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Introduction

In pharmacology the difference between effective
and toxic concentration (the therapeutic window)
of many potent drugs is very narrow and severely
limits their utility. It has long been recognized that
there is a tremendous need to be able to deliver
drugs, especially highly toxic ones by targeting
them to specific sites and avoiding, as much as
possible, healthy organs, tissues, and cells. Many
drug delivery systems can change the spatial and
temporal distribution of the drug molecules (such
as extend the availability of drug in blood circu-
lation) and therefore improve the therapeutic index
of the drug. However, none of the particulate drug
carrier systems have so far shown substantial im-
provements in the pharmacokinetics and biodis-
tribution of administered drug molecules, especi-
ally ones for cancer chemotherapy, and many in-
fectious diseases and inflammations. With this
need as a strong motivation, a new drug delivery
system has emerged, the so called, Stealth lipo-
some.!

In the Stealth liposome system, a drug is encap-
sulated in a specially designed, biocompatible,
submicroscopic capsule that can evade the body’s
defenses, thus avoiding rapid uptake by the cells
of reticuloendothelial system (RES) which are lo-
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cated predominantly in liver and spleen. Because
of this avoidance Stealth liposomes are more avail-
able to deliver drugs and other agents to specific
target sites in the body. The Stealth liposome and
similar sized Stealth particles therefore have the
potential to improve a range of medical treatment
strategies, including those aimed at vascular and
nonvascular sites. They have expanded the ap-
plicability that was always anticipated for (but not
fully realized by) “conventional” liposomes and other
microcarrier-type drug delivery systems. Research-
ers in this area are currently addressing a whole
range of issues from theoretical descriptions of the
material properties of the Stealth liposomes to the
performance of drug-laden Stealth liposomes in clini-
cal trials.

In this review, we will present the developments
that have occurred in the last few years and will
attempt to derive lessons that will help to direct
future work based on an approach that considers
composition < structure <> property relations, then
together determine the performance-in-service of the
materials involved. We will start by connecting back
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to the rather voluminous literature concerning con-
ventional liposomes (the reader is referred to the
collected works in refs 2—8). This discussion will
serve to introduce not only a description of the
liposome as a chemical and physical entity, but will
also allow us to put into perspective the importance
of the recent developments that have led to the
emergence of the Stealth system. We will review
what is known about the likely mechanisms that the
immune and other systems impose on foreign par-
ticles, such as liposomes, when they are introduced
into the body. Through this discussion, we will bring
some rationale to the current and future design
requirements of all Stealth microcarrier systems and,
in fact, also of some other biosurfaces that must
interface with biofluids. We shall attempt to couple
as much as is possible at the moment, the available
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Figure 1. Cryoelectron micrograph of a heterogeneous liposome preparation. Small (a), large (b), and giant (c¢) unilamellar,
and multilamellar vesicles (d), as well as multivesicular (e) liposome can be observed. Bars represent 100 nm. (Courtesy

of P. Frederik, Limburg University, Maastricht.)

in vivo data with data that aim to quantitate the
mechanical and interactive properties of liposomes
in general, and the Stealth liposome in particular.
We shall try to explain the complex in vivo behavior
of liposomes on the basis of their colloidal, chemical,
and mechanical properties which determine their in
vivo reactivity, stability, and interaction character-
istics.

1. Conventional Liposomes: A Brief Background
into Their Composition, Structure, and
Applications

Liposomes can be classified as association colloids,
built up of amphiphatic lipid molecules that self-
assemble in aqueous media into spherical, self-closed
structures. Liposomes can be composed of either
extracted and purified, naturally occurring lipids or

(as used in model studies that require a pure prepa-
ration) many synthetic products that are commer-
cially available. As shown in the cryoelectron mi-
crograph in Figure 1 and the schematic diagram in
Figure 2, the spherical liposome is an assembly of
lipid molecules that are in a lamellar phase formed
from two monolayers that are apposed back to back
to give the bilayer membrane. Thus, liposomes are
essentially spherical and can encapsulate aqueous
media.’ Liposome size can range over 3 orders of
magnitude, from 10 of nanometers to 10 of microme-
ters, and they can contain one, several, or many
(concentric) bilayer membranes. These structural
differences are recognized by the respective designa-
tions small, large, and giant unilamellar vesicles
(SUV, LUV, and GUV); oligolamellar vesicles (SOV,
LOV, and GOV); and the most easily formed multi-
lamellar vesicles (MLV).?
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Figure 2. Schematic presentation of liposome bilayer and
structure of liposomes. Normal bilayer is shown on left
while polymer-grafted bilayer is shown on the right of
multilamellar vesicles (MLV), multivesicular liposome
(MVL), and giant, large, and small unilamellar vesicles
(GUV, LUV, and SUV).

Every cell on the planet is surrounded by a
membrane that has the same basic lipid bilayer
structure as that exhibited by liposomes. Because
of this, the lipid bilayer has been used extensively
as a model system for studies that aim to decipher
the complexities of cell membrane structure, proper-
ties, and function.l® As with the cell, the lipid bilayer
acts as a chemical, mechanical, and electrical barrier
that sequesters an internal aqueous solution and
separates it from the external milieu. Herein lies the
basis for the technological utility of the liposome; it
provides a relatively biocompatible system (biode-
gradable, absence of toxicity, and negligible induction
of immune response) for the microencapsulation and
sustained release of internally trapped aqueous
soluble agents; and it can also act as an amphiphatic
solvent with a wide spectrum of solubilizing power
that can disperse otherwise immiscible components
in aqueous media, such as the blood stream.

One of the most promising applications of lipo-
somes has always been parenteral (administration
elsewhere than the alimentary canal) drug delivery.?-8
When compared to the fate of free drug, a variety of
colloidal-sized drug carriers have been shown to
change the biodistribution of entrapped or bound
drug molecules in the body and to change the rate of
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uptake in specific organs and tissues.?~81° This
microparticle strategy has resulted in improved drug
efficacy, reduced toxicity, or both. Liposomes became,
for a variety of reasons, the most studied and used
microparticle system. Apart from biocompatibility
and naturally occurring constituents, from a research
and manufacturing point of view, their size and
surface properties can be well tailored during prepa-
ration.1%1! Also, most of the limitations such as large-
scale reproducible preparation, sterilization, and
stability in storage and transit have been over-
come,10:12

The majority of applications require intravenous
administration, and so the “age-old” problem with
liposomes, as with all foreign colloidal delivery
systems, is that the particles are exposed to a range
of nonspecific and specific sinks that act to deplete
the injected dose from the blood stream. Although
this uptake is long (minutes to a few hours) compared
to the removal of free drug, it still severely compro-
mises the usefulness of the circulating reservoir of
encapsulated drug. Nevertheless, in several particu-
lar cases, conventional liposomes have provided a
beneficial mode of action as drug delivery vehicles.
In addition to the treatment of the diseases of
phagocytic cells themselves some of the successful
applications, which take advantage of the solubilizing
and microencapsulation properties of liposomes, are
shown in Table 1.

2. The Stealth Liposome: Definition,
2evelopments, and Possible Mechanisms of
ction

2.1. The “Stealth” Property

The body protects itself against pathogenic attack
with a complex molecular and cellular defense sys-
tem. Upon entering into the body, foreign substances
get either excreted, digested, or passivated. In
contrast to unmodified colloidal particles, which are
recognized and, after opsonization (i.e., adsorption of
proteins of immune system), taken up by macroph-
ages, Stealth particles have specially engineered
surface properties that enable them to evade this
rapid uptake.l’ Arbitrarily, we define rapid uptake
as being circulation half-times less than 2 h.

2.2. Developments

Several approaches have been developed that in-
crease the circulation times of conventional lipo-

Table 1. Modes of Action of Liposomes in Pharmaceutical Formulations

liposome utility

example

disease states treated

solubilization
sustained-release
site-avoidance
drug protection
passlve targeting

Amphotericin B, minoxidil

macrophage-located diseases

specific targeting cells bearing specific antigens

extravasation leaky vasculature of tumors, inflammations, infections
accumulation prostaglandins

enhanced penetration topical vehicles

drug depot lungs, subcutaneous, intramuscular, ocular

intracellular delivery

systematic antineoplastic drugs, hormones, corticosteroids
Amphotericin B (kidneys), doxorubicin (heart

cytosine arabinoside, interleukins
immunomodulators, vaccines, antimalarials,

DNA, genes, antisense oligonucleotides

fungal infections

cancer, biotherapeutics

fungal infection, cancer
cancer, etc.

cancer, MAI, troplical parasites

wide therapeutic applicability
cancer, infections
cardiovascular diseases
dermatology

wide therapeutic applicability
gene therapy, bloengineering
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Figure 3. Blood clearance rates of different liposome
preparations as measured by the radioactive tracers. For
details see ref 20.

somes. For example, small, uncharged liposomes
circulate longer while presaturation of RES with
empty MLVs or suppression or elimination of im-

mune system is medically questionable and certainly

impractical.1%1? Liposomes composed from phospho-
lipids with saturated hydrocarbon chains, most no-
tably stearic, and preferably containing high amounts
of cholesterol, yielded the longest blood circulation
times.!* These improvements, coupled with the
unavoidable stability problems of such uncharged
formulations, however, were not significant enough
to produce much advantage over existing nonliposo-
mal treatments as can be judged from the fact that
as of mid-1995 and after two decades of work there
is only one parenteral liposomal product on the
market, a SUV formulation of antifungal agent
Amphotericin B, and even this one is only com-
mercially available in some European countries.
Subsequent approaches tried various surface modi-
fications such as coatings with proteins!* or glycolip-
ids.1> Later it was found that small and cholesterol-
rich liposomes composed from lipids containing C18
saturated chains and doped with ganglioside Gu'®
or hydrogenated plant phosphatidylinositol!” at 5~10
mol % exhibited substantially improved blood circu-
lation times.

The most important improvement was based on an
analogy with efforts to improve circulation times of
proteins by PEGylation!® and nanoparticles with
adsorbed block copolymers.!® Liposomes with surface-
grafted PEG chains were thus introduced?’~2* as
reviewed in refs 25—28. Polymer-grafted liposomes
showed from 1 up to 2 orders of magnitude longer
circulation times and substantially altered the phar-
macokinetics and biodistribution of encapsulated
drug molecules.?>3° Figure 3 shows the blood circu-
lation times of various liposome preparations. [Dur-
ing the final revisions of this review we learned that
FDA’s Oncologic Drugs Advisory Committee voted
unanimously (Washington, Feb 14, 1995) to recom-
mend approval of doxorubicin in stealth liposomes,
a product which is described below.]

2.3. PEGylated Phos%hollpid Molecules and the
Preparatlon of Stealth Liposomes

Several ways to synthesize these molecules have
been described in refs 25—27. The most common
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R = C,H; for poly(2-ethyl-2-oxazoline)
Figure 4. (a) Chemical formula and chemical synthesis
scheme for the methoxy polyoxyethylene carbamate deriva-

tive of phosphatidyl ethanolamine and (b) structural
formula for poly(2-acyl-2-oxazoline).

reaction, which also produces a chemically very stable
bond, is by coupling methoxy PEG, which has only
one reactive end to the amino group on phosphati-
dylethanolamine via carbamate linkage using car-
bonyldiimidazole, as shown in Figure 4. For some
purposes, however, one would prefer fast cleavage of
polymer chains as can be achieved by different
chemical linkages to further tailor pharmacokinetics
and biodistribution of liposomes. Very recently,
however, the search for targetable stealth liposomes
has resulted in the synthesis of heterobifunctional
PEG which enables coupling of antibodies to the far
end of the grafted PEG chains.®® Conjugation of
conventional liposomes was normally achieved by
incorporation of functionalized lipid component (ma-
leimido- or carboxyphosphatidylethanolamine) which,
after formation of vesicles, underwent an immuno-
globulin conjugation process. The presence of PEG
coating, however, interfered with the reaction itself,
as well as the interaction of the immunoliposome
with its target antigen. Heterobifunctional PEG can
have several active groups at the far end, such as
carboxylate or hydrazide, while the other end is
attached to PE via amino-reactive succinimidyl car-
bonate group. Periodate-oxidized antibodies can bind
to hydrazide groups.?

The polydispersity of the polymer varies according
to the purity of the starting polymer and practically
does not change after chemical linkage. Commercial
grade material has a reported polydispersity index
P, as defined by a ratio of weight over number
average molecular weight, of 1.1, while BioTech grade
has P = 1.05. A mass spectrum of commercial grade
PEG 2000 is shown in Figure 5a, and the standard
deviation of the symmetric distribution around 2000
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Figure 5. Mass spectra of metoxy PEG 2000 Da (a) and, after its coupling to DSPE, of 2000PEG-DSPE (b). Spectra were
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assignements, as expected from the spectra of both compounds, show that chemical reaction only shifts molecular weight
for 772 Da. (Courtesy of J. Guthrie and S. Greenwald.)
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Da is 400 Da, i.e. 67% of the polymer has degree a of
polymerization 45 + 9. Figure 5b shows that after
linkage to the lipid, the polymer polydispersity does
not change.

As used commercially, liposomes normally contain
between 4 and 10 mol % of PEGylated lipid, in which
the molecular weights of PEG is mostly 2000 and
5000 Da. At concentrations above 15—20 mol % the
bilayers become unstable due to the increased lateral
pressure among polymer chains.?273¢ Many different
lipid compositions can be used, but because of the
need to minimize lipid oxidation and leakage of the
encapsulated molecules as well as cost, the most
frequently used lipids are mixtures of hydrogenated
soy lecithin, which consists predominantly of stearic
chains,1° and cholesterol. Liposomes can be produced
by all the available liposome preparation methods
with extrusion or microfluidization of thin film
hydrated multilamellar dispersions being the most
frequently used ones. Prolonged sonication may
cleave polymer chains. The optimal size is between
70 and 200 nm; larger liposomes in general do not
circulate as long while there are some indications
that the same may hold true for smaller ones prob-
ably due to the leakage through fenestrations in blood
vessels’ walls. In any case, the carrying capacities
of the smaller liposomes are too small and with a
possible exception of very potent drugs and efficient
loading techniques, they are not used. Obviously,
drug molecules must be encapsulated in a stable
manner so that long-circulating liposomes can deliver
their cargo.

2.4. Other Stabilizing Polymers

All the reported long-circulating and polymer-
coated liposomes contain PEG polymer. Anecdotal
evidence exists that the use of poly-lactic acid and
poly-glutamic acid did not result in any effective
biological stabilization and that the use of block
copolymers resulted in the vesicle leakage.

Although PEG has several special properties, such
as high anisotropy of the monomer (i.e., is very thin
polymer), and good solubility in polar and nonpolar
solvents, there was no reason to expect it to be unique
in rendering biological stability to liposomes. Indeed,
recently two new polymers were described which
conveyed long circulation times and low hepatospleen-
ic uptake to liposomes. Poly(2-methyl-2-oxazolidine)
(PMOZ) and poly(2-ethyl-2-oxazolidine) (PEOZ) with
degree of polymerization ~ 50 and linked via glut-
arate esters to DSPE, at 5 mol % in the bilayer, gave
rise to very similar pharmacokinetics and biodistri-
bution of liposomes as polyethylene glycol®® (Figure
4b).

Amphiphilic polyacrylamide and poly(vinylpyrroli-
done) containing liposomes also showed increased
blood circulation although the prolongation was less
significant. Because the general behavior of poly-
mers should be similar, one can understand this
effect by weaker hydrophobic anchoring as these two
polymers were attached to dodecyl and palmitoyl
chains.?® Longer chains showed, as expected, longer
circulation times. Relatively short BCT can be
understood by the detergent depletion method for
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liposome preparation which may further decrease the
fraction of these lipids which have higher aqueous
solubility than other liposomal lipids.

In addition to those, there are undoubtedly many
other polymers, including branched ones, which can
render steric stability to liposomes.

2.5. Possible Mechanisms of Action

Liposome formulations containing PEGylated lip-
ids have now prolonged encapsulated-drug circula-
tion times to several days. Mechanisms of liposome
blood clearance are, however, still not fully under-
stood. It would seem that clearance must involve
contact between liposomes and cells and molecules
of the blood system. At least three underlying
interfacial mechanisms, all of them based on im-
proved liposomal colloidal stability, would appear to
be involved:

2.5.1. Steric Stabilization of Liposomes (Colloidal)

Steric stabilization by the polymer opposes the
mutual aggregation of unmodified liposomes (Figure
6) and would also appear to limit the interactions of
liposomes with all other cellular surfaces in the blood
system.?2’” While polymers that are adsorbed or
grafted onto a variety of substrates have been the
subject of considerable theoretical and experimental
study the first experimental measures of the mutual
repulsive pressures that polymer-bearing lipid bi-
layer systems are expected to exert, were reported
only recently (see section 4). With regard to lipo-
somes there have been only few, rather qualitative,
studies showing reduced aggregation and fusion?537-39
of PEG-bearing liposomes. Also, the binding capacity
of immunoliposomes with attached antibodies was
reduced in the presence of PEG-lipids.2"3® Recent
experiments have shown that PEG-coated liposomes
are resistant to fusion in aqueous solutions up to the
addition of 30 wt % of 2°CPEG free polymer while
25% of control vesicles exhibited mixing of aqueous
contents.*0

2.5.2. Evasion of RES (Biointerfacial)

Colloidal-sized particles are cleared from the blood
circulation mostly by opsonization. In this process,
various plasma components, especially immunoglo-
bulins and complement factors, bind to foreign matter
which consequently triggers their uptake by mac-
rophages. Opsonization can also be nonimmuno-
genic, such as the adsorption of fibronectin, It is very
likely that the presence of the bulky, nonionic,
nonimmunogenic, hydrophilic (PEG) polymers on the
liposome surface reduces the adsorption of opsonins.
Studies on other PEG polymer-bearing surfaces have
indicated that small molecular weight polymers
(21000 g/mol) can inhibit protein adsorption,*! and
by inference, opsonizaton, but that larger molecular
weights (18500 g/mol) are required to inhibit adhe-
sion with cellular surfaces.42~44

2.5.3. Liposome Destruction by Nonimmune Components,
e.g. Lipoproteins and Lipase Enzymes, etc. (Material/
Chemical Stability)

Polymer coating also significantly reduces interac-
tions with other plasma components which can
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Figure 6. Freeze fracture electron micrographs of extruded conventional (egg phosphatidyl choline/cholesterol, 2/1, part
a (top)) and stealth liposomes (part b (bottom)), same composition with exception that 4 mol % of EPC was substituted
with 200PEG-DSPE). The aggregation of uncharged and not sterically stabilized liposomes could be clearly observed. Bars
represent 500 nm. (Courtesy of J. Costello, UNC, Chapel Hill.)

destabilize liposomes upon contact or by exchange/
depletion of lipids. This stability, of course, is also
coupled to the mechanical characteristics of the
bilayer itself. The higher mechanical stability of
cholesterol-containing lipid bilayers has been shown

to inhibit access of the bilayer’s constituent lipids to
attack by surface-active enzymes and to the dissolu-
tion of the lipids by lipoproteins.'24546 Thus, al-
though we do not expect that such small liposomes
will be exposed to levels of surface stress that might
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break the membranes, mechanical stability is an
indicator of cohesion*’ and resistance to chemical
attack. Reduced interaction with lipoproteins which
deplete lipids from bilayers was shown in black lipid
membranes containing 5 mol % 2°°“PEG-DSPE as
opposed to the ones with DSPE only.“® The surface-
grafted polymer must also exert some influence on
chemical stability since it is likely that it inhibits
access to the lipid surface for anything but the
smallest molecules.*® Thus the polymer barrier acts
in concert with membrane cohesion in opposing
physicochemical breakdown by enzymes, lipoproteins,
and chylomicrons. Furthermore, in addition to im-
proved colloidal stability, mechanical strength of the
membranes is also important in order to more tightly
bind PEG-lipid molecules in the bilayer.

3. Experimental and Results

Several experiments with liposomes have ad-
dressed aspects of the above mechanisms. The
results from X-ray and surface force apparatus stud-
ies of the interbilayer interactions will be presented
in section 4.2.7, after a brief introduction to the
technique, mechanical properties of membranes, and
interbilayer forces. We expect, that many more
studies, from measuring protein interactions and
adsorption using either vesicles, monolayers, or BLM,
to the dynamics of the chains studied by spectroscopic
techniques, will be performed.

3.1. Colloidal Stability

Only a few quantitative studies have been per-
formed on the enhanced stability of sterically stabi-
lized, i.e. polymer-bearing, liposomes. It was shown
that the presence of surface-bound polymers in-
creased stability of liposomes against exposure to
plasma in vitro and Ca?*-induced fusion, and de-
creased their aggregation in the presence of agglu-
tinants.®”"%° In our hands, observations of giant
vesicles as well as SUVs in optical and electron
microscope (Figure 6), respectively, showed much
weaker (or nonexistent) aggregation than in other-
wise equivalent lecithin—cholesterol liposome sys-
tems. Furthermore, upon pelleting at 230000g for
24 h the solid pellet can be redispersed with no
change of the size distribution while unmodified
hydrogenated soy lecithin—cholesterol liposomes
formed a compact (and much smaller) MLV pellet.5°
Small-angle neutron scattering and NMR experi-
ments performed with these liposomes showed no
changes in the spectra in fresh and half year old
samples.’?%2 This is practically impossible to observe
in conventional liposome samples.

3.2. Protein Adsorption

In the early 1980s it was realized that plasma
proteins can react with liposomes in several different
ways. Serum lipoproteins can destabilize the lipo-
some membrane causing leakage of vesicle contents
and potentially leading to vesicle destruction.?41°
Some liposomes can also trigger the clotting cascade
by binding to certain clotting factors in serum.?® It
was also found that fibronectin, immunoglobulins
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and C complement proteins catalyze interactions of
liposomes with the cells of the RE system and/or
activation of the complement system.’* Minimal
complement consumption was observed in rat serum
by SUV containing 5 mol % 2°°°PEG-DSPE %%

Most of the literature on the interactions of lipo-
some with plasma components involves studies of the
leakage of the entrapped material or stability in
plasma in vitro or in vivo. However, only few studies
of the adsorption of well-defined proteins exist.?®

Although detailed studies have not yet been per-
formed, several data show that the clearance of
liposomes increases proportionally to the amount of
protein bound onto liposomes. For instance, lipo-
somes with 80 g of adsorbed protein per mole of lipid
were found to exhibit half-life of a few minutes, these
with 20—30 g/M, about 90—120 min, while liposomes
with 5 g/M had a circulation half-life of 215 min.%¢ It
was also observed that liposomes which contain
cardiolipin and phosphatidic acid bind more protein
and are taken up quicker by the RES. On the other
hand liposomes containing Gan bind less protein and
circulate longer than normal liposomes.5557

In addition to these studies, which used poorly
defined mixture of plasma proteins, interactions of
several specific proteins with liposomes were also
investigated. In addition to the binding of immuno-
globulins,?®%° liposomes were found to activate the
complement as indicated by the adsorption of the C3
complement component.?® In contrast, liposomes
containing PEG 5000 were found to bind less pro-
teins. 22

Recently a method involving the photoaffinity
cross-linking of plasma proteins with liposomes was
introduced. While many of the results did not yield
definitive answers, it was observed that the presence
of PEG on the surface reduces the adsorption of large
proteins which may otherwise bind to the phosphate
group.’! This is consistent with the reduced disin-
tegration of PEGylated liposomes by phospholipases
which was also reported.’? Our preliminary data
using black lipid membranes containing 5 mol % of
2000PEG-DSPE also showed reduced interaction with
proteins. Protein adsorption studied via surface
pressure—molecular area changes of monolayers has
not been performed yet.

In the previous section we have indicated that,
besides interbilayer/interparticle steric stabilization,
the intrabilayer cohesiveness, which reduces the
kinetics of various interactions and exchange of
liposomal molecules, can increase colloidal, physical,
chemical, and biological stability of liposomes. These
contributions will be reviewed in the next section.

4. Mechanical and Interactive Properties of Lipid
Membranes

As discussed above, the most important design
requirement for the long-circulating, nonleaking li-
posome is resistance to both degradation and immune
recognition in the blood stream. In order to optimize
the Stealth liposome design, we must choose the lipid
bilayer composition and its grafted PEG polymer
such that they promote or oppose the perceived
mechanisms of degradation and uptake, depletion or
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breaking away of PEG-lipids and PEG polymer,
respectively.

As suggested by available in vivo data, we are
looking for a particular set of material and interactive
properties: bilayers should exhibit high mechanical
cohesion while PEG chain should be grafted at
appropriate density. Empirical data suggest that
appropriate surface density is when polymer chains
start to overlap. Obviously, the lipid system is more
stable when polymer chains are not too long because
this increases their aqueous solubility.®® Distearoyl
chains in distearoyl—cholesterol bilayer are probably
the best lipid matrix for retaining the molecules
within the bilayer. It was shown that at 8 h, for
instance, 60% of the dose is still circulating in mice
when DS was used as an anchor in DSPC/Chol
bilayers as opposed to 35% for dioleoyl anchor and
20% for the control without PEG-lipids.®* Increasing
the hydrophobicity of the anchor to three palmitic
chains did not result in any improvement while long-
chained, saturated cardiolipins or other lipids with
even more hydrophobic chains (such as Lipid A) and,
eventually, bolaamphiphiles have not been tried yet.
In the last case, however, the formation of liposomes
may not be straightforward. The higher aqueous
solubility of the PEG-conjugate is also the reason that
PEG-cholesterols were found to be ineffective in
prolongation of blood circulation.

To date, successes of the Stealth liposome, as will
be described later have largely come from empirical
developments, guided by rather qualitative features
of liposomes and polymer-covered particles. What is
needed now is a more quantitative approach. For
example, the (PEG) polymer is clearly instrumental
in providing the long-circulating liposome and it is
widely believed that this is due to a steric stabiliza-
tion barrier that opposes close approach of macro-
molecules and cells to the lipid bilayer surface. New
measurements using X-ray diffraction,%-%° surface
force apparatus’®?! (to be described later), and ellip-
sometric measurements of disjoining pressure as a
function of osmotic pressure’’ are now addressing
more quantitative issues regarding the distance the
polymer layer extends from the bilayer surface, the
compressibility of this barrier and how extension and
compressibility change with PEG-lipid fraction in the
bilayer and molecular weight. Also, if resistance to
chemical/physical attack is of prime importance, then
the more cohesive the surface is, the more likely it is
to resist binding of other molecules (that involves
some degree of intercalation into the lipid headgroup
region) or direct solubilization by fatty solvents,’7
like lipoprotein particles. Again, direct measures of
lipid bilayer compressibility modulus and failure,’?
when coupled with the in vivo data are showing how
cohesive the bilayer has to be in order to maintain
an acceptable degree of stability of structure and how
this resistance can be enhanced by alloying the
phospholipids with cholesterol.

Thus, from a colloidal force and materials points
of view, the two basic physical properties that have
emerged as being of fundamental importance to
liposome stability and overall protective effect are the
size and compressibility of the polymer layer, and the
cohesion of the lipid bilayer matrix itself. We will
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Figure 7. Videomicrograph of a single liposome (30 um
diameter) in a suction micropipet (8 #um diameter). Using
this micropipet manipulation technique, we can determine
the elastic behavior and mechanical strength of the lipid
bilayer, as well as bilayer permeability to water and
encapsulated drug.

review some recent experimental measurements and
theoretical models that have begun to give the
Stealth engineer the necessary data from which to
select appropriate materials with which to match the
emerging definition for “operating conditions in ser-

”

vice .

4.1. Bilayer Elasticity and Mechanical Failure:
Micropipet Manipulation

Although many spectroscopic and calorimetric meth-
ods give a wealth of information concerning the
molecular conformation and motion of bilayer lipids
(from which bilayer material properties must origi-
nate), the most reliable indicator of membrane mate-
rial properties is from direct mechanical measure-
ment. While some methods are based on osmotic
swelling of vesicles,” the method of choice is the
micropipet manipulation of individual, giant (20 to
40 um diameter), unilamellar vesicles.*”75-7972 Given
that the lipid bilayer is only two molecules thick,
special optical and mechanical methods have been
developed in order to make such direct measure-
ments. The interference contrast optics can be
enhanced by making the vesicle internal solution
(sucrose) of different refractive index to the external
media (glucose or NaCl). The suction micropipet acts
not only as a means of applying a well-prescribed
force to the vesicle, but, in the compressibility and
failure experiments, it also acts as a sensitive trans-
ducer of membrane area changes that can be as small
as 1-5%.

The videomicrograph in Figure 7 shows a lipid
vesicle that is being manipulated by a suction mi-
cropipet. The internal pipet diameter is 8 um and
the vesicle diameter is 30 um. In this experiment
the liposome is pressurized by the suction pipet and
this induces an isotropic tension in the membrane
and a corresponding expansion in membrane area,
which corresponds to an increase in the projected
area per molecule of the constituent lipids. The
eccentric behavior of individual molecules in the
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Figure 8. Stress vs strain plot for micropipet pressuriza-
tion of a lipid vesicle composed of SOPC/cholesterol (2/1)
(Needham and Nunn, 1990). Vesicle membrane tension 7
resulting from the applied micropipet suction pressure is
plotted versus the areal strain o (i.e., the observed increase
in vesicle membrane area AA relative to an initial low
stressed state Ag). The slope of the 7 vs a plot is the elastic
area compressibility modulus K. The star symbol repre-
sents the point of membrane failure at the critical areal
strain o and tensile strength z,. The area under the plot
represents the strain energy at membrane failure Eg.

plane of the membrane is, of course, averaged out and
we can only view the membrane as continuum in the
surface plane. Across the thickness of the bilayer,
molecular features are clearly dominating,

As Evans has shown® the thermodynamic changes
that result from membrane deformation and rates of
deformation provide constitutive relations for mem-
brane material properties. Thin shell membranes
can be deformed in one or a combination of three
ways: area expansion, elongation, and bending. In
the membrane compressibility experiment, the area
dilation mode of deformation is isolated. A simple
relation between membrane tension 7" and change in
area A relative to an undeformed area Ao character-
izes the area elasticity in terms of an isothermal area
compressibility (expansivity) modulus K:

K = AT/AAA/A,)

In the micropipet measurement, the membrane is
sequentially loaded and unloaded by increasing and
decreasing the pipet suction pressure and the corre-
sponding changes in the projection length in the pipet
are measured. A final increase in the suction pres-
sure produces failure. The membrane tension is
derived from the suction pressure and pipet and
vesicle geometry. The area change, at constant
vesicle volume, is related to the length change of the
membrane projection in the pipet.””

As shown, in Figure 8,72 all the deformation up to
failure is elastic (the motions of molecules are on the
order of microseconds for this liquidlike membrane
and so viscous effects are not observable®® and the
lipid membrane can be characterized in terms of four
material parameters:

1. Membrane area compressibility represents the
resistance of the membrane to isotropic area dilation
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and is characterized by the isothermal area com-
pressibility or expansion modulus K.

2. Critical areal strain is the fractional increase
in membrane area at failure a..

3. Tensile strength is given by the membrane
tension at lysis (rupture) 7.

4. Membrane strain energy (or toughness) Es
represents the work done on the membrane up to
failure and is given by the area under the stress
strain plot K(a.)%2. It can be converted to energy/
mole by knowing the area/molecule.

These material parameters have been measured for
a range of lipid types and lipid/cholesterol mix-
tures.4"7%77-81 Some of the data is presented in Table
2. With reference to the stability of drug delivery
liposomes, it is important to note the low area
expansivity (high expansion modulus) and high
strength conferred by the inclusion in the bilayer of
saturating levels (ca. 50—55 mol %) of cholesterol;
cholesterol is by far the most effective way to increase
bilayer cohesion. Interestingly, strain energy is a
maximum for intermediate (ca. 40 mol %) levels of
cholesterol. Cholesterol exerts its effect via an order-
ing of the lipid molecule (especially in the outer
regions of acyl chains) while still maintaining a
liquidlike interior due to a disruption of long-range
order.8283 It therefore forms a liquid ordered phase
with phospholipids over a wide temperature range.528

Several features of the relation between lipid
bilayer cohesion and lipid composition have emerged
from these studies. The disordering effect of many
double bonds per chain is shown by considering the
lipids, DAPC and SOPC (diarachydonoyl phosphati-
dylcholine and stearoyl oleoyl phosphatidylcholine).
As shown in Table 2, the lipid with the most chain

- disorder, DAPC, showed a correspondingly lower

elastic modulus and tensile strength than SOPC—the
lipid with only one double bond in one of its acyl
chains.

As can be seen from the stress vs strain behavior
(Figure 8), liquid lipid membranes always fail with-
out exhibiting any ductility and so the strain energies
also reflect the difference in strength between the two
membranes. These energies should also be equiva-
lent to the free energy of bilayer expansion due to
adsorption of any molecule into the headgroup region
of the bilayer.®* Coupling these two parameters in
adsorption experiments should give more mechanistic
information regarding the interaction of blood com-
ponents with the liposome surface. Again the mi-
cropipet method should provide sensitive measures
of adsorptive interactions that increase area per
molecule on the order of a few percent.”2

With regard to the effects of cholesterol, area
expansion modulus K vs nominal mole % cholesterol
in the lipid bilayers for several lipid/CHOL mixtures
are shown in Figure 9. As the amount of cholesterol
in the SOPC lipid bilayer is increased the elastic
modulus shows little change initially but then in-
creases rapidly. At just less than 60 (nominal) mol
%, the property saturates and this reflects the
chemical saturation of cholesterol in the bilayer
phase. (Any excess cholesterol that might be in-
cluded in the initial lipid/cholesterol sample from



2612 Chemical Reviews, 1995, Vol. 95, No. 8

Table 2. Cohesive Propertles of Vesicle Bilayer Membranes Containing Cholesterol®—

Lasic and Needham

lipid system mol %° K (dyn/em) Oc 75 (dyn/cm) E, (J/mol) An (caled) (A2)

DMPC 140

DLPC/CHOL 50 1200

DMPC/CHOL 50 2575

DPPC/CHOL 50 2235

DSPC/CHOL 50 3278

DArPC/CHOL 50 4269

SOPC 0 193 + 20 0.030 £+ 0.004 5702 34+9 65.0
14 216 £ 12 0.041 £ 0.009 8.7+1.8 65 + 29 59.1
28 244 £ 24 0.051 £ 0.012 12.6 £2.7 106 + 46 53.2
38 333+9 0.051 £ 0.009 16.9 + 3.2 132 + 52 49.0
43 609 £ 44 0.031 £ 0.004 184+ 29 79+ 13 46.9
43 568 + 36 0.031 £+ 0.002 178+ 1.8 86 + 20 46.9
48 710 + 48 0.029 = 0.005 20.6 £3.7 83 £ 30 44.8
50 781 + 45 0.025 £+ 0.004 19.7 £3.2 64 + 25 44.0
53 907 £ 173 0.023 £ 0.002 19.4+22 57+9 427
58 1207 £ 135 0.022 £ 0.002 24921 72 £ 10 41.9

BSM 50 1718 + 484 0.016 £ 0.004 232+5.9 49 + 14 40

SM/CHOL 50 1799

22:12PC/CHOL 50 1721

DAPC 0 57+ 14 0.036 = 0.014 2.3+ 0.6 19+11 80
50 102 £ 24 0.043 = 0.010 4.5+ 0.6 32 +£10 58.5

@ Material property parameters for lipid vesicle bilayer systems at 15 °C composed of a variety of lipid types and lipid/cholesterol
compositions (Needham and Nunn, Biophys. J. 1990, 58, 997, and D. Needham Cohesion and Permeability of Lipid Bilayer Vesicles.
In Permeability and Stability of Lipid Bilayers; Disalvo, E. A., Simon, S. A., Eds.; CRC Press: Boca Raton, FL, 1995; pp 43—76).
Shown are the elastic area compressibility modulus K, the critical areal strain o, the tensile strength 7,, and the strain energy
Es. The last column gives the calculated average area per molecule A, (caled) for each bilayer system and composition according
to a simple stoichiometric model. The reduction of A, with addition of cholesterol indicates its condensing effect. ® Mol % 1s
nominal concentration of cholesterol in original chloroform solution from which vesicles were made. ¢ Abbreviations: PC,
phosphatidylcholine; CHOL, cholesterol; DAPC, diarachidonylphosphatidylcholine; DMPC, dimyristoyl phosphatidylcholine; SOPC,
stearoyloleoylphosphatidylcholine; BSM, bovine sphingomyelin; SM, synthetic sphingomyelin; DLPC, dilauroyl phosphatidylcholine;
DPPC, dipalmitoyl phosphatidylcholine; DSPC, distearoyl phosphatidylcholine; DArPC, diarachidoylphosphatidylcholine.
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Figure 9. Area expansion modulus K vs nominal mole %
cholesterol in SOPC lipid bilayers. The elastic modulus
reaches a maximum when excess cholesterol saturates the
bilayer phase at concentrations greater than 60 mol %. Also
shown is a comparison between experimental membrane
modulus and a molecular composite model (solid line)
(Needham and Nunn, 1990).
which the membranes are made is present in aqueous
suspension as a separate cholesterol crystallite phase.)

Interestingly, the elastic modulus of RBC lipids
with 40 mol % native cholesterol is on the “calibration
curve” given by the SOPC “standard”. So, in this
material property test, the acyl chain composition of
a single lipid is equivalent to natural lipid mixture
that averages out to the same 18:0/18:1 composition,
i.e., SOPC behaves to a first approximation like many
natural membranes, even though natural membranes
are composed of several lipid types containing acyl
chains of various degrees of length and unsaturation.

The nonlinear behavior of this elastic property has
been modeled by a simple form of composite theory’2
which views the lipid membrane as analogous to
particulate composite that is loaded in an Iso-stress
mode. The two components, free lipid and lipid that
is strongly coupled to cholesterol, each brings to the
molecular composite bilayer its own elastic behavior
through neighbor interactions that are averaged out
according to simple mixing relations. It is assumed
that, during isotropic loading of the membrane
composite, the stresses in the two components are
equal and continuous across molecular boundaries
between them, and that the total strain is a linear
combination of the strains of each component mul-
tiplied by their respective area fractions. This rela-
tion between experimental membrane modulus and
molecular composite model is also plotted in Figure
9 and matches the nonlinear increase in bilayer area
expansion modulus with increasing mole % choles-
terol. Thus, a simple property-averaging theory can
account for the nonlinear increase in area modulus
that is observed when the mole % of cholesterol in
the bilayer is increased.

From these measurements on a range of lipid and
lipid/cholesterol mixtures, the underlying feature of
bilayer compressibility is that compressibility de-
creases with decreasing area per lipid molecules and
depends on how close the lipid is to its limiting area
per molecule (~40 A2). Whether lipids are condensed
by attractive interactions with cholesterol or by
reduced relative temperature (relative to their pure
gel—liquid crystalline phase transition temperature),
the effect on the compressibility of the bilayer is the
same. Thus, while the hydrophobic effect can be
responsible for the assembly of lipids in aqueous
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Table 3. Blood Circulation Half-Lives and Some
Physical Parameters of Noncharged and Surface
Unmodified Liposomes with 2r ~ 100 nm¢

A. Unsaturated RES

RES t1 (min) RES t12 (min)
PC <6 DSPC 20
PC/Chol (2:1) 30 DSPC/Chol (2:1) 100
PC/Chol (1:1) 40 DSPC/Chol (1:1) >120

B. Saturated RES

RES tie (h) RES tie (h)
EPC <0.1 EPC/Chol (1:1) 2
hydrogenated EPC 1.3 DMPC/Chol (1:1) 6
DSPC 1.5 DPPC/Chol (1:1) 12
DLPC/Chol (1:1) 0.1 SM/Chol (1:1) 16
DOPC/Chol (1:1) 1.1 DSPC/Chol (1:1) 20

¢ The t12 values are rather approximate. The data in the
literature are rather confusing: most of the studies do not pay
attention to the RES saturation and the reported data are of
low general value. As an extreme example we should mention
liposomal blood substitutes which are administered at extreme
doses, up to 100% blood substitution and in which virtually
any kind of stable liposome can have ¢) in the order of days.
Also different markers are used and often unrealistic statistical
analyses are applied which can give overestimates due to the
monitoring of the marker in § and y phases while the liposome
uptake occurs in the a phase. Data for A are obtained from
refs 13 and 25, and for B from ref 13. These studies report
mostly long circulation times and the formulations tested are
controls and resolutions in the graphs are very low.

media and sets the lower limit on the compressibility,
there appears to be additional bonding forces espe-
cially in phospholipid/cholesterol mixtures respon-
sible for bilayer integrity. These high modulus
membranes are now showing material behavior
similar to other physically bonded materials like
high-density polyethylenes where the repulsive (ther-
mal) forces are counteracted by the attractive, in this
case, van der Waals, forces between molecules.
These recent experiments have shown that the
lipid bilayer is a cohesive material whose elasticity
can be made to range by a factor of almost 100
depending on lipid type and lipid/cholesterol compo-
sition. Compare this behavior with that of metals,
where lead to tungsten is not quite 20 times and for
ceramics, ice to diamond just about makes 2 orders
of magnitude. The bilayer shows a very wide range
of elasticity for any single type of material, never
mind a structure that is only two molecules thick.

Furthermore, these measurements can qualita-
tively explain numerous empirical data collected in
a variety in vitro and in vivo assays (some of them
are shown in Table 3) with many different lipid
compositions (compare Table 2 and 3). Figure 10
shows data from Table 3 plotted as a function of
elastic modulus. Despite different experiments and
saturation of RES, the blood circulation times still
show qualitative agreement with membrane me-
chanical properties. While significant improvements
in mechanic properties come after 40 mol % choles-
terol, a reduction of the uptake commences already
at 30 mol % cholesterol and plateaus thereafter. At
present we can only speculate that adsorption of
opsonins can be prevented already at moderate levels
of membrane cohesion. In addition, by using these
arguments, permeability characteristics of liposomes
in “test tube” experiments can be explained. PEG
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Figure 10. Blood circulation times of conventional lipo-
somes, as adapted from ref 13 (and Table 3) as a function
of membrane elastic modulus: (a) data for the unsaturated
RES and (b) data from the case of saturated RES.

chains above the bilayer, however, are also expected
to influence the cohesivity of the bilayer 598

4.2. Interbilayer Interactions: X-ray Diffraction
and Micropipet Manipulation

In recent experiments and theoretical tests of
interaction potentials it has become clear that the
lipid bilayer provides a unique system for the study
of a range of colloid and surface phenomena at and
between surfaces. The ability to deal with equilib-
rium structures is of great necessity when we are
considering equilibrium properties. In this regard,
unlike solid biomaterial surfaces the lipid bilayer can
be in a liquid state.

In order to determine forces of interaction between
bilayers and other surfaces, the planes of origin have
to be clearly defined experimentally as well as
theoretically, and the scale of surface roughness
should be less than the range of intersurface forces.
In this regard, the lipid bilayer provides an es-
sentially molecularly smooth surface, although ob-
servations of molecular scale surface roughness
effects are now being made in systems composed of
lipids with different sized headgroups and states of
rigidity.®6-90 For solid materials, only atomically
smooth mica sheets can provide clean reproducible
surfaces in the crossed cylinder microbalance.®1:%2
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The liquid nature of the membrane promotes
homogeneity of composition at the molecular scale,
and moreover, the self-assembly of lipids ensures
control over cleanliness and reproducibilty of struc-
ture. Whereas the evenness of chemical polymer
grafting depends on the cleanliness and homogeneity
of the solid plastic, glass, metal, or other such
biomaterial, the expression of polymers (as lipid-
bound polymer) at the lipid bilayer surface relies only
on the physical self-association between compatible
lipids. Also, by judicial choice of lipids and other
membrane compatible components, the lipid surface
can be made to be neutral or charged (positive or
negative), poorly or highly hydrated, and bare or
polymer covered. Appropriate choice of lipid acyl
chain composition allows the surface structures to be
mobile in a fluid substrate or immobile in gel-state
lipids. Finally, specific surface groups of special
relevance to cell adhesion and surface recognition
such as receptors, antigens, or antibodies can be
coincorporated with PEG-lipid into the lipid bilayer
for controlled reconstruction studies in which back-
ground adsorption is eliminated.*®

Lipid bilayer membranes in aqueous media inter-
act nonspecifically via electrostatic, and solvation
forces, commonly recognized as van der Waals at-
traction, electric double-layer repulsion, and hydra-
tion repulsion.®’~® Other steric and structural in-
teractions exist that are currently being defined, such
as the very short range steric interaction,®-% and a
weak opposition to formation of adhesive contact due
to thermally driven bending undulations of the
ultrathin membrane.?! As a complement, and pos-
sibly supplement, to hydration forces, repulsive pro-
trusion forces were recently introduced.®®

The most direct approach to understanding inter-
actions would be to measure simultaneously the
individual forces of interaction and the corresponding
distance between surfaces.!® This force vs distance
approach!?! has been very successful for interactions
between mica sheets and other solid materials as
crossed cylinders. Later, the force balance technique
was adapted to study interbilayer forces!92-104 for
supported bilayers deposited and attached to the solid
mica substrates. In this approach, forces are cumu-
lated with distance to give the overall interaction
potential.

Another approach was conceived of by Evans in
which the interfacial free-energy density for the
adhesion of unsupported lipid bilayers as vesicles
could be measured using a micropipet manipulation
method.!% Vesicle manipulation techniques were
developed and a series of experiments were carried
out that measured mutual adhesion energies for
bilayers that exhibited a range of colloidal interaction
potentials. 477576105110 Here, we will briefly discuss
the vesicle adhesion test using a micropipet.

4.2.1. Vesicle—Vesicle Adhesion Experiment

As shown in Figure 1147 the vesicle on the right,
in the holding pipet, is under high suction pressure
(10 000 dyn/cm?) and forms a rigid, spherical test
surface, while the vesicle on the left, in the measuring
pipet, is under lower (starting pressure of ~1000 dyn/
cm?), variable suction pressure and remains deform-
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Figure 11. Video micrographs of liposome adhesion test
between neutral (SOPC) lipid bilayers in which liposome
membrane tensions and the extent of adhesive spreading
are controlled by pipet suction pressures (Evans and
Needham, J. Phys. Chem. 1987): (a) The liposome on the
right (25 #m diameter) is held under high tension (~3 dyn/
cm) so that it forms a rigid spherical test surface. The
liposome on the left is held under lower, variable suction
pressure. The liposomes are maneuvered into close proxim-
ity but not forced into contact and the pipets are then left
in these fixed positions. (b) and (c) Spontaneous adhesion
is allowed to occur in discrete, equilibrium steps controlled
by pipet suction pressure applied to the left-hand liposome.
The adhesion energy is calculated from the pipet suction
pressure and pipet and liposome geometries.

able. The vesicles are aligned and maneuvered into
close proximity and the pipets are maintained in
these fixed positions so that no axial force is exerted
during the adhesion test. The extent of adhesion is
then controlled via the tension in the left-hand
adherent vesicle membrane, which in turn is con-
trolled by pipet suction pressure.

The reversible work of adhesion w’, to assemble
bilayer surfaces is the reduction in free energy per
unit area of membrane—membrane contact forma-
tion.80:81 It is the cumulation of the action of densely
distributed interbilayer forces from large separation
(infinity) to intimate contact. Mechanical equilibri-
um at stable contact is the balance between the free
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Figure 12. Each discrete, equilibrium step in the adhesion
and peeling experiment (closed triangles represent contact
formation and open circles represent separation of contact)
is analyzed to yield a plot of extent of encapsulation of the
rigid vesicle surface x. vs reciprocal suction pressure P
multiplied by pipet radius R,. With values for vesicle area
and volume determined prior to the adhesion experiment,
plus mechanical analysis of membrane geometry, measure-
ments can be converted into precise contact angles vs the
reciprocal of membrane tension for the adherent vesicle.
Solid curves are predictions for uniform-fixed values of free
energy reduction per unit area of contact formation. Two
cases are shown representing the operation of two different
long-range forces: van der Waals attraction w, ~ 1072 erg/
cm?) and depletion attraction in a concentrated solution of
nonadsorbent dextran polymer (w, ~ 107! erg/cm?).

energy required to increase contact area and the
mechanical work to deform the vesicle contour, and
is represented by the Young/Dupre equation:

w, =T, (1 —cos6,)

where 7, is the membrane tension in the adherent
vesicle and 6, is the included angle between the
adherent and test surface membranes exterior to the
contact zone. Thus, for constant adhesion energy, a
unique relation exists between membrane tension
and contact angle for the membrane assembly ex-
periment. The contact angle can be derived from
measurements of the extent of encapsulation x. of the
spherical test surface because there exists a precise
relation between x. and 6. for fixed vesicle area and
volume, determined prior to adhesion 81195106 Mem-
brane tension is calculated from the pipet suction
pressure AP and vesicle and pipet geometry:

Tm = APR/2(1 — R,

where R, is the pipet radius and ¢ is the mean
curvature [¢ = (1/R, + 1/R3)/2)]. A first approxima-
tion would take the vesicle surface as a perfect sphere
of radius R and ¢ would then equal 1/R,. Otherwise,
mean curvature must be established from the geo-
metrical requirements imposed by the fixed distance
between the pipets and the fixed surface area and
vesicle volume,1%

Thus, for a given vesicle pair, both adhesion and
separation can be represented by a plot of contact
angle vs reciprocal membrane tension for the adher-
ent vesicle membrane, and a single value of the
adhesion energy is then used to fit the experimental
data Figure 12. Two cases are shown representing
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the operation of two different long range forces: van
der Waals attraction (w, ~ 107! erg/cm?) and deple-
tion attraction in a concentrated solution of nonad-
sorbing dextran experiment. %110

The above analysis relates to a regime where the
adhesion energy is strong enough such that edge
energy effects due to membrane bending and random
thermal undulations are insignificant. This strong
adhesion regime starts at the very limit of experi-
mental measurement using the micropipet method,
i.e., for adhesion energies greater than 1072 erg/cm?.
The technique has therefore been successfully used
to measure the cumulated energy for a whole range
of interbilayer interactions (van der Waals attraction,
short hydration repulsion, electrostatic double-layer
repulsion, and attraction induced by the presence of
nonadsorbing polymer) that result in stable adhesive
contact, 4711181

4.2.2. X-ray Diffraction

There are however, two parts to the problem of
characterizing interactions when forces and distances
of separation are not measured simultaneously. One
part, as discussed above, is the measurement of the
resulting adhesion energy and the other is a mea-
surement of the distance of equilibrium bilayer sepa-
ration at contact and the contribution of repulsive
potentials to the total interaction potential. The
distance parameter and repulsive potential informa-
tion has been provided by X-ray methods using multi-
lamellar lipid preparations that measure a repeat
period which can be divided up into bilayer thickness
and interbilayer gap separation,81:86-90,94-96,111-116

In a series of experiments carried out by McIntosh
et al.,, the dimensions of the lipid bilayer and the
intervening fluid space are determined from electron-
density profiles.®* Figure 13 shows the familiar
electron-dense peaks representing the location of the
lipid headgroups, the low-electron-dense trough in
the middle of the bilayer where the terminal methyl
groups are located and the intermediate density
regions between bilayers that is the water-filled
interbilayer fluid space.

These methods not only give equilibrium contact
distances but also allow pressures to be applied that
force the interaction up the repulsive part of the free-
energy minimum and thereby allow repulsive con-
tributions to be directly measured. The method is
also useful because during these compressions of the
interbilayer gap, the geometry of the lamellae (bi-
layer thickness) and phase behavior of the lipids can
be monitored. The two profiles in Figure 13 are for
a phosphatidylcholine (PC) bilayer system at zero
applied pressure and under an applied pressure of
57 atm.

At zero applied pressure, the bilayers are in a van
der Waals minimum at ~15 A separation, and as the
applied pressure is increased (by equilibrating the
multilamellar lipid preparations with large polymer
osmoticants®) the interbilayer space is seen to de-
crease, while the bilayer thickness remains es-
sentially unchanged. Furthermore, the relationship
is exponential and the decay constant is on the order
of the size of the water molecule ~2 A. At extremely
high pressures the slope changes when practically all



2616 Chemical Reviews, 1995, Vol. 95, No. 8

0.4

Electron Density
(Arbitrary Units)

-0.4
‘25 o 25 50 75 100

Distance from Center of Bilayer (A)

Figure 13. Electron density profiles for PC bilayers. The
high electron density peaks are the lipid headgroups and
the lower density regions are the hydrocarbon chains, with
the lowest density representing the terminal methyl groups
in the center of the bilayer. The medium density region
between the bilayers is the interbilayer aqueous space.
Starting from zero applied pressure, with the bilayers (in
a van der Waals minimum) at ~15 X separation, pressure
can be applied to the system, by equilibrating the multi-
lamellar lipid preparation with large polymer osmoticants,
and the amount of water of hydration can be competed for.
In doing this the interbilayer space is seen to decrease as
higher pressures are applied. The bilayer thickness or
structure does not change upon compression and the
decrease in repeat period is essentially all due to decreasing
the water gap. Applied pressure: (—) 0 atm and (---) 57
atm.

of the water of hydration has been removed and the
headgroups come into very close steric interaction.®®

It is from these kinds of measurements that the
structural and interactive properties of many bilayer
systems have been characterized. At this point it is
useful to note that we are dealing with a bilayer that
can be treated as a 30—35 A thick hydrocarbon layer
plus a hydrophilic headgroup that adds on another
~10 A. Interbilayer gaps can range from 3 A up to
50 A at which point the diffraction patterns become
somewhat diffuse and difficult to analyze. Thus, the
graininess of matter should be exposed at these
dimensions, yet continuum theories of attraction and
repulsion have been used to model and match the
experimentally observed data. In these approaches
then, the equilibrium separation distance and the net
free energy of adhesion can be combined to test
interaction potential laws.

Before we discuss how the presence of surface
polymer prevents the operation of underlying attrac-
tion between bilayers, it is useful, as a way of
calibrating our understanding of interbilayer interac-
tions, to first discuss the nature of interactions in the
absence of grafted polymer.

4.2.3. Interbilayer Interactions: Neutral Bilayers

For neutral bilayers it is expected and found that
the interaction involves van der Waals attraction that
is ultimately limited by hydration repulsion. Com-
pared with liquid—liquid contact energies (character-
ized by near atomic contact) which are ~100 erg
cm™?, free energies for interbilayer adhesion have
been measured by micropipet methods to be ~1071
erg cm™2.47107-109  For adhesive contacts that are
stabilized by other repulsive forces such as electro-
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Figure 14. Total interaction potentials calculated for PC,
PE, and PC/PE systems (small closed symbols) and the van
der Waals attraction potential (cross). Data from adhesion
energy measurements on the same bilayer systems is also
shown (large open circles).

static and undulation repulsion, adhesion energies
can be less than 1073 erg cm~2.7%7¢ These small
values are apparently due to the relatively large
separation between bilayers at stable contact in
contrast to near-atomic distances characteristic of
liquid—liquid cohesion.

van der Waals Attraction: Separated by a medium
with different polarizing properties, bilayers are
drawn together by long range van der Waals forces. %91
The form of the interaction potential for two semi-
infinite slabs is

® = —Ayfld /dy)/(127d,2)

where Ay is the Hamaker coefficient and dy is the
water-gap thickness. f(d./dy) is weak retardation
function of the ratio of the bilayer thickness dy, to the
distance between bilayers. Thus, the attractive ap-
proach to adhesive contact is along a “soft” attraction
potential that increases as 1/d.2.

4.2.4. Steric and Hydration Pressures

At short distances on the order of only a few
angstroms, structure and solvation forces associated
with the lipid headgroups and the intervening solvent
dominate repulsion for all lipids. X-ray diffraction
studies of forced dehydration (by osmotic or mechan-
ical stress) of multilamellar lipid—water phases show
that the short-range repulsion follows a steep expo-
nential decay As:%797

F =2, Py, exp(~d /Ay

The cumulated interaction potential for neutral bi-
layers is therefore given by

Fr = AP, exp(—d Ji,) — Ay Rd./dy)/(127d ?)

As shown in Figure 14, total interaction potentials
can be plotted for neutral bilayers. The parameters
Asr and P have recently been measured, using an
X-ray method.!'” The van der Waals attraction
always starts out at a larger separation distance than



The “Stealth” Liposome

the hydration repulsion, which comes in very steeply
in shorter range, and so neutral bilayers always
exhibit attractive force among themselves. As is
clear from the cumulated interaction, the free-energy
potential for assembly of neutral bilayers to stable
contact essentially represents the attractive van der
Waals potential at the final separation distance. If
we now compare this semiempirical theory with
adhesion!!® data we see that the combination of these
two techniques (micropipet manipulation and X-ray
diffraction) come fairly close to testing these con-
tinuum theories down to the several angstrom size
range!

4.2.5. Neutral Bilayers and the Influence of Thermal
Undulations

Lipid bilayers can have very small bending stiff-
ness, only a few £T', and so “flap around in a thermal
breeze” like “bed sheets on a washing line”. Soft
repulsion is predicted for thermally excited bending
undulations in unsupported bilayers.!l® The origin
of this repulsion lies in the work required to drive
heat out of the system as the bilayers are forced
together. Two regimes can be identified.

(i) For separations less than equilibrium contact,
the primary effect of bilayer undulations is the
observed decay length for short-range repulsion and
expand the separation at full hydration for unsup-
ported membranes. For immobilized lecithin bilayers
it is predicted that the adhesion energy would be 45
times larger than that measured for unsupported
bilayers because of the removal of this short-range
fluctuation repulsion. Stronger adhesion has in fact
been measured for lecithin bilayers adsorbed on mica
sheets.%?

(ii) At distances well beyond equilibrium separa-
tion, the free-energy excess from thermomechanical
excitations of the lipid bilayers is predicted to follow
a weak steric repulsion given by

Fq = c(xkT/16)*(Bd ?)

where B is the bilayer curvature elastic modulus and
¢ &~ 5119

For neutral bilayers, this weak steric repulsion
does not overcome the van der Waals attraction at
close separations while at large separations (about
100 A), the repulsive stress is predicted to be small
and that this repulsion is insignificant for most
phospholipid membranes. Of course, this undulation
force exists also between charged bilayers. Charge
as well as surface polymer may stiffen the bilayer
and reduce this force.

4.2.6. Charged Bilayers

A series of experiments were carried out that
studied PC/PS mixtures of 0~10 mol % PS* and it
was shown that the presence of negative charges in
the bilayer surface produces a larger range repulsion
force that attenuates the adhesion energy due to van
der Waals forces. These negative charges are simply
introduced by incorporating negatively charged lipids
such as phosphatidylserine or phosphatidylglycerol,
both having one net negative charge per molecule,
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Figure 15. Adhesion energies measured by micropipet
manipulation for mixed PC/PS bilayers in 0.1 M NaCl. The
adhesion energy is attenuated and the van der Waals
attraction is overcome when bilayers contain ~5 mol %
negative lipids. Solid and dashed curves are predictions of
electric double-layer theory.

into a bilayer composed mainly of neutral lipids such
as phosphatidylcholines.

The limited electrostatic double-layer potential for
repulsion between two charged plates in an electro-
lyte can be shown to be

F.. =« '64nkTy,? exp(—d /k 1)

where n, is the number of charged ions per cubic
centimeter; W, is a parameter that is related to the
surface potential 0o, which for 5 mol % PS is ~0.021
V (the corresponding W, value is 0.1968); d is the
distance between the bilayers assuming them to be
infinite plates; ! is the double layer thickness, 0.96
x 107° m for a concentration of 100 mM NaCl.
This interaction therefore has the same exponential
form as the hydration repulsion but its large decay
constant (~10 A) means that at 5 mol % negative
charge the repulsion will dominate and the bilayers
are stabilized against adhesion?’ as predicted by
double-layer theory. Interbilayer adhesion energy
measurements are plotted for the PC/PS system as
a function of PS mol fraction in 100mM NaCl in
Figure 15 and support this cumulation of potentials.*’
Thus, ideal double-layer theory works well at this
separation of ~3 Debye lengths (1 =9.6 Ain 0.1 M
NaCl) and the results are consistent with the com-
bined distance dependence of attraction and repul-
sion. Given this effective repulsive potential the
liposome engineer might ask “if small amounts of
surface charge produce significant repulsions then
why doesn’t surface charge make liposomes Stealthy?”
Presumably positive—negative, charge—charge in-
teractions during opsonizaton and phagocytosis over-
ride any mutual colloidal stability that might have
prevailed between negatively charged surfaces. Thus,
it is not possible to provide a repulsion by double-
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layer potentials in biofluids. This brings us to the
importance of grafted polymer and its role as a
stability barrier. Essentially, steric stabilization
provided by grafted polymers is the only effective
nonspecific repulsion for these kinds of biosurface/
biofluid interactions.

4.2.7. Polymer-Grafted Liposomes

The liposome design engineer has only to look to
the natural membrane itself to find a biosurface
system which he/she might mimic in order to create
an immunologically invisible or “Stealth” liposome.
Electron micrographs of the surface of a red blood
cell'®® show that it is covered by a molecular “fuzz”
or glycocalyx, an unusually “lush” 140 A thick coat
of oligosaccharide filaments, 12—25 A in diameter.

The main constituents of the glycocalyx are carbo-
hydrate and protein polymers and copolymers that
form a bounded layer around the cell. This polymeric
layer is the cell’s primary interface with the extra-
cellular aqueous medium and is a thin, true solution
colloid. As red blood cells flow around the vascular
system they “slip and slide” over vascular surfaces
because of the repulsive properties of this polymer
layer. Nature, uses this kind of layer to make cell
surfaces, first and foremost, mutually repulsive.
However, and herein lies a fundamental lesson for
biosurface engineers, biosurface selectivity is at the
root of mechanisms that control specific ligand—
receptor binding and cell—cell recognition. The in-
tersurface repulsion, presented by the, often charged,
polymeric surface layer, allows for the operation of
selective, chemical attraction when it is combined
with specific receptors. This is an area that is
currently being explored and will be the basis for the
development of designer biomaterials. There are
therefore features of this polymer lipid system which
should be pertinent to all biomaterials that must
interface with biofluids and it therefore represents
a prototypical biomaterial, since this kind of highly
hydrated polymeric structure is an ideal barrier to
oppose biointerfacial and chemical degradation mech-
anisms of uptake.

As discussed earlier, several researchers have
recently shown that the incorporation of glycolipids
or a lipid that contains a large polymeric polar
headgroup into liposomes does in fact greatly en-
hance the circulation time of the injected dose of
liposomes and their contents in the blood. In order
to provide quantitative data with which to evaluate
such mechanisms of liposome blood clearance, we
have carried out a characterization of interactive and
mechanical properties of lipid bilayer systems of
typical liposome formulations containing phospho-
lipids, cholesterol, Gmi, and a polyethylene glycol lipid
(20°PEGDSPE, i.e. distearoyl phospatidylethanola-
mine with covalently attached methoxy PEG with the
degree of polymerization n &~ 50) so that we might
compare the ability of different types of liposomes to
remain in blood circulation vs their mutual interac-
tive and mechanical properties.®6:67

This X-ray method has proven utility in studies
concerning a variety of interbilayer repulsive pres-
sures such as short-range steric, hydration, electro-
static and fluctuation interactions.88:90.95,113-115,117,121
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Figure 16. Electron density profiles for 2/1 SOPC/C
bilayers in the absence (top profile) and presence (bottom
profile) of 4 mol % PEG-lipid. The profiles are at a relatively
high applied pressure of 2.8 x 107 dyn/cm? (In P = 17.2),
giving an interbilayer gap of 51 A. Two adjacent bilayers
are shown in each profile; the origin is located at the center
of the left bilayer. For the profile with PEG-lipid, the
medium density region, which extends from about 30 to
80 A corresponds to the interbilayer gap which contains
grafted-polymer. (Reprinted from ref 9. Copyright 1964
Elsevier Science Publishing Co., Inc.)

By using this X-ray technique, information has been
obtained regarding the extension distance of polymer
away from the lipid surface and the magnitude and
decay characteristics of the repulsive pressures that
exist between surface polymers. An important fea-
ture of the approach is that mutual repulsive pres-
sures are measured in a free-standing multilamellar
liposome preparation that is sufficiently similar to
the liposome drug delivery system to make compari-
sons meaningful. Multilamellar suspensions were
examined with and without 4 mol % PEG-lipid in
stearoyloleoylphosphatidylcholine/cholesterol (SOPC/
C, 2/1) bilayers. Data was also included for 10 mol
% GM1 since this ganglioside has also been shown
to prolong liposome circulation half-lives in vi-
v0.23.67,122

X-ray data was obtained from these multilamellar
suspensions in 100 mM NaCl while applying osmotic
pressures and from oriented multilayers in a humid
atmosphere. Figure 16 shows electron-density pro-
files of lipid bilayers made from SOPC/C, 2/1 mix-
tures in the presence and absence of 4 mol % PEG-
lipid at the same applied osmotic pressure.®® These
electron-density profiles give important structural
and property information; they confirm that the lipid
is well mixed and that it is in the liquid crystalline
phase and not the gel phase; they show where the
edge of the bilayer is; they demonstrate that the
polymer is present in the interbilayer gap; and they
give accurate measures of bilayer thickness and
interbilayer gap separation in response to applied
pressure. Thus, at these low concentrations the
addition of PEG-lipid increases the distance between
adjacent bilayers, but does not modify the basic
bilayer structure.

Figure 17 show plots of the natural logarithm of
applied pressure (In P) vs distance between adjacent
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Figure 17. Pressure vs distance between bilayer surfaces
for bilayers composed of 2/1 SOPC/C, (A) egg PC/GM1 10
mol % (0); SOPC/PEG-lipid 4 mol % (O). To obtain pressure
vs fluid space relationships, osmotic pressures in the range
of 0 to 6 x 107 dyn/cm? were applied to lipid multilayers
and the distance between bilayers at each applied pressure
was obtained from electron density profiles.
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Figure 18. Plot of logarithm of applied pressure vs
interbilayer separation distance for egg PC bilayers. The
exponential decay is widely believed to be due to water of
hydration. At extremely high applied pressures of tens of
atmospheres and close separation (~3 A) a sharp break in
the relation indicates a steric repulsion due to headgroup—
headgroup interaction.

bilayers for the three systems studied: SOPC/C;
SOPC/C with 4 mol % PEG?°®-lipid; egg phosphati-
dylcholine (EPC) with 10 mol % Gu1.%” It is clear that
the incorporation of PEG-lipid increases bilayer
separation compared to the unmodified lipid surface,
for all values of applied pressure. At the smallest
applied pressure (In P = 8.7), the interbilayer gap
between PEG-lipid bilayers was ~100 A compared
to only 15 A for unmodified SOPC bilayers. An
indication of the distance that the polymer extends
from the lipid surface can be obtained from this onset
of the repulsive pressure if we assume that the two
polymer-grafted layers interact at their extremum of
equilibrium extension. Then, an interbilayer gap of
100 A implies that the polymer chains extend about
50 A from the lipid surface. For comparison, and to
illustrate hydration or short-range repulsion, the
repulsive force between lecithin bilayers is shown in
Figure 18.

For the bilayers containing 10 mol % Gun, the tail
of the repulsion can be modeled by an electrostatic
interaction and so we see that GM1 provides only a
weak steric barrier, in line with conclusions from
other studies of ganglioside barrier activity.2?
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Figure 19. Repulsive pressure (P) between supported
DSPE bilayers containing 4.5 mol % 2000PEG-DSPE as
calculated from the surface force apparatus measurements
which yield force between curved surfaces (F/R) (ref 53)
via F/R = 2nE(D) = 2x fP(D) dD and where E is the
energy between flat planes at distance D (O). Solid symbols
show data from Figure 17 as measured by osmotic stress
technique. Very good agreement between the techniques
can be observed. (Courtesy of Tonya Kuhl, UCSB.)

This X-ray data, then, implies (i} the polymer
chains extend at least 50 A from the bilayer surface
and (ii) close approach between bilayers is opposed
by a long-range repulsive pressure. Thus, the initial
interaction of macromolecules (such as plasma pro-
teins) and cellular surfaces with these PEG-grafted
bilayers is probably limited to a distance of ~50
from the Stealth liposome surface, and any closer
approach is met with a significant resistance. Also,
when receptor moieties are incorporated in the
Stealth liposome surface?’12312¢ these data allow
receptor size, especially its spacer arm length, to be
matched with polymer extension length. Recently,
as mentioned before, chemistry has been developed
to allow linkage of antibodies to the far end of the
polymer chain,31:125-127

Equilibrium force profiles between bilayers doped
with various amounts of PEG-lipids have been mea-
sured also by the surface force apparatus.”” Three
200PEG-lipid concentrations within DOPE (dioleoyl
phosphatidylethanolamine) bilayers were studied:
1.3, 4.5, and 9 mol %. Measurements have shown
asymptotically decaying tail as opposed to the steep
profile predicted by the Alexander—de Gennes theory.
After subtracting the long-range electrostatic contri-
bution the agreement between theory and experiment
is very good. The influence of temperature was also
studied. Theoretically, the elevated temperatures
should increase stretching of the chains due to
increased osmotic force while at the same time higher
temperatures should increase thermal fluctuations
and chain contraction due to the fact that water is
becoming a poorer solvent. It seems that the effects
cancel out because, experimentally, only a very small
change in polymer thickness was observed.?® At
packing densities of 43 A2 per molecule, the polymer
layer thickness of 35, 40, and 70 A above the bilayer
were determined for 1.3, 4.5, and 9 mol % of 20°°PEG-
DSPE, respectively, in close agreement with X-ray
data (Figure 19).

Conformational changes in monolayers of PEG-
lipids and their mixtures with phospholipids were
measured by film balance experiments and fluores-
cent microscopy. Two phase transitions were ob-
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served: at low coverages pancake—mushroom and at
higher mushroom—brush. In the pancake state
phase segregation was observed. Only when a deple-
tion layer was formed in the mushroom regime the
lipid molecules could intermix with PEG-lipids.”
Composite polymer-lipid films were deposited on solid
substrates and studied by ellipsometry. Disjoining
pressures as a function of humidity were studied and
it was found that distance vs pressure curves are
governed by steric and electrostatic forces and were
in good agreement with surface force apparatus and
osmotic stress technique measurements.”? Similar
observations were reported also for monolayers with
and without PEG-lipids and PEG polymer in a
subphase. Free PEG was found to be surface active
but could be squeezed from the air—water surface
above surface pressures about 10 mM/m.128-130

Increasing the concentration of PEG-lipids in the
bilayers shows saturation behavior.®® Bilayer sepa-
ration increases with PEG-lipid fraction and reaches
ca. 170 A for *°°PEG-DSPE at 6—7 mol %, 115 A for
2000PEG-DSPE at 7—8 mol % and 60 A for °PEG-
DSPE at 10—11 mol %, all at applied pressure of 1
atm. This result, as well as in vivo measurements,
shows that excess of PEG-lipid, which cannot be
incorporated into bilayer due to a high lateral pres-
sure between the polymer coils, probably coexist in
the solution in the form of (mixed) micelles. Further
addition of the PEG-lipid, which can form micelles
in aqueous solutions, results in the dissolution of
bilayers into mixed micelles.?2:336862 Small-angle
neutron scattering® studies of the micelles and
cryoelectron microscopy,!®” as well as light scatter-
ing!025158 have shown that PEG-lipid micelles are
rather small and spherical. Negative stain electron
micrograph of transparent solution of lecithin lipo-
somes dissolved with 20°“PEG-DSPE show the ap-
pearance of long flexible rodlike micelles (data not
shown).

Recently, detailed phase behavior of PEG-lipid
systems was described in the mixtures of DSPC and
PEG-lipids in excess water. Four different polymers,
with molecular weights 350, 750, 2000, and 5000
were used. Optical microscopy, turbidity, small- and
wide-angle X-ray diffraction, NMR, and differential
scanning calorimetry techniques were employed®® to
construct phase diagrams. DSC revealed no polymer
phase transitions. The enthalpy of the main transi-
tion gel—liquid crystal of DSPC (54 °C) decreases
with an increasing amount of PEG-lipid and the
transition disappears for the mixed micellar solutions
at higher PEG-lipid concentrations. At around 10—
20 mol % of longer PEG chains the transition widens
and shifts to higher temperatures. Turbidity, X-ray
scattering, and NMR measurements have shown that
all the systems contain Ly (rigid chains, tilted) phase
at low PEG-lipid fractions and form micellar phase,
M, at higher. In the intermediate regime, however,
two different phases are possible: PEG 350 and 750
lipids induce interdigitated phase (Lg, rigid chains,
not tilted, interdigitated) while PEG 2000 and 5000
are in L phase (rigid chains, not tilted). At higher
temperatures, above transition temperatures, fluid
phase L, (fluid chains, no tilt) are stable while for
PEG-lipid contents above 70 mol % ("°PEG-lipid),
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55% (0°°PEG-lipid) and 80% (3°°*PEG-lipid) micellar
phase M (isotropic mixed micelles, nonviscous, non-
birefringent) is stable. Micellar phase is stable also
below T.. %°PEG-lipid, due to very small polar heads,
does not form micellar phase and is at high PEG-
lipid fractions either in Lg; phase (below 54 °C) or in
L, phase.®®

5. Theoretical Studies

5.1. Polymer Extension and Interbilayer
Repulsion

In order to characterize the actual surface struc-
tures that promote steric stability in the kinds of
polymer-grafted lipid bilayer systems that are used
to give the Stealth effect, theory and experiment are
required that measure both the extension length of
the polymer away from the bilayer surface and the
repulsive pressures that the grafted polymers exert
upon compression. Two types of theories have been
developed for systems in which polymers are ad-
sorbed, grafted, or depleted at surfaces:

(1) Scaling theory gives a qualitative description of
the polymer surface systems and addresses the
physical basis for polymer adsorption,!31-133 deple-
tion,!31713¢ and the grafted state 134136

(ii) Mean field theory considers how the polymer
chains “feel” a self-consistent mean field due to the
chains themselves.13713 Cases have been considered
where the polymer is adjacent to a surface to which
it adsorbs!®! or does not adsorb.14%14l Milner et al.
have studied the behavior of densely-grafted poly-
mers in terms of the mean field approach and
describe the case for a stretched surface brush.142-14

As discussed earlier, the preliminary results ob-
tained from X-ray diffraction of PEG polymer at the
surface of a lipid bilayer were for the low grafting
density regime (4 mol % PEG-lipid in PC/cholesterol
bilayers). Mean field theories are mostly applicable
to more dense systems in the semidilute regime and
so the first interpretation of these results has been
based on the de Gennes scaling laws for athermal
solvents.65133146147 T this theoretical treatment, we
have extended the semiquantitative scaling theories
for low grafting concentrations and obtained quan-
titative results in order to represent the compression
of the surface polymer.

Strictly speaking, these theories are for random
coils and for the purpose of this theoretical treatment
it was supposed that although the grafted PEG chain
may have some local helical order, overall it behaves
quite randomly as a distorted helix.146-152 Tt ig also
expected that the whole PEG-lipid molecule exhibits
rotational diffusion and rotates around its normal
axis in the lipid bilayer. Averaging over time, the
PEG chain is therefore expected to sweep out a
volume that is approximately equivalent to a random
coil in an athermal solvent.

5.2. Equilibrium Polymer Chain Extension L for a
Single Bilayer Surface

In the deGennes scaling scheme 4 mol % of 2000
PEG-lipid in the lipid cholesterol bilayer corresponds
to the “mushroom” regime;!%% i.e., the lateral distance
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between grafting points is greater than the average
size (end-to-end distance) of the PEG random coil and
there is no lateral overlapping of polymer chains.
When the system is in equilibrium and the free
energy of each chain is at a minimum, the chains
form separate coils that extend to a distance L from
the surface of the bilayer. The polymer extension
distance is important because it will determine at
what interbilayer gap separation the two polymer
surfaces will come into contact and start to interact.

The fact that PEG is a nonadsorbing polymer!4.14¢
has been taken into account in order to calculate L.
The local concentration near the surface is expected
to be less than in the PEG random coil giving rise to
a polymer depletion layer. Thus, for the equilibrium
extension of the nonadsorbing but grafted polymer,
we obtain L = 7/5Ry, where Ry = 33.5 A. (Ry is the
Flory radius and represents the end to end distance
of the random coil.) This gives L = 47 A in excellent
agreement with the experimental value of 50 A from
X-ray measurements.

5.3. Interbilayer Repulsive Pressures, Pon,
between Adjacent Surfaces

If, in the mushroom regime, the PEG polymer
chain is compressed from its equilibrium extension
it will respond with a conformational elastic pressure
P.oni, resembling that of a compressed spring. In our
lipid bilayer X-ray experiments, this compression is
brought about by the forced apposition of a similar
polymer surface. In contrast, in the Stealth action
of the polymer in the blood stream we would imagine
that the other surface is a protein molecule or
phagocytic cell membrane. For small compressions
this is the only force that opposes the externally
applied pressure because the chains are dilute and
there is no lateral interaction between them. An
excluded volume term only comes in when the chains
are sufficiently compressed that they overlap later-
ally.

Our theoretical analysis®® is based on general
scaling arguments for the conformational energy of
a coil trapped in a tube!3® and incorporates numerical
coefficients into the scaling theory to provide an
equation that is the same as de Gennes except for
the coefficient 5/5:

P e = CL)RTN(D?aXa/(d /2)%°

where N = 43 is the degree of polymerization, a =
3.5 A is the monomer size, D = 35.7 A is the distance
between grafting points, and d. is the separation
distance between bilayers. The equation is for d, less
than 2L. As shown in Figure 20, this prediction
(involving no free parameters) is in good agreement
with the magnitude of the measured repulsive pres-
sure measured in the range 50 A < d,, < 100 A.66 A
similar polymer extension was also estimated from
electrophoretic studies.!’®® Comparable extensions
were also found also for hydrophilic-hydrophobic
diblock polymers (polyvinyl pyridine—polystyrene
and polyvinyl pyridine—polyisoprene)'®* and the data
could be described by a self-consistent mean field
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Figure 20. Theoretical interpretation of the experimental
data for PEG-lipid bilayers. The theory, shown as a solid
line, is derived from scaling laws that describe the inter-
bilayer pressure due to elastic compression of the surface
polymer. Experimental data is shown for SOPC/C/PEG-
lipid 4 mol % (O).

theory.1%® Similar dimensions of polymers were
found also in PEG-lipid microemulsions.1%6

For d,, around 100 A the experimentally measured
repulsive pressure shows a precipitous drop, as does
the predicted value which must necessarily fall to
zero at 2L. Thus, the conformational elastic com-
pression of the polymer chains as “mushrooms”
appears to be a good representation of the steric effect
for this particular 2°°PEG polymer at the lipid
bilayer surface at 4 mol %.

Surface force apparatus results, which are in
general in a very good agreement with the X-ray
determined force—distance profiles (Figure 19), could
be also fitted by the two models.

At low coverages (dilute mushroom) Dolan and
Edwards’ mean-field theory of steric forces and
scaling model described experimental data satisfac-
torily while at higher coverages Alexander—de Gennes
theory based on scaling concepts described the data
better’® and a more complex MWC mean field treat-
ment did not bring any better fit.3* At low coverages,
in the mushroom regime the Dolan and Edwards’
expression for force between two curved cylindrical
surfaces of radius R can be described by

F(hYR = T2(ET/D?) exp(—h/R,)

where R, is the radius of gyration of the polymer in
a 0 solvent and corresponds to the thickness of
extending polymer and can be in good solvents
substituted by Rr. Despite an underestimation of the
polymer layer thickness in the low coverage regime
both models are able to fit the force—distance profiles
rather well.” Scaling analysis fit, which also de-
scribes the measured dependence rather satisfactory,
can be expressed as

F.(hYR = 1.6(2kT/D*)[(R/h)*? - 1]

where the numerical prefactor is close to expected
unity.347
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At higher grafting densities, i.e. in the brush
regime, the force could be described by

F ()R = (16kT7h )/(35D°) x
[7(2h /R + 5(h/2h, )t — 12]

where
h, = D(Ry/D)*®

Force between two cylindrical surfaces (F.) and
repulsive pressure (P) can be calculated using Der-
jaguin approximation

F(RVR = 21 [P(h) dh

The agreement with theory was good up to the
distance of two polymer layers. At larger separa-
tions, the theory, however, predicts steep decrease
which was not observed. Obviously, by simply taking
into account polydispersity of polymer as well as
polymer configurations would alleviate this incon-
sistency, as will be shown below. Good agreement
with this simple scaling concept was observed also
in the regime of interacting mushrooms.%88°

The above-described experiments and theoretical
studies provide a valuable insight to the liposome
engineer in order to improve the performance and
biological stability and therefore performance of
liposomes. Increasing PEG-lipid concentration above
a certain fraction will cause bilayer destabilization
into mixed micelles. Another critical concentration
is the saturation concentration of PEG polymers
above the bilayer. This occurs in the brush regime,
and the lateral pressure affects mechanic properties
of the bilayer. For instance, it reduces tensile
strength of the bilayer and therefore liposome stabil-
ity is a compromise between mechanical stability of
the bilayer, which starts to decrease above mush-
room—brush transition and colloidal stability.

Force—distance profiles from ref 68 were fitted by
current models. Even better agreement was ob-
served when at low PEG-lipid densities (below 1%),
aregime of interdigitated mushrooms was introduced
and polymer polydispersity was taken into account.®®

How might these models be applied to biological
situations? At present it is still not clear which
conformation, i.e., mushroom or brush, is more ef-
fective in the prolongation of circulation of liposomes
in the blood stream. As equations show, the brush
conformation is more effective for the stabilization
in vitro. According to the experimental results,
optimal steric repulsion is achieved when the bilayer
is saturated with polymer-bearing lipid. At higher
concentrations these molecules simply form a differ-
ent and separate phase.323% Theoretical analysis, as
shown by Kuhl et al.,3 also shows that electrostatic
repulsion decreases with increasing grafting den-
sity.®® This would also improve stability of liposomes
in media with low ionic strength due to reduced
effective surface charge, i.e. charge at the slip plane—¢
potential.

In vivo results show, accordingly, that longer
circulation times are observed at nonsaturable PEG-
lipid fractions, i.e., at concentrations around the
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mushroom—brush transition 29157158 Aphove we have
discussed mechanistic origin of reduced surface ad-
hesivity. Biological systems, however, may contain
also some time-dependent component. While in the
above theories it is assumed that polymer is in a good
solvent and therefore flexible, protein adsorption may
also depend on the contact times which may depend
in turn on the flexibility of the chains?15°-162 and rate
of protein conformational changes. It is possible that
the optimal stability in blood is a balance between
steric repulsion, which increases with the surface
coverage, and flexibility of the chains, which de-
creases with grafting density and size of the polymers
and which might be important to reduce protein
adsorption.1?2159-162  Comparisons with latex par-
ticles containing adsorbed block copolymers PEG-
PPO (polypropylene oxide), which also show maximal
blood circulation times around mushroom-—brush
transition, and which show shorter blood circulation
times at similar sizes, may indicate that at similar
polymer length the more mobile, on one end attached
PEG, renders better repulsion and higher flexibil-
ity.152 In addition to measurements of steric repul-
sion, NMR (and EPR) relaxation measurements of
the PEG chain, especially the terminal methyl,
should be performed to help interpret these results.

6. Applications and Future Prospects

6.1. Medical Applications of Stealth Liposomes

Due to their ability to evade quick clearance by the
immune system, stealth liposomes provide an en-
tirely new and unique drug delivery vehicle. Only
by using such liposomes, the goal of Ehrlich’s magic
bullet, (i.e. a drug delivery system which would target
only the diseased cells) has became more possible.
Indeed, early studies of Stealth immunoliposomes
have shown increased delivery of antibody labeled
Stealth liposomes to the target tissue.l?* Still re-
maining is the problem of delivering the encapsulated
drug into the target cell cytoplasm. This problem
arises because the majority of cells are not phagocytic
and fusion of liposomes and cells is a very rare
phenomenon. One approach to overcome this dif-
ficulty is to promote liposome—cell membrane fusion
by surface attached fusogenic proteins. A simpler
way is to try to induce leakage of drug from liposomes
in the vicinity of the cell by changes in temperature
or pH, or to prepare liposomes with compromised
stability. Such liposomes could contain a certain low
mole % of monoalkyl surfactants, which upon incuba-
tion in the (inter)cellular medium leave the mem-
brane and destabilize liposomes. Alternatively, fast
hydrolysis or oxidation of liposomes that have a built-
in nonlinear stability profile can also result in lipo-
some destabilization. While this stability issue is one
of the current issues in the liposome research, several
applications seem still to be effective despite the
apparent lack of the drug bioavailability. As will be
shown below, these include the delivery of anticancer
drugs (anthracyclines) which have shown enormous
improvements in therapeutic efficacy upon encapsu-
lation into Stealth liposomes.1027

While antibody-bearing immuno (stealth) lipo-
somes are being extensively studied,?’ currently the
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Table 4. Doxorubicin Concentration in Tumor
(Kaposi Sarcoma Lesions) of AIDS Patients®

dose level DOX (ugfg of tissue) ratio
(mg/m?) free dox stealth dox stealth/free

10 0.18 2.06 114

20 0.31 1.61 5.2

40 0.72 7.11 9.9

¢ Data as measured 72 h postinjection of free drug and the
same concentration of doxorubicin encapsulated in Stealth
liposomes (from ref 185). Data are averages from three
patients (two at the highest drug concentration).

most effective way of targeted drug delivery is by
passive targeting via extravasation of long-circulating
liposomes at or near the sites of increased vascular
permeability.1016316¢ Thege sites are normally in
tumors and at sites of inflammations and infections
and are due to the fact that the body has to increase
influx and efflux from these sites in order to repair
the harm as well as due to physical damage.

According to current understanding!®® the pro-
longed presence of liposomes in blood allows them to
extravasate into sites where the vasculature is leaky
such as in tumors.15¢"187 Indeed, experiments in
animals and humans have shown a 10-fold increase
in drug concentration in tumors as compared to free
drug (Table 4). In these cases, it seems that lipo-
somes leave the vasculature and are trapped in the
tissue where they slowly release their contents either
by nonspecific leakage or due to the bilayer degrada-
tion by enzymes, such as phospholipases. This
coincides with the observation that peak drug levels
in tumors are observed 3—4 days after liposome
administration as compared to few minutes to hours
for the free drug.1681%° At the peak level, however,
the concentration of the drug can be 10—30 times
higher in the case of stealth liposome encapsulated
drug.!” In addition to standard action of doxorubicin
(mostly intercalation in the DNA and termination of
cell replication), high drug concentrations at these
sites can cause necrosis of blood vasculature and cuts
the blood supply to the tumor.6%?

Because of the altered biodistribution of stealth
liposomes, the safety of a particular liposome formu-
lation has to be carefully checked. Conventional
liposomes are taken up almost entirely by the cells
of RES system, whose function is to cope with toxic
substances. Although several studies have shown
that empty Stealth liposomes are safe to administer,
the unnatural biodistribution means that each for-
mulation containing potentially toxic drug has to be
tested for its toxicity and maximal tolerated dose. In
some cases, this altered biodistribution (mostly from
liver and spleen toward skin), can be used for the
delivery of various drugs to these tissues.

Figure 21 shows the effect of various treatments
on the tumor size in a C26 solid tumor mice model,
which is practically insensitive to treatment with free
adriamycin (Doxorubicin hydrochloride) and treat-
ments with conventional liposomes containing the
drug.!™ A mixture of empty liposomes with free
drug, as well as empty liposomes alone, as controls,
did not have any significant efficacy compared to
untreated, (i.e. saline-injected) animals. The admin-
istration of stealth liposomes containing adriamycin
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Figure 21. Time dependence of tumor size of solid C26
tumors in mice as a function of different treatments: (@)
saline control, (M) free Doxorubicin at 6 mg/kg, (¥) free
epirubicin at 6 mg/kg, (O) stealth doxorubicin at 6 and (»)
9 mg/kg. In the expanded scale also stealth epirubicin at 6
() and 9 () mg/kg is shown, respectively. For details see
ref 149.

however resulted in complete remission of tumors in
the case of early treatment and in significant im-
provements in animal survival for established tu-
mors. Practically identical results were obtained
with the very similar drug epirubicin.!”

Similar improvements were achieved also in other
tumor models, such as mammary carcinoma.l’? In
these studies adriamycin in buffer, encapsulated in
conventional liposomes (egg phosphatidyl choline
EPC, EP glycerol, cholesterol, dl-tocopherol = 7/3/4/
0.2 mol, 237 nm, encapsulation efficiency EE = 90%)
and in stealth liposomes (polyethylene 2000 dis-
tearoyl phospatidylethanolamine, hydrogenated soy
PC, cholesterol, dl-a-tocopherol = 5.5/56.1/38.2/0.2
mol) were tested in the treatment of recently im-
planted and well-established growing mouse mam-
mary carcinoma and inhibition of the development
of spontaneous metastases from intramammary tu-
mor implants. It was found that Stealth liposome
encapsulated drug was significantly more effective
than either free drug or the drug in conventional
liposomes (Figure 22). Several improvements were
observed for Stealth liposomes over these two for-
mulations, which themselves did not differ much
from the placebo: (i) the incidence of metastases from
intramammary implants of tumors (MC19 and MC65)
was reduced; (ii) mice with recent implants of tumors
MC2A, MC2B, and MC65 were cured; and (iii) the
8-week survival of mice with well-established im-
plants of tumor MC2B was increased. Figure 22
shows the treatment regime at days 3, 10, and 17 as
well as at days 10, 17, and 24 after implantation for
the tumors MC2A and MC2B. The Stealth formula-
tion is more efficient in the MC2B model because it
is slow growing tumor, with in vivo doubling time of
15 days as compared to 4.5 days for the MC2A
tumor.

This Stealth formulation also proved to be more
effective in the treatment of human lung cancer
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Figure 22. The effect of various treatments on the tumor volume. Two different tumors, a fast growing MC2A (doubling
time 4.5 days) and a slow growing MC2B (doubling time 15 days) were selected and treatments, i.e. intravenous injections
(in mg/kg) of placebo (buffer), free doxorubicin in buffer (Dox), doxorubicin in conventional liposomes (L-Dox), mixture of
Dox and empty Stealth liposomes (Dox + lip.), and doxorubicin in Stealth liposomes (S-Dox), were performed on day 3, 10,
and 17 or 10, 17, and 24 after tumor implantation. Adapted from ref 151.

xenographs in scid mice.!”® Free drug and doxoru-
bicin encapsulated in conventional liposomes only
slowed down the tumor growth rate from 1.1 cm3/
week to 0.5, while the stealth formulation employing
the same drug, arrested the growth at 2 mg/kg and
100% of mice survived to week 12. Treatment also
showed a linear dose response what enables better
dosing protocols to optimize efficacy and minimize
toxicity.173174

The same mechanism of extravasation of drug-
loaded liposomes at the sites of leaky vasculature was
observed also in the treatment of inflammations,
which are also characterized by enhanced vascular

permeability 1027164165175 The game was also ob-
served in mice with lung infections in which the
selectivity ratio of accumulation of Stealth liposomes
in the infected lung vs the noninfected one was
between 3 and 6.176

In addition to passive drug delivery at leaky
vasculature sites, there are several other applications
which can benefit from the prolonged blood circula-
tion of liposomes and their apparent resistance to
macrophage uptake. Long-circulating liposomes with
tailored permeability properties can serve as a sys-
temic microreservoir of encapsulated material while
localized administration offers a way to deposit drugs
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Figure 23. Antidiuretic effect of peptide vasopressin at
50 pg/rat, administered as free drug (O), in conventional
liposomes (a), or in Stealth liposomes (M). For details see
ref 157,

at subcutaneous and intramuscular sites, or upon
inhalation, as intrapulmonary drug depots. An ex-
ample of a treatment that uses a long circulating
microreservoir is studies of stealth liposome encap-
sulated-cytosine arabinose that have shown improved
effect even over 24 h infusion and represent currently
the best treatment.” Prolonged delivery of encap-
sulated drugs, such as recombinant peptides and
proteins (biopharmaceuticals) can be used also in the
nonsystemic applications, such as subcutaneous or
intramuscular drug depots. For instance, peptide
vasopressin when encapsulated into Stealth lipo-
somes showed activity up to a month while in normal
liposomes its activity disappeared within a week1"®
as can be seen on Figure 23. Furthermore, fusogenic
activity of PEG-coated liposomes at particular coating
densities,1”® which can be understood by the phase
transition of the polymer (condensation),144180 may
be of interest for delivery of genes and antisense
oligonucleotides. Recent discovery that sterically
stabilized liposomes containing a cationic amino
group on the far end of PEG chain exhibit, in contrast
to normal cationic liposomes, high biological stabil-
ity!®! may result in novel DNA~liposome complexes
for gene therapy.182183

Many new drugs, such as antibiotics, antivirals,
and antiinflammatory drugs, are being currently
monitored and tested for the encapsulation into
sterically stabilized liposomes. Phase I and II clinical
trials in humans have yielded very encouraging
results. It was found that blood circulation times in
humans are around 45 h,15%17¢ and at reduced toxicity
very good response in AIDS patients with Kaposi
sarcoma was observed.1’%18¢ The high efficacy of the
treatment was due not only to the reduced toxicity
(leucopenia and neutropenia) of the formulation but
also to the approximately 10-fold higher drug con-
centration that accumulated in tumor lesions (Table
4).18

Artificial blood is another possibility where PEG-
liposome based hemoglobin carrier system may be
beneficial. All current substitutes, including conven-
tional liposomes laden with hemoglobin, severely
compromise the immune system and increase the
susceptibility of the organism to infection. When
PEG-coated liposomes were used significantly re-
duced immunotoxicity of artificial blood carrier has
been demonstrated as measured by host resistance
to infectious insult.18
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Sterically stabilized liposomes composed with me-
chanically the strongest bilayers are very resistant
to the detergent-induced lysis and attack of enzymes.
This, coupled with the refractiveness of membranes
as introduced in section 4.1, also offers a possibility
for orally delivered liposomal dosage forms which can
survive the liposomicidal environment in the upper
part of the digestive tract. It is known that in several
cases improved drug adsorption results when con-
ventional liposomes are applied intragastrically; thus
PEGylated liposomes or liposomal hydrogels with
tailored physicochemical properties may offer a new
development in liposomal applications. The same
may also apply to the application of suppositories.

Apart from the above mentioned applications, these
systems can be also used as a model system to study
various fundamental aspects of colloidal stability, cell
biology, and immunology. Due to the novelty of PEG-
grafted liposomes, these studies, however, have yet
to be performed.

In addition to sterically stabilized liposomes several
other Stealth microparticulate systems can be de-
signed: nano and microparticles, (mixed) micelles,
and (micro) emulsions. The latter two, however, are
probably more interesting in academic research than
in practical applications due to inherent instability
of these structures upon changes in the environment.

6.2. Biocompatible Surfaces

Up to now, the design of long-circulating liposomes
has not been directly compared to the very prolific
field of blood biocompatible materials. In these
studies many different physicochemical properties of
the surfaces which come in contact with body fluids
and critically influence their behavior, including
blood clotting, were examined. Proteins adsorb av-
idly to practically all surfaces and many different
approaches have been tried to reduce this adsorption.
In general, two strategies are being followed to
improve the compatibility of the surfaces which come
in contact with blood. One uses coatings with anti-
thrombogenic materials, such as heparin, while the
other approach tries to minimize protein and cellular
adsorption with coatings that include various water-
soluble synthetic polymers, such as PEG, and polysac-
charides. While heparinized liposomes have not been
tried yet, PEGylated liposomes closely resemble the
approach of PEGylated surfaces which seems to be
the most promising strategy. Many researchers in
this field use the phrase polyethylene oxide (PEQ),
which is synonymous with polyethylene glycol (PEG)
and was historically used to describe longer chains.

Among the many polymers studied the best results
so far were obtained by PEG-coated surfaces. As we
have described, it is speculated that this is due to
the (i) low interfacial free energy with water, (ii)
unique solution behavior of PEG, (iii) its molecular
geometry (thin, high anisotropy), conformation, hy-
drophilicity, high flexibility and steric stabilization
effects. The low interfacial free energy means that
there is a low driving force for protein adsorption.
Because several other polymers, such as dextran,
agarose, methylcellulose, polyacrylamide, and some
others, are also characterized by low interfacial
tensions but appear to be more interactive, other
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mechanisms may be involved to explain the improved
passivity of PEG-coated surfaces. PEG polymer
avidly forms H bonds with water and between two
and three molecules bind to a segment in a tetrahe-
dral conformation. PEG is soluble in water as well
as in many organic solvents. Its high solubility in
water has been attributed to its structure and ability
to form hydrogen bonds and its more random struc-
ture in organic solvents. In addition, it is thought,
that the rapid movement of hydrated chains influ-
ences the microthermodynamics at the interface de-
creasing the adsorption or adhesion of proteins, 160187188
But, undoubtedly, there are other polymers which
can impose these properties (see section 2.4). How-
ever, its dual solubility in both organic and aqueous
solvents may make PEG the most suitable for use
as a lipid-grafted agent.

Polymers can be attached to solid surfaces by
several different processes including simple adsorp-
tion of PEG-containing detergents, block copolymers
or high molecular weight polymers, by chemical
cross-linking, and by glow discharge which can co-
valently link the surface adsorbed polymer to the
substrate.l®® Studies with polymer-coated surfaces
show that the protein adsorption is reduced most
effectively in the presence of PEG polymers. Most
of the experiments consistently show that lower
concentrations of longer chains are better than higher
grafting densities of shorter chains, in agreement
with measurements of blood circulation times of
liposomes containing higher fractions of PEG with
molecular weights 350 and 750 Da.?® Several protein
adsorption studies also show that the reduction of
adsorption decreases with increasing chain length
and it levels off at molecular weights of about 1000
Da.18818% This was attributed to the improved hydra-
tion, i.e., longer chains have the ability to coil upon
themselves and hold more water in weak bonds!®®
which exclude high molecular weight solutes from the
PEG coils. Another explanation, as discussed earlier,
is that adsorption due to van der Waals attraction
between particle and surface requires a closeness of
approach that is not allowed in the case of longer
chains 1025

Briefly, the aggregation is due to ubiquitous van
der Waals attraction (U = —A(b/r), A = Hamaker
constant, b = particle radius, r = separation,9891.190
For optimal steric stabilization of colloidal particles
the surface has to be fully covered with an inert,
solvent compatible, and flexible polymer. In a good
solvent polymer extends k. = DN(a/D)V” where N is
degree of polymerization, a size of monomer, and D
the mean distance between grafting points. In good
solvent exponent is 3. General criterion for good
stabilization becomes then A(b/h.) < T, which yields
effective stabilization,!® and in the case of A/T =
1/10 one can estimate, that for effective steric stabi-
lization the surface coating has to be 10% of the
particle size.1%!

In addition to devices, such as different patches,
needles, and implants, which come in contact with
body fluids, these nonfouling, protein repellant, and
cell nonadhesive surfaces have many other important
applications, including sensors, membranes for sepa-
ration, filtration, chromatographic supports, contact
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lenses, immunoassays, and coating of storage vessels
for particular proteins,191-197

7. Conclusion

In conclusion, polymer-grafted liposomes and their
applications show an interplay of various sciences,
from theoretical physics, colloid and interface science,
organic chemistry, to biology, immunology, pharma-
cology, medicine, anatomy, and oncology. This is a
nice example of how complex and elusive problems
can be solved by a multidisciplinary approach. De-
spite these early successes, room for improvements
is indicated by comparing Stealth liposome circula-
tion times with those for red blood cells which, at
diameter of the disk of ca. 8 um can circulate for
months. In addition to intensified research and the
further development of drug-laden stealth liposome
formulations, we anticipate significant basic and
technological interest in the following areas: (i)
optimization of lipid composition, (ii) studies of phase
behavior of lipid/polymer—lipid systems and its influ-
ence on the liposome properties, including release of
encapsulated molecules and (iii) mechanical proper-
ties of liposomes, such as intrinsic bending (in the
case of uneven distribution of PEG-lipid in the two
monolayers of these bilayers). Preliminary data show
that PEG-lipid micelles, when mixed with lecithin
MLVs slowly incorporate into the bilayers and that
some unilamellar vesicles are formed. It is very
probable that these vesicles have uneven distribution
of PEG-lipid across the bilayer and therefore they
may have nonzero spontaneous curvature that can
make them thermodynamically stablel®197-200 gnd
this can be of experimental as well as theoretical
interest.!® The next task is probably to achieve
increased blood circulation times for larger liposome
sizes (>200 nm). We believe, that a rational ap-
proach based on the reviewed facts should be under-
taken. Currently the most important issue for the
liposome engineering is probably to decide on the
optimal composition, meaning mostly the fraction and
molecular weight of the incorporated PEG-lipid,
which may not necessarily be the same for in vitro
and in vivo stability. Also the question of polymer
destabilization of the liposome bilayer has not been
fully studied yet. For instance, polymer phase tran-
sition, such as condensation of a brush or random
coil can destabilize the liposome, disrupt the bilayer,
or cause phase segregation within the membrane. In
contrast to undesired problems of liposome stability
or leakage such a transition can be also useful for
liposome engineering. For example, if the polymer
phase transition can be induced by a particular
interaction, such as binding, presence of particular
ions, protons, or (macro) molecules, or cleavage of the
polymer, this can be used for the triggered drug
release or design of fusogenic liposomes. The influ-
ence of charge on the PEG-lipid on liposome proper-
ties and the distribution of PEG molecules between
the two monolayers will also have to be studied. In
parallel, of course, the new approach of specific
targeting by attaching ligands, such as antibodies,
to the far end of PEG chains have been undertaken.

Polymer-bearing lipids have therefore opened a
whole new area and era in the research and applica-
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tions of liposomes as well as in biomaterials and
related fields.
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