/c as a function of frequency
might simply have been a combination of the ultrasound absorption of phospholipid plus
A23187.

Five mole percent A23187 in LUV suspensions presents a different picture. Although
the lipid bilayer phase transition is still easily detectable by oA/c versus temperature, a high
o/c, at low frequencies, over the entire temperature range indicates that the A23187 itself
absorbs at these frequencies of ultrasound, to alter the spectrum obtained. The spectram is
thus a superposition of at least two spectra with the possible inclusion of more spectral
components due to specific jonophore-phospholipid or ionophore-ionophore complexes.

Finally, a more subtle perturbation of the LUV suspension is needed in order to identify
better the site of ultrasound interaction with LUVs in suspension. In this work, phospholipid
with deuterated side chains are employed (Chapter 6). That is, the excess mass of deuterated
fatty acyl side chains could definitely affect the rate of any conformational change
(cooperative or not) in them, and this perturbation is a subtle one as no probe or protein is
added. Preliminary work shows that o/c as a function of frequency is changed in such an
LUV suspension, and is highly suggestive that the fatty acyl side chains are involved in the
relaxational absorption of ultrasound by LUVSs at ty,.

Possible candidates for the event to which ultrasound is coupling, given these studies,
include: (1) ultrasound coupling to the rate of the molecular event of melting itself, (2)

ultrasound coupling to a melting of a specific number of molecules as a cooperative group,
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(3) ultrasound coupling to a sequence of trans to gauche conformational changes down the
length of a given fatty acyl side chain, and (4) ultrasound coupling to movement or repacking
of the phospholipid fatty acyl side chains related to, but not defining, the melting event.
Experiments to specify further the site of ultrasound interaction with the LUV
membrane include: (1) ultrasound determinations of a}/c versus temperature and frequency
in LUVs, where deuteration of specific sites on the fatty acyl side chains of phospholipids
has taken place, in order to specify a more exact site of ultrasound interaction with the
bilayer, (2) the use of longer or shorter fatty acyl side chains in LUVs, and (3) the inclusion
in this system of proteins, lipid mixtures, etc., which may be studied in order to investigate
further the interaction of ultrasound with more biologically relevant membranes, and to study

the ultrasound absorption of proteins within a membrane.
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