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ABSTRACT
Bennett and O'Brien [Biochemistry 1995 34. 3102] showed
that the ultraviolet light exposure

of two-component large

unilamellar liposomes (LUV) composed of a 3:1 molar mixture of
dioleoylphosphatidylethanolamine (DOPE) and l,2-bis[10-(2'hexadienoyloxy)-decanoyl]-sn-glycero-3-phosphatidylcholine
SorbPC) facilitated liposome fusion.

(bis-

The rate and extent of fusion

was dependent on the extent of photopolymerization, the
temperature, and the pH.

Here, the effect of the molar lipid ratio

of DOPE/bis-SorbPC liposomes on the temperature for the onset of
fusion, was characterized by changing the relative amounts of
unreactive polymorphic lipid, and reactive lamellar lipid.

The

cellular uptake of liposomes is mediated by nonspecific adsorption
of liposomes onto the cell surface and subsequent endocytosis.
This research compared the effect of liposome surface charge on
liposomal binding and endocytosis by a human cancer cell line,
HeLa, and a murine macrophage cell line, J774.

LUV were

composed of dioleolylphosphatidylcholine with and without either
a cationic lipid, dioleoyldimethylammonium propanediol, or an
anionic lipid, dioleolylphosphatidylserine.

HeLa cells endocytosed
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cationic liposomes to a greater extent than either neutral or anionic
liposomes and with PEG- LUV, a neutral PEG-lipid over the anionic
PEG-PE2000-

In contrast, the extent of liposome endocytosis by

J774 cells was quite similar for both cationic and anionic liposomes,
both greater than neutral liposomes.

Incorporation of a neutral

PEG lipid may minimize interactions with cells of the RES, yet
strongly interact with proliferative cells.
[Macromolecules 1997 30. 32]

Clapp et al.,

demonstrated that certain

amphiphilic cyanine dyes are capable of sensitizing lipid
polymerization to visible light.

The individual effects of pH, light

intiensity, temperature, and the requirement for oxygen suggested
that the polymerization process is initiated by electron transfer
from the dye excited state to oxygen, to yield superoxide anion,
which in aqueous media combines to form hydrogen peroxide.
Here, irradiation of cell-associated visible light sensitive liposomes
sensitized with either the cationic dye,
tetramethylindocarbocyanine, DiIC(18)3,

N, N'-dioctadecyl-3,3,3',3'or a sulfonated

derivative, Dil-DS, caused cell membrane damage and cytoplasmic
delivery of liposomal contents could not be confirmed.
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Chapter I
INTRODUCTION

LA. Research Goal
The delivery and buffering of therapeutic agents with
liposomes currently stimulates active research in many areas.

The

large aqueous interiors of liposomes provides the opportunity to
deliver large local concentrations of therapeutics to target cells, as
long as the liposomes are properly designed to avoid non-specific
uptake by systemic cells (Lasic and Martin, 1995).

The delivery of

therapeutic agents to the cytoplasm of target cells would appear to
require liposome-cell fusion.

Cytoplasmic delivery could occur via

fusion between the liposomal membrane and the endosomal
membrane following endocytosis, as

has been observed with pH-

sensitive inmiunoliposomes (Wang and Huang, 1987, 1989).
Alternatively, the contents of the liposomes could be released in
the vicinity of the target cell and then be transported across the
cellular membrane as has been proposed in the case of drug
delivery to murine lung tumor in vivo

(Allen, 1994).
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The study of liposome-liposome fusion and liposome-cell
fusion has been facilitated by the development of several fusion
assays (Bentz et al., 1983).
the

delivery

Bentz et al. (1992) pointed out that

of the contents of pH-sensitive liposomes to the

cytoplasm following endocytosis is different from the mixing of
contents between two pH-sensitive liposomes,

since cytoplasmic

delivery can occur by either stable fusion of the liposome with the
endosomal membrane or by merely destabilizing the endosomal
membrane and the subsequent extensive leakage of the liposomal
contents into the cytoplasm; by contrast, leakage is completely
antithetical to fusion between liposomes.

Cytoplasmic delivery

from liposomes to cells may be approximated by the measurement
of

liposome-liposome interactions, despite the fact that between

two liposomes, leakage and fusion compete.

Thus both fusion and

leakage assays should be performed since either destabilization
process could lead to cytoplasmic delivery of therapeutic agents.
Fusion assays may be initiated by subjecting liposomes to low pH
conditions to mimic delivery of therapeutic agents to a cell via
fusion with the endosomal membrane following endocytosis.
addition of chemical agents to facilitate liposome fusion is not

The

25

necessarily suitable for in vivo delivery.

The use of radiant

energy to enhance liposome fusion avoids the need for added
chemical agents, and offers the further advantages of temporal and
spatial control of the fusion event.

It is the control of these

variables that has proven so useful in photodynamic therapy.

The

use of light to treat disease could be enhanced if the radiant energy
were used to release therapeutic agents from liposomes.
Several strategies for the design of photosensitive liposomes
have been described in recent years (reviewed by O'Brien and
Tirrell, 1993).
liposomal lysis.

These methods were generally designed to favor
Only in the case of

the photopolymerization of

liposomes has evidence for liposome fusion been reported (Bennett
and O'Brien, 1994, 1995).

The photolysis of a large unilamellar

liposomes (LUV), consisting of a 3:1 molar ratio of
dioleoylphosphatidylethanolamine, DOPE, and l,2-bis[10-(2'hexadienoyloxy)decanoyl]-sn-glycero-phosphatidylcholine, bisSorbPC, induced lateral separation of reactive and nonreactive
components and facilitated fusion of the LUV.
event

The destabilization

was proposed to occur through interliposomal membrane

contact following photoinduced domain formation.

It was shown
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that the rate and extent of liposome fusion was dependent on
extent of photopolymerization, temperature, and pH.

Here, it is

demonstrated that the composition of the liposomal bilayer, i.e. the
ratio of polymerizable lipids to polymorphic lipids, has a significant
effect on the threshold temperature for the fusion of the reactive
liposomes.
The uptake of liposomes by cells is generally believed to be
mediated by nonspecific adsorption of liposomes onto the cell
surface and subsequent endocytosis.

Early studies indicated that

liposomes which bind to the surface are internalized through a
coated pit-mediated pathway in some cells (Straubinger et al.,
1983; Chin, et al., 1989), Negatively charged liposomes containing
phosphatidylserine (PS), phosphatidylglycerol (PG), or phosphatidic
acid (PA) were observed to be endocytosed faster and to a greater
extent than neutral liposomes by phagocytotic (endocytotic) cells
(Allen, et al., 1991; Lee, et al., 1992; 1993).

Negative surface

charge can be recognized by receptors found on a variety of cells,
including macrophages (Allen, et al., 1988; 1990; Lee, et al., 1992).
While it is still not known what factors define the uptake of
liposomes by various cells, the different extents of binding for a
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given liposome composition by different types of cells suggest that
the binding itself may be the crucial step.

This was suggested by

Lee et al. (1992) from comparative studies of the endocytosis of
liposomes of varying compositions by two different cell lines, i.e.
CVl cells, an African green monkey kidney cell line, and J774 cells,
a murine-macrophage cell line chosen to represent mononuclear
phagocytes in the reticuloendothelial system, RES.

The inclusion of

9 mol % PS, PG or PA increased the extent of CVl cell uptake of
PC/cholesterol liposomes by 20 fold, whereas 50 mol % of the same
anionic lipids was required to reach this same level of liposome
uptake in J774 cells.

The aqueous contents uptake was measured

with the liposomally encapsulated fluorescent probe, HPTS, whose
pH dependence was used to differentiate between liposomes at
neutral pH and the ones in low pH compartments (Daleke, et al.,
1990).

The bilayer probe rhodamine-PE was also employed to

calculate the lipid associated with the cells (Lee, et al., 1992; 1993).
A further study by Lee et al. (1993) indicated liposome binding at
the J774 cell surface controlled the overall rate of liposome-cell
interaction.

The number of binding sites and binding constants

were greater for PS/Chol/PC liposomes than for Chol/PC liposomes.
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whereas the rate constants for endocytosis after binding were
similar for each type of liposome.

Moreover these studies suggest

that the choice of suitable liposome compositions can facilitate the
delivery of

encapsulated contents to a target cell in preference to

uptake by macrophages of the JIES.
This study compares the effect of liposome surface charge on
liposomal binding and endocytosis by HeLa cells, a line of
proliferative human cells chosen for its ubiquitous use in cancer
research, and the murine-macrophage J774 cells.

Unlike previous

studies, the effect of positive as well as negative and neutral
surface charge is examined.

It is particularly noteworthy to

examine the effect of positively charged liposomes on endocytosis,
because studies show that cationic liposomes allow for efficient
transfection of mammalian cells and this transfection appears to be
mediated by endocytosis (Friend, et al,, 1996).
In the 1970s

it was shown that vesicles used in vivo were

rapidly cleared from the blood of intravenously injected rats in a
dose-dependent and biphasic manner (Gregoriadis and Ryman,
1972).

Neutral and positively charged (with sterylamine)

liposomes exhibited a slower rate of clearance than negatively
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charged vesicles (Gregoriadis and Neerunjun, 1974).

Liposomes

with entrapped materials ended up in the fixed macrophages of
RES mainly in the liver and spleen. Sterically stabilized liposomes
were introduced to reduce liposome interaction and uptake by the
RES.

Liposomes with a sufficiently hydrophilic surface decreased

the adsorption of proteins, opsonins, to the surface of the liposomal
bilayer and thus curtailed interception by the RES.
molecule of choice is bilayer tethered
(Senior, et al., 1991).

The current

poly(ethylene glycol), PEG

PEG coating of the liposome surface inhibits

nonspecific adsorption of serum proteins and thereby prevents
nonspecific recognition of liposomes by macrophages (Moghimi and
Patel, 1993).

Grafted PEG can also inhibit the adhesion of liposomes

to macrophages.

Du et al. (1997) reported that 5 mol % of PE-

PEG5000 on the surface of liposomes nearly inhibited the adhesion
of liposomes to the surface of cells. The commercially available
PEG-lipid, a derivative of PE, is negatively charged and can
therefore present an electrostatic as well as a steric barrier to
interactions with systemic cells.

As part of a broader investigation

of steric and electrostatic effect on liposome-cell interactions the
endocytosis of neutral and anionic PEG-liposomes are compared by
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using an uncharged PEG-lipid, PEG-S-DOAPD (rac-Nmonomethoxypoly(ethyleneglycol)

2000-succinyl-3-

aminopropane-l,2-dioleate) synthesised by my coworker, Bruce
Bondurant, who will report the synthesis elsewhere.
The use of photopolymerization to induce the release of
liposomally encapsulated therapeutic agents in vivo
an efficient means of delivery.

could provide

It offers both temporal and spatial

control over the delivery event and fiber optic delivery of light to
tissues in a manner that is a relatively non- invasive means of
therapy.

In previous work the method of liposomal destabilization

utilized UV irradiation.

UV energy is potentially damaging to

tissues and is less penetrating than longer wavelength visible light.
Sensitizing the polymerization of sorbyl lipids to visible light
provides a means to circumvent these problems.
Sensitization of vinyl polymerizations to visible-light has
been a subject of current interest due to widespread possible uses
especially in photoimaging and medical applications.

Our group has

demonstrated that certain amphiphilic cyanine dyes are capable of
sensitizing lipid polymerization to green or red light (Armitage et
al., 1994; Clapp et al., 1997).

The sensitized polymerization was
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accomplished via irradiation of lipid assembly-bound cyanine dyes
with visible light under ambient conditions.

The product was

shown to be polymeric lipid by NMR and size exclusion
chromatography which indicated the relative number-average
degree of polymerization was 100.

The reaction occured in the

presence of oxygen, and spin-trapping experiments demonstrated
the formation of superoxide anion (Clapp et al., 1997).

The

individual effects of pH, light intensity, temperature, and the
requirement for oxygen suggested that the polymerization process
is initiated by electron transfer from the dye excited state to
oxygen, to yield superoxide anion, which in aquous media combines
to form hydrogen peroxide.

To this end, it was shown that the

addition of exogenous peroxide to monomeric lipids caused similar
polymerization.

These data suggest that the dye-sensitized

polymerization is mediated by the formation of hydroxyl radicals
in the immediate vicinity of the lipid bilayer.
In other studies Clapp (1996) demonstrated that
polymerization of preformed DOPE/bis-SorbPC liposomes with
Dil(18)3 added in a 20:1 lipid to dye molar ratio could lead to
contact mediated leakage from LUV using the ANTS/DPX leakage
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assay.

This data indicates that visible light sensitized

polymerization could lead to delivery of endocytosed liposomally
encapsulated fluorophores to the cytoplasm of cells in culture.
The goal of this project is to demonstrate the
cytoplasmic delivery of liposomally encapsulated agents to cells in
culture.

While irradiation of cell- associated liposomes with

concomitant leakage of liposomal contents in the vicinity of cells
may lead to cellular uptake,

the liposomal contents may be

destroyed by the lysosomal enzymes and never reach the
cytoplasm.

To circumvent this problem we will induce endocytosis

of the liposome followed by irradiation to instigate fusion of the
liposome with the endosomal membrane leading to cytoplasmic
delivery of liposomal contents.
I-l.

Both methods are shown in figure

The specific aims of my project are:

33

Specific

Aims

I. To determine the magnitude of the change in critical fusion
temperature with variation in LUV composition.

n. To test the ability of photosensitive liposomes to deliver agents
to the cytosol of cells in culture following endocytosis and
photopolymerization.
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endocytotia

leakage

fusion

iipoaoma
in andoaome

Fig M. A representation of two methods of photosensitive
liposomal delivery of contents to cells. The first is irradiation of
cell- associated liposomes with delivery of contents to the vacinity
of the cell. the second is endocytosis of liposomes by a cell with
subsequent delivery of liposomal contents to the cytoplasm of the
cell following irradiation and liposome fusion with the endosomal
membrane.
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LB. Bilayer Membrane Characteristics.

I.B.I. Membrane Fluidity
The fatty acid chains of lipids in a bilayer of pure lipids can
exist in an ordered gel like state or in a relatively disordered, fluid
state.

This transition from gel to fluid is abrupt, occurring as the

temperature is raised above the main transition temperature (Tm)
for the specific lipid membrane.

The Tm depends on the length of

the fatty acyl chains and on their degree of saturation.

The gel

state is favored by the presence of saturated chains since this
favors tight packing within the bilayer.

Cis-unsaturation creates

"kinks" in the chains and disfavors close packing and the gel state,
thereby lowering the Tm for that lipid bilayer.

Prokaryotes must

regulate the fluidity of their cell membranes by the presence of
unsaturated chains and methylated chains.
other hand have cholesterol.

Eukaryotes, on the

Cholesterol with its high degree of

hydrophobicity intercalates into the hydrophobic core of the
bilayer and prevents the crystallization of fatty acids by fitting
between them.

In fact, high concentrations of cholesterol will
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abolish phase transitions Since it disorders gel phase membranes
and ordersfluid phase membranes (Ladbrooke, et al,, 1968).

I.B.2.

Membrane

Asymmetry

Every biological membrane, composed of a bilayer of lipids,
has two distinct faces, each of which encounters a very different
environment.

In the plasma membrane there will be one side

which faces the environment of the cellular cytoplasm and one
which faces the environment of the exterior of the cell.

Since they

must interact with different surroundings, the two halves of a
membrane, which are termed leaflets, are usually quite different in
composition and structure of lipids, proteins, and carbohydrates.
Variation between the two leaflets was shown by membrane
labeling experiments using TNBS to label amine-bearing lipids such
as PE or PS found on the surface of the membrane accessible to the
reagent

The labelling reaction is performed before and after cell

membrane dissolution and that which was found on the surface is
subtracted from the total to give the amount of lipid found on the
interior membrane.

The consequences of such differences are numerous.

One is

the fact that such a distribution of lipids favors fusion with the
inner monolayer of the plasma membrane for purposes of
exocytosis and disfavors fusion with the outer monolayer.

This

distribution of lipids also disfavors fusion with the inner monolayer
of endosomes.

This asynmietry in bilayer lipids for both the

plasma membrane and the endosomal membrane is shown in table
I-l.
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Human Erythrocyte Membrane *
% of total Lipid

Lipid
leaflet
PA
PC
PE
PG

% in outer leaflet

1.5
19
18
0

NA
80
18
ND

NA
20
82
ND

PI
PS
SP
GL
Choi

1
8
17.5
10
25

ND
5
85
ND
ND

ND
95
15
ND
ND

% in inner

Mouse Macrophage Endosomal Membrane #
Lipid
PA
PC
PE
PG

% of total Lipid
NA
40
35
ND

PI
PS
SP
GL
Choi

ND
ND
25
ND
ND

% in outer leaflet % in inner leaflet
NA
NA
52
48
70
30
ND
ND
ND
ND
80
ND
ND

ND
ND
20
ND
ND

Table I-l. Membrane lipid content and asymmetry, adapted from
•Whatmore and Allan (1994) and # Sandra and Pagano (1978). PA;
sn-glycero-3-phosphatidic acid; PC, sn-glycero-3phosphatidylcholine; PE, sn-glycero-3-phosphatidylethanolamine;
PI, sn-glycero-3-phosphatidylinositol;PS, sn-glycero-3phosphatidylserine; SP, shpingomyelin; GL, glycolipids; CHOL,
cholesterol.
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I.e. Membrane Fusion
Many fundamental biological processes involve membrane
fusion (Duzgunes et al., 1985; Kelly, 1985).

In higher organisms,

life begins with sperm-egg fusion, which is proceeded by the
acrosome reaction in the sperm and followed by the cortical
reaction in the egg, both of which are membrane fusion reactions
(Bedford and Cooper, 1978; Epel and Vacquier, 1978; Shapiro, 1984;
Wasserman, 1987).

Viral infection frequently involves fusion of

the viral coat with the endosomal membrane or plasma membrane
of cells (Stegman et al., 1989;).

The best characterized viral fusion

protein is the influenza virus hemagglutinin (HA) protein which
triggers fusion of viral membrane with that of the inner leaflet of
the endosome following a drop in pH.

Exocytotic vesicles of cells

are budded from the Golgi apparatus and fuse with the plasma
membrane (Poste and Allison, 1973; Rubin, 1974; Douglas, 1974).
While there has been considerable success in discovering which
cellular processes depend upon fusion, there has only been
moderate success in uncovering the membrane components
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required for fusion and little success in finding how or why these
components facilitate fusion of two apposed bilayers.

I.C.I. Stages for Membrane Fusion
The steps or stages associated with the overall process of
membrane fusion include: adhesion or aggregation of the
membranes, close approach of the membranes to establish a zone
of contact, destabilization of the membrane in the zone of contact,
intermixing of membrane components, and intermixing of the
internal aqueous contents of the compartments bounded by the
membranes.

I.C.l.a. Close Approach and Adhesion of the Membranes
There are three forces which oppose the close approach of
membranes: electrostatic, solvation, and steric forces (Rand et al.,
1990).

The source of electrostatic repulsion lies in the innate

charge of the head groups of the lipids and proteins of the
membrane.

Phospholipids,

the phosphate group.

have a negative charge associated with

A phospholipid which contains a quaternary

amine such as phosphatidylcholine (PC) has a permanent positive
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charge on the amine moiety, creating an overall neutral charge
associated with the lipid.

The charge of phosphatidylethanolamine

(PE) which contains a protonatable amine in its head group is
affected by pH since it has a pK, of 9.5.

As the pH increases the

membrane composed partly of PE will become more negatively
charged. Whereas at neutral pH, almost all of the PE is protonated
giving the lipid a net zero charge.

Other lipids such as

phosphatidylserine (PS), phosphatidylglycerol (PG), and
phosphatidic acid (PA) have a permanent negative charge.

Two

membranes which have an overall negative charge are
electrostatically repelled.
The solvation or hydration force which opposes membrane
approach arises from the orientation of water molecules associated
with the membranes. The hydration layer acts as a steric barrier to
close approach of two membranes.

Different lipids have differing

amounts of water associated with them.

One significant finding is

that PEs, in general, bind considerably less water than do the PCs.
Liquid crystalline egg yolk PE adsorbs about 10 water molecules
per lipid molecule (Jenrasiak and Hasty, 1974) in comparison to the
14 (Jenrasiak and Hasty, 1974) to 20 (Elworthy, 1961) water
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molecules adsorbed by egg yolk PC under similar experimental
conditions.

Dehydration of the membrane must occur if the

membranes are to come in contact (Rand and Parsegian, 1988).
Since the dehydration process is energetically costly, membranes
with highly hydrated lipids such as PC are difficult to fuse.
Membranes that are stable are rich in hydrated components (e.g.the exterior leaflet of the plasma membrane) or fusogenic are rich
in poorly hydrated components (e.g.-the exterior leaflet of the
endosome).
Another steric barrier to close approach of membranes is the
presence of glycolipids found on the exterior leaflet of plasma
membranes.

Membranes of eukaryotic cells usually have a

carbohydrate content of between 2% and 10% which is due to the
sugar residues on glycolipids and glycoproteins which are always
located on the extracellular side of mammalian plasma membranes.
While these glycolipids also are means of cellular recognition and
function, they serve as a barrier to fusion with

membranes.
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I.C.l.b. Destabilization of the Membranes in the Zone of
Contact
Lipids can undergo various phase changes.

The transition

from the gel phase to the disordered phase, Tm ,was mentioned
previously and this represents a phase change that maintains a
lamellar structure.

This phase change is depicted in figure 1-2.

It appears that some nonlamellar structures must form
during fusion and it has been speculated that the intermediates of
the lamellar to hexagonal,

, phase transition serve this role.

Shown in figure I-11 are some important lipid phases.
phase is the disordered lamellar phase.
raised, hydrated lipids

The

But as the temperature is

undergo a phase change to a nonlamellar

phase, the inverted hexagonal phase, Hn.

Some lipids, particularly

some PE's form an intermediate phase, i.e.- a bicontinuous cubic
phase, Qn-
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Liquid-crystalline
Lamellar Phase

Fig 1-2. The transition from the gel state to the disordered liquid
crystalline state.
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Fig 1-3. Three basic phospholipid phases are shown above.

The

lamellar phase. La, the bicontinuous cubic phase, Qn emerges if the
sample is heated, and if the sample is further heated, the inverted
hexagonal phase, Hn prevails.
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Siegel (1985) proposed that the initial step in fusion is the
formation of inverted micelles between apposed membranes, which
are extremely transient structures.

Lipids can form intermediates

between the La and the Hh phase, in some cases there is an
identifiable cubic phase formed (Hui et al., 1983; Rilfors et al.,
1984; Gruner et al., 1987; Caffrey, 1987) and in others there is just
a mix of morphologies (Borovjagin et al., 1982; Gagne et al., 1985).
Fig 1-4 shows a model where the inverted micelle intermediate,
IMI transforms to an interlamellar attachment site (ILA).

It is the

accumulation of these ILA's which presumably accounts for the
cubic x-ray diffraction patterns associated with fusion
intermediates (Siegel, 1986).

ILA's were shown to be a fusion

intermediate for PE/PC liposomes at temperatures within the range
AT I

i.e., above the onset temperature of formation of the isotropic
NMR resonances and below TH, the hexagonal phase transition

temperature (Ellens et al., 1985; Siegel et al., 1989).

Images of

ILA were obtained by cryotransmission electron microscopy
(Frederik et. al., 1989; Siegel et al., 1989).

Upon aggregation of

ILA within multilamellar systems, the cubic phase eventually
forms.

This mechanism suggests that the fusion of liposomes is
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an obligatory step in the transition from the lamellar to the cubic
phase.

R

Fig 1-4. A schematic of an interlamellar attachment.
from Seigel (1984;1985).

Adapted

Siegel (1993) revised the model for membrane fusion to
replace IMI structures with so-called stalk intermediates.
proposal argued that the stalk proposal of

His

Markin, Chemomordik,
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and coworkers (Markin et al., 1984; Cheraomordik et al., 1985,
1987; Leikin et al., 1987; Kozlov et al., 1989), while not completely
accurate, with insightful modification seem to require the least
activation energy of any proposed mechanism.

A stalk is a

semitoroidal structure that forms between two closely apposed
membranes.

The stalk is assumed to form at a transient point of

contact for the apposed membranes.

Markin (1984) proposed that

the stalk rapidly expands causing the trans monolayers to dimple
inwards to meet with the hydrophobic sides in contact in the center
of the structure.
contact, TMC.

This structure is termed the trans monolayer
This TMC then expands to form a fusion pore (ILA)

as shown in fig. 1-5.
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Fused
Bllayeri

On Phase

Fig 1-5. The stalk mechanism for fusion, where Rq is the radius of
curvature for the structure..

Adapted from Seigel (1993).
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I.e.I.e. Intermixing of the Membrane Components
In certain instances, destabilization of compartmental
membranes may result in the formation of a lamellar (i.e., a single
bilayer) diaphragm between the two compartments, causing
intermixing of membrane components without the intermixing of
aqueous contents (Duzgunes, et al., 1987), in a process that has
been called fusion (Palade, 1975) but can also be considered as
semifusion (Duzgunes et al., 1985) or hemifusion (Bentz et al.,
1988).

Indeed this diffusion of lipids through interconnected ILAs

is responsible for the ^^P-NMR isotropic signals observed at
temperatures below the temperature for the onset of the cubic
phase, TQ (Ellens et al., 1987; Siegel et al., 1987).

I.C.I.d. Intermixing of Aqueous Contents
In many cases the consequence of aggregation and
destabilization of membrane compartments is lipid mixing with
concomitant intermixing of internal aqueous contents.

Since fusion

is driven by destabilization of the liposomes, leakage occurs when
competitive formation is allowed of both ILAs and precursors to
the Qii phase.

This leakage is seen in most known liposome fusion
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experiments, but not in biological systems where no leakage is
evident (Bentz et al., 1988).

Dimer

Close approach and tbining
of the hydration layer

outer monolayer
mixing

Fusion

Fusion with
leakage

Lysis with
membrane
mixing

Fig 1-6. The general model for fusion from dimers to doublets.
Adapted from Bentz and Ellens, (1988).

I.D. Fluorescence Assays For Liposome Fusion
Since the key steps for both liposomal and biological
membrane fusion are similar, liposomes can be used as an
experimental model.

Bentz et al. (1987) list three reasons: (i) ease

of preparation and homogeneity of liposomes; (ii) the development
of fluorescence assays to monitor liposome interactions; and (iii)
explicit kinetic analysis of these processes.

I.D.I. Fusion
In 1979 Wilschut and Papahadjopoulos reported the first
assay to monitor the fusion of two liposome populations.

The assay

is based on the formation of a terbium (III)/dipicoLinic acid,
Tb/DPA, complex.

In the Tb/DPA assay, separate liposome

populations are prepared containing either Tb^"^ or DPA^"" (Wilschut
and Papahadjopoulos, 1979; Wilschut et al., 1980).

Fusion results

in the formation of the fluorescent chelation complex, [Tb(DPA)3]^',
with a 10^-fold increase in the emission intensity from Tb^^.
Inclusion of 0.1 mM EDTA in the external buffer prevents the
formation of the Tb/DPA complex upon liposomal leakage because
EDTA binds Tb^^ more strongly than DPA.

In 1985 Ellens, et al., reported a new liposome fusion assay
in order to study the effect of

low pH on liposome stability.

This

assay is based on the quenching of l-aminophthalene-3,6,8trisulfonic acid (ANTS) fluorescence by the collisional quencher,
N,N'-p-xylenebis-(pyrinium bromide) (DPX) (Smolarsky et al., 1977;
Ellens et al., 1984).

ANTS fluorescence is relatively insensitive to

pH, with only a 7% drop in relative fluorescence intensity between
pH 7.5 and 4.5.

ANTS does not self-quench.

In the assay ANTS is

encapsulated in one population of liposomes and DPX in the other.
Mixing of aqueous contents inside of the liposomes upon fusion
results in DPX quenching of ANTS fluorescence.

Dilution of DPX in

the external medium prevents quenching of ANTS fluorescence
outside of the liposomes.
The excitation wavelength maxima for the Tb/DPA emission
is 276 nm, which is very close to the absorbtion maxima of a
polymerizable lipid used in our research, bis-SorbPC.

Therefore

the Tb/DPA assay is less useful for this research than ANTS/DPX
assay.
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I.D.2. Leakage
The Tb/DPA assay may be used to monitor liposomal contactinduced leakage.

In this assay both Tb^"^ and DPA are placed in

one liposome population.

This assay requires the use of 0.1 mM

EDTA in the external buffer to disrupt Tb/DPA complexes formed
extra-liposomally.

Leakage is monitored as a decrease in

fluorescence of the Tb/DPA complex.
The self-quenching fluorophore calcein has been widely
employed to measure dilution of the aqueous contents of liposomes
resulting from rupture of the membrane (Allen and Cleland, 1980).
Leakage is monitored as an increase in calcein fluorescence as the
concentration of the fluorophore decreases due to dilution upon
leakage of dye from the liposomes.
In 1984 Ellens et al. introduced a leakage assay which
employs ANTS and DPX for the reasons mentioned above.

ANTS

and DPX were coencapsulated into one liposome population and
leakage was monitored by an increase in ANTS fluorescence.
emission can be reduced to 15%

by

ANTS

DPX quenching and the

quenching is completely relieved upon leakage of ANTS and DPX
from the liposomes and dilution into the medium.

I.D.3. Lipid Mixing
The most widely used assay for the intermixing of membrane
components is based on resonance energy transfer (RET) between
N-(7-nitro-2,1,3-benzoxadiazol-4-yl)phosphatidylethanolamine
(NBD-PE) and N-(lissamine rhodamine B sulfonyOphosphatidylethanolamine (Rh-PE) (Struck et al., 1981).

The probes are

covalently attached to the head group of
phosphatidylethanolamine.

Since RET depends on the proximity of

the energy donor (NBD) and the energy receptor (Rh), the changes
in surface densities of the probes during membrane fusion can be
monitored as changes in fluorescence intensity.

There are two

versions of the lipid mixing assay.

probe dilution.

The first is

Here both probes are incorporated in one population of liposomes
("labeled liposomes"), and their dilution into "unlabeled liposomes"
upon fusion is monitored as an increase in NBD fluorescence.

The

RET from the donor to acceptor is decreased as the lipids are
redistributed on the surface of the fused liposomes (Struck et al.,
1981; Duzgunes et al., 1985, 1987; Ellens et al., 1985; Wilschut et
al., 1985).

The second method is probe mixing.

Here each probe

is placed on a separate liposome population and fusion is monitored
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by either the quenching of donor fluorescence or an increase of
acceptor fluorescence (Hoekstra, 1982; Wilschut et al., 1985).

In

1987 Duzgunes and coworkers compared these two assays in the
presence of Mg2+ which induces aggregation but not fusion of PS
containing liposomes.

The probe dilution assay did not report the

aggregation as fusion, whereas the probe mixing assay reported
rapid and extensive lipid mixing.

Thus, it appears that the probe

mixing assay reports not only fusion, but also aggregation of
liposomes.

Therefore the probe dilution assay is regarded as more

reliable.

I.E. Liposome Fusion

I.E.I. Anionic Liposomes and Multivalent Anions
The fusion of unilamellar liposomes involves the aggregation
step followed by the fusion event.

Since negatively charged

membranes tend to repel one another, divalent cations can
neutralize the charge and facilitate the aggregation.

Initial binding

of the cations decreases the surface charge and facilitates approach
of membranes.

As the membranes come into closer apposition, the
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amount of bound cations increases due the increased negative
surface charge. (Nir et al., 1983).

The interaction of divalent and

monovalent cations with liposomes composed of acidic lipids has
been intensively studied.

The earliest liposome fusion systems

developed involved liposomes composed wholly or in part of
anionic lipids such as PA, PG cardiolipin, and PS in the presence of
multivalent inorganic cations such as Ca^"^ , Mg^"^ , Ba^"^ , and La^"^.
Generally divalent cations induce the fusion of these liposomes
with aqueous contents mixing between compartments, while
monovalent cations only cause aggregation without fusion.

The

induction of fusion of these identically charged vesicles by cations
occurs as a result of both membrane neutralization and of the
formation of ionic bridges by the cations via binding to anionic
lipids in the cis-monolayers of separate liposomes.

The exception

to the rule is the involvement of If*" ions which can cause either
stable fusion or merely lipid mixing between liposomes depending
on the lipids involved (Ellens et al., 1985).
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I.E.2. Anionic and Cationic Liposomes
A second possible means to promote interactions between
liposomes is to mix two populations of liposomes with opposite
surface charges.

This approach would offer advantages over the

method described above in that one could examine interactions
between liposomes with different lipid compositions while
suppressing interactions between liposomes of identical
composition (Stomatatos, et al., 1987).

Such studies are

biologically relevant since cell membranes generally exhibit net
negative charge.

Consequently, coulombic interactions offer

strategies for drug delivery (Marchi-Artzner, et al., 1996) as well
as gene delivery (Feigner,1987).

In 1987, Feigner and colleagues

reported a positively charged lipid called DOTMA, (N-[2,3(dioloeyloxy)propyl]-N,N,N-timethylammonium).

They found that

mixing of DOTMA/PE liposomes with negatively charged PS/PC
liposomes resulted in membrane fusion in the absence of
multivalent anions, indicating that the presence of charged
headgroups is sufficient to promote fusion between oppositely
charged liposomes.

Silvius and coworkers (Stomatatos et al., 1988)

described an analogue of DOTMA, DOTAP (l,2-bis(oleoyloxy)-
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3(trimethylamino)-propane), which also has a permanent positive
charge, as well as DODAP (diamino-propane) which has a pK, of 8.5,
having a positive charge at physiological pH.
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Fig 1-7. Structures of some positively charged lipids.
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Feigner and Silvius opened a major area of research for both
drug and gene delivery which continues to grow.

The application

of cationic liposome reagents has advanced DNA and RNA
transfection research in vitro

and data are accumulating which

show their utility for in vivo

applications as well.

I.E.3. Protein Induced Fusion of Liposomes
Beginning with the discovery that one of the enveloped
animal viruses (Sendai) fused with erythrocyte membranes (Howe
and Morgan, 1969), there has been a concerted effort to deduce the
mechanism of that fusion process.
most studied viral system.

Influenza virus has been the

The ectodomain of its fusion protein

(hemagglutinin, HA) has been crystallized (Wilson et al., 1981) and
has been shown to undergo conformational changes at endosomal
pHs.

It is proposed that the amphipathic fusion peptide acts to

dehydrate the intermembrane space as well as to localize the
bilayer destabilization (Bentz and Ellens, 1988 ).

This is caused by

a pH-induced conformational change that orients an aminoterminal amphipathic helix at the interface between viral and
cellular membranes (Gething et al., 1986).

In 1987 Stegmann et al.
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showed the influenza virus envelope could be reconstituted by
solubilization of the viral membrane in the nonionic detergent
C12E8, removal of the viral nucleocapsid and matrix protein by
ultracentrifugation, and subsequent extraction of the detergent by
hydrophobic Bio-Beads SM2. Bron et al. (1994) showed that these
reconstituted virus envelopes (virosomes) fused efficiently with
membranes of the endosomes of Baby hamster kidney cultured
cells after internalization through receptor mediated endocytosis.
This event was monitored by the delivery of diptheria toxin.
Another protein that induces fusion between liposomal
populations is the HTV-l fusion peptide.
amino acid segment of

The exposure of a 25

HIV, the putative fusion sequence found at

the N-terminus of gp4I, has been proposed to be an integral part of
the fusion mechanism for HIV (Moore et al., 1993).

In 1994 Nieva

and coworkers (Nieva et al., 1994) demonstrated that a 23-residue
synthetic peptide representing this N-terminus of gp41 of

HIV-1

could induce fusion between negatively charged large unilamellar
liposomes when added to liposomal suspensions.

This was,

however, only possible in the presence of calcium ions to induce
aggregation of vesicles, but the ions themselves did not induce
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fusion.

They postulated that in the absence of

calcium the protein

was primarily in an a-helical structure (as seen by FTIR spectra),
but in the presence of calcium the protein adopts an anti-parallel
P-sheet structure that favors fusion (Nieva et al, 1994).
Synthetic

fusion proteins have been incorporated into the

bilayer of liposomes to induce leakage.

One is GALA, a 30 residue

amphipathic peptide designed to interact with uncharged bilayers
in a pH-dependent fashion.

This was achieved by

a-helical transition at pH 5.0.

a random coil to

The repeat unit of the peptide,

glutamic acid-alanine-leucine-alanine positioned glutamic acid
residues on the same face of a helix, and at pH 7.5 charge repulsion
between aligned Glu destabilized the helix.

This repulsion was

neutralized at low pH, allowing the membrane-destabilizing a-helix
to form (Subbarao et al., 1987).

I.E.4. Asymmetry-Induced Fusion of

Liposomes

The asymmetric transbilayer distribution of lipids commonly
observed in biological membranes may be expected to play a role
in regulating membrane fusion in vivo.

Wu, et al. (1996 ) created

LUV composed of dipalmitoylphosphatidylcholine (DPPC) and
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asymmetrically distributed L-a-lysopalmitoylphosphatidylcholine
(LPC) (a single-chain fusogenic lipid).

They either added a small

amount of LPC to preformed liposomes, placing the LPC in the outer
leaflet to create LUV-LPCout or used liposomes which had LPC in
both leaflets and extracted the LPC from the outer leaflets with
bovine serum albumin to create LUV-LPCin-

The slow

redistribution of LPC allowed the fusion capabilities of the
asymmetric vesicles to be characterized in the presence of
poly(ethylene glycol), PEG, which acts as a dehydrating agent.
Measurements showed that LUV-LPCin fused in the presence of
15% (w/w) PEG without loss of contents but that LUV-LPCout did
not fuse in the presence of up to 35% PEG.

They concluded that

the outer leaflet of LUV-LPCin was less ordered and less well
packed than LUV-LPCom and that the slight perturbation of the
external LUV surface correlated with ability to fuse.
Eastman et al. (1992) created LUV made of DOPC, DOPE, PI,
and DOPA which were asymmetric in phosphatidic acid (another
fusogenic lipid).

They created them by sequestering the DOPA to

the inner monolayer by incubation in the presence of a pH gradient
(LUV interior was basic).

The addition of 8 mM calcium ion, a

divalent cation, was unable to induce fusion, indicating that PA was
sequestered in the interior leaflet of the liposomes.

If PA was

added to preformed liposomes placing the PA in the outer
monolayer, liposomes could be induced to fuse with as little as 1.5
mol% PA.

If PA was found in both leaflets 5 mol<^ PA was

required to induce fusion, supporting the idea that lipid asymmetry
is involved in membrane fusion.

I.E.5. pH-Dependent Fusion of Liposomes
While pure DOPE liposomes can only be made at pH ^9.0
where the PE is negatively charged (Stollery and Vail. 1977). stable
liposomes can be made at physiological pH if another, lamellar
phase forming membrane constituent is added.

If. however, thai

stabilizer is an amphipath which carries a weakly acidic functional
group that destabilizes the bilayer upon protonation. then a pH
sensitive liposome is created.

Ellens and coworkers in 1984 (Ellens

et al., 1984) created stable liposomes at pH 7.5 using PE and
cholesterol hemisuccinate (CHEMS).

At this pH the CHEMS is

negatively charged, causing liposome repulsion as well as
stabilization of PE.

But when the CHEMS is protonated, near pH
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5.5, the liposome is effectively neutral and contact induced leakage
ensues.

Other examples of pH sensitive liposomes which employ

this strategy include oleic acid (Straubinger, et al., 1985) and
palmitoylhomocysteine (Connor et al., 1984).
Yet another example of creation of pH sensitive liposomes is
to utilize an acid-cleaving mechanism to alter a stabilizing lipid.
Dnimmond and Daleke (1994) devised a series of blocking
mechanisms for PE and PS.

These groups stabilized PE such that

liposomes could be prepared at neutral pH, yet when the pH was
lowered the blocking group would be removed allowing for
destabilization of the liposome.

An example is the use of a

citriconyl group which was acid cleaved from the lipid after 60
minutes of reaction at pH of 5.5.

A liposome composed of a 1:4

molar ratio of citriconyl-PE to DOPE was shown to leak its contents
after 60 minutes at pH 5.5 and was also shown to deliver calcein to
the cytoplasm of CV-1 cells in culture (Dnimmond, et al., 1997).
In 1984 Seki and Tirrell introduced a new idea in pH
sensitive liposomes.

This involved the addition of a pH-sensitive

polymer which complexation with the liposomes caused a decrease
in the apparent cooperativity of the lipid melting transition.

The
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liposomes were composed of DOPC and the polymeric sensitizer,
poly(2-ethylacrylic acid) (PEAA).

The polymer interaction with

bilayers was observed by differential scanning calorimetry.

The

main phase transition half width was increased yet the transition
enthalpy was unaffected by the presence of the polymer, indicating
the polymer adsorbed onto the surface of the bilayer.
polymer exhibited a "critical pH for complexation".

This
This was

accompanied by a dehydration of the PEAA chain under acidic
conditions, leading to a conformational transition in the polymer
from an extended, hydrophilic form to a compact hydrophobic coil
(Fichtner and Schonert, 1977).

Tirrell and coworkers (Bum et al.,

1988) demonstrated that their system, at pH below 7,

reduced the

size of lipid aggregates from 90 nm to 5.5 nm, as measured by
quasi-elastic light scattering.

This indicated that acidification

could trigger liposomal disruption when the PEAA was associated
with liposomes.

I.E.6.

Photosensitive

Liposomes

The use of radiant energy to enhance liposome fusion avoids
the need for added chemical agents.

Photosensitive liposomes
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offer the advantage of temporal and spatial control of the fusion
event.

It is the control of these variables that has proven so useful

in photodynamic therapy.

The use of light to treat disease could

be enhanced if the radiant energy were used to release the
therapeutic agents from liposomes.
Several strategies for the design of photosensitive liposomes
have been described in recent years (reviewed by O'Brien and
Tirrell, 1993) :(1) photochemical isomerization of chromophores in
the acyl chains (Kano et al., 1981; Pidgeon and Hunt, 1983; 1987);
(2) photocleavage of lipid chains (Kusumi et al., 1989; Anderson
and Thompson, 1992); (3) photoinduced change in the association
of polyelectrolytes with liposomes (You and Tirrell, 1991); and (4)
photopolymerization of lipids (Frankel et al., 1989; Lamparski et al.,
1992).
lysis.

These methods were generally designed to favor liposomal
Only in the case of

the photopolymerization of liposomes

has evidence for liposome fusion been reported (Bennett and
O'Brien, 1993; 1994; 1995).
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I.E.6.a. Photopolymerization of

Liposomes

Polymerization of lipid bilayers can result in stabilization of
the bilayer.

Covalently linking the components of a bilayer

composed solely of polymerizable lipid reduces the lateral mobility
of the bilayer components, perhaps decreasing the permeability of
that bilayer to small molecules, or decreasing lipid exchange
between bilayers.

Conversely, if a bilayer is composed of two or

more components then destabilization of the bilayer may result
upon polymerization.

Polymerization of bi- or multi-component

bilayers was shown to induce a lateral separation of the reactive
(polymerizable) and nonreactive (non-polymerizable) bilayer
components (Gaub et al., 1985; Tyminski et al., 1985; 1988;
Armitage et al., 1993).
Polymerizable lipids can be composed of one of several
polymerizable groups, including dienoyl, muconoyl, and sorbyl
shown in fugure 1-8.

Depending on their structures, the groups

can be placed at the acyl chain terminus, at the top of the acyl
chain near the lipid back bone, or in the center of the acyl chain.
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Fig 1-8. Photopolymerizable groups that have been incorporated
into amphiphiles.
Dienoates have been incorporated into dialkylammonium
amphiphiles, PCs, and double-chain glutamate amphiphiles (Ihara
et al., 1992).
presented here.

It is the sorbyl moiety that is employed in the work
This moiety exhibits an absorbance maximum of

256 nm (e = 23,00-27,000 M 'cm ').

When incorporated into

amphiphiles, the groups can be photopolymerized by exposure to
ultraviolet light, or by y-irradiation, or chemically polymerized by
thermal decomposition of radical initiators such as AIBN, azobis(isobutyronitrile), or peroxides, or by redox initiators (Tsuchida et
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al., 1992).

Shown below are the lipids used in our lab for

photoinduced fusion and leakage of liposomes.
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Fig 1-9. Structures of lipids for the photopolymerization of
component liposomes.

two

The photopolymerizarion induced destabilization of multilamellar
liposomes (MLV) composed of a two component bilayer consisting
of dioleoylphosphaQdylethanolamine. DOPE.

and l.2-bis[10-(.2-

hexadienoyloxy)decanoyl]-sn-glycero-phosphatidylcholine. bisSorbPC,

in a 3:1 ratio was proposed to occur through intraliposomal

membrane contact following photoinduced domain formation
(Lamparski et al., 1992) and is depicted below.

Fig I-IO. Interlamellar contact induced leakage of photolysed
two- component multilamellar liposomes.

Recently, Bennett and O'Brien (1995) showed that
photopolymerization of a two component bilayer consisting of DOPE
and bis-SorbPC,

in a 3:1 ratio induced a lateral separation of
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reactive and nonreactive components and effectively enhanced
fusion between LUV.

The destabilization event

was proposed to

occur through interliposomal membrane contact following
photoinduced domain formation.

It was shown that the rate and

extent of liposome fusion was dependent on extent of
photopolymerization, temperature, and pH.

This is depicted

below.

Fig Ml. Contact -induced fusion and leakage of photolysed two
component LUV.
I.E.6.b Visible Light Sensitized Polymerization of
Liposomes
Although there are many initiation methods which
successfully cause the polymeriztion of various monomers, in vivo
applications should avoid the addition of potentially harmful
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initiating agents such as acids, or bases.

While UV light offers

advantages over other polymerization techniques, UV light does not
penetrate tissue to an appreciable depth, and its potentially
harmful crosslinking effects make its usefulness for in vivo
applications questionable.

Sensitizing vinyl polymerizations to

visible light via addition of an appropriate light absorbing species
to the monomer preparation is advantageous since visible light is
lower in energy and tends to penetrate deeper into tissues.

It has

been shown that certain amphiphilic cyanine dyes are capable of
sensitizing lipid polymerization to green or red light (Armitage et
al., 1993; 1994).

Cyanine dyes are visible-light absorbing dyes

with methine bridges joining aromatic heterocycles.
polymerization that Armitage et al.

The

accomplished was by

irradiation of bilayers containing assembly-bound cyanine dye
with visible light.

Inclusion of DiIC18(3)

(structure shown in

figure 1-12) into polymerizable LUV consisting of DOPE/bisSorbPC/DiIC18(3) in a 3:1:0.2 molar ratio resulted in enhanced
contact induced leakage between LUV populations (Clapp, 1996).
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CH = HC— CH
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Fig 1-12. Structure of DiIC18(3)
I.F. Endocytosis of Liposomes

I.F.I. The Pathway of Endocytosis
One of the fundamental properties of living cells is their
ability to sense and respond to their external environment.
Endocytosis plays many important roles in cell physiology.

The

most primitive function performed in endocytosis is cell nutrition.
Endocytosis also participates in the control of metabolism and the
expression of cell surface receptors.
subdivided into several categories.

Endocytosis may be
These events are described as

pinocytosis, receptor-mediated endocytosis, and recapture.
events are depicted below.

These
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Phagocytosis

Pinocytosis

Coated Pit
Endocytosis

HjO

Phagosome

Macropinosome

Fig 1-13. Endocytosis of molecules by cells.
and Willingham (1985).
I.F.I.a.

Endosome

Adapted from Pas tan

Pinocytosis

Fluid phase endocytosis, commonly referred to as pinocytosis, is
characteristic of many, perhaps all, nucleated cells.

It is a

constitutive activity that requires energy and leads to vesicle
internalization from the plasma membrane.

It is arrested only in

very few biological instances, for example, during mitosis
(Tartakoff, 1987).

Typical pinocytotic vesicles range in the size of
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100 to 300 nm.

Their indiscriminate uptake of extracellular

tracers like ferritin, colloidal gold, sucrose, and Lucifer Yellow
results in the rapid entry of greater than 100 pinocytotic vesicles
per minute in a typical cultured cell (Tartakoff, 1987).

Pinocytosis

participates both in nutrient uptake and in cell regulatory
pathways (Petty, 1993).
Several characteristics distinguish pinocytosis from
endocytosis.

During pinocytosis solutes dissolved in a cell's

environment are internalized, while during endocytosis the
molecules first are bound to the plasma membrane followed by
their uptake.

Thus, the rate of endocytosis is saturated at high

substrate levels since there are a finite number of receptors, the
endocytotic rate cannot be increased after all of the receptors are
bound to ligand.

In contrast, when the solute concentration is

raised, a cell could endocytose the same volume, but more solute
molecules, so pinocytosis rates are not saturable (Petty, 1993).
Pinocytotic vesicles are not associated with cytoskeletal networks
such as actin and therefore pinocytosis is not inhibited by
cytochalasin, or colchicine, both inhibitors of
formation.

microtubule

Pinocytosis does not require clathrin coated pits and
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occurs at temperatures down to 0°C.

In contrast, endocytosis is

inhibited by cytochalasin and exhibits a remarkably abrupt
temperature cutoff around 18°C (Hubbard, 1989).
The principle fate of pinocytosed solutes is delivery to secondary
lysosomes.

Secondary lysosomes are those lysosomes which

contain material in the process of being digested.

The lysosome is

an organelle containing an impressive complement of hydrolytic
enzymes (Tartakoff, 1987).

I.F.I.b.

Receptor-Mediated

Endocytosis

The second broad class of endocytosis is receptor mediated
endocytosis.

These include the uptake of (1) metabolic ligands, e.g.

transferrin, (2) opportunistic ligands, such as viruses and protein
toxins, (3) growth factors e.g. epidermal growth factor, EGF (4)
lysosomal hydrolases, (5) immunoglobulins,
(6) the uptake of particles by phagocytosis.

a2-niacroglobulin,

and

Ligands may be

destined for lysosomal hydrolysis, or diacytosis (return to the cell
surface) or for transcellular transport (transcytosis).

Receptors

may be destined for delivery to lysosomes for destruction or for
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return to the cell surface for repeated cycles of internalization
(Tartakoff, 1987).
An early step in endocytosis is the transfer of various ligands
and their receptors from the cell surface into intracellular vesicles.
It has been estimated that as many as 3000 vesicles may form per
minute in typical cultured cells (Pastan and Willingham, 1985).

In

the absence of added Ugand some receptors, such as the EGF
receptor, are found randomly distributed on the cell surface
(Willingham and Pastan, 1982).

Others, such as LDL, low density

lipoprotein (Goldstein et al., 1980) and transferrin receptors
(Willingham et al, 1984), tend to be clustered in specialized
depressions in the cellular membrane that are termed coated pits
because of their characteristic appearance under the electron
microscope.

The coat material is composed of clathrin, an

elongated 180,000 dalton protein and two other proteins (32,00038,000 daltons), which are present in a 1:1 stoichiometry with
clathrin.

At pH <7.0 and in the presence of magnesium, clathrin

undergoes self association to form a trimeric triskelion (Keen, 1985;
Kirchhausen and Harrison, 1981).

In most cultured cells there are

500-1,000 of these coated pits and these organelles occupy about
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1% of the cell surface.

These coated pits are the sites at which

ligands and their receptors accumulate as the first

step in entry

into the cell (Anderson et al., 1977; Pastan and Willingham, 1981).
Very soon after binding these ligands appear in

vesicles which

have no coat termed receptosomes (Willingham and Pastan, 1980)
or endosomes (Marsh and Helenius, 1980).
The formation of receptosomes is constitutive, so even in the
absence of ligand receptosomes are formed just as rapidly as in
their presence (Pastan and Willingham, 1985).

When first formed

they measure about 200 nm in diameter, but they can grow by
fusing with one another to produce vesicles 600 nm in diameter.
Receptosomes move by saltatory motion along tracks of
microtubules (Willingham and Pastan, 1980; Pastan and
Willingham, 1981, Kok et al., 1992).
cytochalasin (Hubbard, 1989).

This activity is inhibited by

They eventually come in contact

with the elements of the trans-Golgi and appear to fuse with the
Golgi membrane, delivering their contents to the lumen of the Golgi
system (Willingham and Pastan, 1982; Willingham et al., 1984).
Estimates of the lifetime of receptosomes range from 5 to 60
minutes, depending on the cell type.
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A critical identified characteristic of the endosome (and of
coated vesicles and lysosomes) is its acidic interior (Galloway et al.,
1983; Maxfield, 1985; Mellman, et al., 1986; Rudnick, 1986).

It is

these acidic conditions (pH 5-6) which are responsible for receptorUgand dissociation.

Many receptors, such as the LDL receptor are

recycled back to the plasma membrane via a vesicular
compartment.

An LDL receptor may be recycled over 100 times

during its 20 hour lifetime (Pathak et al., 1988).

Endosomal

acidity has been documented in studies of populations of living
cells that have ingested carboxyfluorescein labeled ligands.

Since

the excitation of fluorescein is a known function of pH, (Geisow,
1984; Ohkuma and Poole, 1978), the internal pH may be deduced
from the fluorescence of monolayers of cells on coverslips.

The

effect of acidification of the endosome on fluorescein spectra can be
reversed by the addition of a weak base such as ammonium
chloride or chloroquine (Maxfield, 1982; Tietze, et al., 1980;
Gonzales-Noriega, et al., 1980), which concentrates in the acidic
organelles of the cells, e.g. endosomes.

Their distribution will

depend on the relative pH values inside and outside the acidic
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organelles.

This results in a neutralization of the acidic

compartment (Goldman and Rottenberg, 1973).

I.F.I.c. Recapture
In addition to the two major classes of endocytosis mentioned
previously, there is a third class that may be held separate.

These

are the endocytotic events responsible for recapture of those unit
membrane domains contributed to the cell surface at the moment
of exocytosis (Tartakoff, 1987).

An example of this is in the nerve

termini where electron microscopic images of the reintemalization
show that the units recovered are smaller than secretory granules
and they are often coated.

Such internalization presumably makes

possible the reutillization of the membranes for subsequent cycles
of exocytosis, but the route by which they return to the secretory
pathway is not well understood (Tartakoff, 1987).
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I.F.2. Delivery of Liposomal Contents to Cells in Culture

I.F.2.a. Endocytosis of Charged Liposomes
The uptake of liposomes is generally believed to be mediated
by nonspecific adsorption of liposomes onto the cell surface and
subsequent endocytosis.

Early studies indicated that liposomes

which bind to the surface are internalized through a coated pitmediated pathway in some cells (Straubinger et al., 1983; Chin, et
al., 1989).

Negatively charged liposomes containing PS, PG, or PA

were observed to be endocytosed faster and to a greater extent
than neutral liposomes by phagocytotic (endocytotic) cells (Allen, et
al., 1991; Lee, et al., 1992; 1993).

Negative surface charge can be

recognized by receptors found on a variety of cells, including
macrophages (Allen, et al., 1988; 1990; Lee, et al., 1992).

While it

is still not known what factors define the uptake of liposomes by
various cells, the different extents of binding for a given liposome
composition by different types of cells suggest that the binding
itself may be the crucial step.

This was suggested by Lee et al.

(1992) from comparative studies of the endocytosis of

liposomes

of varying compositions by two different cell lines, i.e. CVl cells, an
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African green monkey kidney cell line, and J774 cells, a murinemacrophage cell line chosen to represent mononuclear phagocytes
in the reticuloendothelial system, RES.

The inclusion of 9 mol % PS,

PG or PA increased the extent CVl cell uptake of PC/cholesterol
liposomes by 20 fold, whereas 50 mol % of the same anionic lipids
was required to reach this same level of liposome uptake in J774
cells.

The aqueous contents uptake was measured with the

liposomally encapsulated fluorescent probe, HPTS.

Daleke, et al.

(1990) showed that liposomes could be endocytosed by
macrophages and that this phenomenon could be monitored by a
new fluorescence method involving the highly fluorescent, water
soluble, pH-sensitive dye, HPTS (l-hydroxypyrene-3,6,8-trisulfonic
acid).

The use of this dye, both in fluorescence spectroscopy and

in fluorescence microscopy, gives information about the
endocytosis of liposomes.

This is shown by the pH-induced

fluorescence spectral change of the dye as the endosome is
acidised and is shown as vacuolar, punctillated fluorescence by
fluorescence microscopy.

The bilayer probe rhodamine-PE was

also employed to calculate the lipid associated with the cells (Lee,
et al., 1992; 1993).

A further study by Lee et al. (1993) indicated
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liposome binding at the J774 cell surface controlled the overall rate
of liposome-cell interaction.

The number of binding sites and

binding constants were greater for PS/Chol/PC liposomes than for
Chol/PC liposomes, whereas the rate constants for endocytosis after
binding were similar for each type of liposome.

Moreover these

studies suggest that the choice of suitable liposome compositions
can facilitate the delivery of

encapsulated contents to a target cell

in preference to uptake by macrophages of the RES.

I.F.2.b. Cytoplasmic Delivery of Liposomal Contents
Following

Endocytosis.

In order for a liposome to deliver agents to the cytoplasm of
a cell, the liposome must destabilize the endosomal membrane
following endocytosis.

Straubinger et al. (1985) demonstrated that

pH sensitive liposomes composed of oleic acid and PE could deliver
membrane impermeant calcein and fluoresceinated dextran to the
cytoplasm of cells, shown by fluorescence microscopy.

Dextran,

being very large, cannot enter the cell by any means other than
destabilization of the endosomal membrane following liposomal
endocytosis.

In the same way, calcein does not permeate the
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bilayer because of the high charge content preventing leakage and
insuring that cytoplasmic localization of dye could only occur
following a fusion event (Straubinger, et al., 1983).

They showed

by fluorescence microscopy that fluoresceinated dextran of 18,000
daltons was targeted to the nucleus while 40,000 daltons was
found only in the cytoplasm.
delivery of calcein.

They also showed cytoplasmic

This indicated the fusion of liposome with

endosome and delivery of liposomal contents to the cytoplasm.
Huang and colleagues (Connor and Huang, 1985; Collins and
Huang, 1987; Ho et al., 1987) incorporated monoclonal antibodies
attached to fatty acid into pH-sensitive liposomes to construct pHsensitive immunoliposomes which could be endocytosed by
receptor mediated endocytosis and were able to deliver calcein to
the cytoplasm of cells in culture.

The pH sensitive liposomes were

composed of DOPE/palmitoylhomocysteine, PHC.

While the

mechanism of liposome-endosome fusion is not known, it probably
involves formation of intermediates to the cubic phase by DOPE
when PHC is protonated at low pH.
In 1990 Chu et al., showed that pH sensitive liposomes
composed of CHEMS and DOPE could deliver encapsulated calcein.
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fluoresceinated dextran, or polypeptide, as well as diptheria toxin
into the cytoplasm of macrophage cells following endocytosis.

At

pH 7.5 the CHEMS is negatively charged, causing liposome repulsion
as well as stabilization of PE.

But when the CHEMS is protonated,

near pH 5.5, the liposome is effectively neutralized and contact
induced leakage ensues.

I.G. Delivery to Cells in vivo
The use of liposomes as drug-delivery systems was first
proposed more than 20 years ago (Gregoriadis, 1973).
Liposomes, however, failed to live up to their expectations as
delivery vehicles because liposomes in vivo are quickly taken up
by fixed macrophages of the RES and only a small portion reached
their intended target (Senior, 1987).

These liposomes, termed

conventional, or C-liposomes, made of PC and other phospholipids,
and cholesterol

have extremely short circulation half lives in vivo ,

on the order of a few hours, which limits their ultility to targeting
to the RES.
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I.G.I Sterically Stabilized Liposomes
Attempts to reduce the uptake of liposomes by the RES had
led to the use of neutral liposomes, which have shown the longest
circulation time in blood (Senior, 1987; Hwang, 1987), but these
were also not completely successful as they showed dosedependent phamacokinetic profiles, meaning that as the lipid dose
increased, the circulation time also increased, although they still
did not stay in circulation very long.
The first formulations of long-circulating liposomes were
mimics of red blood cells.

They contained a ganglioside, GMi , and

increased tumor uptake and diminished RES uptake of these long
circulating liposomes was demonstrated (Gabizon and
Papahadjopoulos, 1988).

The half- life of these liposomes in the

blood stream increased to as long as 24 hours if the fluid bilayer
composed of cholesterol and egg phosphatidylcholine was replaced
with rigid bilayers such as those composed of sphingomyelin and
distearolylphosphatidylcholine (Gabizon and Papahadjopoulos,
1988).

A dose-response was not observed for a wide variety of

lipid doses (Woodle and Lasic, 1992; Allen and Hansen, 1991).
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Problems with the commercial availability of GMi led to the
search for a second generation of long-circulating liposomes.
These liposomes were made from derivatives of polyethylene
glycol (PEG) covalently linked to lipids like
distearoylphosphatidylethanolamine.

These liposomes are termed

'Sterically stabilized' liposomes, S-liposomes, or 'Stealth' liposomes.
They display a reduced affinity for cells of the RES and have long
circulation times since they can avoid detection by the RES (Blume
and Cevc, 1990; Allen and Hansen 1991; Senior et al., 1991;
Papahadjopoulos, 1991).

They are also less dependent on the

rigidity of the liposomal bilayer, allowing for more variation of
liposome composition (Gabizon and Papahadjopoulos, 1988; Woodle
and Lasic, 1992).

I.G.2. Targeted Drug Delivery with S-Liposomes
There are several properties of S-liposomes which make
them suitable for targeted drug delivery in vivo .

The first is that

S-liposomes tend to localize in high concentrations in solid tumors
(> 10% of the injected dose) (Papahadjopoulos et al., 1991; Gabizon,
1992; Huang et al., 1992; Zu et al., 1993).

This is because there
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exists an increased permeability of tumor vasculature.

This allows

the S-liposomes to escape the leaky capillary ends and localize in
the tumor interstitial space (Gabizon, 1992; Huang et al., 1992; Zu,
et al., 1993).

The leaky vasculature is due to tumor-secreted

angiogenic factors.

Angiogenesis is an inherently leaky process

necessary for developing tumors to be supplied with nutrients and
oxygen.

It has also been proposed that the enhanced lubrication

property of S-liposomes having the hydrophilic polymer on its
surface enables the liposomes to traverse the capillary membrane
more easily than conventional liposomes (Zu et al., 1993).

S-

liposomes show circulation half-lives of several hours (Blume and
Cevc, 1990; Allen et al., 1991; Senior et al., 1991; Papahadjopoulos,
1995).

This time is necessary for the liposome to find its target.

This increased half life is due to the hydrophilic surface of Sliposomes which inhibits opsonization of the liposomes by plasma
proteins.

This is depicted in Fig 1-14.

It is the intercalation of

these proteins into the bilayer of a liposome which targets it for
removal by macrophages of the RES.

90

Opsonin

Y

Menibian&
Bilayer

-k

Drug moleculi
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Stealth liposomes

Conventional liposomes

Fig 1-14. Representations of stealtli and conventional liposomes.
PEG attracts water to the surface of liposomes creating a
hydrophilic surface which inhibits opsonization of the liposome by
plasma proteins, thereby increasing the circulation times of
liposomes.
Adapted from Allen, 1994.
I.G.3. Passive Targeting of Liposomes
The high degree of localization of long-circulating liposomes
into solid tumors is an example of passive targeting.
targeting has been demonstrated in many tumors.

Such
Experiments

with S-DOX, S-liposomes which contain the anti-cancer drug.

91

doxorubicin, frequently used in the treatment of solid tumors, have
shown considerable therapeutic efficacy against murine colon
carcinoma (Huang et al., 1992; Mayhew, et al., 1992).

They

demonstrated that treatment with S-DOX, but not with free drug or
C-DOX lead to significant suppression of tumor growth and high
rates of long term animal survival.

The improvements in efficacy

for S-DOX over C-DOX or free drug stem from an increased
localization of liposomes in the tumor interstitial space, sustained
release of drug over hours resulting in higher drug concentrations,
and uptake of drug by cells by the normal mechanisms.

This same

result was also noted for murine mammary carcinomas (Vaage, et
al., 1992) and for human squamous cell lung carcinoma implanted
into SCID mice (Williams, et al., 1993).
Rosenecker et al. (1996) showed that the use of substance P,
a peptide used to increase vascular permeability in selected tissues
such as trachea, esophagus, and urinary bladder, resulted in
liposome extravasation deep within tissues that normally do not
take up significant amounts of liposomes from the blood.

Another

way to increase liposome extravasation is the use of local
hypothermia.

Van Bree et al. (1996) showed that the use of
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hypothermia with thermostable liposomes
doxorubicin

led to an increase in

toxicity to target cells.

I.G.4. SpeciHc (antibody mediated) Targeting of Liposomes
While tumors have been shown to collect liposomes due to
their leaky vasculature there are types of cancers where this mode
of liposome delivery will not be appropriate.

For instance, in the

treatment of leukemia cells in circulation or the treatment of
metastatic cells in the blood or lymph.

Here the only hope would

be for the specific targeting of liposome to cell.

The

immunoliposomes mentioned previously as pH- sensitive
immunoliposomes,would not be suitable for in vivo

applications

because they are conventional liposomes which have a protein
attached to the surface, because of the rapid rate of liposome
removal from the blood.
necessary.

Thus, a Stealth immunoliposome is

It was demonstrated in 1990 by Maruyama and

coworkers that S-immunoliposomes, conjugated with anti-epithelial
lung cell antibody localized efficiently in murine lung tissue In
vivo.

He showed that the uptake was proportional to the amount

of antibody conjugated to the liposome and that C-
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immunoliposomes had significantly less uptake at equivalent
lipid:antibody ratios.

While they did not look at therapeutic index,

they established that S-immunoliposomes could remain in
circulation long enough to find their target.
In much the same way, S-immunoliposomes were constructed
to target to breast cancer.

These contained Fab fragments for a

monoclonal antibody raised against the HER2 receptor found
overexpressed in malignant forms of breast, lung, and ovarian
cancers.

Anti-HER2 inmiunoliposomes were shown to bind to the

cell surface and be avidly endocytosed by the target cells (Kirpotin
et al., 1997).
vivo

While these liposomes have not been tried for in

applications, they showed that such liposomes would bind

and find their target cell.
Still anotherm vivo therapeutic application

involved the

treatment of mice implanted with murine squamous carcinoma
which were treated with S-immunoliposomes containing
Doxorubicin.

Animals receiving S-immunoliposomal DOX showed

marked tumor reduction over those receiving no treatment, free
doxorubicin, or S-DOX (no monoclonal antibody).

In fact, 50% of

those treated with S-immunoliposomal DOX were long-term
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survivors (170 days), whereas there were no long-term survivors
with any other treatment (Ahmad, et al., 1993).

I.G.5. Specific (antigen mediated) Targeting of Liposomes
In 1996 Vogel, et al., devised a liposomal delivery system
that involved the use of a folate molecule tethered to a DOPC/PEG
liposome.

Upon binding to the folate receptor on a cell surface,

the conjugated liposome is carried nondestnictively into the cell by
folate receptor-mediated endocytosis ( Leamon et al., 1991).

This

liposome would fuse with the endosomal membrane of cells due to
a pH sensitive fusogenic peptide, BALA, encapsulated in the
liposomes.

To monitor cytoplasmic delivery, the nucleic acid

binding dye, propidium iodide was used.

This dye undergoes a

60-fold increase in fluorescence upon binding to either RNA or DNA
(Taylor and Wang, 1989).

Many cancer cell lines, including HeLa

cells, which they studied, over express receptors for folate.

HeLa

cells were shown to preferentially endocytose liposomes bearing
folate.

Increases in folate binding protein expression on the

surface of cells grown in folate-deficient medium or at
physiological concentrations (5- 50 nM) can be 30- to 70-fold
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higher (JansoQ et al., 1989), and studies have reported that
significantly elevated folate binding protein levels predominate
among ovarian carcinomas and to a lesser extent cervical cancers
(Campbell et al., 1991).
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Chapter II

EXPERIMENTAL
II.A.

Materials

Dioleoylphosphatidylethanolamine (DOPE),
dioleoylphosphatidylcholine (DOPC),1,2-dioleolyl-sn-glycero-3phosphatidylserine (DOPS), l,2-dioleoyl-3dimethylammoniumpropanediol (DODAP), N-(7-nitro-2,l,3benzoxadiazol-4-yl)dioleoylphosphatidylethanolamine (NBD-PE), Nlissamine rhodamine B sulfonyl)phosphatidylethanolaniine (Rh-PE)
and PEGx-PE (where x represents the PEG number average
molecular weight), (PEG, poly(ethylene glycol)) were purchased
from Avanti Polar Lipids (Birmingham,AL) and were used without
purification (one spot on TLC, 65:25:4, CHCl3/MeOH/H20). The
synthetic lipid

l,2-bis[10-2'-hexadienoyloxy)decanoyl]-sn-glycero-

3-phosphatidylcholine (bis-SorbPC) was prepared as described
previously (Lamparski et al., 1992) through the synthetic efforts of

97

Bruce Bondurant.

The neutral PEG lipid, PEG-S-DOAPD, (rac-N-

monomethoxypoly(ethyleneglycol)2000-succinyl-3-aminopropaneI,2-dioleate) was also synthesized by Bruce Bondurant and the
synthesis will be reported elsewhere.

l-Aminonaphthalene-3,6,8-

trisulfonic acid (disodium salt) (ANTS), l-hydroxypyrene-3,6,8trisulfonic acid (HPTS), l,r-dioctadecyl-3,3,3',3'tetramethylindocarbocyanine perchlorate, (DiICig(3)),

1,1'-

dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine-5,5'-disulfonic
acid (DiICi8(3)-DS) and N,N'-p-xylylenebis-(pyridinium bromide)
(DPX) were obtained from Molecular Probes, Inc. (Junction City, OR).
Water was distilled and then purified by a MilliQ filtration system
(Millipore Corp., Bedford, MA).

II.B. Preparation of Liposomes
Large unilamellar liposomes

(LUV) were prepared by

freeze/thaw and extrusion as described previously (Hope et al.,
1985: Bennett and O'Brien, 1995).

Breifly,

lipid stock solutions

were prepared in benzene, then lipid films were formed in 10 mL
flasks by evaporating the solvent under a stream of argon gas and
further drying under vacuum for two hours.

The resulting lipid
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film was hydrated in an appropriate buffer, vortexed then freezethawed ten times employing alternating
ice/isopropanol

cycles between dry

(-70°C) and warm water (35°C) baths.

The

samples were then extruded ten times through two stacked 0.1|im
pore size Nuclepore polycarbonate filters with argon pressures of
300 to 500 psi using a stainless steel extruder (Lipex
Biomembranes, Vancouver, Canada).

The sizes of the LUV

populations were determined by quasi-elastic light scattering
(Kolchens et al., 1973) to be relatively monodisperse with an
average diameter of 120 ± 10 nm (see section n.E.)

II.B.l. Preparation of NBD-PE/Rh-PE Liposomes
Fluorescence-labeled liposomes for lipid mixing assays were
prepared containing 1 mol % each of NBD-PE and Rh-PE.
fluorophores were added to weighed lipid films

The

from an equimolar

chloroform stock solution of NBD-PE and Rh-PE.
again dried under argon and vacuum for one hour.

The sample was
The mixed

lipid films were hydrated with glycine buffer (155 mM NaCl, 10
mM glycine, pH 9.5) to a concentration of ca.l3 mM Upid before the
formation of LUV by extrusion.
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II.B.2. Preparation of ANTS/DFX Liposomes
LUV for the ANTS/DFX fusion assays were prepared
according to the method of Ellens et al. (1985, 1989) with
modifications described by Bennett and O'Brien (1995).

LUV

contained either 25 mM ANTS or 90 mM DFX and were buffered by
10 mM glycine at pH 9.5.

LUV for the ANTS/DFX leakage assays

were also prepared according to established methods (Ellens et al.,
1985, Bennett and O'Brien, 1995).

LUV contained either 12. 5 mM

ANTS, 45 mM DPX, buffered with 10 mM glycine at pH 9.5, or
glycine buffer, pH 9.5.

Encapsulated material was separated from

unencapsulated material on Sephadex G-75 (Pharmacia) gelfiltration columns (1.6 x 20 cm) with glycine buffer as eluent.

The

buffers used were isoosmotic to the solutions of fluorophores,
having osmolarities of 220 mosmol/Kg (Osmette S Osmometer,
Precision Instruments).

II.C. Liposome

UV Photolysis

LUV samples (3.0 mL) were placed 1 cm from a low-pressure
mercury vapor pen lamp (predominantly 254 nm light) in a stirred
3.5 mL fluorescence quartz cuvette that was thermostatted at 37°C.
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A Coming CS-9-54 filter (> 230 nm) was used to minimize intensity
of short UV Ught incident on the sample.

Photolysis times ranged

from 0 to 2 minutes for DOPE/bis-SorbPC samples (4:1), 0 to 3
minutes for 3:1 samples, and 0 to 4 minutes for 2:1 samples.

The

different photolysis times are a consequence of optical densities of
samples of each lipid composition.

The extent of polymerization

was calculated as previously described

by Bennett and O'Brien

(1995) using the following equation:
% polymerization = [(AQ- A^)/ (AQ- A,OO)] x 100
where AQ is the initial absorbance, Aj the absorbance after t
minutes of irradiation, and A,oo the absorbance after complete
conversion of the monomer.
depicted in FigII-1.

Photolysis of the monomer is
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n-l. Photopolymerization of DOPE/bis-SorbPC 3:1 liposomes
by UV light. The loss of monomer is followed by absorbance at
254 nm.

Fig.
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II.D.

Liposomal

Interaction

Fluorescence Measurements

Fluorescence was measured with a Spex Huorolog 2
fluorimeter (Spex Industries, Inc., Edison, NJ) that was equipped
with a thermostatted cuvette holder and a magnetic stirring
assembly.

Samples were thermally equilibrated for at least 5

minutes before assays were initiated.
utilized an excitation wavelength
wavelength

The

lipid mixing studies

of 450 nm and an emission

530 nm with slit widths of 2 mm for excitation and 4

mm for emission.

The ANTS/DPX fusion and leakage studies were

performed with an

excitation wavelength of 360 nm and emission

wavelength of 520 nm. The slit widths were 8 mm for both
excitation and emission.

II.D.l. Fluorescence Measurements for Lipid Mixing
Lipid mixing between different LUV populations was measured
by the NBD-PE/Rh-PE assay (Struck et al., 1981) following the
modifications of Diizgunes et al. (1987).
2.

This is depicted in Fig II-

The residual fluorescence at 530 nm of the labeled LUV

containing 0.1 mol % each of NBD-PE and Rh-PE was taken as 0%
fluorescence.

Lipid mixing between labeled LUV and unlabeled
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LUV results in an increase in NBD-PE fluorescence since there is
decreased energy transfer to Rh-PE as the probes are diluted from
labeled LUV to unlabeled LUV upon vesicle fusion.

Labeled LUV

were mixed in a 1:9 molar ratio with unlabeled LUV.

The value

for the theoretical maximum fluorescence was established by
measuring the emission from a mixture of labeled and unlabeled
LUV in their respective experimental concentrations that had been
subjected to five cycles of freeze-thaw in order to randomize the
lipid in the two LUV populations (MacDonald and MacDonald,
1983).

The unlabeled LUV stock solution was diluted to 270 |iM in

ca. 2.9 mL and then photolyzed

at 254 nm for the requisite time.

The unirradiated stock of labeled LUV was then added to produce a
1:9 molar ratio of labeled and unlabeled liposomes of
Solutions were thermostatted for 5 minutes before
each assay.

300 (iM.
the start of

Lipid mixing was initiated by addition of

75 p-L of 2.0

M acetic acid/sodium acetate (pH 4.5) buffer while stirring to yield
a pH of 4.5 (measured by pH meter).

In a similar manner a 75 fiL

aliquot of 0.5 M TES, 0.2 M MgCl2, pH 7.0 was used to achieve a pH
of 7.5 and a Mg2+ concentration of 5 mM.
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NBD
Fusion

NBD

NBD
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RET

RET

^ •=>
450 nm 520 nm
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Fig. 11-2. Schematic of lipid mixing studies using lipid probes,
NBD-PE and Rh-PE. As shown in the figure, both labels are found
on one liposome population, allowing for resonance energy transfer
from NBD to Rh to occur. When this labeled LUV fuses with an
unlabeled LUV, the lipid probes are diluted and the resonance
energy transfer is diminished. This is seen as an increase in NBD
fluorescence.
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II.D.2. Fluorescence Measurements for Leakage and Fusion
The ANTS/DPX fusion assay reports mixing of aqueous
contents between liposome populations containing either ANTS or
DPX by DFX quenching of ANTS fluorescence (Ellens et al., 1985,
1989).

The DPX-LUV stock solution was diluted to 270 p.M in ca.

2.9 mL glycine buffer and was irradiated by 254 nm light for the
requisite time.

Following exposure the ANTS-containing LUV were

added in a 1:9 molar ratio to make 300 p.M total lipid and the
mixture was thermally equilibrated for 5 minutes in the
fluorimeter before initiating the fusion event.

The ANTS-

containing LUV were not irradiated in order to prevent bleaching
of the ANTS fluorophore.

The fluorescence scale was calibrated

using the emission intensity of a 1:9 molar mixture of ANTS and
DPX-containing liposomes as 100% fluorescence (0% fusion) and the
intensity of a coencapsulated population of ANTS/DPX-containing
LUV as 0% fluorescence (100% fusion).

The ANTS/DPX leakage

assay reports the relief of quenching of coencapsulated ANTS and
DPX upon release from the LUV.

Leakage of the aqueous contents

from liposomes results in ca. 10^- fold dilution of the probes into
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the surrounding medium and
et al., 1985).

increased ANTS fluorescence (Ellens

The assay was calibrated using the initial intensity of

the ANTS/DPX liposomes in the pH 9.5 glycine buffer as 0%
fluorescence (0% leakage) and the intensity of the same solution
following addition of Triton X-100 to a final concentration of 0.5%
(wt/v) as 100% fluorescence (100% leakage).

The fusion and

leakage assays were initiated by addition of 75 p-L of either a 2.0 M
acetic acid/sodium acetate (pH 4.5) buffer solution , a 0.5 M TES,
0.2 M MgCl2 buffer solution, (pH 7.5), or a 0.8 M MgCl2 (pH 6.8)
buffer solution to stirred suspensions of the liposomes in the
fluorimeter.

Both assays are depicted in Fig II-3.
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Fig. n-3. Schematic of Leakage and Fusion studies using ANTS
and DPX to monitor contents mixing and leakage. The top panel
shows the fusion assay where ANTS is contained in one LUV
population while DPX is contained in another. Fusion of these LUV
results in quenching of ANTS fluorescence.
The bottom panel
shows the leakage assay where ANTS and DPX are coencapsulated
in one LUV population.
Interaction with another LUV population
causes contents leakage and is monitored as an increase in ANTS
fluorescence.
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lI.E. Light Scattering
Liposome size distributions were measured using dynamic
light scattering (Brookhaven BI-8000AT correlator with a 5 mW
He-Ne polarized laser source, Brookhaven Instruments Corp.)-

LUV

were examined at a total lipid concentration of 100 |xM at angles of
60, 90, and 120°.

Two fitting methods, nonnegative least squares

and CONTIN, were used to extract the set of exponential functions
that made up the autocorrelation functions (Kolchens et al., 1993).

II.F. Preparation of Liposomes for Endocytosis
Experiments
Liposomes for endocytosis studies contained 0.2 mol % of RhPE.

The fluorophore was added to weighed lipid film from a

chloroform stock solution.

The mixed lipid film was hydrated in

HPTS buffer (35 mM HPTS, 10 mM glycine, 45 mM NaCl, pH 9.5) to
a concentration of about 13 mM before the formation of LUV by
extrusion.

Encapsulated material was separated from

unencapsulated material on Sephadex G-75 (Pharmacia) gelfiltration columns (1.6 x 20 cm) with glycine buffer (141 mM NaCl,
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10 mM glycine, 0.1 mM EDTA, pH 9.5) as eluent

The buffers used

were isoosmotic with the solutions of fluorophores, i.e. 268
mosM/kg (Osmette S Osmometer, Precision instruments).
Phospholipid concentration was determined colorimetrically using
the method of Stewart (1980).

II.G.

Cell-Liposome

Incubations

HeLa cells were either seeded at 5 x 10 'cells and grown in
25 cm2 cell culture flasks (Costar) for two days for fluorescence
spectroscopy experiments or were seeded at 2 x 10 'cells on
chamber slides (Nunc) for one day for fluorescence
experiments.

microscopy

Cells were incubated at 37°C and 5% CO2 in MEM

media supplemented with 5% fetal bovine serum.

J774 cells were

seeded at 5 x 10 ' cells and grown in 25 cm^ cell culture flasks for
two days for spectroscopy experiments.

Cells were incubated at

37°C and 5% CO2 in DMEM media supplimented with 5% fetal
bovine serum.

Cells were counted with a Coulter Counter (Coulter

Electronics Inc.). Media was removed from the cells and the cells
were washed three times in PBS-CMG buffer (137 mM NaCl, 2.7
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mM KCl, 1.5 mM KH2PO4, 8.1 mM Na2HP O4, 0.4 mM CaCl2, 0.4 mM
MgCl2, 5 mM glucose, pH 7.4).

Liposomes were diluted to 100 ^iM

in 1 mL PBS-CMG buffer and sterilized with Nalgene 0.2 ^im pore
size syringe filters (Nalge Co., Rochester, NY).

Cells were incubated

with liposomes at 37°C and 5% CO2 for various times.

II.H. Microscopy of Cells Following Endocytosis of
Liposomes
The cells were washed three times in PBS-CMG and then
viewed by epifluorescence with a Zeiss Axioplan Universal
microscope (Carl Zeiss Inc., Thornwood, NY) using three filter sets.
The first filter set allows excitation in the range of 395-440 nm
with dichroic mirror and barrier filter at wavelengths greater than
470 nm.

These conditions show the total fluorescence by HPTS

(liposomes at both neutral and low pH).

The second filter set

allows excitation in the range of 450-490 nm and observation of
emission at wavelengths greater than 510 nm, i.e. HPTS liposomes
mostly at neutral pH.

The excitation with the third filter set at

510-560 nm with a long pass filter of 590 nm was suitable for
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rhodamine fluorescence.

The camera system utilized a Hamamatsu

phototube video imaging system (model 0738K).

These files were

saved as TIF files and imaged by Image-1 software (Universal
Imaging Corp., West Chester, Pennsylvania).

II.I. Spectroscopy of Cells Following Endocytosis of
Liposomes
Cells were washed two times in PBS-CMG buffer followed by
washing and dislodging treatment with 1.5 mL PBS-EDTA buffer
(137 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 8.1 mM Na2H PO4, 10
mM EDTA, pH 7.4) for 10 minutes at 37®C.

Cells were diluted with

1.5 mL PBS buffer (137 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 8.1
mM Na2H PO4, pH 7.4) in fluorescence cuvette.

The fluorescence

spectra were obtained with a SPEX FluoroLog 2 fluorometer (Spex
Industries, Inc).

Fluorescence emission for binding and

endocytosis measurements using HPTS (Xex 380-480 nm) were
obtained at 510 nm with continuous stirring at controlled (25°C)
temperature.

The excitation intensities at Xex 403, 413, and 450

nm were measured.

The intensity at 413 nm, the isosbestic point,
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is pH-independent and serves as a measure of total number of
liposomes associated with the cells regardless of their location
along the endocytotic pathway.

The intensities at 403 and 450 nm

are sensitive to pH and the ratios of intensities at 403/413 nm and
450/413 nm were calculated to estimate the fraction of liposomes
endocytosed following the method of Hong et al., (1986) and Daleke
et al., (1990) using the expression (eq. II-1):

Fraction endocytosed = (ratiOpH 7.4 -

rati0incasured)/(rati0pH 7.4 -

ratioiow)

where the ratiOpH 7.4 was found by placing an aliquot of free HPTS
in PBS at pH 7.4 and measuring the fluorescence excitation ratio of
450 nm/ 413 nm.

The ratioiow was found by incubating the cells

with 100 mM liposomes for 2 hours then washing the cells with
PBS-CMG to remove unbound liposomes followed by four hours of
incubation in PBS-CMG to allow for the bound liposomes to be
endocytosed.

This is sufficient time to allow for liposomes to be

found only in the endosome of cells (D. Kirpotin, private
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communication).

Experiments were performed in duplicate and the

maximum deviation from the average value was 30%.

10000-
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Fig. II-4. The pH-dependence of HPTS. Panel A shows the HPTS
pH- dependent excitation spectra.
Arbitrary units of fluorescence
is plotted as a function of excitation wavelength were-A.^^ 380-460,
510. Panel B is a plot of the ratio of the fluorescence obtained
at 450/413 nm (•) at 413/413 nm (A) as a function of pH.
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The dye Rh-PE was used for simultaneous measurement
the liposomal uptake by cells.

of

Fluorescence emission spectra (A-em

570-615 nm) were obtained with excitation at 550 nm.

A

standard curve of rhodamine fluorescence was constructed by
measuring the Rh-labelled liposome fluorescence as a function of
concentration.

The liposomal uptake is expressed in terms of

nmoles of lipid/one million cells.

Lee et al. (1992) showed that

when 0.2 mol % Rh-PE was in the bilayer of a liposome while 35
mM HPTS was encapsulated inside the liposomes the HPTS
fluorescence intensity did not change upon solubilization with
detergent thus fluorescence resonance energy transfer from HPTS
to rhodamine was negligible.

II.J. Stability of Liposomes
Liposomal stability to HPTS leakage over the course of the
experiments was examined.

Fluorescence emission measurements

of liposomes containing HPTS (A,ex 380-480 nm) were obtained at
510 nm with continuous stirring at controlled (25°C) temperature
just as for binding and endocytosis

The fluorescence intensities at
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A,ex 403, 413, and 450 nm were measured.

Liposomes were then

placed in dialysis tubing with a MW cut off of 15,000 (SpectraPor)
in PBS-CMG pH 7.4 buffer with stirring for 4 hours.

No change in

lipid concentration or in HPTS concentration was observed
indicating no loss of fluorophore over the
experiment.

This is shown in Fig II-5.

course of the
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Lipososomal stability over the course of the endocytosis
experiment.
While the pH of liposomally encapsulated HTPS
changes over the course of the experiment, the isosbestic point at
413 nm does not, indicating that the concentration of HPTS remains
the same.

Fig.
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U.K. Preparation of Liposomes for in vitro
Polymerization.
If

1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine-

5,5'-disulfoiiic acid (DiICi8(3)-DS) was included in the liposomal
membrane, it was added from a methanolic stock to a preweighted
lipid film.

The lipid films were hydrated in HPTS buffer (35 mM

HPTS, 10 mM glycine, 45 mM NaCl, pH 9.5) to a concentration of
about 13 mM before the formation of LUV by extrusion.
Encapsulated material was separated from unencapsulated material
on Sephadex G-75 (Pharmacia) gel-filtration columns (1.6 x 20 cm)
with glycine buffer (141 mM NaCl, 10 mM glycine, 0.1 mM EDTA,
pH 9.5) as eluent

The buffers used were isoosmotic with the

solutions of fluorophores, i.e. 268 mosM/kg (Osmette S Osmometer,
Precision instruments).

Phospholipid concentration was

determined colorimetrically using the method of Stewart (1980).
Liposomes were diluted to 0.3mM in PBS-CMG buffer

and

sterilized with Nalgene 0.2 |im pore size syringe filters (Nalge Co.,
Rochester, NY).

If l,r-dioctadecyl-3,3,3',3'-

tetramethylindocarbocyanine perchlorate, (DiICi8(3)),

was included
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in the LUV membrane, it was added from a methanolic stock to
preformed LUV since cationic Dil is removed by anionic
polycarbonate membranes.

Organic solvent was added at less than

1% of the volume of buffer to prevent disruption of LUV.

Cells

were incubated with liposomes at 37°C and 5% CO2 for various
times.

II. L. Irradiation of Endocytosed Liposomes by
Microscope.
Cells were incubated with liposomes as stated in section ILG.
Cells were viewed by microscopy as in section II.H.

Cells were

irradiated using a Zeiss Axioplan Universal microscope (Carl Zeiss
Inc.) with

510-560 nm filter set.

Irradiation was performed for

various times at a distance suitable for viewing the cells by
epifluorescence.

II. M. Irradiation of Endocytosed Liposomes by
Fluorometer.
Cells were observed by fluorescence spectroscopy as in
section ILL

Following observation at slit widths of 2 mm for
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excitation and 4 mm for emission, the slits were opened to 8 mm
for excitation and the sample was irradiated at 550 nm for 30
minutes with stirring at 37®C.

Following irradiation the cells were

again viewed as in section II.I to see if a change in pH was
observed.

II.N. Preparation and Visible-Light
Polymerization

of

Sensitized

Liposomes.

Large unilamellar liposomes

(LUV) were prepared by

freeze/thaw and extrusion as described previously (Hope et al.,
1985: Bennett and O'Brien, 1995).

DiICi8(3) was added from a

methanolic stock to a 300 |j.M suspension of preformed LUV.
addition of dye to preformed liposomes initially incorporatesit
the outer leaflet.

The
into

In general the flip flop of lipids and amphiphilic

dyes is slow compared to the time scale of the experiment, which
requred a maximum of 4 hours.

Samples were irradiated in

cuvettes of 1 cm pathlength using the visible- light produced by
the filtered output of a 200 W Hg(Xe) arc lamp (coming filter CS372, X< 470).
spectroscopy.

Polymerizations were monitored by UV/vis
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Chapter III

EFFECT OF LIPOSOMAL COMPOSITION ON
PHOTOACTIVATED LIPOSOME FUSION
IIIA.

Introduction
The delivery and buffering of therapeutic agents with

liposomes currently stimulates active research in many areas.

The

large aqueous interiors of liposomes provides the opportunity to
deliver large local concentrations of therapeutics to target cells, as
long as the liposomes are properly designed to avoid non-specific
uptake by systemic cell (Lasic and Martin, 1995).
The addition of chemical agents to facilitate liposome fusion is
not necessarily suitable for in vivo delivery.

The use of radiant

energy to enhance liposome fusion avoids the need for added
chemical agents, and offers the further advantages of temporal and
spatial control of the fusion event.

It is the control of these

variables that has proven so useful in photodynamic therapy.
Several strategies for the design of photosensitive liposomes
have been described in recent years (O'Brien and Tirrell, 1993).
Only in the case of

the photopolymerization of liposomes has
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evidence for liposome fusion been reported (Bennett and O'Brien,
1994, 1995).

The photolysis of a large unilamellar liposomes

(LUV), consisting of a 3:1 molar ratio of
dioleoylphosphatidylethanolamine, DOPE, and l,2-bis[10-(2'hexadienoyloxy)decanoyl]-sn-glycero-phosphatidylcholine, bisSorbPC, induced lateral separation of reactive and nonreactive
components and facilitated fusion of the LUV.
event

The destabilization

was proposed to occur through interliposomal membrane

contact following photoinduced domain formation.

It was shown

that the rate and extent of liposome fusion was dependent on
extent of photopolymerization, temperature, and pH.

Here, we

show that the composition of the liposomal bilayer, i.e. the

ratio of

polymerizable lipids to polymorphic lipids, has a significant effect
on the threshold temperature for the fusion of the reactive
liposomes.

III.B. Results of Altering the Lipid Ratio
In earlier work, the temperature dependence of lipid mixing,
liposome fusion

and aqueous contents leakage of photolyzed

DOPE/bis-SorbPC (3:1) LUV was investigated (Bennett and O'Brien,
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1995).

Here, we report the effect of the lipid composition on the

lipid mixing and aqueous contents mixing and leakage of the
photosensitive LUV composed of the DOPE/bis-SorbPC.

The

composition was varied by changing the relative amounts of the
unreactive polymorphic DOPE and the photoreactive bis-SorbPC.

III.B.l Lipid Mixing Studies.
These studies measure lipid mixing between photolyzed
and dark LUV.

Only the unlabeled liposomes were irradiated to

?void photobleaching of the fluorescent probes.

Labeled and

unlabeled liposomes were prepared at pH 9.5 in glycine buffer
where the PE component of the LUV is partially deprotonated so
that the bilayers are negatively charged and the LUV repel one
another.

Lipid mixing was initiated by combining labeled and

unlabeled LUV 1:9 and then adding either H+ ions, Mg2+ ions, or
both to neutralize the initially negatively charged bilayer surfaces.
Figure III-l shows the effect of temperature on the lipid mixing of
DOPE/bis-SorbPC (4:1)

LUV at pH 4.5 with samples that have been

photopolymerized to different extents: 0% (panel A), 50% (panel B).
and 100% (panel C).

The mixing of lipids between LUV
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populations increased in both rate and extent with increasing
photoconversion of bis-SorbPC to poly(bis-SorbPC) as well as with
increasing temperature, except at high temperatures (ca SS^C)
where the overall extent was diminished, even though
rate continued to increase.

the initial

Similar results were found when LUV

composed of either 3:1 or 2:1 molar ratio of DOPE/bis-Sorb PC were
used (data not shown).

Diminished extents of Lipid mixing at high

degrees of photopolymerization may be due to a decrease in the
formation of precursors to the cubic phase at high extents of
conversion, which could lead to overall less effective interactions
between liposomes, although the initial interactions are kinetically
much faster (Barry et al., 1992).
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Fig III-l. Temperature dependence of lipid mixing of 120 nm
diameter LUV composed of DOPE/bis-SorbPC (4:1) at pH 4.5 and
different extents of photopolymerization.
Panels A-C show the
lipid mixing of unphotolyzed labeled LUV combined in a ratio of 1:9
with unlabeled LUV (total concentration 300 nM) whose bis-SorbPC
component is either (A) unphotopolymerized, (B) 50%
photopolymerized, or (C) 100% photopolymerized.
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The initial rates of lipid mixing derived from the data in
Figure III-l are plotted as a function of temperature in Figure III2.

Significant increases in the rates of lipid mixing were found in

each case as the temperature was increased.
photoexposure of the LUV shifted the
temperatures.

Increased

lipid mixing

curves to lower

Thus a rate of lipid mixing of 100 percent/minute

was achieved at ca. 43°C prior to photopolymerization, at ca. 29°C at
50% photopolymerization, and ca. 18®C at 100%
photopolymerization.

The readiness of dark LUV to interact with

photolyzed LUV was substantially enhanced by increased
photopolymerization of their bis-SorbPC component.

A difference

of nearly 25°C was observed for the dependence of temperature of
the lipid mixing curves between the unexposed and the completely
photopolymerized LUV.

Thus, photopolymerization of bis-SorbPC

provides a means to isothermally induce liposome-liposome
interaction.

Figure III-3 shows the initial rates of lipid mixing as

a function of the temperature at pH 4.5 for 3:1 DOPE/bis-SorbPC
(panel A) and 2:1 DOPE/bis-SorbPC (panel B).

Altering the

DOPE/bis-SorbPC LUV composition by including more bis-SorbPC
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increases the temperature at which lipid mixing occurs as
expectected for the more stable PC-rich system.
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Fig III-2. The effect of photopolymerization on the initial rates of
lipid mixing of 120 nm diameter LUV composed of DOPE/bisSorbPC (4:1) at pH 4.5 and 300
total lipid as a function of
temperature.
The curves display the initial rates of lipid mixing
extracted from the data in Fig III-l. The curve at the extreme right
is for (•) unphotopolymerized NBD-PE and Rh-PE containing LUV
in the presence of a 9-fold excess of unphotopolymerized LUV; the
middle curve is for (A) unphotopolymerized NBD-PE and Rh-PE
containing LUV in the presence of a 9-fold excess of unlableled
LUV whose bis-SorbPC component is 50% photopolymerized , and
the extreme left curve (•) is for unphotopolymerized NBD-PE/RhPE LUV in the presence of a 9 fold excess of unlableled LUV whose
bis-SorbPC component is 100% photopolymerized LUV.
All the
initial rates are expressed in percent lipid mixing per minute.
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Fig ni-3. The effect of photopolymerization on the initial rates of
lipid mixing of 120 nm diameter LUV.
Panel A depicts lipid
mixing for LUV composed of DOPE/bis-SorbPC in a 3:1 molar ratio;
panel B is for a 2:1 molar ratio at pH 4.5 and 300 |iM total lipid as a
function of temperature.
The initial rates were determined as in
Figure III-2 (data not shown).
Figure legend as in Figure III-2.
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III.B.2 Fusion and Leakage Studies.
In these experiments only one population of liposomes was
photopolymerized, therefore the observed effects are always due to
interactions between light and dark LUV.

The fusion of ANTS-and

DPX containing LUV (combined 1:9) was monitored using the
ANTS/DPX assay as a function of time.

The LUV were prepared at

pH 9.5 in glycine buffer and LUV interaction was initiated by
addition of either

ions, Mg2+

ions, or both to neutralize the

initially negatively charged bilayer surfaces of the LUV.
III-4

Figure

shows the effect of photopolymerization on fusion and

leakage of LUV composed of DOPE/bis-SorbPC (4:1) at 37°C and two
different pH conditions.

Panels A and C depict fusion and leakage

respectively, of LUV due to addition of 5 mM Mg2+ and
7.5.

to pH

Panels B and D are for fusion and leakage respectively, due to

addition of H+ to pH 4.5.

Liposomes were photopolymerized to

extents of 100%, 50 ± 5% and 0% as indicated in the figure.

Note

that for both initiation conditions the initial rates of both fusion
and leakage increase with increasing photopolymerization.
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Fig in-4. The effect of photopolymerization on fusion and leakage
between 120 nm diameter LUV composed of DOPE/bis-SorbPC (4:1)
at 37®C and different initiation conditions. Panels A and B are for
fusion under the initiation conditions of (A) 5 mm Mg2+, pH 7.5, (B)
pH 4.5. Panels C and D are for leakage under the conditions of (C)
5 mM Mg2+, pH 7.5, and (D) pH 4.5. The LUV were polymerized to
different extents, 0%, 50%, or 100%, as indicated in the figure.
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Figure ni-5 (panels A-C) shows the effect of temperature on the
fusion of DOPE/bis-SorbPC (4:1) LUV at pH 4.5 and at different
extents of polymerization: 0% (panel A), 50% (panel B), and 100%
(panel C).

Figure 111-5 (panels D-F) shows the corresponding effect

of temperature on leakage of DOPE/bis-SorbPC (4:1) LUV.

At

temperatures below 25°C both the initial rates and overall extents
of leakage and fusion are low.

As the sample temperature was

increased the initial rates of both fusion and leakage increased, but
the extent of leakage increased.
fusion also decreased.

Hence, the overall extent of

Since leakage can occur concomitantly with

fusion, increased extents of leakage can diminish the extent of
fusion at higher temperatures.

Photopolymerization of one

population of LUV increased both the initial rates of fusion and
leakage and the extent of leakage at higher temperatures.

Similar

trends were seen for LUV composed of either a 3:1 or 2:1 ratio of
DOPE/bis-SorbPC (data not shown).
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Temperature dependence of fusion and leakage of 120
nm diameter LUV composed of DOPE/bis-SorbPC (4;!) at pH 4.5 at
different extents of polymerization.
Panels A-C are for the fusion
of unphotopolymerized, ANTS-containing LUV combined 1:9 (total
concentration: 300 mM) with DPX-containing LUV whose bisSorbPC component is either (A) unphotopolymerized, (B) 50%
polymerized, or (C) 100% polymerized. Panels D-F are for the
leakage of unphotopolymerized ANTS/DPX-containing LUV
combined 1:9 (total concentration: 300 ^iM) with empty LUV whose
bis-SorbPC component is either (D) unphotopolymerized, (E) 50%
polymerized, or (F) 100% polymerized.
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In Figure 111-6 the initial rates of DOPE/bis-SorbPC (4:1) LUV
fusion and leakage are plotted as a function of temperature.

The

data presented in Figure III-6 were extracted from the initial
slopes of the fusion and leakage curves shown in Figure 111-5.

In

figure m-7 the initial rates of DOPE/bis-SorbPC (3:1) (panel A) and
DOPE/bis-SorbPC (2:1) (panel B) are shown.

The data presented in

figure III-7 were extracted from curves similar to those shown in
figure III-5, but are not shown here.

Bennett and O'Brien (1995)

previously observed a temperature threshold for the onset of rapid
LUV fusion.

For convenience of comparison and discussion the

temperature threshold for rapid fusion was defined as a critical
fusion temperature, Tf.

The data in Figure III-6 and III-7 indicate

the Tf is shifted to lower temperamre with increasing extents of
photopolymerization.
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Fig ni-6. Initial rates of fusion and leakage of 120 nm diameter
LUV composed of DOPE/bis-SorbPC (4:1) at 4.5 and 300 mM total
lipid as a function of temperature.
The curves at the extreme
right show the initial rate of fusion (•) and leakage (•) for
unphotopolymerized liposomes.
The middle curves show the
initial rate of fusion (A) and leakage (A) for unphotopolymerized
ANTS-containing (for fusion) or ANTS/DPX-coni;aining (for leakage)
in the presence of a 9-fold excess of 50% photopolymerized DPXcontaining (for fusion) or empty LUV (for leakage).
The extreme
left curves show the initial rate of fusion (•) and leakage (•) for
unphotopolymerized ANTS-containing LUV (fusion) or ANTS/DPXcontaining (leakage) in the presence of a 9-fold excess of 100%
photopolymerized DPX-containing LUV (fusion) or empty LUV
(leakage). The initial rates are obtained from the initial slope of
the fusion or leakage curves in Figure rV-5.
All the initial rates
are expressed in percent per minute, but for ease of comparison,
fusion and leakage are presented on different scales.
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Fig III-7.
Initial rates of fusion and leakage of 120 nm LUV
composed of DOPE/bis-SorbPC (3:1) (Panel A) or DOPE/bis-SorbPC
(2:1) (Panel B) at 4.5 and 300 ^iM as a function of temperature.
Figure legend as in Fig III-6.
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This is more clearly seen in the Arrhenius plot of the fusion
data (Figure III-8A), that shows a relatively low fusion rate at
lower temperatures, in contrast to the increasing fusion rates at
higher temperatures.

The point of the initial increase in the fusion

rate with increasing temperature is taken to be Tf. This value for
dark DOPE/bis-SorbPC (4:1) LUV was ca. 44°C, whereas it was 25°C
following complete photopolymerization of the LUV,

Similar

changes in the temperature dependence of leakage behavior of the
LUV were observed.

Thus, photopolymerization of LUV composed

of DOPE/bis-SorbPC can induce liposome fusion and release of
internal contents by decreasing the critical fusion temperature by
ca. 15-20 C°.
The effect of variations in the DOPE/bis-SorbPC ratio on the
observed initial rate of fusion is shown in the Arrhenius plots in
Figure HI-8.

The data from dark and photolyzed LUV composed

DOPE/bis-SorbPC in ratios of 4:1 (Panel A), 3:1 (Panel B), 2:1 (Panel
C) each exhibit a temperature region that marks the onset of
increasing rates of fusion.
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Fig III-8. Arrhenius plots of the log initial rate of fusion vs.
temperature"1 for 120 nm diameter LUV composed of DOPE/bisSorbPC in the following initial molar ratios: 4:1 (Panel A), 3:1 (Panel
B), and 2:1 (Panel C) at pH 4.5 and 300 jiM lipid. The rates are
obtained from the initial slope of the fusion curves for each of
these LUV compositions. Data for unexposed (•) and 100%
photopolymerized (•) LUV are shown.
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Table III-l summarizes the measured Tf values for each of the
liposome compositions studied.

The value of Tf decreased as the

content of the polymorphic DOPE increased relative to the
monomeric bis-SorbPC by either changing the starting composition
of the LUV and/or photochemically crosslinking the bis-SorbPC.
Figure IH-8 also shows the temperature range for the maximum
difference in fusion rate between dark and photolyzed LUV.

This

relatively narrow temperature range occurs when the photolyzed
LUV exhibit their maximum fusion rate and the dark LUV are still
at a temperature below Tf. The maximum increase in fusion rate
upon photolysis is 7-fold for the 4:1 DOPE/bis-SorbPC liposomes,
20-fold for the 3:1 DOPE/bis-SorbPC liposomes, and 200-fold for
the 2:1 DOPE/bis-SorbPC liposomes.

Since each liposome

composition attains a similar maximum initial rate of fusion, i.e. ca.
102 percent fusion/min, the differences in the magnitude of the
photoeffect on fusion are a consequence of the faster rate of dark
fusion of LUV with a higher DOPE content, in particular the 4:1
DOPE/bis-SorbPC liposomes.

Thus the LUV that fuse at the lowest

temperatures show the smallest photoactivated effect, whereas the

138

more thermally stable 2:1 DOPE/bis-SorbPC liposomes display the
greatest photoenhancement of liposome fusion.
The initial step in fusion of two liposomes is the formation of
an aggregated dimer of liposomes.

Bennett and O'Brien (1995)

concluded that aggregation of 3:1 DOPE/bis-SorbPC liposomes was
not rate limiting by comparing the fusion at two different lipid
concentrations, i.e. 50 and 300 ^iM.

The interaction between a dark

ANTS-containing LUV with a photolyzed
forms a heterodimer.

DPX-containing LUV

The estimated critical fusion temperatures

are obtained from the initial rates of fusion (up to 6 seconds), and
therefore depend primarily on fusion events occurring between
aggregated heterodimers.

The putative first formed fusion

intermediates (stalks) are necessarily composed of a mixture of the
lipids contributed by the cis-monolayers of both liposomes of an
aggregated dimer (Siegel, 1993).

The calculated ratios of DOPE to

total monomeric-PC composing the stalks of fusing heterodimers
for 4:1, 3:1, and 2:1 DOPE/bis-SorbPC LUVs are shown in Table III1.

The data indicate that the Tf for two LUV populations varies

with the molar ratio of DOPE and monomeric bis-SorbPC in the
aggregated dimer.

In the 4:1, 3:1, and 2:1 DOPE/bis-SorbPC
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systems, when the DOPE to monomeric bis-SorbPC ratio is about 4:1
(0% polymerization of the 4:1 system, 50% polymerization of the
3:1 system and 100 % polymerization of the 2:1 system,
respectively), the Tf value is 40-45°C.

In the 3:1 and 2:1 systems,

when the DOPE to monomeric-PC ratio is about 3:1 (0%
polymerization of the 3:1 system or 50% polymerization of the 2:1
system, PE/PC = 2.6, respectively) the Tf value is 55-60°C,

In the

4:1 system when the PE/PC ratio is 5.3:1 (50% polymerization), the
Tf value is 30°C, whereas in the 3:1 system, when the PE/PC ratio is
6:1 (100% polymerization), the Tf value is 35°C.

Finally, in the

100% photopolymerized 4:1 system, when the PE/PC ratio is 8:1,
the Tf value is 25°C.
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Original DOPE/bis-SorbPC Ratio
4:1

3:1

2:1

Extent of
Polymerization

PE/PC Tf (°C) PE/PC Tf (°C) PE/PC Tf CO

0%

4:1

45

3:1

55

2:1

65

50%

5.3:1

30

4:1

40

2.6:1

55

100%

8:1

25

6:1

35

4:1

45

Table III-l: The effect of different extents of
photopolymerization of bis-SorbPC on the calculated molar ratio of
DOPE to the remaining monomeric-PC (PE/PC) in a hetero-dimer of
two LUV undergoing productive fusion and the estimated critical
fusion temperatures (Tf). In all cases, only the DPX-LUV were
photopolymerized.
These data are plotted in Figure III-9 as the measured Tf versus
the calculated molar ratio of DOPE to total monomeric lipid.

This

analysis assumes that monomeric lipid, rather than polylipid, is
more likely to participate in the nonlamellar phase intermediates
necessary to allow for fusion between two liposomes, since the
lipids involved in such structures must assume high curvatures.
Interestingly, when the best fit linear regression to the fusion data
in Figure 111-9 is extrapolated to DOPE/monomeric-lipid mole ratio
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= 1, which corresponds to pure DOPE in the area of contact, the
predicted temperature of 7°C closely corresponds to the accepted
Th value for pure DOPE systems (8-10°C) (Lewis et al., 1989).

This

temperature also marks the point of appearance of nonlamellar
precursors to the inverted cubic phase, because the repetitively
thermal cycling of a sample of DOPE through the transition
temperature converts DOPE into an inverted cubic phase
(Shyamsunder et al. 1988).
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Fig III-9. The effect of photopolymerization on the calculated
molar ratios of DOPE to the total monomeric-lipid in a heterodimer of two LUV versus measured critical fusion temperatures
(Tc) for these LUV compositions. The data are taken from Table
III-l.
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UI.C. Destabilization of DOPE/DOPC 1:1 and DOPE/DOPC 1:3
Liposomes by DOPE/Bis-SorbPC 4:1 Liposomes.
Because the interior leaflet of the membrane of the endosome
is predominately composed of PC (see Table I-l), and our goal is to
deliver contents to the cytoplasm of cells following endocytosis and
fusion with the endosomal membrane, the ability of a liposome
population composed of DOPE/bis-SobPC in a 4:1 molar ratio to
destabilize a liposome population containing increasing amounts of
DOPC was investigated.

In these studies only lipid mixing and

leakage are presented since very little fusion could be detected
using the ANTS/DPX fusion assay.

III.C.l. Lipid Mixing Studies
In experiments conducted as previously (see Figure III-2),
the initial rates of lipid mixing between DOPE bisSorbPC 4:1
liposomes and DOPE/DOPC 1:1 liposomes were derived from data
not shown here.

The initial rates of lipid mixing are plotted as a

function of temperature in Figure III-1OA.

In these experiments

only one liposome population was irradiated, the DOPE/bis-SorbPC
liposomes, which had no lipid probe on their surface.

The target
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population, the DOPE/DOPC (1:1) liposomes were not irradiated and
contained the lipid probes, Rh-PE and NBD-PE.

As before,

significant increases in the rates of lipid mixing were found in each
case as the temperature was increased.
of the LUV shifted the

lipid mixing

Increased photoexposure

curves to lower temperatures.

Thus a rate of lipid mixing of 100 percent/minute was achieved
after 63°C prior to photopolymerization, at

55°C after 50%

photopolymerization, and 40®C after 100% photopolymerization.
The interaction of dark LUV with photolyzed LUV was substantially
enhanced by increased photopolymerization of their bis-SorbPC
component.

A difference of nearly 25°C was observed for the

dependence of temperature of the lipid mixing curves between the
unexposed and the completely photopolymerized LUV.

This is

similar to the effect of photopolymerization on the lipid mixing
between two liposome populations whose lipid composition was
identical (DOPE/bis-SorbPC 4:1, Figure III-2).

However, the

increased mole fraction of DOPC in the liposomes of the target
population greatly increased the fusion temperature by about 30°C
(Figure III-1OA).

When the PC content of the target

liposome

population was increased to give DOPE/DOPC (1:3), a rate of lipid
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mixing of 100 percent/minute was achieved at

57°C prior to

photopolymerization, at 53°C after 50% photopolymerization, and
46°C after 100% photopolymerization (Figure EH-lOB).

In both

cases the photopolymerization of the DOPE/bis-SorbPC liposomes
reduced the critical lipid mixing temperature.

The temperature at

which rapid lipid mixing occurred was similar, which was
surprising since the ratio of polymorphic to stabilizing lipid had
been altered dramatically.

Since no fusion data is available for

this lipid system, one cannot measure a true critical fusion
temperature, a Tf value.

Lipid mixing data does report the fusion

between two liposome populations, but not contents mixing.

While

measuring productive fusion interactions between liposomes it also
measures the non fusion-productive interactions between
liposomes, the aggregation of liposomes, as well.

Thus, the

temperature at which rapid lipid mixing occurs, is lower than the
Tf value (see Figure III-2 versus Figure III-6) and the rates of
mixing are higher than the rates of contents mixing as measured by
two different assays.

We can measure the temperature at which

rapid lipid mixing occurs, the critical lipid mixing temperature, Tl
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and recognize that the temperatures reported here are as much as
12°C lower than would be expected for a true Tf value.
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Figure III-10. The effect of photopolymerization on the initial
rates of lipid mixing of 120 nm diameter LUV composed of
DOPE/bis-SorbPC (4:1) and DOPE/DOPC 1:1 (panel A) or composed
of DOPE/bis-SorbPC (4:1) and DOPE/DOPC 1:3 (panel B) at pH 4.5
and 300 |j.M as a function of temperature.
The curves display the
initial rates of lipid mixing extracted from data not shown. The
curve at the extreme right is for (•) NBD-PE and Rh-PE containing
DOPE/DOPC LUV in the presence of a 9-fold excess of
unphotopolymerized DOPE/Bis-SorbPC LUV; the middle curve is for
(A) NBD-PE and Rh-PE containing PE/PC LUV in the presence of a
9-fold excess of unlableled PE/bis-SorbPC LUV whose bis-SorbPC
component is 50% photopolymerized , and the extreme left curve
(•) is for NBD-PE and JUi-PE containing PE/PC LUV in the presence
of a 9 fold excess of unlableled PE/bis-SorbPC LUV whose bisSorbPC component is 100% photopolymerized LUV.
All the initial
rates are expressed in percent lipid mixing per minute.
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III.C.2. Leakage Studies.
In Figure III-11 the initial rates of DOPE/bis-SorbPC (4:1) and
DOPE/DOPC 1:1 (panel A) or DOPE/DOPC 1:3 (panel B) LUV leakage
are plotted as a function of temperature.

The data presented in

Figure LH-ll were extracted from the initial slopes of leakage data
(data not shown).

As shown in Figure 111-4, there exists a

temperature threshold for the onset of rapid LUV leakage.

The

data in Figure III-II indicate the temperature for rapid leakage is
shifted to lower temperature with increasing extents of
photopolymerization.

Increased photoexposure of the LUV shifted

the leakage curves to lower temperatures.

Thus a leakage rate of

SOpercent/minute for DOPE/DOPC 1:1 LUV interacting with
DOPE/bis-SorbPC 4:1 was achieved at 70®C prior to
photopolymerization, at. 57°C after 50% photopolymerization, and
52''C after 100% photopolymerization. The trend was surprisingly
similar for DOPE/DOPC 1:3 liposomes.

The temperature at which

rapid leakage occurs for DOPE/DOPC 1:3 LUV interacting with
DOPE/bis-SorbPC liposomes is at ca. 67°C prior to
photopolymerization, at 53°C after 50% photopolymerization, and
47®C after 100% photopolymerization.
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Figure III-11. The effect of photopolymerization on the initial
rates of contents leakage of 120 nm diameter LUV composed of
DOPE/bis-SorbPC (4:1) and DOPE/DOPC 1:1 (panel A) or composed
of DOPE/bis-SorbPC (4:1) and DOPE/DOPC 1:3 (panel B) at pH 4.5
and 300 p.M as a function of temperature.
The curves display the
initial rates of contents leakage extracted from data not shown. The
curve at the extreme right is for (•) ANTS/DPX containing
DOPE/DOPC LUV in the presence of a 9-fold excess of
unphotopolymerized DOPE/bis-SorbPC LUV; the middle curve is for
(A) ANTS/DPX containing PE/PC LUV in the presence of a 9-fold
excess of unlableled PE/bis-SorbPC LUV whose bis-SorbPC
component is 50% photopolymerized , and the extreme left curve
(•) is for ANTS/DPX PE/PC LUV in the presence of a 9 fold excess of
unlableled PE/bis-SorbPC LUV whose bis-SorbPC component is
100% photopolymerized LUV.
All the initial rates are expressed in
percent contents leakage per minute.
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The data presented in Table III-2 is similar to that presented
in Table III-l, but with some important differences.

In Table III-

1 it was assumed that the initial step in fusion of two liposomes is
the formation of an aggregated dimer of liposomes.

The putative

first formed fusion intermediates (stalks) are necessarily composed
of a mixture of the lipids contributed by the cis-monolayers of both
liposomes of an aggregated dimer (Siegel, 1993).

In order for the

stalks to form, lipids able to undergo stalk formation (ie-PE) are
required.

Therefore in the case of a 4:1 DOPE/bis-SorbPC liposome

destabilizing a PC-rich liposome, more than a dimer of liposomes is
probably

necessary to provide enough DOPE for stalk formation

and fusion. Several DOPE/bis-SorbPC liposomes may need to
aggregate with a PC-rich liposome.

Such an aggregate could be

formed by several rounds of fusion between DOPE/bis-SorbPC
liposomes to raise the DOPE content of the destabilizing liposomes
prior to fusion with the target population.

Alternatively, the

aggregate could be formed by "hemifusion" between several
liposomes whereby only the outer lamellae of the liposomes are
involved in lipid mixing, allowing for exchange of lipids between
liposome populations without encapsulated contents mixing.

In
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the first case the aggregate formed would not be reported as fusion
by the lipid mixing assay, only fusion with DOPC-containing target
liposomes would be reported as lipid mixing since only the DOPCcontaining target liposomes were labeled.

In the second case,

however, aggregations with the target liposomes would be reported
as lipid mixing, falsely reporting even the initial rates of lipid
mixing.

It might allow for the sequestration of DOPE into an area

to allow for fusion with contents mixing to occur, or it may simply
lead to aggregates of liposomes.

Table 111-2 shows the data

reported from lipid mixing experiments.
data is shown here for comparison.

The DOPE/bis-SorbPC
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Lipid Mixing
Original DOPE/DOPC Ratio
Extent of

4:1

1:1

1:3

Polymerization
of DOPE/bisSorbPC 4:1

TL(°C)

TL(°C)

TL CC)

0%

32

63

57

50%

18

55

53

100%

10

40

46

Table III-2: The effect of photopolymerization of the bis-SorbPC
component of one liposome population on the estimated critical
lipid mixing temperatures (TL).
The addition of higher concentrations of DOPC to the target
liposome population acts to shift the critical lipid mixing
temperature to higher temperatures.

In fact, there is about a 30°

C rise in the Tl if the target liposome population is altered from 4:1
DOPE/bis-SorbPC to eitherl :1 DOPE/DOPC or 1:3 DOPE/DOPC.

It is
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unknown what effect this increase in TL would actually have on
true fusion, since some of the interactions between liposomes
monitored by the lipid mixing assay may result from lipid
aggregates formed by hemifusion.

It is also not known what this

means for fusion of these lipsomes with biological membranes, but
this shift in TL to temperatures above physiological temperatures,
even following photopolymerization of the bis-SorbPC containing
liposomes indicates the possible requirement for the addition of
another fusagenic lipid component to the bis-SorbPC containing
liposome population to lower the TL to allow for the possible
fusion of these liposomes with a biological membrane for cellular
delivery of liposomal contents.

III.D. Effects of the Addition of Diacylglycerol on
Photoactivated

Fusion.

Siegel et al. (1989) showed that the inclusion of of 2 mol %
diacylglycerol to monomethylated
dioleoylphosphatidylethanolamine, DOPE-Me, liposomes lowered
the critical fusion temperature by 15-20°C.

In order to determine

its effect on the critical lipid mixing temperature of photosensitive
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liposomes, either 2 or 4 mol% diacylglycerol was included in
DOPE/bis-SorbPC liposomes and the rates of lipid mixing of these
liposomes were measured.

Fusion and leakage assays could not be

performed during this time period because of contamination from a
dye used in our lab, l-hydroxypyrene-3,6,8-trisulfonic acid, HPTS.
This dye is a pH sensitive water soluble dye which can be
encapsulated into liposomes and is used to monitor liposomal
uptake by cells in culture.

The excitation and emission spectra of

ANTS and HPTS overlap, such that the spectrum of HPTS is visible
during the ANTS/DPX leakage and fusion assay.

In the fusion and

leakage assays liposomes were prepared at pH 9.5 in glycine buffer
where the PE component of the LUV is partially deprotonated so
that the bilayers are negatively charged and the LUV repel one
another.

When the pH is dropped from 9.5 to 4.5 to initiate fusion

of liposomes, the pH-dependent excitation spectra of HPTS changes,
such that there is a large drop in the fluorescence of HPTS.

This

drop in fluorescence diminishes the initial rates of fusion and
leakage monitored by ANTS/DPX.
The experiments with DOPE/bis-SorbPC 3:1 liposomes were
conducted as described previously (see Figure 111-2).

The initial
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rates of lipid mixing derived from data (not shown) are plotted as a
function of temperature (Figure III-12A).
liposomes were prepared.

Two populations of

The one to be irradiated did not contain

a fluorescent Upid probe on their surface.

These DOPE/bis-SorbPC

liposomes contained either 0, 2, or 4 mol% dioleoylglycerol (DOG).
The target unirradiated liposomes were DOPE/bis-SorbPC without
DOG and contained the lipid probes, Rh-PE and NBD-PE.

Significant

increases in the rates of lipid mixing were found in each case as the
temperature was increased.

The extent of lipid mixing at a given

temperature was increased by photoexposure of the LUV.

A rate

of 25 percent/ minute was used as the baseline for lipid mixing.
Thus, for the DOPE/bis-SorbPC (3:l)/2 mol% DOG LUV (panel A) a
rate of lipid mixing of 25 percent/minute was achieved at 54°C
prior to photopolymerization, at 48°C after 50%
photopolymerization, and 35°C after 100% photopolymerization.
The interaction of dark LUV with photolyzed LUV was substantially
enhanced by increased photopolymerization of the bis-SorbPC
component.

A difference of nearly 20®C was observed in the

temperature dependence of the lipid mixing curves between the
unexposed and the completely photopolymerized LUV.

When the

155

target

liposome population consisted of DOPE/bis-SorbPC (3:1) with

4 mol% DOG added (Figure III-2B) a rate of lipid mixing of 25
percent/minute was achieved at 58°C prior to photopolymerization,
at.44®C after 50% photopolymerization, and
photopolymerization.

37°C after 100%

A difference of nearly 20®C was again

observed for the dependence of temperature of the lipid mixing
curves between the unexposed and the completely
photopolymerized LUV.

This similarity in curves was surprising

since we expected that an increased mole fraction of
result in a lower fusion temperature.

DOG would
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Figure III-12. The effect of photopolymerization on the initial
rates of lipid mixing of 120 nm LUV composed of DOPE/bis-SorbPC
(3:1) and 2 mol% DOG (panel A) or composed of 4 mol% DOG (panel
B) at pH 4.5 and 300 mM as a function of temperature. The curves
display the initial rates of lipid mixing extracted from the data not
shown. The curve at the extreme right is for (•)
unphotopolymerized NBD-PE and Rh-PE containing LUV in the
presence of a 9-fold excess of unphotopolymerized LUV; the middle
curve (•) is for unphotopolymerized NBD-PE and Rh-PE containing
LUV in the presence of a 9-fold excess of unlableled LUV whose
bis-SorbPC component is 50% photopolymerized , and the extreme
left curve (A)is for unphotopolymerized NBD-PE and i?li-PE LUV in
the presence of a 9 fold excess of unlableled LUV whose bis-SorbPC
component is 100% photopolymerized LUV.
All the initial rates
are expressed in percent lipid mixing per minute.
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Table III-3 summarizes the measured Tl values for each of
the liposome compositions studied.

The value of TL decreased as

the content of the polymorphic DOPE increased relative to the
monomeric bis-SorbPC by either changing the starting composition
of the LUV and/or photochemically crosslinking the bis-SorbPC

Lipid Mixing
Mol%DOG
0 mol%

2 mol%

4 mol%

Extent of
Polymerization

PE/PC Tf (°C)

TL(°C)

TL (°C)

0%

3:1

65

54

58

50%

4:1

45

48

44

100%

6:1

40

35

37

Table III-3: The effect of different extents of
photopolymerization of the bis-SorbPC component of one liposome
population on the calculated molar ratio of DOPE to the remaining
monomeric-PC (PE/PC) in a hetero-dimer of two LUV undergoing
productive fusion and the estimated critical fusion temperatures
(TL), measured by lipid mixing.
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However, the effect of added DOG on the Tl is diminished as
the sample was photopolymerized.

The

critical lipid mining

temperature was decreased by 11°C in the absence of
photpolymerization, and shifted only 5°C after 100%
photopolymerization.

The observed effects are smaller than

suggested by the previous study of Siegel et al., (1989).

III. E. Summary
Bennett and O'Brien (1996) showed that the photolysis of a
large unilamellar liposomes (LUV), consisting of a 3:1 molar ratio of
bis-SorbPC, induced lateral separation of reactive and nonreactive
components and facilitated fusion of the LUV.
event

The destabilization

was proposed to occur through interliposomal membrane

contact following photoinduced domain formation.

It was shown

that the rate and extent of liposome fusion was dependent on
extent of photopolymerization, temperature, and pH.

The crucial

question addressed in this chapter is the effect of the initial lipid
composition on the measured critical fusion temperatures following
different extents of polymerization of one of the LUV populations.
The polymerization of LUV composed of DOPE/bis-SorbPC (4:1) or
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(3:1), decreased the Tfby ca. IS-ZO^C (see Table III-l).
Particularly noteworthy is the lower temperature range for fusion
found for the 4:1 DOPE/bis-SorbPC membranes.

This range

spans

the physiological temperature such that rapid fusion is not
observed at 37®C until the LUV are photopolymerized.

Thus,

photopolymerization of properly constituted LUV provides a
potentially useful strategy for initiating the fusion of liposomes at
physiological temperatures.
Consider the problem of endosomal delivery where the LUV
must interact with a membrane that is relatively rich in PC.

These

circumstances are expected to shift the fusion threshold to higher
temperatures.

Among the photosensitive LUV studied to date, the

DOPE/bis-SorbPC

(4:1) membranes have the lowest Tf values.

However even the 4:1 membranes were not capable of destabilizing
a PC rich membrane at physiological temperatures, as was
demonstrated in experiments which utilized target membranes
with increasing amounts of DOPC (see Tables III-2 and III-3).

The

addition of 2 or 4 mol% DOG to the liposomes only lowered the Tl a
modest amount (Table III-4).

These results suggest that

a more

substantial change in the initial liposome composition may be
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necessary to successfully photoactivate the fusion of liposomes
with cellular membranes.

The composition of the photosensitive

liposomes could be changed in number of ways.

One could be to

further reduce the proportion of the bis-SorbPC content, or change
the chain length of the SorbPC, which is known to alter its main
phase transition temperature (Lamparski et al., 1992).

In addition

the polymorphic component, DOPE, could be replaced by a lipid
exhibiting a lower Th like plasmenylethanolaniine (Glaser and
Gross, 1994).
Together this information indicates that liposomes composed
of DOPE/bis-SorbPC in a 4:1 molar ratio may be unable to
destabilize PC rich membranes at physiological temperatures.

But

the endosomal membrane is asymmetric in its distribution of lipids,
which is impossible to mimic in liposomes, and whose effect on
fusion is unknown.

Thus, we examined the possibility of using

photopolymerization to fuse these liposomes with the inner leaflet
of cellular endosomes following liposome endocytosis described in
Chapter V.
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Chapter IV

LIPOSOME-CELL INTERACTIONS IN VITRO:
EFFECT OF LIPOSOME-SURFACE CHARGE ON THE
BINDING AND ENDOCYTOSIS OF CONVENTIONAL AND
STERICALLY STABILIZED LIPOSOMES

IV.A.

Introduction
The uptake of liposomes is generally believed to be mediated

by nonspecific adsorption of liposomes onto the cell surface and
subsequent endocytosis.

Early studies indicated that liposomes

which bind to the surface are internalized through a coated pitmediated pathway in some cells (Straubinger et al., 1983; Chin, et
al., 1989).
While it is still not known what factors define the uptake of
liposomes by various cells, the different extents of binding for a
given liposome composition by different types of cells suggest that
the binding itself may be the crucial step.

This was suggested by

Lee et al. (1992) from comparative studies of the endocytosis of
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liposomes of varying compositions by two different cell lines, i.e.
CVl cells, an African green monkey kidney cell line, and J774 cells,
a murine-macrophage cell line chosen to represent mononuclear
phagocytes in the RES.

The inclusion of 9 mol %

phosphatidylserine (PS), phosphatidylglycerol (PG), or phosphatidic
acid (PA) increased the extent CVl cell uptake of PC/cholesterol
liposomes by 20 fold, whereas 50 mol % of the same anionic lipids
was required to reach this same level of liposome uptake in J774
cells.

The aqueous contents uptake was measured with the

liposomally encapsulated fluorescent probe, HPTS, whose pH
dependence was used to differentiate between liposomes at neutral
pH and the ones in low pH compartments (Daleke, et al., 1990). The
bilayer probe rhodamine-PE was also employed to calculate the
lipid associated with the cells (Lee, et al., 1992; 1993).
Here we compare the effect of liposome surface charge on
liposomal binding and endocytosis by HeLa cells, a line of
proliferative human cells chosen for its ubiquitous use in cancer
research, and the murine-macrophage J774 cells line chosen to
represent mononuclear phagocytes in the the reticuloendothelial
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system (RES).

Unlike previous studies, the effect of positive as

well as negative and neutral surface charge is examined.
In the 1970s

it was shown that vesicles used in vivo were

rapidly cleared from the blood of intravenously injected rats in a
dose-dependent and biphasic manner (Gregoriadis and Ryman,
1972).

Liposomes with entrapped materials ended up in the fixed

macrophages of RES mainly in the liver and spleen.

Sterically

stabilized liposomes were introduced to reduce liposome
interaction and uptake by the RES.

Liposomes with a sufficiently

hydrophilic surface decreased the adsorption of proteins, opsonins,
to the surface of the liposomal bilayer and thus curtailed
interception by the RES.
tethered

The current molecule of choice is bilayer

poly(ethylene glycol), PEG (Senior, et al., 1991).

The

commercially available PEG-lipid, a derivative of PE, is negatively
charged and can therefore present an electrostatic as well as a
steric barrier to interactions with systemic cells.

As part of a

broader investigation of steric and electrostatic effect on liposomecell interactions the endocytosis of neutral and anionic PEGliposomes are compared by using an uncharged PEG-lipid,
synthesized in our lab by a coworker, Bruce Bondurant.
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IV.B. Results
The uptake (total cell-association including binding and
endocytosis) of liposomes by HeLa cells and J774 cells was
compared.

The liposomes were composed of DOPC with and

without the addition of either a positively charged lipid in the form
of DODAP or a negatively charged lipid, DOPS, at a certain
percentage of total phospholipid.

In some experiments 5 mol %

PEG-PE2000 or a neutral PEG-lipid of the same molecular weight
was added.

The method used to measure the endocytotic

capabilities of these cells was developed by Papahadjapoulos and
co-workers (Hong et al., 1986; Daleke, et al., 1990).

Each liposome

preparation was formed with encapsulated HPTS for analysis of
endocytosis

and with bilayer bound Rh-PE

total cellular uptake.

for measurement of

The membrane-impermeant dye, HPTS,

responds to intraliposomal changes in pH.

Therefore, it is possible

to measure binding and cellular endocytosis of liposomes using
fluorescence spectroscopy and microscopy.

The calculation of the

fraction of dye endocytosed assumes that HPTS is in one of two
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compartments, outside the cell at pH 7.4 or within endosomes or
lysosomes at low pH.
IV.B.l. The effect of surface charge density on endocytosis
by HeLa

and J774 cells

The effect of liposome surface charge on the amount of
endocytosis by HeLa cells was examined.

The liposomes studied

included DOPC/DODAP (20:1 or 4:1), DOPC, or DOPC/DOPS (11:1 or
4:1).

The amine head group of DODAP has a pKa of 8.5.

Previously Lee et al,, (1992; 1993) reported that CVl cells and J774
cells preferentially endocytosed liposomes with a negative surface
charge, specifically

CVl cells showed significant liposome uptake

when the liposomes carried 9 mol % negative charge, whereas
endocytosis of liposomes by J774 cells was only significant when
the liposomes had a higher anionic lipid content. The interaction of
liposomes with HeLa cells was also sensitive to liposome surface
charge.

Figure FV-la. shows the fraction of liposomes endocytosed

by HeLa cells over a four hour period as calculated using equation
II-1.

The greatest extent of endocytosis was observed for

liposomes composed in part from DODAP, which is positively
charged at pH 7,4,

The total number of liposomes associated with
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these cells over a four hour incubation of liposomes with the cells
(expressed as nanomoles of lipid associated with one million cells)
is shown in Figure FV-lb.

Since the process of liposomal uptake is

a two step process consisting of liposome binding to cell surface
sites followed by endocytosis, it is not surprising that the trends in
the two graphs are similar.

However the overall extent of uptake

observed is different, because a liposome population may bind to a
cell but not be endocytosed.
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Fig rv-i. The effect of liposome charge on uptake and endocytosis
by HeLa cells. Cells were treated with DOPC/DODAP 4:1 liposomes
(•), DOPC/DODAP 20:1 (A). DOPC (•), DOPC/DOPS 11:1 (•), or DOPC/
DOPS 4:1 liposomes (A). Panel A: The fraction of liposomes
endocytosed calculated by equation one.
Panel B: The effect of
charge on total uptake of lipid.
The error bars represent the
deviation from the mean of two experiments.
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The fluorescence

micrographs shown in Figure IV-2 and

Figure IV-3 provide further indication of the trends observed by
emission spectroscopy.

Two sets of cells are shown, one incubated

for four hours with DOPC/DODAP (20:1) liposomes (fig. IV-2), and
the other incubated for four hours with DOPC/DOPS (4:1) liposomes
(fig. IV-3).

In both cases, panel A are transmitted light

micrographs that show the location of the cells on the chamber
slide.

The incubation of HeLa cells with liposomes in PBS-CMG

buffer for four hours had no apparent effect on the cell
morphology.

The cells continued to appear normal, spread out and

adhering to the surface.

Panel B shows the same cells viewed by

epifluorescence with A.ex 395-440 nm, where the fluoescence

is due

to HPTS in compartments of both high and low pH; i.e. liposomes
located both within the endosome and bound to the surface of the
cells.

Panel C shows the same cells viewed with A,ex 450-490 nm

which produced the HPTS fluorecence at high pH, i.e. those
liposomes which are bound to the surface of the cells.

Thus, the

HPTS emission seen in panel B but not in panel C correspond to
HTPS located in low pH compartments of the cells. These data
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indicate that HeLa cells both bind and endocytose positively
charged liposomes more readily than those having a negative
surface charge.

Fig IV-2. Fluorescence micrographs (200 X magnification) showing
the effect of charge on endocytosis by HeLa cells. Panels A, B, and
C are micrographs of cells incubated for four hours with
DOPC/DODAP 20:1 liposomes..
Panel A is a micrograph taken with
transmitted light to show the location of the cells on the chamber
slide.
Panel B is the same cells viewed by epifluorescence with Xex
395-440 nm to show the location of HPTS in compartments of both
high and low pH, i.e. liposomes located both within the endosome
and bound to the surface of the cells. Panel C is the same cells
viewed with Xex 450-490 nm and corresponds the HPTS at high pH,
those liposomes which are bound to the surface of the cells.
Thus,
HPTS seen in panel B but not panel C correspond to HTPS at low pH
within the endosomes of the cells.
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In Fig IV-3 below, note that the morphology of the cells are
different than those seen in Fig IV-2, this is because the cells in
this experiment were slightly more confluent, affecting their
morphology.

Fig IV-3. Fluorescence micrographs (200 X magnification) showing
the effect of charge on endocytosis by HeLa cells. Panels A,B, and
C are micrographs of cells incubated for four hours with DOPC/DOPS
4:1 liposomes. Figure legend as in Fig IV-2.
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presented as the calculated fraction endocytosed as a function of
the incubation time of cells with 100 mM liposomes.

These data

indicate that J774 cells endocytose charged liposomes (either
positive or negative) to a greater extent than uncharged DOPC
liposomes.

Moreover the positively charged DODAP-liposomes

were taken up to a greater extent than the DOPS-containing
liposomes.

The apparent effect of liposome surface charge on J774

cell-liposome interaction could be due to specific receptors found at
the cell surface which mediate particle recognition and adhesion.

It

is known that cell surface receptors for the Fc domain of
immunogloblins and the RGD tripeptide mediate recognition,
adhesion, and phagocytosis of molecules for mamallian
macrophages.

RGD peptide-receptor interactions appear to be

mediated by charge-charge interactions (Pierschbacher and
Ruoslahti, 1984; Yamada, K.M. et al., 1985).

Although the liposome-

cell binding sites have yet to be identified, it has been suggested
that a membrane protein and Ca^"^ are essential to liposome binding
(Pagano and Takeichi, 1977; Dijkstra et al., 1985).

The fibronectin

receptor, the first RGD peptide receptor to be recognized, has a Ca^^

172

binding domain and requires Ca.^* for ligand-to-receptor
interactions (Argraves, et al., 1987)

12
3
4
Hours Incubation with Liposomes

Fig rV-4. The effect of charge on endocytosis of liposomes by J774
cells. Cells were incubated in the presence of 100 mM lipid for the
time indicated using DOPC/DOPDAP 2:1 liposomes (•), DOPC/DODAP
20:1 (A), DOPC (•), or DOPC/DOPS 2:1 liposomes (•). Error bars
represent the deviation of the mean of two experiments.
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iy.B.2. Effect of cationic lipid stracture

on endocytosis

of

liposomes by HeLa ceils.
In order to further characterize the interaction of positively
charged liposomes with HeLa cells, the cationic lipid was changed
from the dimethylammonium lipid, DODAP, to the cyanine dye,
DiIC18(3), a green dye that is commonly used for membrane
labelling.

The data presented in Figure IV-5 indicate that the

HeLa cell-liposome interaction is similar whether the liposomes
were composed of DOPC/DODAP (20:1) or DOPC/DiIC18(3) (20:1).
DODAP has a localized charge at the protonated nitrogen, whereas
the cyanine dye charge is delocalized over the conjugated dye
structure.

(Shown in figure IV-6).

These data suggest that HeLa

cells effectively endocytose cationic liposomes on the basis of
charge rather than the structure of the cationic lipid.

This is

consistent with nonspecific binding rather than requiring
receptor.

a specific

However, the uptake of liposomes was significantly

greater than the uptake of solutes, e.g. free HPTS, indicating that
fluid-phase pinocytosis is only a minor factor to the total uptake of
liposomes.
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Fig IV-5; The effect of headgroup on the endocytosis of liposomes
by HeLa cells. HeLa cells were treated wi± DOPC/DODAP 20:1
liposomes (•) or DOPC/ DilClS (3) 20:1 liposomes (A) for ±e time
indicated at 100 mM lipid in PBS-CMG buffer. Error bars represent
the standard deviation of the mean of two experiments.
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DODAP

Fig IV-6. Structures of cationic lipid and dye.

DiIC18(3)
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iy.B.3. Effect of weak bases on the pH of cell associated
HPTS
If a weak base such as ammonium chloride or chloroquine is
added to cells, it will concentrate in the acidic organelles of the
cells, e.g. endosomes, and the distribution will depend on the
relative pH values inside and outside the acidic organelles
(Goldman and Rottenberg, 1973).

Entry of liposomally

encapsulated HPTS into acidic cellular compartments, presumably
the endosome, caused a sharp decrease in the fluorescence
gathered at A,ex 450 nm while the fluorescence at the isosbestic
point, X q x 413 nm remains unchanged.

The ratio of 450 nm/ 413

nm permits normalization of fluorescence intensities to the total
amount of HPTS associated with the cells (Daleke, et al., 1990). The
addition of either chloroquine (100 mM) or ammonium chloride (50
mM) effectively raised the average pH of the liposomally
encapsulated HPTS associated with HeLa cells. This was
demonstrated by plotting the ratio of the fluorescence obtained at
450 nm and 413 nm versus the time of incubation, as is seen is
Figure rV-7a and 7b.

The excitation spectrum for HPTS was

determined before a 30 |iL aliquot of weak base was added to the

177

cells in a stirred suspension, and then the spectrum was
remeasured following two minutes incubation with the base.
Figure IV-7a shows data for the effects of adding chloroquine and
Figure IV-7b shows the effects of adding ammonium chloride to
the cell suspension.

In both cases the pH of the acidic

compartment was raised by the introduction of the weak base,
indicating that a significant portion of the HPTS was located inside
the endosome of the cells (Kirpotin, et al., 1997). The effect could
be reversed by washing the cells with buffer without the added
weak base.
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Fig IV-7. The effects of weak bases on the pH of cell associated
HPTS. Cells were incubated with 100 mM lipid for time indicated.
Excitation spectra were obtained before and after addition of 30
mL of base to a stirred cuvette; Xex 380-480 nm , X,em 510 rnn.
The data is plotted as the ratio of HPTS fluorescence at excitation
wavelengths 450 nm and 413 nm as a function of the incubation
time of cells. Panel A: Effect of ammonium chloride; Bars: open,
cells before treatment with NH4CI; hatched, after treatment with 50
mM NH4CI. Panel B: Effect of chloroquine; bars: open, cells before
treatment with chloroquine; hatched, following treatment with 100
|iM chloroquine.
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IV.B.4 Effects of
endocytosis

of

liposome surface charge on the

PEG-liposomes

The preferential uptake of positively charged conventional
liposomes by HeLa cells in culture led to a consideration of the
possible effects of surface charge on the interaction of sterically
stabilized Liposomes with cells.

Generally the incorporation of a

few mole percent of PEG2000-PE significantly increases the
circulation time of liposomes in vivo.

This important phenomenon

is usually attributed to the steric effect of the bilayer tethered
polymer,

The conformation of PEGx-PE could either be random coil

(mushroom) or more extended (brush) depending on the
magnitude of x and the mole fraction of the PEGx-PE in the bilayer
membrane.

If liposome stabilization, i.e. enhanced circulation time,

is strictly due to steric factors then the negative surface charge
imparted to the liposomes by the PEG-PE should have little effect
on the interaction of liposomes and cells.

An initial examination of

this hypothesis was undertaken by comparing the liposome-HeLa
cell interaction of PEG2000-PE liposomes (negative surface charge)
with neutral PEG liposomes, of similar molecular weight, using an
uncharged PEG2000 lipid designed in our laboratory.

The
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structures of the neutral PEG2000 . PEG-S-DOAPD (rac-Nnionomethoxypoly(ethyleneglycol)

2000-succinyl-3-

aminopropane-l,2-dioleate) and the Avanti PEG2000-PE are shown
below in Figure IV-8.

^CHiCHjOjcHj
O
'4

^g^oKcH^CH^CH,

NH

Kzo

PEG-S-DOAPD

PEG-DSPE (Avanti Polar Lipids)

Figure IV-8. Structures of a neutrally-charged PEG- lipid
synthesized in our lab and a comercially available PEG -lipid.
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The experimental results for the endocytosis of liposomes
composed of either DOPC/DODAP/neutral PEG (20:1:1);
DOPC/neutral PEG (20:1), or DOPC/PEG-PE (20:1) are shown in
Figure IV-9a.

The cellular uptake of positively charged PEG-

liposomes was greater than that of the neutral PEG-liposomes,
whereas the negatively charged PEG-PE liposomes were hardly
endocytosed by the HeLa cells.

These data parallel the effects of

liposome surface charge in conventional liposomes shown in
Figures IV-1, IV-2, and IV-3.

Furthermore the liposome-HeLa cell

interaction of liposomes composed of DOPC/neutral PEG plus an
equimolar amount of dioleoyl phosphatidic acid (DOPA) (molar ratio
19:1:1) is similar to that of the DOPC/PEG-PE (20:1) (Figure IV-9a).
The interaction of cells and liposomes that have comparable surface
charges and tethered PEG2000 chains appear to behave in a similar
manner whether or not the charge is localized on the PEG lipid.
Consequently a potentially interesting attribute of the neutral PEG
lipid is the flexibility it pemits in liposome formulation, because the
steric and electrostatic characteristics can be independently varied.
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The interaction of anionic and neutral PEG-LUV with J774
cells is summarized in Figure IV-9b.

Interestingly the J774 cells do

not endocytose either liposome population to the same extent as
observed in the liposome-HeLa cell experiments.

However within

the limited liposome endocytosis by J774 cells, the difference
between the neutral PEG-LUV and the negatively charged PEG-LUV
was relatively small.

Grafted PEG is reported to inhibit the

adhesion of liposomes to macrophages (Du et al,. 1997).
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Fig IV.9. Effects of PEG lipids on endocytosis of liposomes by
HeLa and J774 cells. Panel A: HeLa cells were incubated with
liposomes composed of DOPC/DODAP/neutral-PEG2000 (20:1:1) (•),
DOPC/neutral-PEG2000 (20:1) (A), DOPC/DOPA/neutral-PEG2000
(19:1:1) (•), or DOPC/PEG2000-PE (20:1) (•) liposomes. Panel B:
J774 cells were incubated with DOPC/neutral-PEG2000 (20:1) (A), or
DOPC/PEG2000-PE (20:1) (•) liposomes. Error bars represent the
deviation of the mean of two experiments.
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Table IV-1 summarizes the data obtained for the interaction of
liposomes of various compositions with either HeLa or J774 cells.
The calculated amount of the total lipid associated with one million
cells is tabulated in the colunm denoted Total, and the amount of
lipid associated with low pH compartments is listed under the
heading low pH.

The latter values were obtained from the fraction

of liposomes endocytosed.

The total lipid associated with cells was

calculated from the Rh-PE emission. The data show a somewhat
greater total interaction of positively charged conventional
liposomes with the HeLa cells than observed with either neutral or
negatively charged liposomes, e.g. 4.3 nM lipid per million cells for
DOPC/DODAP (4:1) compared to 2.9 nM lipid per million cells for
DOPC/DOPS (4:1). This coupled with the greater fraction of
endocytosis of positively charged liposomes resulted in a three-fold
increase in the amount of DOPC/DODAP (4:1) liposomes found in the
low pH compartments of HeLa cells compared to the DOPC/DOPS
(4:1) liposomes.

In constrast the extent of J774 uptake of

liposomes into low pH compartments was quite similar for both
cationic and anionic conventional liposomes.
observed for the PEG-liposomes.

Similar trends were

The extent of liposome uptake
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into low pH cellular compartments was only substantial for the
cationic PEG-liposomes and HeLa cells.

If the PEG-liposomes were

neutral or anionic the amount of lipid associated with cells in low
pH compartments was much less.
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Lipogome Compoaition''

% Charge

PC/DAP (4:1)
PC/DAP (20:1)
PC
PC/PS (11:1)
PC/PS (4:1)
PC/DAP/neu-PEG (20:1:1)
PC/neu-PEG (20:1)
PC/neu-PEG/PA (19:1:1)
PC/PEG-PE (20:1)

20
4.S -t0
8.2
20
4.5 +
0
4.8
4.8 -

HeU

PC/DAP (2:1)
PC/DAP (4:1)
PC/DAP (20:1)
PC
PC/PS (2:1)
PC/neu-PEG (20:1)
PC/PEG-PE (20:1)

25
20
4.8
0
33
0
48

J774

a) Hie calculated

Cgii Ling

-

-

-

+

••
'•

.
••
*•

•«

-

••
••

-

••

total
^±02
32 ±03
32±02
2.0 ±02
2.9 ±0.1
33 ±0.1
2.2±0.1
1.8 ±0.1
2.1 ±0.2

low pH
16 ±0.1
1.6 ±0.2
1.1 ±0.07
1.0 ±0.1
0.8 ±0.03
2.5 ±0.08
0.9 ± 0.04
0.2 ±0.01
05 ±0.12

3.2 ±0.5
3.9 ±0.1
3.1 ±0.5
1.6 ±0.1
3.0±0J3
2.2±0.2
2.1 ±0.2

2.5 ±0.4
1.8 ±0.05
1.9 ±0J
0.4 ±0.05
1.7 ±02
0.7 ±0.06
0.7 ±0.07

amount of the total lipid associated with one million cells after 4

hours incubation of liposomes and cells at

ST'C is tabulated in the column denoted

total, and the amount of lipid associated with low pH cellular compartments is
listed under low pH.
b) The molar ratio of tfie lipids is shown in parenthesis. Lipids: PC, 1,2-dioleoylPC;
PS, 1,2-dioleoylPS;

PA, 1,2-dioleoylPA; DAP, l,2-dioleoyl-3-dimethylammonium

propanediol; neu-PEG, neutrallipid with attached

FEG2000;

PEG-PE, PE with

attached PEGjooo-

Table IV-1. Summary of endocytosis of liposomes by HeLa and
J774 cells. The total lipid associated with one million cells is
indicated as a function of total time of cell/liposome incubation.
The low pH fraction was found by multiplying the fraction
endocytosed by the total lipid associated with one million cells.
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IV.C. Summary
The data obtained in this study and reported in Figures IV-1,
IV-2, and IV-3 indicate that HeLa cells preferentially take up
positively charged liposomes.
IV-7 with weak bases,

The experiments shown in Figure

ammonium chloride or chloroquine, show

that the cellular uptake of these liposomes has the characteristics
associated with endocytosis.

Furthermore the cellular uptake of

cationic liposomes does not appear to be head-group specific since
the substitution of a cationic dye with a diffuse positive charge for
the ammonium DODAP does not significantly alter the extent of
uptake by HeLa cells (Figure IV-5). This implies that in the case of
the HeLa cells the preference for charge is not due to a receptor
specific for a lipid head group, as suggested by Lee et al. (1992) for
CVl cells, but is instead a more general mode of charge sensitive
binding and endocytosis.

Moreover a similar effect of liposomal

charge on the extent of HeLa cell endocytosis was observed with
PEG-liposomes (Figure IV-9).

In these experiment the PEG group

presents a steric barrier to close approach of the lipid headgroups,
e.g. PC, PA, DODAP, etc., to other surfaces. Since the charge
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associated with DODAP and DOPA is localized at the lipid head
group the cellular uptake of charged PEG liposomes is unlikely to
be mediated by specific recognition of the lipid head groups.
The data indicate that J774 cells preferentially take up
charged liposomes in preference to those with no charge.
Moreover positively charged liposomes are taken up to a greater
extent than negatively charged liposomes (see Figure IV-4).

The

effect of liposome surface charge could be due to specific receptors
found at the cell surface which mediate recognition.
The comparison of PEG liposome uptake by J774 and HeLa
cells showed that the proliferative cells, i.e. HeLa cells, readily
distinquish between positively charged and negatively charged
PEG-liposomes, whereas the RES cells do not.

Since the RES cells do

not readily endocytose PEG-liposomes of either charge, these
observations suggest the possibility of designing PEG-liposomes
that have minimal interaction with cells of the RES, yet more
strongly interact with HeLa and other rapidly growing cells.
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Chapter V

IN VITRO POLYMERIZATIONS OF ENDOCYTOSED

LIPOSOMES
V.A

Introduction
The use of photopolymerization to induce the release of

liposomally encapsulated therapeutic agents in vivo
an efficient means of delivery.

could provide

It offers both temporal and spatial

control over the delivery event and fiber optic delivery of light to
tissues in a manner that is a relatively non-invasive means of
therapy.

In previous chapters the method of liposomal

destabilization utilized UV irradiation.

UV energy is potentially

damaging to tissues and is less penetrating than longer wavelength
visible light.

Sensitizing the polymerization of sorbyl lipids to

visible light provides a means to circumvent these problems.
Sensitization of vinyl polymerizations to visible-light has
been a subject of current interest due to widespread possible uses
especially in photoimaging and medical applications.

Our group has

demonstrated that certain amphiphilic cyanine dyes are capable of
sensitizing lipid polymerization to green or red light (Armitage et
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al., 1994; Clapp et al., 1997).

The sensitized polymerization was

accomplished via irradiation of lipid assembly-bound cyanine dyes
with visible light under ambient conditions.

The product was

shown to be polymeric lipid by NMR and size exclusion
chromatography which indicated the relative number-average
degree of polymerization was 100.

The reaction occured in the

presence of oxygen, and spin-trapping experiments demonstrated
the formation of superoxide anion (Clapp et al., 1997).

The

individual effects of pH, light intensity, temperature, and the
requirement for oxygen suggested that the polymerization process
is initiated by electron transfer from the dye excited state to
oxygen, to yield superoxide anion, which in aquous media combines
to form hydrogen peroxide.

To this end, it was shown that the

addition of exogenous peroxide to monomeric lipids caused similar
polymerization.

These data suggest that the dye-sensitized

polymerization is mediated by the formation of hydroxyl radicals
in the immediate vicinity of the lipid bilayer.
In other studies Clapp (1996) demonstrated that
polymerization of preformed DOPE/bis-SorbPC liposomes with
Dil(18)3 added in a 20:1 lipid to dye molar ratio could lead to
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contact mediated leakage from LUV using the ANTS/DPX leakage
assay.

These data indicate that visible light sensitized

polymerization could lead to delivery of endocytosed liposomally
encapsulated fluorophores to the cytoplasm of cells in culture.
—• The goal of this work is to test whether a liposomally
encapsulated dye or other agents could be delivered to the
cytoplasm of a cell following endocytosis and irradiation with
visible light.

However, there are many obstacles to be overcome in

a complicated cell system.
Potentially, the photolysis of Dil located on endocytosed
liposomes could initiate the polymerization of bis-SorbPC in a
manner that destabilizes the liposomes and promotes its fusion
with the endosome.

However, the bleaching of the Dil has been

shown by EPR studies to result in the formation of superoxide
anion and in aqueous medium hydroxyl radical.

Both of these

species are potentially damaging to cells and have been shown to
lead to extended cell membranes (blebbing) and mitochondrial
swelling (Fisher et al., 1973; Trump et al., 1984).

This means that

only the photolysis of Dil may be necessary for cell membrane
damage and cell death.
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The quantum efficiency for monomer reaction and sensitizer
bleaching for the Dil sensitized polymerization of bis-SorbPC were
determined to be low.

The sensitized polymerization of bis-SorbPC

requires 30-60 minutes of irradiation with the filtered output of a
200 W Hg(Xe) arc lamp (Corning filter CS3-72, X< 470).

The direct

polymerization of bis-SorbPC with a low-pressure mercury vapor
pen lamp (predominantly 254 nm light) with a Coming CS-9-54
filter (>230 nm) used to minimize intensity of short UV light
incident on the sample requires only 2-3 minutes of irradiation.
This is about a 10-20 fold difference in irradiation times.

This

increase in irradiation time could pose a threat to cells in the form
of heat if adequate buffer is not available to protect the cells
The presence of two dyes in one liposome, one found in the
liposomal bilayer (Dil), and the other encapsulated (HPTS), could
prove to be problematic.

Clapp (1996) found that the presence of

Dil made fusion assays monitored with ANTS and DFX impossible.
Addition of Dil containing liposomes to a sample containing
ANTS/DFX labeled liposomes caused a substantial decrease in the
fluorescence intensity of the ANTS sample.

This decrease in

fluorescence intensity was also observed if a cuvette containing Dil
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was placed in either the excitation or emission paths indicating that
the effect is due to filtering of the light by the Dil absorption. These
data indicate that the presence of Dil may hinder the fluorescence
monitoring of HTPS by fluorescence microscopy,

V.B. Results
V.B.I. Endocytosis of Preformed DOPE/bis-SorbPC 4:1
Liposomes

with

DiIC(18)3.

In these experiments DiIC(18)3 was added from a methanol
stock to preformed liposomes in a 20:1 lipid to dye molar ratio.
The volume of organic liquid added did not exceed 1% of the buffer
volume in any of these experiments.

The dye was added to

preformed vesicles after extrusion and filter sterilization since the
cationic dye was partially removed by anionic polycarbonate filters
(Armitage et al., 1994).

The fluorescence micrographs shown in

Figure V-1 demonstrate the interaction of Dil liposomes with HeLa
cells.

Cells were incubated with liposomes containing Dil for 2

hours at 37°C and 5% COj.

Panel A is a transmitted light

micrograph that shows the location of the cells on the chamber
slide.

Panel B shows the same cells viewed by epifluorescence
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with Xqx 395-440 nm, where the green fluorescence observed is
due to HPTS in compartments of both high and low pH; i.e.
liposomes located both within the endosome and bound to the
surface of the cells, while the yellow fluorescence is due to Dil.
Panel C shows the same cells viewed with Xex 450-490 nm which
produced the HPTS yellow fluorescence at high pH, i.e. those
liposomes which are bound to the surface of the cells.

Thus, the

HPTS emission seen in panel B but not in panel C would correspond
to HTPS located in low pH compartments of the cells.

Panel D

shows the same cells viewed with the Xqx 510-560 nm filter set
which produced the DiIC(18)3 red fluorescence.

Note that these

micrographs do not resemble those seen in chapter IV, Figure IV-2.
The fluorescence is punctate only with the

X.ex

395-440 nm filter

set and that there is more fluorescence seen with the Xex 450-490
nm filter set than in the lower filter set, not less, as would be
predicted by an endocytotic event.
nature of the fluorescence.

More troubling is the diffuse

This suggests that some of the

DiIC(18)3 partitioned from the membrane of liposomes and into the
plasma membrane of the cells.

This was seen in all 7 trials.
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Fig V-1. Fluorescence micrographs (400 X magnification) showing
the effect of DiIC(18)3 on endocytosis of HPTS-containing LUV by
HeLa cells. Panels A, B, C, and D are micrographs of cells incubated
for two hours at 37®C and 5% COj with DOPE/bis-SorbPC (4:1)
liposomes to which Dil was added in a 20:1 lipid to dye molar ratio.
Panel A is a micrograph taken with transmitted light to show the
location of the cells on the chamber slide. Panel B is the same cells
viewed by epifluorescence with Xex 395-440 nm to show the
location of HPTS in compartments of both high and low pH. Panel C
is the same cells viewed with Xex 450-490 nm. Panel D shows the
same cells viewed with X,ex 510-560 nm which produced the Dil
fluorescence.
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As a control, ceils were incubated with liposomes which
contained no encapsulated HPTS, but did contain Dil on their
surface.

In these experiments, the fluorescence produced with Xex

395-440 nm was minimal, only a few punctate spots, ^vhile the
fluorescence with the A,ex 450-490 nm filter set was nearly as
extensive as was that viewed with the Xex 510-560 nm filter set.
The fluorescence produced was localized as seen in Figure V-1,
indicating that the presence of Dil was responsible for some
fluorescence observed with A,ex 395-440 nm, and all of the
fluorescence observed with the Xex 450-490 nm and Xqx 510-590
nm filter sets.

This is depicted in Figure V-2. Panel A is a

transmitted light micrograph that shows the location of the cells on
the chamber slide.

Panel B shows the same cells viewed by

epifluorescence with Xex 395-440 nm (green and yellow
fluorescence).

Panel C shows the same cells viewed with Xex 450-

490 nm (yellow fluorescence).

Panel D shows the same cells

viewed at with the Xex 510-560 nm filter set which produced the
DiIC(18)3 red fluorescence.

These data (n=2) indicate the diffuse
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fluorescence from the sample excited with 450- 490 nm light in
Figure V-1 is due in large part to DiIC(18)3, rather than HPTS

Fig V-2. Fluorescence micrographs (400 X magnification) showing
the effect of DiIC(18)3 on LUV-HeLa cell interaction. Panels A, B,
C, and D are micrographs of cells incubated for two hours at 37°C
and 5% CO2 with DOPE/bis-SorbPC/Dil (16:4:1).
Panel A is a
micrograph taken with transmitted light to show the location of the
cells on the chamber slide. Panel B is the same cells viewed by
epifluorescence with A,ex 395-440 nm. Panel C is the same cells
viewed with Xqx 450-490 nm.
Panel D shows the same cells
viewed at with A,ex 510-560 nm.
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V.B.2. Visible light Sensitized
Containing

Polymeriztion of DiIC(18)3-

Liposomes.

The results of the micrographs depicted in Figure V-1 may be
due in part to the broad absorbance spectrum associated with Dil,
which overlaps the HPTS spectrum from 450-500 nm.
overlap in excitation spectra occurs with the
set for microscopy experiments.

This

450-490 nm filter

Figure V-3 shows the absorbance

spectra of DiIC(18)3 in preformed DOPE/bis-SorbPC (3:1) liposomes
to which DiIC(18)3 was added in a 20:1 dye to lipid molar ratio.
This broad absorbance pattern associated with Dil suggests why
the micrographs taken at Xex 450-490 nm are similar to those
taken at Xex 510-560 nm rather than those taken at Xex
nm.

395-440

Dil is excited with the Xqx 450-490 nm filter set, and so is

fluorescent under these conditions.

In other words, HPTS may be

viewed by the lowest wavelength filter set, but at these dye
concentrations, primarily Dil fluorescence is seen with the other
two filter sets.

Figure V-3 also demonstrates that the subsequent

polymerization of the bis-SorbPC lipid as the Dil is photolyzed by
visible light of wavelengths greater than 450 nm in 10 minute
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intervals.

Note that the Dil absorption from 450 nm to 650 nm is

diminished by irradiation

400

500

Wov«l«ngth (nm)

Fig. V.3. Absorption spectra of preformed DOPE/bis-SorbPC (3:1)
liposomes in glycine buffer to which DiIC(18)3 has been added in a
20:1 molar ratio of lipid to dye. Lipid concentration is 300 nM
total lipid. Exposures to visible > 450 nm light are shown at 10
min intervals. The peak at 260 nm is due to bis-SorbPC and the
peak at 550 nm is due to DiIC(18)3.
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V.B.3. In Vitro

Polymerization of DOPE/bis-SorbPC 4:1

Liposomes

DiIC(18)3.

with

In these experiments photopolymerization of bis-SorbPC
containing LUV with added 5 mol% Dil was attempted following
endocytosis of liposomes by HeLa cells.

V.B.3.a. Photopolymerization and
Liposomal Contents Followed

Release of

Endocytosed

by Fluorescence

Spectroscopy.
HeLa cells were allowed to endocytose DOPE/bis-SorbPC
/DiIC(18)3 (16:4:1) liposomes for two hours at 37®C and 5% COj in
25 cm^ culture flasks.

At this time the cells were washed 3 times

in PBS-CMG buffer then dislodged from the plate using PBS-EDTA.
An excitation scan was then performed (>.„ 380-480, Xg^SlO).
This scan showed, based on the ratio of 450/413 nm, that the
global pH of the HPTS was 6.8, a sign of significant endocytosis (see
Chapter IV).

The cells were then irradiated by opening the slits of

the fluorometer to 8 mm at 550 nm (the
minutes in a stirred cuvette at 37°C.

for Dil) for 30

After photolysis, an
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excitation scan was again performed and the resultant 450/413 nm
ratio was consistent with a pH of 7.4 indicating a movement of
HPTS from a low pH compartment to a higher pH compartment.
This suggests that irradiation of Dil leads to polymerization of the
liposomes with either concomitant delivery of liposomal contents to
the cytoplasm and/or to the exterior buffer, both of which have a
pH of 7.4

This experiment was done 11 times and showed the

result in Figure V-4 3 times.
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Fig V-4. HPTS excitation spectra before and after irradiation of
cell- associated LUV with 550 nm light, HeLa cells were allowed to
endocytose DOPE/bis-SorbPC/DiIC(18)3 (16:4:1) LUV for two
hours. At this time the cells were washed 3 times in PBS-CMG
buffer then dislodged from the plate using PBS-EDTA.
An
excitation scan was then perfomed on the cell suspension (A.^, 380480, A,j^510). The cells were then irradiated in the fluorometer at a
temperature of 37°C, at 550 nm (the
for Dil) for 30 minutes in
a stirred cuvette (slits at 8nmi).
An excitation scan was again
performed on the suspension.
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V.B.S.b. Photopolymerization of

Endocytosed

DOPE/bis-

SorbPC 4:1 Liposomes with DiIC(18)3) Observed by
Fluorescence

Microscopy.

In order to obtain further support for the evidence of
possible cytoplasmic delivery of liposomal contents following LUV
photopolymerization, a series of microscopy experiments were
performed.

The cells in Figure V-5 were grown on chamber slides

and incubated in the presence of liposomes for 2 hours at 37°C and
5% COj, after which the cells were washed and viewed by
epifluorescence.

Panel A is a transmitted light micrograph that

shows the location of the HeLa cells on the chamber slide.

Panel B

shows the same cells viewd with Xqx 395-440 nm which shows
green punctate HPTS fluorescence.

Panel C shows the same cells

viewed with Xex 510-560 nm which produced red Dil
fluorescence. Note that the fluorescence of Dil is a diffuse cell
image.

This suggests that some of the Dil may be transferring

from the LUV into the membrane of the cell.
same cells viewed with

Panel F shows the

Xex 510-560 nm following irradiation of

the cells with that filter set for 10 minutes.

The Dil fluorescence is
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reduced which is probably due to dye bleaching which is known to
initiate the polymerization of the bis-SorbPC (Figure V-3).

This is

an indication that photopolymerization may have occured which
could lead to cytoplasmic delivery of liposomal contents.

However,

this could not be observed, because of the weak fluorescence of
HPTS.

This may be due to a cytoplasmic delivery event which is

not visible if HPTS is too dilute, or it may be that some of the
fluorescence visible in Panel B was not HPTS, but instead, was Dil
absorbing in that filter set, indicated by the presence of green
HPTS, and also yellow fluorescence of Dil.

The irradiation of Dil

also lead to what appears to be membrane damage seen in panel D,
a transmitted light micrograph of the irradiated cells to show the
morphology of the cells following irradiation.

Some of the

observed membrane damage appears to be membrane blebbing, an
extention of the plasma membrane beyond its border caused by
cytoskeletal damage (DiMonte, et al., 1984).

It has been shown

that such blebbing occurs in response to oxidative stress (Fisher et
1973; Trump et al., 1984).
times.

These effects were reproduced 3
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Fig. V-5. Photolysis of endocytosed DOPE/bis-SorbPC/ Dil (16:4:1)

liposomes.
Panels A and D are transmitted light micrographs to
show the location of the cells before (A) and after (D) irradiation
with Xg, 520-560 nm filter set for 10 minutes. Panels B and E are
with
395-440nm to show HPTS fluorescence before (B) and
after (E) irradiation. Panels C and F are with
520-560 nm to
show Dil fluorescence before (C) and after (F) irradiation.
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This effect of membrane damage caused by irradiation of
DiIC(18)3 liposomes following endocytosis was investigated.
we looked at the effect of cell irradiation with green light.

First
Figure

V-6 shows that green light has no apparent effect on the
morphology of the cells in the absence of dyed liposomes.

Panel A

is a transmitted light micrograph which shows HeLa cells grown on
chamber slides prior to photolysis.

Panel B is a transmitted light

micrograph which depicts the cells after 20 minutes irradiation
under the filter set Xex 510-560 nm.

Note that there is no damage

to the membrane of the cells indicating that the amount of
irradiation alone does not damage the cells.
performed once.

This experiment was
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B
Figure V-6. The effect of green light irradiation on the
morphology of HeLa cells. Cells were grown in PBS-CMG buffer on
chamber slides for four horn's at 37°C and 5 % COj prior to
photolysis.
Panel A is a transmitted light micrograph which shows
the cells prior to photolysis. Panel B is a transmitted light
micrograph which depicts the cells after 20 minutes irradiation
under the filter set. Xex 510-560 nm.
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Next the possibility that the membrane damage did require
endocytosis was investigated.

It is possible that some of the

cationic dye, DiIC(18)3, partitions into the membrane (see Fig,V-l),
during the liposome binding step prior to endocytosis.

This may

occur because the membrane of the cell is negatively charged and
since the diffuse cell-associated fluorescence of Dil is visible after
only 30 min (data not shown), when only about 10% of the
liposomes have been endocytosed.

Liposome binding to the

surface of the cell may facilitate Dil partitioning into the plasma
membrane.

To investigate this possibility, the endocytotic process

was inhibited by incubating the cells at 4®C with DOPE/bisSorbPC/DI 16:4:1 liposomes throughout the experiment.
Endocytosis is progressively inhibited as the temperature is
decreased below 18 °C (Hubbard, 1989).

In Fig V-7, panel A is a

transmitted light micrograph to show the location of the cells on
the slide.

Panel B shows the same cells viewed by epifluorescence

with Xqk 395-440 nm.
HPTS fluorescence.

This filter set produces the punctate green

Panel C shows the same cells viewed by

epifluorescence with Xex 510-560 nm and produces the Dil red

209

fluorescence.

Note that the Dil fluorescence is diffuse in a manner

consistent with the partitioning of Dil into the membrane of the
cell.

Since this was observed at 4®C, this phenomena would have

to occur during the binding step prior to endocytosis.

Panel E was

taken under the same conditions as Panel B and shows the
fluorescence of HTPS is diminished during the 10 min irradiation at
Xex 510-560 nm.

Panel F was taken under the same conditions as

Panel C and shows that the fluorescence of Dil is bleached during
the 10 min irradiation, while Panel D is another transmitted light
micrograph which shows that membrane damage with blebbing
occurs even when endocytosis is inhibited.
seen in both of the trials.

These results were
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Figure V-7. Inhibition of endocytosis of DOPE/bis-SorbPC/Dil
(16:4:1) liposomes.
Cells were incubated at 4°C for two hours in
the presence of liposomes and then viewed by microscopy.
Panels
A and D are transmitted light micrographs to show location of the
cells before (A) and after (D) irradiation with.
Panels B and E are
for micrographs with
395-440 before (B) and after (E)
irradiation. Panels C and F are for micrographs with
510-560
before (C) and after (F) irradiation with
510-560 nm for 10
minutes.
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V.B.4. In Vitro Polymerization of

Endocytosed

DOPC/bis-

SorbPC 4:1 Liposomes with DiIC(18)3.
Since the irradiation induced membrane damage was not due
to green light, or heat generated during irradiation with green light,
the cause of the irradiation induced membrane damage could
either be due to superoxide anion evolution during the photolysis
and bleaching of Dil or was due to a membrane fusion event.

We

investigated the possibility of fusion by using liposomes which
were less capable of fusion.

These were preformed DOPC/bis-

SorbPC (4:1) liposomes to which DiIC(18)3 was added in a 20:1 lipid
to dye molar ratio.

We have shown (Bennett and O'Brien, 1995)

that DOPC/bis-SorbPC liposomes are incapable of fusion at 37°C, but
Feigner (1987) has shown that the presence of cationic lipids can
make stable liposomes more fusagenic.

It is possible that the

cationic dye, DiIC(18)3 may make DOPC/bis-SorbPC liposomes more
fusagenic, but they should be less fusagenic than their DOPEcontaining counterparts, and this fusion event would not be
mediated by photopolymerization.

Liposomes were incubated with

cells for two hours at 37°C and 5% CO2 prior to photolysis.

In Fig
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V-8, panel A is a transmitted light micrograph that shows the
location of the cells on the chamber slide.

Panel B shows the same

cells viewed at with Xex 510-560 nm which produced the
DiIC(18)3 fluorescence.

In panel C the cells have been irradiated

under the A, ex 510-560 nm filter set for 20 minutes and then
viewed by epifluorescence.

In Panel D the cells are again viewed

by transmitted light to show the effects of irradiation.

Significant

cell damage (blebbing) is observed indicating that the cell damage
occurs even if fusion is unlikely.
both trials of the experiment.

This phenomena was observed in
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Figure V-8. In Vitro photpolymerization of Endocytosed
DOPC/bis-SorbPC (4:1) Liposomes with DiIC(l8)3. Panel A is a
transmitted light micrograph that shows the location of the cells on
the chamber slide.
Panel B shows the same cells viewed at with
Xex 510-560 nm which produced the red DiIC(18)3 fluorescence.
In panel C the cells have been irradiated under the Xex 510-560
nm filter set for 20 minutes and then viewed by epifluorescence.
In Panel D the cells are again viewed by transmitted light to show
the effects of irradiation.
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V.B.5. In Vitro

Photopolymerization of DOPE/bis-SorbPC

4:1 Liposomes with DiIC(18)3-DS Following Endocytosis.
In each of the experiments with Dil, diffuse cell- associated
fluorescence was observed indicating that some of the Dil transfers
from the liposome to the plasma membrane.

This membrane

fluorescence was observed even when endocytosis was minimized
as well as when the liposomes were less fusagenic.

These

data

suggest a mechanism of cell damage due to the photoactivation of
Dil after it partitions into the plasma membrane of cells during
liposomal binding.

This event is probably mediated by the cationic

dye since the cellular membrane is anionic.

Irradiation with

510-560 nm light leads to considerable membrane damage,
including blebbing, known to be caused by oxidative damage.
Since it appears that some of the DiIC(18)3 can partition into the
membrane, most likely mediated by electrostatic attraction, a
negatively charged dye was used as the sensitizing agent,
DiIC(18)3-DS.

Clapp (1997) demonstrated that this dye could

sensitize polymerization of bis-SorbPC containing LUV.

Dil-DS

was added from a stock solution to the dried lipid film which was
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hydrated and LUV were formed by extrusion.

These LUV were

filter sterilized prior to incubation with cells.

The negatively

charged Dil-DS is not removed from the liposomal bilayer by the
negatively charged polycarbonate filters.

If Dil-DS was added to

preformed liposomes from a methanolic stock like Dil, crystals of
Dil-DS were visible by microscopy and little Dil-DS incorporated
into the membrane (data not shown).

Figure V-9 shows the

cellular effects of photopolymerization of Dil-DS following
incubation of DOPE/bis-SorbPC/Dil-DS (16:4:1) liposomes with HeLa
cells at 37®C, 5% CO2.

Panel A is a transmitted light micrograph

showing the location of the cells.

Panel B shows the same cells

viewed by epifluorescence with Xex 395-440 nm which shows the
green, punctate HPTS fluorescence.

Panel C shows the same cells

viewed by epifluorescence with Xex 510-560 nm which produces
the red DiIC(18)3-DS

fluorescence.

Note, that although the

liposomes are negatively charged there are liposomes associated
with the cells as seen by the Dil-DS punctate fluorescence.

This

punctate fluorescence indicates that the liposomes are intact, that
little of the dye has been removed from the surface of the
liposomes.

It is unclear whether these liposomes are

endocytosed
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by HeLa cells since we are unable to discern the weak HPTS
fluorescence from Dil-DS, but the localization of dye is consistent
with endocytosis (see chapter IV),

Panels D-F show the effects of

10 minutes irradiation of the cells with

X,ex 510-560 nm filter set.

The bleaching of DiI(C18)3-DS is observed in Panel F.

This

suggests that photopolymerization of bis-SorbPC has also occured.
Panel D is another transmitted light micrograph showing the
membrane damage sustained by the cells during the 10 minute
irradiation.

While punctate fluorescence

510-560 nm and

was visible at both A.ex

395-440 nm (Panels C and B, respectively)

indicating that HPTS was still liposomally encapsulated, irradiation
of Dil-DS did not lead to movement of dye into the cytoplasm
(Panel E) and did lead to some some possible membrane damage
This indicates that at least some of the Dil-DS is found at the
surface, probably in the form of intact liposomes bound to the
surface of the cell.

This event was confirmed in two experiments.

In a separate experiment, where the Dil-DS was added to
preformed liposomes, extensive blebbing occured, and there was
crystalline Dil-DS present in the solution.

This was not observed if

Dil-DS was added to dried lipid prior to liposome formation.
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Fig. V-9. The effects of photopolymerization of Dil-DS following
incubation of DOPE/bis-SorbPC/ Dil-DS (16:4:1) LUV. Panels A and
D are transmitted light micrographs before (A) and after (D)
irradiation. Panels B and E show the same cells viewed by
epifluorescence with A,ex 395-440 nm which produces the green
HPTS fluorescence before (B) and after (E) irradiation. Panels C and
F show the same cells viewed by epifluorescence with X,ex 510-560
nm which produces the red DiIC(18)3-DS fluorescence before (C)
and after (F) irradiation with Xex 510-560 nm for 10 minutes.
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V.B.6. In Vitro

Photopolymerization of DOPC Liposomes

with DiIC(18)3-DS Following Endocytosis.
The crucial question now was whether this membrane
damage seen with DOPE/bis-SorbPC/Dil-DS (16:4:1) LUV was due to
a fusion event.

Since the fluorescence of DU-DS was punctate

rather than membrane associated, it appeared that Dil-DS was not
being incorporated into the plasma membrane through probe loss
from the liposome.

It was suspected that the liposome was still

intact and that irradiation with visible light might lead to
photopolymerization of the bis-SorbPC lipid and fusion of the
liposome with a membrane.

If the membrane damage noted in

Figure V-9 was due to a fusion event then the less fusagenic
DOPC/Dil-DS (20:1) liposomes should behave differently.

Figure

V-10 depicts the effects of irradiation of HeLa cells following
incubation with DOPC/Dil-DS (20:1) liposomes for two hours in PBSCMG buffer at 37®C and 5% COj followed by irradiation for 20
minutes with visible light at

510-560 nm.

Panel A shows a

transmitted light micrograph and location of the cells on the
chamber slide.
nm.

Panel B is a micrograph taken with

510-560

Panel C is that same picture taken 20 minutes later following
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irradiation with that filter set and panel D is a transmitted light
micrograph of the cells following irradiation.

Note that although

there is significant bleaching of the punctate dye there is still little
noticeable blebbing of the membrane of the cells being irradiated.
This suggests that considerable blebbing does not occur if the
oxidative process is localized in the liposome rather than localized
into the plasma membrane by a fusion or dye intercalating process.
This infers a method for controlled photodynamic therapy
sensitizer delivery.

It also implies that under different

circumstances, controlled delivery of liposomal contents may be
possible through the use of Dil-DS without extensive membrane
damage upon photolysis.
duplicate.

This experiment was performed in
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Figure V-10. The effects of photopolymerization of Dil-DS
following incubation of DOPC/Dil-DS-containing liposomes with cells
for two hours in PBS-CMG buffer.
Panel A is a transmitted light
micrograph showing the location of the cells. Panel B shows the
same cells viewed by epifluorescence with A.ex 510-560 nm which
produces the DiIC(18)3-DS fluorescence. Panel C shows the effects
of 20 minutes irradiation of the cells with that filter set.
Panel D
is another transmitted light micrograph showing the cells following
the 20 minute irradiation.
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V.C. Summary
In previous chapters the method of liposomal destabilization
utilized UV irradiation.

UV energy is potentially damaging to

tissues and is less penetrating than longer wavelength visible light.
Sensitizing the polymerization of sorbyl lipids to visible light
provides a means to circumvent these problems.

We have shown

that certain amphiphilic cyanine dyes are capable of sensitizing
lipid polymerization to green or red light (Armitage et al., 1994;
Clapp et al., 1997).

Here the cyanine dye DiIC(18)3 was used to

sensitize the polymerization of liposomes following interaction with
HeLa cells.
The crucial question posed in this chapter was whether we
could release liposomally-encapsulated contents to the cytoplasm
of cells in culture following endocytosis and photopolymerization.
Figure V-1 provides evidence that the cyanine dye, necessary for
sensitizing the polymerization of bis-SorbPC to visible light, can
partition into the cellular membrane.

This event appears to occur

during liposomal adherence to the membrane, rather than being
endocytosis mediated, since inhibition of endocytosis did not lead
to inhibition of the diffuse cellular fluorescence as shown in Figure
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V-7.

We have, however, demonstrated by fluorescence

spectroscopy, that DOPE/bis-SorbPC /Dil (16:4:1) LUV are
endocytosed by HeLa cells.

This is shown in Figure V-4 as

demonstrated by the low 450/413 nm ratio (see Chapter IV).

This

assay, however, does not show the location of the Dil, only the
HPTS.
It seems reasonable that the dye partitioning from LUV to
the cell membrane is more likely with the cationic Dil, because the
membrane of the cell is anionic.

When the cationic Dil was

replaced with anionic DiIC(18)3-DS the dye fluorescence was no
longer diffuse, but punctate, indicating that the liposomes were still
intact with little loss of fluorophore to the membrane (Figures V-9,
V-10).
Irradiation of liposomes following incubation with cells and
possible endocytosis was examined by two protocols.

One used a

suspension of cells in a stirred cuvette (Figure V-4).

Following

irradiation with monochromated light of 550 nm for 30 minutes in
the fluorometer the 450/413 nm ratio increased in a manner
consistent with movement of HPTS from a low pH compartment to
one of higher pH.

This indicated that the HPTS localized in the
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endosome moved to either the cytoplasm, or to the extra-cellular
buffer.

The microscopy data, however, (Figure V-5) shows that

irradiation of cell-associated liposomes does not provide any
evidence for movement of HPTS from the liposome to the
cytoplasm, because of the weak emission from the HPTS and the
diffuse fluorescence of Dil.

Rather, it shows significant membrane

damage (blebbing) sustained by the cell during the photolysis
event.

This membrane damage appears to be caused by evolution

of superoxide and/or hydroxide radicals during irradiation since
photolysis of either a fusagenic liposome (DOPE/bis-SorbPC 4:1) or
a less fusagenic liposome (DOPC/bis-SorbPC) resulted in
cytoskeletal damage of HeLa cells.

This damage was not caused by

irradiation alone (Figure V-6).
Liposomes with an anionic sensitizing dye, Dil-DS showed
very different effects.

In DOPE/bis-SorbPC /Dil-DS (16:4:1) LUV

the Dil-DS fluorescence was punctate, indicating that the liposomes
were intact and that Dil-DS had not partitioned into the membrane
of the cells.

Following irradiation, the fluorescence

remained .

punctate, but possible membrane damage was evident (Figure V9).

This damage appeared not to be fusion mediated, however.
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since irradiation of a non-fusagenic liposome, one consisting of
DOPC/DlI-DS 20:1,
V-10).

resulted in some damage to the cell, also (Figure

225

Chapter VI
Conclusions

VI.A. Effect of Liposomal Composition on Photoactivated
Liposome

Fusion.

Processes that cause the phase separation of lipids, such as
DOPE, from other lipids can modify the local phase behavior of the
enriched domains of PE.

The extent of hydration of PE is

considerably less than that of PC (Parsegian et al., 1979).

Therefore

the formation of domains of DOPE facilitates the close approach of
these regions of the lipid membrane surface.

Since bilayer contact

is required for bilayer destabilization and liposome fusion (Ellens et
al., 1984), the phase separation of DOPE enhances the probability of
liposome fusion.

We have previously shown that the crosslinking

polymerization of bi- or multi-component lipid membranes can
effect phase separation of the unreactive lipid(s) from the growing
polymeric domains (reviewed by Armitage et al., 1996).

Thus

polymerization induced phase separation of lipids was employed
for the insertion of transmembrane proteins into partially
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polymerized liposomes (Tyminski et al., 1988), for the efficient
photodestabilization of oligolamellar liposomes (Frankel et al,,
1989; Lamparski et al., 1992), and for the enhancement of energy
transfer between donor and acceptor dyes associated with the
membrane surface (Armitage et al., 1993).

Other laboratories have

utilized lipid polymerization to create enriched lipid domains in
bilayer membranes (Ringsdorf et al., 1988).
In a previous study, Bennett and O'Brien (1995) showed that
the photoexposure of two-component LUV composed of a 3:1 molar
mixture of DOPE and bis-SorbPC facilitated liposome fusion
between the photolyzed and dark liposomes.

The fusion of these

LUV was demonstrated by examination of the effect of
photoexposure on three processes: lipid mixing, aqueous contents
mixing, and aqueous contents leakage.

The rates and extents of

liposome fusion were dependent on the degree of bis-SorbPC
polymerization, the sample temperature, the presence of Mg2+, and
the pH.

The photopolymerization of (3:1) DOPE/bis-SorbPC

membranes reduced the critical fusion temperature by ca. 20 °C.
In contrast the effect of photopolymerization of a (3:1) DOPE/monoSorbPC membrane was much more modest.

These contrasting
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effects of bilayer polymerization of membranes composed in part
of bis-SorbPC or mono-SorbPC were ascribed to the different
effects of crosslinking and linear polymerizations, respectively.
Crosslinking polymerizations of bilayers more effectively induce
domain formation in the membrane (Armitage et al., 1996).
Bennett and O'Brien proposed that

photoreaction of the bis-SorbPC

containing liposomes resulted in the formation of crosslinked polySorbPC, and thereby enhanced the lateral separation of the DOPE
from the poly-lipid and lowered the temperature for the onset of
liposome fusion.

The polymerization could facilitate both liposome

aggregation and the subsequent fusion steps.

Greater liposome

interaction and adhesion is a consequence of decreased hydration
of the enriched PE domains discussed earlier.

Thus

photopolymerization leads to a decreased intrinsic radius of
curvature,

Rq,

of the monolayer composed of the PE-rich domains

(Gruner, 1985; 1989).

The decreased R© is due to both the ratio of

DOPE to monomeric PC as well as the hydration.
Partial characterization of the phase behavior of (3:1)
DOPE/bis-SorbPC membranes by ^ ^ P NMR and X-ray diffraction by
Barry et al. (1992) showed that this lipid system exhibits only
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lamellar and inverted cubic (Qn) phases in the relevant
temperature range for the onset of liposome fusion.
hexagonal (Hn) phase was not observed at below 80°C.

The inverted
In fact the

temperature for the initial appearance of an isotropic signal in the
NMR spectra of (3:1) DOPE/bis-SorbPC membranes agrees well
with the critical fusion temperature for these membranes (Bennett
and O'Brien, 1995).

These data provide unequivocal evidence that

liposome fusion in DOPE/bis-SorbPC membranes is mediated by
intermediates associated with the La to C^II phase transition.
Ellens et al. (1989) reported that liposomes composed of Nmethylated DOPE or DOPE and DOPC exhibit rapid fusion and
leakage in a narrow temperature range associated with the
appearance of precursors to the inverted cubic phase.

They

proposed that both membrane fusion and the La to inverted cubic
phase transition proceed by a common set of intermembrane
intermediates.

Both the observations of Bennett and O'Brien

(1995) and the data described in this report are consistent with the
hypothesis advanced by Ellens et al. (1989).
It is probable that the isotropic NMR signal observed in the
(3:1) DOPE/bis-SorbPC membranes indicates the presence of so-
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called interlamellar attachments (ILAs) or other precursors of the
cubic phase.

These precursors have been discussed by others in

the context of inverted micellar intermediates (IMI) (Siegel, 1986
a,b), stalks (Markin et al., 1984; Chemomordik et al., 1987; Siegel,
1993), and fusion pores or ILAs (Siegel, 1986c: Siegel et al., 1988).
The maximum rate of fusion observed in the photolyzed liposomes
(Figure HI- 7) was 1.5 ± 0.2 percent fusion/sec.

The calculated

number of ANTS probe molecules per LUV is 10"^, based on the
average size of the liposomes and the initial concentration of ANTS
in the liposomes.

The maximum initial fusion rate indicates that

ca. 150 ANTS molecules are quenched per sec.

Quenching is a

consequence of aqueous contents mixing between ANTS-LUV and
DPX-LUV.

Although the namre of the comixing that is necessary to

achieve quenching is uncertain, it does appear that upwards of 10^
molecules/sec can pass through the fusion pore connecting the
LUV.

The reasonableness of this value obviously depends on the

dimensions of the fusion pore.

Unfortunately the pore size for

DOPE/bis-SorbPC membranes is unknown at this time.
The crucial question addressed in this work is the effect of
the initial lipid composition on the measured critical fusion
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temperatures following different extents of polymerization of one
of the LUV populations.

An increase in the DOPE to the monomeric

PC ratio will decrease the R© and should lower the fusion
temperature.

Conversely a decrease in this ratio should have the

opposite effect, which is in fact what was observed in the
experiments summarized in Figures III-6 and III-7.

The

polymerization of LUV composed of DOPE/bis-SorbPC (4:1) or (3:1),
decreased the Tf by ca. 15-20°C,

Particularly noteworthy is the

lower temperature range for fusion found for the (4:1) and the
(3:1) DOPE/bis-SorbPC membranes.

This range

spans the

physiological temperature such that rapid fusion is not observed at
37°C until the LUV are photopolymerized.

Thus,

photopolymerization of properly constituted LUV provides a
potentially useful strategy for initiating the fusion of liposomes at
physiological temperatures.
The fusion assays report the heterofusion between a
photolyzed and dark LUV,

The fusion event occurs following

formation of a heterodimer of LUVs, where the initial fusion
intermediates are necessarily composed of a mixture of lipids from
the cis-monlayers of each liposome in the heterodimer.

The critical
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fusion temperature should therefore depend on the average
value of the participating lipids.

RQ

The data in Table III-l and Figure

III-8 provide clear evidence supporting this hypothesis.

Thus by

proper choice of the reactive liposome starting composition, the
nonreactive liposome composition, and the photopolymerization
conditions a particular fusion temperature can be achieved.

Indeed

one would anticipate that a similar plot of critical fusion
temperature versus lipid composition could be constructed for any
liposome composition.
Consider the problem of endosomal delivery where the LUV
must interact with a membrane that is relatively rich in PC.

These

circumstances will probably shift the fusion threshold to higher
temperatures.

Among the photosensitive LUV studied to date, the

DOPE/bis-SorbPC

4:1 membranes have the lowest Tf values.

However even the 4:1 membranes will probably not be capable of
destabilizing a PC rich membrane at physiological temperatures,
therefore other
average

Rq

modifications will be required to decrease the

value in the monomeric lipid domains comprising the

fusion precursors (i.e. stalks).

One possibility is to further increase

the DOPE to polymerizable lipid ratio.

We have shown here that
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decreasing the relative concentration of bis-SorbPC has the effect of
lowering the temperature at which fusion occurs.

Other

possibilities include changing the chemical composition of the
photosensitive LUV by either substitution for the DOPE, or the bisSorbPC, or both, or by the addition of another polymorphic lipid to
the LUV. The DOPE could be replaced all or in part by a
polymorphic lipid that exhibits a lower Tfj. such as
plasmenylethanolamine.

VI.B. Liposome-Cell Interactions In Vitro:

Effect of

Liposome-Surface Charge on the Binding and Endocytosis
of Conventional and Sterically Stabilized Liposomes.
The interaction of liposomes with cells is a complex series of
events that includes binding and subsequent endocytosis. Lee et al.
(1993) showed the importance of the binding step in liposome
uptake by comparing binding at 4°C where endocytosis is inhibited
and total cell-association at 37°C.

They found that binding of

liposome to the cell surface was the rate determining step.
Moreover the number of high affinity sites for charged liposomes
was higher for J774 cells grown in monolayer than those grown in
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suspension.

Furthermore surface associated J774 cells are a better

representative model of resident macrophages fixed in the
sinusoids of the RES.

The prior studies indicate that endocytotic

preference is likely to be cell specific, as well as dependent on how
the cells are grown.

Since the present study compares the

liposome-cell interaction for both J774 and HeLa cells, and the
latter are adherent cells that will not grow in suspension, all
experiments were performed with cells grown in monolayer.
Two markers for cellular uptake of liposomes were used in
this study.

In order to monitor the acidification of the liposome

HPTS, a pH sensitive dye, was employed.

The intensity of

excitation spectrum at 413 nm, the pH insensitive isosbestic point,
measures the concentration of cell associated HPTS.

However any

HPTS leakage from the liposomes prior to endocytosis would cause
apparently low values for liposomal endocytosis.

Lee et al. (1992)

noted that HPTS leaks preferentially from negatively charged
liposomes.

While our data did not show preferential leakage from

charged liposomes over the course of the experiment, any
unaccounted leakage reduces the amount of endocytosis observed.
The second liposome label, Rh-PE, is a bilayer probe that monitors
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the cellular uptake of liposomes.

But Rh-PE could transfer from

the surface of the liposome to the the cell membrane during
liposome-cell binding.

Therefore lipsome binding, in the absence of

endocytosis, accompanied by Rh-label transfer to the cell
membrane would yield apparently high values for liposomal
uptake.

Consequently these considerations indicate that the values

for total lipid uptake reported in Table IV-1 could be
overestimates, whereas the low pH values (liposome endocytosis)
may be underestimates.
The data obtained in this study and reported in Figures IV-1,
IV-2, and rV-3 indicate that HeLa cells preferentially take up
positively charged liposomes.
rV-7 with weak bases,

The experiments shown in Figure

ammonium chloride or chloroquine, show

that the cellular uptake of these liposomes has the characteristics
associated with endocytosis.

Furthermore the cellular uptake of

cationic liposomes does not appear to be head-group specific since
the substitution of a cationic dye with a diffuse positive charge for
the ammonium DODAP does not significantly alter the extent of
uptake by HeLa cells (Figure IV-5).

This implies that in the case of

the HeLa cells the preference for charge is not due to a receptor
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specific for a lipid head group, as suggested by Lee et al. (1992) for
CVl cells, but is instead a more general mode of charge sensitive
binding and endocytosis.

Moreover a similar effect of liposomal

charge on the extent of HeLa cell endocytosis was observed with
PEG-liposomes (Figure IV-9).

In these experiment the PEG group

presents a steric barrier to close approach of the lipid headgroups,
e.g. PC, PA, DODAP, etc., to other surfaces. Since the charge
associated with DODAP and DOPA is localized at the lipid head
group the cellular uptake of charged PEG liposomes is unlikely to
be mediated by specific recognition of the lipid head groups.
The earlier studies of Lee et al. (1992) showed that CVl cells
preferentially endocytosed anionic liposomes with at least 9 mol %
negative charge.

The CVl cells were used to mimic systemic cells

of the body in order to acertain whether liposome endocytosis by
systemic cells might differ from that of RES cells.

Thus they

compared the CVl cells with J774 cells, and discovered that J774
cells ineffectively endocytosed anionic liposomes unless they were
composed of a substantial mole fraction of anionic lipid.

These

results suggested that it might be possible to minimize liposome
interaction with RES cells by appropriate choice of the liposome
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composition.

The present comparison of liposome-cell interactions

of J774 cells and HeLa cells provides further insight into the cellspecific nature of cellular endocytosis of liposomes.

The

preferential uptake of cationic liposomes by HeLa cells is perhaps
not surprising in view of earlier reports that cationic liposome-DNA
complexes, that are widely used to mediate transfection of
mammalian cells, enter cells by the general mode of receptor
mediated endocytosis (Friend, et al,, 1996).

The observation that

the cellular endocytosis of cationic liposome (sans the DNA) is
sensitive to the mole fraction of cationic lipid may prove useful in
the proper design of cationic lipid-DNA complexes for efficient
cellular uptake.

It has already been invaluable in our design of

photosensitive liposomes for studies of the photoinduced
destabilization of liposomes that have been endocytosed by specific
cell lines (Miller et al., 1997).
The effect of PEG-PE coating on the surface of liposomes is to
prevent the rapid clearance of liposomes from the blood in the
body by the RES.

Liposomes with a sufficiently hydrophilic

surface were found to

decrease the adsorption of proteins,

opsonins, to the surface of the liposome and curtail recognition by
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macrophages of the RES (Senior, et al., 1991).

Macrophages

participate in phagocytosis of particles mostly via the Fc receptors
found on their surfaces.

The method of endocytosis of liposomes

cannot be of this type and therefore must bind to the cell surface
and be endocytosed by a separate, nonspecific mechanism (Daleke,
et al., 1990).

Surface associated PEG-PE groups may inhibit even

the nonspecific endocytosis of liposomes since Du et al (1997)
showed that 5 mol % of PEG5000-PE inhibits adsorption of liposomes
to the surface of cells.

The data shown in Figure IV-9 supports

this view and adds the further insight that PEG2000-PE presents a
steric barrier that is intrinsically associated with a negative surface
charge.

However by use of a neutral PEG lipid the steric barrier

and the liposome charge can be independently varied.

The HeLa

cell endocytosis of liposomes was quite similar for liposomes with 5
mole % of anionic PEG-PE or with 5 mole % neutral PEG-lipid and
the anionic lipid, DOPA.

Therefore the charge need not be localized

on the PEG lipid, but only associated with the liposome bilayer.

The

data in Figure IV-9 suggest some important opportunities in
liposome design and raise some interesting questions.

One question

that is not addresed in the present study is whether the apparent
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effect of liposome charge on cellular uptake is a bilayer surface
charge effect or due to the total charge of the liposome and its
contents.

Since the liposomes for these studies were prepared

with the same concentration of encapsulated HPTS, the current data
do not provide a comparative test of the effect of surface and total
charge.

Returning to the comparison of PEG liposome uptake by

J774 and HeLa cells, we note that the proliferative cells, i.e. HeLa
cells, readily distinquish between positively charged and
negatively charged PEG-liposomes, whereas the RES cells do not.
Since the RES cells do not readily endocytose PEG-liposomes of
either charge, these observations suggest the possibility of
designing PEG-liposomes that have minimal interaction with cells of
the RES, yet more strongly interact with HeLa and other rapidly
growing cells.

VI.C. In Vitro

Polymerizations of Endocytosed Liposomes

In previous chapters the method of liposomal destabilization
utilized UV irradiation.

UV energy is potentially damaging to

tissues and is less penetrating than longer wavelength visible light.
Sensitizing the polymerization of sorbyl lipids to visible light
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provides a means to circumvent these problems.

We have shown

that certain amphiphilic cyanine dyes are capable of sensitizing
lipid polymerization to green or red light (Armitage et al., 1994;
Clapp et al., 1997).

Here the cyanine dye, DiIC(18)3 was used to

sensitize the polymerization of liposomes following interaction with
HeLa cells.
The crucial question posed in this chapter was whether we
could release a liposomally-encapsulated fluorescent marker to the
cytoplasm of cells in culture following endocytosis and
photopolymerization. Figure V-1 suggests that some of the
DiIC(18)3
SorbPC

necessary for sensitizing the polymerization of bis-

has partioned from the liposome into the HeLa cell

membrane.

This event appears to occur during liposomal

adherence to the membrane, prior to endocytosis

since inhibition

of endocytosis did not lead to inhibition of membrane fluorescence
(Figiure V-7).

We have, however, demonstrated by fluorescence

excitation spectroscopy, that DOPE/bis-SorbPC /Dil (16:4:1) LUV are
endocytosed by HeLa cells

(Figure V-4).

This assay, however,

does not show the location of the Dil, only the HPTS.
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The partitioning of Dil into the membrane of the cell is likely
due to the cationic nature of Dil while the membrane of the cell is
anionic.

Indirect evidence for this hypothesis was obtained by

replacing the cationic Dil with anionic DiIC(18)3-DS.

The anionic

dye produced punctate fluorescence rather than diffuse membrane
fluorescence,

indicating that the liposomes were still intact with

little loss of dye to the membrane (Fig. V-9, V-10).
Irradiation of Dil-liposomes following incubation with cells
and possible endocytosis was accomplished in one of two ways.
First, a suspension of cells was irradiated in a stirred cuvette
(Figure V-4)

with light of 550 nm for 30 minutes.

The 450/413

nm ratio increased during the exposure indicating the HPTS had
moved from a low pH compartment to one of higher pH.
Consequently, the HPTS diffused from the endosome to either the
cytoplasm, or to the exterior buffer.

The fluorescence microscopy

experiments with Dil labelled LUV (Figure V-5) do not provide
confirmation of HPTS

movement from the endosomes, because the

Dil fluorescence obscured the HPTS emission.

However, significant

membrane damage (blebbing) was sustained by the cell during the
sample photolysis.

This membrane damage is probably caused by
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the formation of high energy radicals during irradiation since both
a fusagenic liposome (DOPE/bis-SorbPC 4:1) and a less fusagenic
liposome (DOPC/bis-SorbPC 4:1) instigated the cytoskeletal damage.
This damage was not caused by irradiation with visible light alone
(Figure V-6).
The use of an anionic sensitizer, Dil-DS led to very different
effects.

After incubation of DOPE/bis-SorbPC /Dil-DS (16:4:1) LUV

with HeLa cells the Dil-DS fluorescence was punctate, indicating
that the liposomes were intact and that little if any Dil-DS was
partioning into the HeLa cell membranes.

Following irradiation,

the fluorescence remained punctate, but some membrane damage
(blebbing) was evident (Figure V-9).

This damage appeared not to

be fusion mediated, since irradiation of a non-fusagenic liposome,
one consisting of DOPC/Dil-DS (20:1), resulted in damage to the cell
and noticeable blebbing (Figure V-10).
HPTS could not be observed in the cytoplasm of HeLa
cells by fluorescence microscopy, even though fluorescence
spectroscopysuggested it was released from the endosome to a
neutral pH compartment.

One reason may be that fusion of LUV

with endosome, following photolysis, dilutes the HPTS in the
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cytoplasm such that it is not visible by microscopy.

The

conditions for microscopy are not specific for the visualization of
HPTS in the presence of another dye.

Because the filter sets for

excitation are broad, both dyes are excited simultaneously.

The

conditions for spectroscopy are more specific for visualization of
HPTS, since the excitation and emission light is monochromatic
there would be less dye overlap
HTPS.

when the excitation is specific for

This would result in more sensitive observation of HPTS in

spectroscopy.

The second reason why the results of spectroscopy

would be different than those from microscopy is perhaps the
delivery of HTPS from a compartment of low pH to high pH is not
from endosome to cytoplasm, but to the extracellular buffer.

This

could occur during the 30 minute irradiation in the fluorometer by
normal cycling of endosomes.

However, a control experiment with

incubation of a suspension of cells for 30 minutes following
endocytosis of HPTS -containing LUV with no irradiation did not
result in a change in global pH of the HPTS

It is noteworthy to

note that a global change in pH with irradiation visible in 3 out of
10 trials.

This indicates that while the experiment is problematic

and not well understood, it could be reproduced, and is not
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artifactual or merely a change in global pH due to normal cycling of
endosomes.
Even if HPTS is not being delivered to the cytoplasm of cells
perhaps a

therapeutic delivery system still exists in the form of a

photodynamic therapy since irradiation of cell associated liposomes
leads to cellular damage and perhaps cell death.

In 1995, Lee et

al., (1995) showed that photosensitization by 3,3'dihexyloxacarbocyanine iodide, DiOCg(3) localized to CV-1 cell
membranes led to dye-mediated photodamage that was specific to
microtubules while other elements of the cytoskeleton
(microfilaments and intermediate filaments) were unaffected.
When CV-1 cells were stained with 0100^(3) for seven minutes by
incubation of dye in their growth media then irradiated for two
minutes by

450-490, 50% of the cells were killed within 20

minutes of irradiation.

This occurred because of microtubule

disruption as shown by immunofluorescent staining.

Microtubules

are a potential target for phototherapy since they play a crucial
role in motility of lysosomes (Phaire-Washington et al., 1980;
Swanson et al., 1987),

as well as the morphology of mitochondria

(Summerhays et al., 1983), the endoplasmic reticulum (Dabora and
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Sheetz, 1988) and the plasma membrane (Trump et al., 1984),
This disruption of microtubules occurs predominantly by blocking
the polymerization of the microtubule monomers.

If this

cytoskeletal framework is disrupted, distortion of the membrane
profile, blebbing, will occur.
The idea of using liposomes to deliver sensitizers for
photodynamic therapy (PDT) is a relatively new one.

Most

sensitizers for PDT are hydrophobic and require a carrier molecule
to increase their concentration in tumors.

Photofrin, a

hematoporphyrin derivative (Jiang et al., 1998), Merocyanine 540,
a polymethine dye (Onganer and Quitvis, 1994), and BPD-MA, a
benzoporphyrin derivative (Molpus, et al., 1996; Oku, et al., 1997)
have all been used in vitro and in vivo in conjunction with
liposomes.

In all cases the liposome was shown to deliver more

sensitizer to the tumor cells and did not interfer with the PDT
activity of the sensitizer.
PDT is mediated by generation of singlet oxygen and/or toxic
radical species (Henderson and Dougherty, 1992).

Two main

mechanisms of phototoxicity are prevalent in vitro : the type I
radical cascade and the type II

singlet oxygen pathway.

The
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radical cascade may result from light- mediated excitation of the
photosensitizer to the singlet state.

The excited photosensitizer

may then attack an intracellular target directly to yield a target
radical or in the presence of oxygen, may transfer energy to yield
singlet oxygen which is the type n mechanism.

This is the

prevalent mode of phototoxicity, however, hypoxia or anoxia can
favor the type I pathway to predominate.
Cyanines are visible-light absorbing dyes with methine
bridges joining aromatic heterocycles.

Merocyanine 540, MC540, is

used extensively as a photosensitizer.

Gaffney and coworkers

(1991) have recently demonstrated that MC540-mediated cell
killing is oxygen-dependent.

We have shown that the

photosensitized polymerization of bis-SorbPC LUV by cyanine dyes
are also oxygen dependent

and that the mechanism utilized the

production of superoxide anion, which in aqueous media combines
to form hydrogen peroxide.

(Clapp et al, 1997)

While many photosensitizers have been combined with
liposomes for cellular delivery, and cyanine dyes have been used
for photosensitization for PDT, only one, MC540, has been used in
conjunction with liposomes.

We believe that this dissertation
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demonstrates the first use of DiIC(18)3, , or DiIC(18)3-DS, as
photosensitizing agents for PDT and the first use of liposomes as
carrying agents for these dyes to cells.

VI.D. Future Directions.
The future directions discussed here come in two categories.
The first are inmiediate goals for this project, and second are long
term goals.
Because irradiation of endocytosed liposomes did not lead to
visual cytoplasmic delivery of liposomally encapsulated
fluorophore

by microscopy we may need to alter the system.

One troubling fact is that irradiation of endocytosed liposomes by
HeLa cells by fluorometer at 550 nm for 30 minutes did lead to a
change in the global pH of HPTS

indicating that HPTS was moving

from a compartment of low pH (presumably the endosome) to one
of higher pH (presumably the cytoplasm)(Fig V-3), but irradiation
of cells by microscopy (Fig V-4) did not show movement of HPTS
from endosome to cytoplasm.
reasons.

This may have occurred for many

The first is that perhaps fusion of LUV with the

endosome was not occurring in either case.

Perhaps during the
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10-30 minute irradiation, HPTS was being removed from the cell
such that HPTS was moving from a compartment of low pH (the
endosome) to the buffer exterior to the cell, rather than into the
cytoplasm.

This would still be observed as a global change in pH

by fluorescence spectroscopy, and perhaps buffer localized HPTS
would be

too dilute to note by fluorescence microscopy, and easily

bleached by the excitation source.

The second reason for the

differing results may be due to the fact that the experiments were
conducted at two different temperatures.

The spectroscopy

irradiation occurred at 37°C, while by necessity, the microscopy
experiments were done at 25 °C.

DOPE/bis-SorbPC (4:1) liposomes,

upon irradiation, should be fusagenic at 25 °C (see Figure III-6),
but certainly, not nearly as fusagenic as they are at

37°C.

Certainly, the effect of temperature could play a role and should be
examined.

The third reason for the differing results between the

two experiments may be the presence of two dyes located on the
surface of the liposomes.

The presence of two dyes in one

liposome, one found in the liposomal bilayer (Dil), and the other
encapsulated (HPTS), could prove to be problematic.

Clapp (1996)

found that the presence of Dil made fusion assays monitored with
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ANTS and DPX impossible.

Addition of Dil containing liposomes to

a sample containing ANTS/DPX labeled liposomes caused a
substantial decrease in the fluorescence

intensity of the sample.

This decrease in fluorescence intensity was also observed if a
cuvette containing Dil was placed in either the excitation or
emission paths indicating that this decrease in fluorescence
due to reaction between sensitizer and ANTS or DPX.

in not

This data

indicates that the presence of Dil may hinder the fluorescence
monitoring of HTPS.

This may effect the visual inspection of HPTS

by microscopy more than by fluorometry.

Thus, fusion with the

endosome may be occurring, but is not visible due to interactions
between dyes, or because of a Dil filtering effect.

To combat this

problem another dye should be utilized, one which has a high
quantum efficiency, has a low

and

, where Dil does not

readily absorb and perhaps localizes in a specific, easily
recognizable pattern, like to the nucleus, to discern its fluorescence
from that of Dil.

There are nucleic acid staining dyes which do not

fluoresce unless bound to nucleic acid.

These would localize to the

nucleus and only be visible if a fusion event had occurred.
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Perhaps the liposomes were unable to destabilize the
endosomal membrane.

Consider the problem of endosomal

delivery where the LUV must interact with a membrane that is
relatively rich in PC.

These circumstances may shift the fusion

threshold to higher temperatures, although the fluorescence
spectroscopy LUV-cell fusion data did not confirm this.

Among the

photosensitive LUV studied to date, the DOPE/bis-SorbPC

(4:1)

membranes have the lowest Tf values, and were therefore, used for
delivery to cells in culture.
were perhaps

However even the 4:1 membranes

not capable of destabilizing a PC rich membrane at

physiological temperatures, or at room temperature, therefore
other

modifications may be required.

One possibility is to further

increase the DOPE to polymerizable lipid ratio of the LUV.

We

have shown in chapter III that decreasing the relative
concentration of bis-SorbPC has the effect of lowering the
temperature at which fusion occurs.

Other possibilities include

changing the chemical composition of the photosensitive LUV by
either substitution for the DOPE, or the bis-SorbPC, or both, or by
the addition of another polymorphic lipid to the LUV. The DOPE
could be replaced all or in part by a polymorphic lipid that exhibits
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a lower

Th. such as plasmenylethanolamine.

One of these

alterations to liposome composition may be required to allow for
fusion with the endosome to occur.
Certainly the long term goals for this project include the
usage of liposomes to deliver therapeutic agents to cells in vivo.
In the 1970s

it was shown that LUV used in vivo were rapidly

cleared from the blood of intravenously injected rats (Gregoriadis
and Ryman, 1972).

Sterically stabilized liposomes were introduced

to reduce liposome interaction and uptake by the RES.

Liposomes

with a sufficiently hydrophilic surface decreased the adsorption of
proteins, opsonins, to the surface of the liposomal bilayer and thus
curtailed interception by the RES.
is bilayer tethered

The current molecule of choice

poly(ethylene glycol), PEG (Senior, et al., 1991).

The commercially available PEG-lipid, a derivative of PE, is
negatively charged and can therefore present an electrostatic as
well as a steric barrier to interactions with systemic cells.

As part

of a broader investigation of steric and electrostatic effect on
liposome-cell interactions the endocytosis of neutral and anionic
PEG-liposomes were compared by using an uncharged PEG-lipid,
and it was found that HeLa cells will endocytose uncharged PEG-
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LUV, but not anionic PEG-LUV while macrophages will not
endocytose either liposome population appreciably (fig IV-9).

This

data shows that it is possible to desigii PEG-liposomes which can be
endocytosed by certain cells, and not by members of the RES.

The

future of this project is in incorporating PEG into photosensitive
liposomes for in vivo applications.

This means that the PEG has to

be incorporated in such a way so that after irradiation it will not
interfere with the subsequent fusion process.
ways to accomplish this.

I see three possible

One is to synthesize a PEG-bis-SorbPC

lipid such that irradiation of the LUV leads not only to
polymerization and an increase in fusagenicity, but also to removal
of PEG from the putative area of contact between the LUV and the
endosomal membrane.

Synthesis and characterization of this lipid

are underway in our laboratory by Bruce Bondurant.

The second is

to synthesize photocleavable PEG such that irradiation and LUV
polymeriation also leads to loss of PEG from the surface of the LUV
so that it does not interfere with the fusion event.

The third way

is to synthesize a fusagenic PEG, perhaps one which only becomes
fusagenic following irradiation through a photocleavage which
reveals a fusagenic group.
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Most likely, the visible light sensitizing agent of choice
for delivery of therapeutic agents will be Dil-DS, since it does not
partition into the plasma membrane of cells as does Dil.

This

offers the temporal and spatial control over the delivery event
without the potentially harmful side effects of using UV light.
Either visible light or UV irradiation would require the use of
endoscopy to deliver the light to the target area in vivo.

This

would be rather invasive and only be applicable to easily accessible
areas of the body.

Another mode of polymerization which would

not be invasive would be the use of gamma irradiation.

In our lab,

we have shown that bis-SorbPC and other polymerizable lipids are
polymerized by gamma irradiation.

This work may lead to a

better, more patient friendly means, of in vivo polymerization of
liposomes and delivery of therapeutic agents.
The use of Dil and potentially Dil-DS as sensitizing agents for
photodynamic therapy opens a new door to therapeutic
applications for Uposomally associated cyanine dyes.

This idea of

Dil as a PDT agent is a new one and will most likely be looked into
further in the future.
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