Biochemical Pharmacology. Vol. 26, pp. 2319-2323. Pergamon Press. 1977. Printed in Great Britain.

COMMENTARY

CHARACTERIZATION OF DRUG-MEMBRANE
INTERACTIONS USING THE LIPOSOME SYSTEM*
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Department of Pharmacology and Section of Developmental Therapeutics.
Yale University School of Medicine, New Haven, CT 06510, U.S.A.

Most drugs encounter biological membranes at some
point in their interaction with organisms, prior to
reaching the ultimate metabolic target. This
encounter may be nonproductive if any membrane,
particularly that enclosing the target receptor. repels
the drug and hence does not allow its entry into the
space bounded by the membrane. Alternatively, the
drug may pass through the membrane if solubility
properties are favorable or if an appropriate transport
mechanism exists. Thus, pharmacologists have been
concerned with the importance of cell membranes in
the action of medicinal agents at this level for many
years. The enormous increase in our understanding
of the composition and function of cellular mem-
branes has. however, stimulated a variety of investiga-
tions which have suggested that a number of drugs
may exert at least a portion of their pharmacological
effects through alteration of membrane function(s) by
either interaction with the membrane or interference
with its biogenesis. Consequently, an understanding
of the physicochemical basis by which drug-mem-
brane interactions occur is of great importance to a
definition of the mechanism of action of certain drugs.

A large number of studies exist which are con-
cerned with the effect of drugs on the properties of
membranes or membrane-supported activities. By and
large these studies are of a descriptive nature with
relatively little information on the molecular mechan-
isms of interaction. This situation is largely the result
of the enormous complexity of cellular membranes.
Thus, it i1s exceedingly difficult to define in detailed
molecular terms the interaction of a pharmacological
agent with a three-dimensional array of phospholipids
and proteins probably organized into specific neigh-
borhoods and underpinned by a complex cytoskele-
ton of microtubules and microfilaments.

Fortunately, a good model system for the phospho-
lipid bilayer of membranes exists, namely phospho-
lipid vesicles or liposomes. Liposomes are easily pre-
pared by simply suspending phospholipids in aqueous
solutions; the resulting liposomes consist of large
multilamellar cell-like structures which, upon being
subjected to high intensity ultrasound, form single
walled (unilamellar) vesicles (see Ref. 1 for a review
of techniques). Liposomes prepared so as to contain
drugs are being widely investigated as tools for the
delivery of these agents to cellular sites [2]. Relatively
less effort has been applied to the employment of the

*The work done in the authors’ laboratories was sup-
ported by U.S. Public Health Service Grants CA 10748,
CA 02817 and CA 16359 from the National Cancer Insti-
tute.

liposome as a model membrane for which to study
drug interactions with phospholipid bilayers. This
Commentary directs itself to a discussion of some of
the methodology which either has been or could be
utilized to provide structural and/or dynamic infor-
mation on drug-membrane interactions using lipo-
some vesicles. Many of the techniques and studies
described involve equipment which is generally avail-
able in biological laboratories and could be utilized
by pharmacologists to investigate the particular drug
class in which they are interested.

The liposome system has several advantages over
natural cell membranes for defining the physico-
chemistry of drug action. Liposomes are exceedingly
simple; sonicated dispersions of phospholipids pro-
duce small vesicles of fairly uniform size (on the order
of 300 A) consisting of a single bilayer surrounding
an aqueous space [3]. The membrane composition
both in terms of the polar head group and the fatty
acid side chains is accurately known, since pure phos-
pholipids can be employed as starting materials. In
this way, both the surface charge density and interior
fluidity can be controlled. Furthermore, membranes
of practically any lipid composition can be prepared
and purified proteins or other molecules can be incor-
porated into either the aqueous or hydrocarbon
phases. Such vesicles can be prepared on the large
scale necessary for certain types of physical measure-
ments without the complex manipulations required
to purify cellular membranes. Most importantly, lipo-
somes would appear to be relevant models of biologi-
cal membranes, as they have the basic phospholipid
bilayer structural element of the membrane.

As indicated previously, most drugs must interact
with membranes in some manner to exert their bio-
logical action. This interaction can be either a tran-
sient phenomenon while the drug passes through the
membrane, or the pharmacologically important act
itself. That is, the drug may alter some property of
the membrare to produce its characteristic pharma-
cological response.

Several distinct membrane properties are potential
targets for a drug molecule. One of the most widely
discussed of these properties is fluidity. Fluidity in
this sense is a measure of the resistance to lateral
diffusion of molecules in the membrane plane. A
membrane in the solid (or gel) phase possesses hydro-
carbon chains with a high energy barrier to bond
rotation. These hydrocarbons, therefore, form an all
trans geometry about the carbon—carbon bonds and
pack into an ordered hexagonal array. In contrast,
in the fluid (or liquid crystalline) phase the barrier
to bond rotation is much lower and the hydrocarbon
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chains possess liquid-like disorder, thus disrupting the
ordered array. The transition from one phase to the
other occurs, at least for pure phospholipids, at a
characteristic temperature called the T, (sometimes
referred to as the T.). This critical temperature is a
function of membrane composition and solution con-
ditions and can be studied by a variety of physical
techniques. In principle, drugs could affect the fluidity
characteristics of a membrane in either direction, i.e.
by making it more fluid or more solid and thus either
enhancing or inhibiting membrane functions which
require translation of molecules within the bilayer.
Examples of both cases are known and will be dis-
cussed.

Drugs can also alter the permeability of a mem-
brane. Indeed, one of the chief functions of a mem-
brane is to act as a permeability barrier to restrain
movement of desirable or undesirable molecules. Any
alteration in membrane permeability characteristics
produced by a drug could have profound effects on
cellular activity. Polyene antibiotics are examples of
agents which make certain kinds of membranes leaky,
whose molecular action at this level has been probed
using liposomes [4].

Spatial organization is another important feature
of membrane design that is a possible target for drug
action. Several kinds of experimental evidence exist
which suggest that most biological membranes are
not simply a homogeneous sea of molecules randomly
drifting about (for a relevant review see Ref 35).
Rather, certain proteins, which include receptors and
antigens as well as more complex assemblies, are
ordered into specific environments. Lipids too prob-
ably exist in defined local environments and, in fact,
show an asymmetrical distribution on the two sides
of the bilayer [6]. Relatively little is known of the
structural details of such organization, but pharmaco-
logic disruption is certainly a possible mode of drug
action. Detergents are perhaps the most drastic
example of agenfs which alter membrane spatial
organization [7].

The fusion of one membrane with another is an
additional physiological function of membranes
which could be aliered by chemical agents. Since
fusion is an important component of biological events
ranging from secretion to virus infection, alteration
of this mechanism could profoundly influence living
cells. The liposome system would appear to have con-
siderable usefulness in studies of membrane fusion.
Gent and Prestegard [8], for example, have shown
that free fatty acids promote vesicle fusion. with the
maximum rate occurring at the transition tempera-
ture. Interestingly, prostaglandins, which are complex
derivatives of fatty acids, do not stimulate vesicle
fusion (T. R. Tritton and C. A. Briggs, unpublished
results); however, other kinds of molecules promote
liposome fusion (e.g. antidepressants [9] and
Ca®* [10]), but apparently no compound has been
described which inhibits the effects of such fusogens.

Charge distribution and density are increasingly
being recognized as yet another important character-
istic of membrane surfaces [11]. This property is in-
terrelated with fluidity, permeability, fusion and struc-
tural organization and most certainly is important in
drug interactions with membranes, particularly as a
determinant of binding specificity. All of these proper-
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ties of biological membranes can be studied mn the
relatively simple liposome system. To demonstrate the
utility of these vesicles. selected examples of appro-
priate physicochemical approaches using liposomes.
which have assisted in the definition of the mechan-
isms of chemical interactions with membranes. will
be deseribed.

ANAESTHETICS

Anaesthetics, as a class, have been extensively stud-
ied in liposome systems. Unlike many other drugs,
anaesthetics appear to be quite nonspecific, acting on
a variety of cell types and cell functions. In addition,
different anaesthetic drugs possess structures with no
obvious chemical similarities. Instead, the unifying
feature of these agents is that anaesthetic action
appears to occur at the membrane, although the
actual molecular details of this interaction are contro-
versial.

High resolution nuclear magnetic resonance has
been usefully employed in the study of anaesthetic-
membrane interactions by several workers. Modern
Fourier transform multinuclear instruments are cer-
tainly capable of giving a large amount of detailed
information, but are expensive and complex and are
not readily available to many research workers. On
the other hand, the low field continuous wave proton
machines available in most laboratories can yield
useful information, as exemplified by the studies of
Hauser et al [12] and Cerbon[13] on liposome-
anaesthetic interactions. The basic principle in this
kind of experiment is that a macromolecular assembly
has much slower molecular motions in solution than
a small molecule. When a small molecule binds to
a large one, however, it takes on the motional correla-
tion time of the macromolecule. The result is a shor-
tening of the magnetic relaxation times {ie. the so-
called T1 and T2) of the small molecule and a resul-
tant line broadening. Thus, an increase in an NMR
line width is an indication of a molecular interaction.
Fischer and Jardetzky [14] were the first to apply this
approach, and Jardetzky and others have subse-
quently developed the technique, expanding its range
of application over the last 10 yrs. A recent book
gives appropriate details and pertinent refer-
ences [15].

As an example of this technique, Hauser et af. [12]
showed that interaction of procaine and tetracaine
with liposomes occurred only with those composed
of acidic phospholipids, but not with zwitterionic
neutral ones, indicating that the interaction was
dominated by electrostatic and Van der Waals forees,
Consistent with this idea, they also observed a differ-
ential effect on the line broadening of various regions
of the anaesthetic molecule. Cerbén [13] further
showed that the presence of a hydrophobic tail on
the anaesthetic. as in butacaine or pantocaing,
resulted in interaction with membranes, even in the
absence of a net negative charge, presumably by inser-
tion of the hydrophobic portion of the drug into the
hydrocarbon region of the membrane.

Various kinds of approaches have been employed
to examine the effects of anaesthetics on the fluidity
of membranes. For example, Trudell et ol [16] have
used electron spin resonance {(ESR) to show that vola-
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tile anaesthetics produce disorder in a lipid bilayer.
This kind of information is readily obtainable from
these (ESR) kinds of studies because the conforma-
tional mobility of nitroxide spin labeled fatty acids
(commercially available from Syva Corp., Palo Alto,
CA.) can be deduced from the splittings in the ESR
spectrum. The practical details of such an analysis
can be found in the review of Griffith and Jost [17].
Trudell et al. {16] were able to show the probable
pharmacological relevance of their studies by demon-
strating a dose-response relationship between anaes-
thetic concentration and liposome membrane dis-
order over concentrations similar to those required
for clinical anaesthesia.

Likewise, Papahadjopoulos er al. [18] showed that
local anaesthetics also increase the fluidity of mem-
branes and that this fluidizing effect was even more
pronounced in the presence of Ca’”. These conclu-
sions were derived from differential scanning calori-
metric (DSC) and fluorescence polarization measure-
ments. In the former type of experiment, the sample
under study is heated at a programmed rate and the
amount of heat absorbed or released in a thermally
induced transition is measured. Fluorescence polari-
zation measurements, on the other hand, require a
probe molecule embedded in the membrane and, like
ESR experiments, sense the mobility of the probe and
hence indirectly the degree of fluidity or disorder in
the membrane. Using both techniques, Papahadjo-
poulos et al. [18] found that the critical temperature
(T,,) of the gel-liquid crystal transition of the lipo-
somes decreased in the presence of dibucaine, indicat-
ing that this agent caused the membrane to become
more fluid.

CHOLESTEROL

The widespread occurrence of cholesterol in bio-
logical membranes suggests that this relatively smali
molecule plays an important role in modulating mem-
brane structure and function. Although not techni-
cally a drug, cholesterol is included in this discussion
because it exemplifies several principles of small mole-
cule-liposome interaction. A variety of techniques
have been employed to determine the effects of
cholesterol on phospholipid liposomes; these studies
have yielded a fairly detailed picture of their inter-
action. The dominant concept is that cholesterol
modulates the packing of the hydrocarbon chains
such that in the fluid phase chain flexing is inhibited,
while in the solid phase chain packing into a rigid
array 18 prevented. Relatively little information is
available on the interaction of other steroids, such
as the steroid hormones, with liposomes and this
would appear to be a fruitful area for future research.

To study the effects of cholesterol on the lipid
phase transition, a variety of techniques including dif-
ferential scanning calorimetry have been employed.
Ladbrooke et al.[19] and Hinz and Sturtevant [20]
showed that addition of cholesterol to lecithin lipo-
somes lowered the transition temperature and de-
creased the specific heat absorbed in direct propor-
tion to the mole per cent of cholesterol incorporated.
When membranes contain between 33-50 per cent
cholesterol, the solid—fluid transition is completely
eliminated. NMR spectroscopic study of the protons
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on the lecithin molecules in liposomes shows a reduc-
tion in signal for the methylene protons. suggesting
that cholesterol makes the membrane less fluid above
the T, [21,22]. In this type of experiment, the only
observable resonance signals are those {rom protons
on the lecithin itself, i.e. the resonance signals from
cholesterol are obscured by the high lipid back-
ground. To overcome this problem, Kroon et al. [23]
have synthesized > 99 per cent deuterated lecithin:
use of vesicles consisting of this material allows the
observation of some of the resonances of the choles-
terol present in the liposomes. From these studies,
it was concluded that the cholesterol molecule has
a differential mobility in the bilayer. The motion of
the aliphatic tail is essentially unrestricted, while the
steroid nucleus is more immobilized. These results,
however, are in conflict with some previous models
of cholesterol-membrane interactions, which postu-
late a specific stoichiometric association [23]. Never-
theless, the success of these studies makes it likely
that the use of deuterated phospholipids will be an
increasingly important tool for NMR spectroscopic
studies of other small molecules which interact with
membranes.

ESR, too, has been used effectively to probe the
interactions of cholesterol with liposomes. For
example, using a spin labeled cholesterol derivative,
Schreier-Muccillo et al. [24] demonstrated that (a) the
steroid orients itself with its long axis perpendicular
to the plane of the bilayer, and (b) the molecule
rotates rapidly about this axis. When a nitroxide spin
label was placed at different positions along the hy-
drocarbon chains, Hubbell and McConnell [25] were
able to discern a “fluidity gradient™ corresponding to
increasing motion toward the center of the bilayer.
Addition of cholesterol to the fluid bilayer (i.e. above
the T,) decreased the flexibility of the chains until
at equimolar stoichiometry the hydrocarbons were
almost completely rigid [24]. Conversely, introduc-
tion of cholesterol into solid membranes (i.e. below
the T,) actually increases chain flexibility. Other
physical techniques, such as X-ray diffraction [26]
and fluorescence polarization [27], support these con-
clusions.

Finally, cholesterol also affects the permeability of
liposomal membranes. Papahadjopoulos et al [27]
showed that the presence of cholesterol produces a
decrease in the rate of self-diffusion of Na™ ions
across liposome membranes at all temperatures.
Moreover, at equimolar levels of cholesterol and
lecithin the increase in permeability with increasing
temperature showed no discontinuity and gave linear
Arrhenius plots in direct contrast to the pure phos-
pholipid alone. This result demonstrates that choles-
terol inhibits the phase transition associated changes
in Na® permeability.

ADRJIAMYCIN

In our own laboratories, we have been interested
in the interaction between the antineoplastic agent
adriamycin and membranes. Although DNA has
usually been considered to be the prime target for
the action of this drug, recent evidence suggests that
membrane effects are important as well [28]. These
studies demonstrated that the rate of agglutination
of Sarcoma 180 cells by concanavalin A was enhanced
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by levels of adriamycin which inhibit cell growth and
that this effect occurred in the absence of a change
in the rate and extent of binding of labeled concana-
valin A to these cells. In an attempt to understand
the details of the action of adriamycin at the level
of the membrane, we are employing a variety of phy-
sicochemical approaches using the liposome system.

Although of great utility in studying the fluidity
characteristics of membranes. scanning calorimeters
and electron spin resonance instrumentation are not
routinely available to many investigators: therefore,
we have successfully used a common spectrophot-
ometer to measure phase transitions (fluidity) in lipo-
somes by monitoring changes in turbidity as a func-
tion of temperature. Turbidity is a measure of light
scattered in the forward direction. When a dispersion
of phospholipid vesicles undergoes a solid—fluid phase
transition, the scattered light intensity is altered [29]
and measurement of this phenomenon provides a
convenient monitor of this transition. Using this tech-
nique, we have obtained evidence that adriamycin
fluidizes pure lecithin membranes; however, when
small amounts of cardiolipin are incorporated into
these membranes, the drug causes them to become
less fluid (i.e. to have a higher T,,). This is apparently
not a nonspecific effect of acidic phospholipids, since
phosphatidyl serine containing liposomes are ren-
dered more fluid by adriamycin [30].

We have also used 60 MHz continuous wave pro-
ton NMR to ascertain whether adriamycin alters the
permeability and fusion characteristics of liposomes.
The N*(CH,), proton resonance of lecithin is a well-
resolved single peak in the NMR spectrum. In the
presence of the paramagnetic ion Pr**. the resonance
position of the choline protons is shifted down-
field [31]. Since the liposomes are normally imper-
meable to Pr?* only those protons on the outside
of the bilayer are accessible to the shift reagent. and
hence the N*(CHj;), resonance is split into an inside-
outside doublet. If a drug molecule makes the mem-
brane leaky and thereby permeable to Pr?*. then the
doublet structure will collapse due to contact of the
paramagnetic ion with choline protons on both the
inside and outside of the vesicles. Addition of adria-
mycin to such a Pr'*-liposome system causes no
apparent NMR signal change, and thus we conclude
that the drug does not make the membrane per-
meable to ions like Pr?*.

Membrane fusion is also easily monitored in lipo-
some suspensions using proton NMR [8]. The basic
concept in this approach is that fusion of small vesi-
cles to form larger ones slows down the molecular
motions of the lipids. This, in turn, causes the proton
resonances to broaden such that, as larger liposomes
are formed, the motion becomes slower, and finally
no resonance is observed. That is, the signal intensity
will decrease with time as fusion proceeds. In pure
lecithin liposomes, fusion occurs very slowly. if at all,
and addition of adriamycin does not cause any
change. In cardiolipin containing lecithin liposomes,
however, adriamycin markedly enhances the rate of
vesicle-vesicle fusion, as determined by the loss in
signal intensity of the choline proton resonance.
These results suggest that adriamycin interacts in a
specific manner with cardiolipin containing vesicles
to alter fluidity and fusion characteristics.
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OTHER DRUGS

Several other investigations of drug-liposome inter-
actions exist in the literature. Much of this work is
concerned with the effects of drugs on membrane
fluidity. For example, using DSC and ESR. Cater ¢1
al. [32] reported that morphine-like compounds and
tricyclic antidepressants altered the tilt of the hydro-
carbon chains at low concentrations and then flui-
dized the membrane at higher drug concentrations.
Likewise, Jain et al. [33] showed by DSC that a series
of aliphatic alcohols. uncouplers of oxidative phos-
phorylation, and tranquilizers broadened thc transi-
tion profile and decreased the T,, of dipalmitoyl phos-
phatidyl choline liposomes. Not all drugs fluidize
membranes, however. For example. Lyman et al. [ 34]
showed. again by DSC, that agents like dimethyl
sulfoxide, dimethyl formamide. pyridine N-oxide and
tetramethylurea, which induce differentiation 1n
Friend erythroleukemia cells, cause an increase in the
transition temperature of dimyristoyl phosphatidyl
glycerol liposomes, indicating a tendency to promote
less fluid or more ordered membranes.

It appears that practically any drug or other small
molecule can produce fluidity changes in membrane
phospholipids, although concentrations which are
much higher than clinically relevant ones are often
necessary to cause changes in physical properties of
the membrane. Consequently, membrane fluidization
by itself may not be the pharmacologically important
event in the action of a drug on a cell. especially
if high concentrations of the agent are required to
produce the effect. Nonetheless. local membrane
effects due to specificity of a drug for a particular
membrane component or a differential effect on sep-
arate components of the membrane could be an im-
portant determinant of drug action. Thus. it appears
reasonable to predict that future fruitful cfforts in
drug development may be attained by achieving such
specificity in membrane active drugs. There are two
general means by which such specificity might be
obtained. The first is the conventional approach of
compound design and synthesis followed by cvalu-
ation in a proper test system. A second possibility,
however, is to use liposomes of defined composition
to increase specific components of surface membranes
of target cells through fusion and hence change the
inherent binding specificity of that membrane toward
selected small molecules. Thus, if a given drug has
a high affinity for a certain membrane component
or is particularly effective against cells whose mem-
branes contain that component, then fusion of cells
with appropriate liposomes could be used to intro-
duce this material into cell membranes. The thera-
peutic potential of this approach has not been over-
looked and much effort has been devoted to defining
the mechanisms of liposome uptake by cells {reviewed
in Refs. 1 and 35).

PROGNOSIS

Physicochemical studies have had a significant im-
pact on our understanding of the structure and func-
tion of biological membranes. In this Commentary.
we have outlined how such approaches can also yield
information about membrane interactions with drugs
that is not readily available by other kinds of tech-
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niques. At least some of these approaches can be sys-
tematically exploited by nearly all pharmacologists.
A major goal of these studies is a definition of the
molecular details that govern the ways in which small
molecules interact with membranes. Since interaction
of chemical agents with membranes is so common
and important in biological systems, it is likely that
much future effort will be applied in this area. A
second, more practical, goal of studies of drug-
membrane interaction is to employ the findings
obtained to suggest new ways in which optimal
chemotherapeutic use can be attained. It seems
reasonable to assume that a description of the mech-
anisms of drug-membrane interaction will assist in
the rational design of new agents capable of achieving
desired phenomena.

A limitation in most physical studies on liposomes,
including all of the methodologies described in this
report, is that only the bulk or average property of
an entire system is observed in the experiment. Conse-
quently, localized effects, which may be of critical im-
portance in an organized membrane system, are not
readily discernible. This i1s an inherent limitation of
our methodology at present and represents a major
challenge for developing new techniques in the future,

Some progress has been made in examining mem-
brane properties of single cells, such as (a) the use
of fluorescence polarization using microscope-optics
[36]. and (b) the application of intense highly focused
laser beams to measure fluorescence photobleaching
recovery as a means of detecting lateral motion of
fluorescent cell surface components [37]. The value
of the liposome system, however, lies in its simplicity
and, therefore, it is highly useful for design and inter-
pretation of physical studies on membranes. Such
studies, however, should be viewed only as a starting
point from which to proceed to biological mem-
branes.
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