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ABSTRACT

The use of liposomes for the delivery of therapeutic agents to tumor sites took
a major step forward with the introduction of sterically stabilized liposomes (PEGliposomes). Several research groups reported the increased localization of PEGliposomes at tumor sites. Once PEG-liposomes reach these sites, it can be desirable to
increase the rate of release of encapsulated compound(s). The use of radiation for this
purpose is attractive, because it can be delivered in a spatially and temporally
selective manner. An effective strategy for the photopertubation of PEG-liposomes
relies on the photoinitiated polymerization of reactive lipids in the liposomal bilayer.
Previous studies indicated that the inclusion of the photoreactive l,2-bis[10-(2',4'hexadienoyloxy)decanonyl]-5n-glycero-3-phosphocholine (bis-SorbPC17,17) among
the lipids of PEG-liposomes had little efTect on their permeability until the PEGliposomes were exposed to UV light. Photoexposure increased the permeability of
the PEG-liposomes 200-fold.
Research in this dissertation was focused upon increasing the reactivity of
PEG-liposomes to UV and ionizing radiations. Additionally, the most favorable
formulations were then used for the encapsulation of chemotherapeutic compounds
that are currently on the market. Results in this dissertation indicate the ability to
encapsulate water soluble compounds with high efHciency and subsequently release
those compounds with minimal UV light exposure and with ionizing radiation doses
that approach therapeutic levels.
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1

INTRODUCTION

1.1

Properties of Amphiphiles, Bilayers, and Liposomes
Amphiphiles are a class of organic n\olecules that contain both polar (or in

most cases charged) and nonpolar segments and are therefore simultaneously
hydrophobic and hydrophilic. Typical examples of these molecules are detergents
and phospholipids. Due to hydrophobic and hydrophilic interactions, these molecules
orient and self-associate in polar and nonpolar solvents.

Aqueous systems of

amphiphiles exhibit a very diverse phase behavior, and some of the structures formed
are schematically shown in Figure LI. The most common structures that most
phospholipids adopt spontaneously are the concentric bilayer vesicles (lamellar phase)
in excess water (Figs. I.I, 1.2). In the bilayer structure the lipid hydrophilic head
groups orient toward the aqueous phase, and the nonpolar hydrocarbons are associated
at the center, away from bulk water.

In comparison most detergents and

lysophospholipids (Fig. 1.4) form micelles that vary in size and shape depending on
the

type

of

detergents.

Certain

amphiphiles,

such

as

long-chain

phosphatidylethanolamine (PE) (Fig. 1.4), do not form bilayers but adopt a structure
known as the inverted hexagonal (Hexagonal 11) phase (Fig. 1.1). Various types of
cubic phases have also been discovered [I]. In drug delivery, the dispersed, selfclosed lamellar phase — the liposome — is most important and used for most
applications. In other applications, such as gene transfer and regional drug delivery
applications, other structures such as the dispersed Hu and cubic phases, and the
micelles, may be also important.
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The ability of lipids to adopt structures other than the bilayers upon hydration
is known as lipid polymorphism.

A generalized concept of geometric shape

properties can be ascribed to various amphiphilic molecules that reflect the phase
structure they prefer under given conditions, as illustrated in Figure 1.3. Molecules,
such as lipids, that prefer the bilayer structure, have cylindrical shapes, i.e., similar
areas of polar heads and the cross sections of nonpolar chains. In the case of a larger
polar head with respect to a smaller nonpolar tail, the molecules tend to pack into
structures with high radii of curvature, such as micelles.

Spherical Micelles

Hexagonal I

Rodlike Micelles

Bilayered Sheets

Lamellar

Inversed Micelle

Hexagonal II

Figure 1.1. Common types of structures (phases) formed by amphiphiles in aqueous
solution [2].
Liposomes are simply lipid vesicles in which an aqueous volume is entirely
enclosed by a membrane composed of lipid molecules. Alec D. Bangham first
discovered liposomes in the early 1960s when investigating the role of phospholipids
in the clotting cascade [3]. The bilayer structure of the liposome is in principle
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identical to the lipid portion of natural cell membranes — the "sea of phospholipids"
in the Singer and Nicholson mosaic model [4]. Since then, liposomes have been used
as models of biological membranes because liposomes can be prepared from natural
constituents and membrane proteins can be reconstituted using these systems.
With respect to the size and number of membranes (lamellarity), we
distinguish large multilamellar vesicles (LMV or MLV) and unilamellar vesicles
(UV), which can be small (SUV), large (LUV), or giant (GUV), as shown in Figure
1.2. MLVs are normally formed when dry lipid is hydrated in aqueous solution.
Small liposomes are normally defined as the ones where curvature effects are
important for their properties. This curvature depends on the lipid composition and
can vary from 30 nm in diameter for liquid crystalline bilayers to 80 to 100 nm for
mechanically very cohesive bilayers typically in the solid phase as described in
section 1.3.1. Giant vesicles are normally those with diameters above 1 |am. The
thickness of the bilayer depends on the type of lipids, the hydrocarbon chain length,
and the temperature, but is usually around 4 nm.

> 200 tun
HultllMimif V—lei> (MLV)

s<100nni|
Small UnHaimllf VmIcH (SUV)

Figure 1.2. Schematic representation of multilamellar vesicles (MLV) vs. small
unilamellar vesicles (SUV).
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1.2

Chemical Structure of Lipids
Lipids used for lipid vesicles are extracted from natural sources or chemically

synthesized. The most common natural lipids are lecithins (phosphatidylcholines,
PC), sphingomyelins, and phosphatidylethanoiamines (PE), which are zwitterionic at
physiological pH (Fig. 1.4). The common sources for these lipids are egg yolks, soya
beans, and (ox) brains. Natural lipids are less commonly used for liposome/vesicle
preparations for several reasons. First, membranes prepared from natural lipids tend
to be more permeable to solutes, due to the low main phase transition temperatures,
and therefore they are not suitable for drug delivery when drug retention and carrier
stability are emphasized. Second, for basic biophysical studies involving artificial
lipid membranes, synthetic lipids are preferred, since in most cases one would like to
be able to control the physical properties of the membranes and be able to better
interpret the experimental results. One serious drawback of the natural lipids is that
they contain a mixture of acyl chains. The last problem in using natural lipids
particularly as drug carriers for human use concerns the possible contamination from
the source, especially if it is animal in origin.
The stability of natural lipids can be increased by hydrogenation of naturally
occurring double bonds within the hydrophobic tails. The degree of hydrogenation is
described by the iodine value (/.K), where /.K = I for fully saturated chains [5]. A
typical high /. F. number suggesting high unsaturation amounts is 65 of EPC (Egg
PC). Commercially, /. K values of 1, 10,20, 30, and 40 are normally available.
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Amphiphiles

Soaps
Detergents
Lysophospholipids

Shape

?

P< 1/3-2/3

Organization

Phase

Isotropic
hexagonal I

Micelle

PC
PS
PI
Short-chain PE
Sphingomyelin
Dicetylphosphate
Some cationic lipids

Lamellar

P~1

Bilayer

Long-chain PE
PA
Cardiolipin
Phospholipids
Lipid A

Reverse micelles
Hexagonal II

P >1

Hexagonal II

Mixture of
Lyso- PC + PE
or PEG-lipid + PE

Lamellar

P~1

Bilayer

Figure 1.3. The molecular geometry and structure of lipid assemblies as determined
by steric effects [2]. The P value represents the area horizontal cross section area of
the tail divided by the area of the horizontal cross section of the head group.

In contrast, to lipids obtained from natural sources, chemical synthesis can
produce lipids with well-defined acyl chains (number of carbons on the chains and
degree of saturation) attached to the same polar heads. The most commonly used acyl
chains are dimyristoyl (CI4:0, a 14 carbon chain with no double bonds), dipalmitoyl
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(C16:0), distearoyi (C18:0), dioleoyl (C18:l), and diarachidoyl (C20:0).

The

structures of some common phospholipids are shown in Figure 1.4. Cholesterol is a
very important component in lipid vesicles for improving the mechanical stability of
lipid bilayers and therefore increasing the retention of encapsulated agents.
Charged lipids may be included in the membrane for a large number of
reasons. First, inclusion of a charged lipid may increase the surface charge density to
prevent close approach between liposomes and, hence, prevent aggregation, fusion,
etc. Secondly, like charges in membranes within a multilamellar liposome may push
adjacent layers further apart and thus increase the internal aqueous volume. The most
suitable phospholipids for either of these purposes are probably the negatively
charged phosphatidyl glycerols (PG). Other negative phospholipids such as PA or PS
may be unsuitable because they cause aggregation in the presence of calcium. No
natural positively charged phospholipids exist, and inclusion of cationic lipids of any
class gives rise to liposomes that bind strongly to proteins and other molecules.
Incorporation of PG at a 10% mol ratio of total lipids is usually sufficient to reduce
intermembrane interactions.

1-pamitoyl<2-olaoyl-Bn-phosphatIdylcholina (POPC)

o

%

"

1,2-<lilauroyl-«n-phosphatidylathanolamins (OLPE)

O

HO^O

O

1,2-<lipalmitoyl-an-phosphatldylaarina (DPPS)

H ^

1,2-<iipamitoyl-an-photphatidic acid (DPPA)

O
OH

©
f

O

1,2-dfataaroyl-an-phoaphatldyIglycarol (OSPG)

Cholaatarol

1-pamitoyl-2-hydroxy-«n-phoaphatidylcholin« (lyao PC)

o

I

&

o

m«thoxy-PEG2ooo-1.2-diolaoyl-an-phosphatidylathanolamina (DOPE)

Figure 1.4. Structures of neutral and anionic phospholipids commonly used in
liposomes for drug delivery.
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1.3

Thermodynamic Properties of Lipids
1.3.1 Thermodynamic Properties of Pure Lipids
Liposome characteristics are determined by surface and membrane properties,

including surface charge, steric interaction, and membrane rigidity.

The most

common lipids used for preparing liposomes for drug delivery are neutral or
zwitterionic lipids, such as PCs and PEs. Therefore the thermal characteristics of
these types of liposomes are determined by the thermodynamic properties of the
lipids. Two of the most important thermodynamic parameters of chemically pure
lipids is the phase transition temperature {!„) and the associated enthalpy

The

low temperature phase for PC and PE is commonly referred to as the gel phase, where
the acyl chains are packed tightly and lateral movement of lipid molecules is
restricted (Fig. I.S). For this reason, solute transport through lipid bilayers in the gel
phase is limited. The high-temperature phase is called the liquid-crystalline, or fluid,
phase, where the acyl chains become mobile and disordered, although the lipids are
still arranged in a smooth bilayer structure. This phase transition between the ordered
gel phase and the fluid phase is most commonly referred to as the main phase
transition {Tm)- Lipid phase transitions are cooperative events and can occur over a
very narrow temperature range of less than one degree [6-8].
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T

m

Temperature increase

Pp'

iiiititli — iffiiimi —
Pretransition

Main transition

Lamellar-hexagonal

Figure 1.5. Representative DSC scan and phase diagram indicating a lipid bilayer
when fully hydrated. The crystalline phase (Lp') transforms into a gel phase (Pp') at
temperature Tp. The gel phase transforms into a liquid-crystallme phase (La) at
temperature Tm. The liquid-crystalline phase transforms into the lameUar-hexagonal
phase (Hii) at temperature Th [2]. Typically, the Tp and Tm values are within several
degrees, whereas ^e difference between the Tm and Th values can be very large.

Factors affecting the phase transition properties are the type of polar head
groups, and the length and degree of saturation of the acyl chains. For the same polar
head groups, Tm increases with increasing acyl chain length [6, 8, 9]. Lipids with
unsaturated acyl chains have much lower Tm values, due to the disorder introduced by
the double bond. PEs usually have higher values of Tm than the corresponding PCs
with identical acyl chains, because of the stronger interactions (intermolecular Hbonding) between PE head groups. The presence of charge on the polar heads (i.e.,
cationic and anionic lipids) tends to decrease the value of Tm, due to the repulsive
interactions between molecules. It should be noted that some anionic lipids, such as
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phosphatidic acid (PA) and phosphatidyl serine (PS), are known to exhibit strong
intermolecular hydrogen bonding and therefore may have higher values of

[10,

11]. There are relatively few studies on the phase properties of the cationic lipids
commonly used for delivery of DNA. These liposomes have DNA electrostatically
bound to their surface and are typically called genosomes.

1.3.2 Thermodynamic Properties of Binarv Lipid Mixtures
[n most cases, liposomal formulations designed for drug delivery contain more
than one type of lipid. An essential parameter to consider for formulation stability is
the miscibiiity of the lipid matrix.

Lipid mixtures that are poorly miscible will

eventually phase separate (Fig. 1.6). For lipids with the same head groups, the degree
of miscibiiity is mostly determined by the mismatch of the acyl chains as well as the
degree of saturation of the acyl chain. PCs, for instance, with an acyl chain length
differing by two carbons, have high miscibiiity, while a four-carbon difference results
in poor miscibiiity. In contrast, di-I8:lA^ PC (two - 18 carbon length hydrophobic
tails with a cis double bond in the nine position (DOPC) (Fig. l.ll)) has better
miscibiiity with di-14:0 PC than with di-18:0 PC (two - (14 or 18) carbon length
hydrophobic tails with zero double bonds (DMPC and DSPC respectively) (Fig.
1.11)) [12]. The binary phase behavior of EC with lipids having other types of head
groups is rather complicated [8, 13]. PC and PE have medium or low miscibiiity
unless the two have the same acyl chain length. It is interesting to note that PC and
PG can be ideally miscible when the two have the same acyl chain length, because the
thermodynamic properties of PGs are very similar to their corresponding PCs.
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Figure 1.6. The principle of lipid phase separation, showing confocal fluorescence
microscopy images of a GUV. The lipid composition of this GUV was DPPC/DLPC
S/l. The bar represents 5 fim [14].
Cholesterol is one of the most useful liposome components and can be readily
incorporated into PC bilayers to a maximimi of SO mol%. Cholesterol itself does not
exhibit a phase transition, but it does broaden significantly the main phase transition
of the lipid bilayer into which it is incorporated. Cholesterol reduces the fluidity of
membranes above the phase transition temperature, with a corresponding reduction in
permeability to aqueous solutes.

Consequently, inclusion of cholesterol into

unsaturated membranes is often essential in order to achieve sufficient stability. That
is to say that the liposomes are able maintain the encapsulation of compounds over
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much longer periods of time without diffusion of those compounds through the
membrane and into the external media. On the other hand, cholesterol increases the
fluidity of membranes below the phase transition temperature, so that its inclusion in
saturated membranes, which are usually in the lower, gel phase at ambient
temperature, may result in a reduction in stability [IS].
For maximum stability, therefore, the choice exists between saturated PC
liposomes, composed of synthetic or hydrogenated lipid, and unsaturated PC
liposomes incorporating cholesterol.

Development work usually proceeds by

evaluating these two approaches side by side.

1.3.3

Diffusion rates of lipids

Once the lipids are associated within a bilayer, there is free lateral movement,
which can be described as similar to a milling crowd [16]. The lateral diffusion rate
depends on the lamellar phase [17]. The vesicle lipid diffusion coefficient, D, is ca.
10'^ ^m^ s'', when the sample temperature is below the main phase transition
temperature, Tm. The diffusion rate above the main transition temperature is ca. I
^m^ s*'.

1.4

Polymerization of Hydrated Bilayers
The lamellar phase consists of extended bilayers of solvated amphiphiles with

periodic smectic-like order (Lp' and Pp' structures in Fig. 1.5).

However, for

experimental convenience most polymerization studies have focused on lipid bilayer
vesicles, i.e., liposomes. A lipid vesicle is a nearly spherical lipid bilayer shell that
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encloses an aqueous volume as described earlier. The bilayer shell can be composed
of hundreds of thousands of lipids with their hydrophilic headgroups exposed to water
and their hydrophobic tails aggregated in a manner to reduce exposure to water.
Typically, liposomes with a diameter of 100 nm have approximately 80,000 lipid
molecules contained within the bilayer.
Polymerizable

groups

have

been

incorporated

into

bi layer-forming

amphiphiles by chemical synthesis [16]. Subsequent formation of bilayer assemblies
yields a two-dimensional array of the polymerizable groups. The lipid bilayer in the
fast diffusion regime provides an organized structure for polymerization reactions that
is sufHciently dynamic to permit monomers to diffuse to the growing polymer chain
end. Electron microscopy and light scattering have been used to demonstrate that
polymerization does not significantly alter the shape or diameter of vesicles [18].
However, polymerization of vesicles can dramatically alter their properties.

In

principle and practice the polymerizable moiety can be positioned anywhere along the
lipid tails or linked (covalently or electrostatically) to the headgroup. Polymerization
of the lipid tails usually leads to abolition of the bilayer T^, whereas polymerization
in the headgroup does not. Covalent linkage of the lipid tails inhibits formation of the
gauche rotamers and the cooperativity typically observed as lipid bilayers undergo
this phase transition. In some instances polymerizable amphiphiles clearly mimic
natural lipids, e.g., phosphatidylcholine (PC) and phosphatidylethanolamine (PE),
whereas others are more similar to synthetic surfactants, e.g., quaternary ammonium
salts. Synthetic routes to polymerizable PCs and quaternary ammonium lipids were
reported as early as 1980, due in part to the commercial availability of synthetic

33

intermediates. On the other hand the lack of corresponding intermediates for PE
retarded the use of polymerizable PEs until a chemical synthesis was reported [19].

1.5

Liposomes as Drug Delivery Vehicles
Liposomes typically show excellent biocompatibility and their ability to

encapsulate chemotherapeutic compounds recommends them as drug carriers. The
advantages of liposomes as drug delivery vehicles are threefold: (I) compounds that
are not water soluble may be encapsulated; (2) encapsulated therapeutic agents do not
need to be altered by addition of a bulky group to mask it from the body's immune
system; and (3) encapsulated chemotherapeutic compounds are kept from interacting
at unintended sites.

The disadvantages of conventional liposomes are their

recognition by the immune system and their removal from the bloodstream by the
reticuloendothelial system (RES) [20]. The disadvantages can be reduced through the
use of covalently attached hydrophilic polymers, such as polyethylene glycol (PEG)
[21,22].

Hydrophilic polymers such as polyethylene glycol form a hydration sphere
around the liposome [21]. This hydration sphere performs a dual role in the masking
of liposomes from the R£S and preventing the attachment of free floating antibodies
within the bloodstream. Opsonins, a common antibody found within the bloodstream,
are known to attach to the bilayer surface of conventional liposomes (CL - liposomes
without an attached hydrophilic polymer).

Liposomes that have undergone

opsonization are now "marked" as foreign substances and are rapidly removed from
the bloodstream.

Sterically stabilized liposomes (SSL - so-called "Pegylated"
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b'posomes with an attached hydrophilic polymer), typically have an increase in
retention time greater then 10 fold. An increase in the retention time of 11 fold, 3
hours to 33 hours, was seen in Theresa Allen's research, when a pegylated Upid in 5
mol % was added to the Upid formulation [21, 23-26], The longer retention time of
the b'posomes can be directly attributed to their effectiveness for site-specific delivery.

Endothelial cell
TUmor cell
Macrophage
•
•
f:-.

Erythrocyte
Liposome
Drug release

Figure 1.7. Liposomal drug delivery mechanism for improved therapeutic activity.
(A) Liposomes circulating fireely in the blood. (B) Liposomes interacting with
endothelial cells. (C) Liposomes interacting with circulating macrophages. (D)
Liposomes passively extravasating through the leaky vasculature of solid tumors. (E)
Liposomes releasing entrapped drug in the tumor interstitum. (F) Liposomes being
taken up by phagocytic cells in the solid tumor. (G) Liposomes associating with the
surface in Ae soh'd timior cells [27].

One of the greatest advantages of hposomes as drug delivery devices is their
potential ability for site-specific delivery (Fig. 1.7). Liposomes which remain in the
blood system for prolonged times tend to accumulate at tumor sites.

Tumors
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characteristically are supported by a leaky and disorganized vasculature. This permits
long circulating liposomes to escape the vasculature and reach the interstitum, thereby
increasing the concentration of the liposomes at the cancer site. The passive leakage
of therapeutic agents from liposomes within the body can cause cancer cell death [28].
Preferentially, the transient time in the bloodstream would be very short, while the
retention time at the cancer site would be long enough to allow for the complete
release of the encapsulated compounds.

Liposomes that are retained in the

bloodstream are removed by the RES, thus preventing the encapsulated therapeutic
agent from attacking other tissue.
Liposome applications in drug delivery depend, and are based on,
physicochemical and colloidal characteristics such as composition, size, loading
efficiency, and the stability of the carrier, as well as their biological interactions with
the cells. There are four major interactions between liposomes and cells.
1) Lipid exchange. Lipid exchange is a long-range interaction that involves
the exchange of liposomal lipids for the lipids of various cell membranes.
Typically the lipid will diffuse from the lipid bilayer out to the external
media and then come into contact with another liposome and diffuse into
the bilayer. It depends on the mechanical stability of the bilayer and can
be reduced by addition of cholesterol in liposomal formulation where the
Tm is below room temperature. This can occur without the direct contact
of the two liposomes.
2) Liposome adsorption to tumor cells. The second major interaction is
adsorption onto cells, which occurs when there are attractive forces
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(electrostatic, steric, Fiydration, undulation, protrusion, etc.) between the
cell and the liposome membranes and can be nonspecific or specific [2].
This is reduced through the use of hydrophilic polymers as discussed
above.
3) Liposome adsorption to phagocytic cells. Adsorption onto phagocytic
cells is normally followed by endocytosis or, rarely, by fusion. Typically
this occurs after opsonization of the liposomes and can be minimized
through the incorporation of pegylated lipids into the liposomal
formulation.
4) Liposome endocytosis. Endocytosis delivers the liposome and its contents
into the cytoplasm indirectly via a lysosomal vacuole in which low pH and
enzymes may inactivate an entrapped solute. If the liposomes fuses with
the endosome, the liposome contents are delivered directly into the cell,
and the liposomal lipids merge into the plasma membrane. Therefore a
substantial effort to utilize this mode of drug entry is being undertaken.
Efforts range from the incorporation of fusogenic proteins into the bilayer
to the preparation of metastable bilayers and pH sensitive polymer
coatings [29].

For drug delivery, liposomes can be formulated in a suspension, as an aerosol,
or in a (semi) solid form such as a gel, cream, or dry powder; in vivo, they can be
administered topically or systemically.

After systemic (usually intravenous)

administration, which seems to be the most promising route for this carrier system.
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liposomes are typically recognized as foreign objects and consequently endocytosed
by cells of the mononuclear phagocytic system (MPS), mostly fixed Kupffer cells in
the liver and spleen. This fate is very useful for delivering drugs to these cells but, in
general, excludes other application, including site specific drug delivery by using
ligands expressed on the liposome surface in order to bind to the receptors (over)
expressed on the diseased cell [2]. This is reduced through the use of hydrophilic
polymers as discussed above.
Based on the liposome properties discussed above, several advantages of
liposome drug delivery can be envisaged. The major advantages are; (I) enhanced
drug solubilization (e.g., amphotericin B, minoxidil); (2) protection of sensitive drug
molecules (e.g., cytosine arabinose, DNA, RNA, antisense oligonucleotides,
ribozymes); and (3) altered pharmacokinetics and biodistribution of the encapsulated
drug. The latter accounts for the decreased toxicity of liposomal formulations,
because liposome-associated drug molecules cannot normally spill to organs such as
the heart, brain, and kidneys as well as to increased targeting of the encapsulated drug
to certain cells and tissues.

1.6

Vesicle Clearance Rates: The Role of Lipid Composition
The use of conventional liposomes as a carrier system for drug delivery has

already shown promising results, but has been limited to specific applications because
of their short circulation time in blood [30, 31]. The recognition of liposomes by the
reticuloendothelial system (RES) is believed to occur primarily as a result of
opsonization with blood opsonins [32].

The rapid clearance of conventional

liposomes with opsonins from blood is mediated primarily through the scavenging
function of phagocytic cells located in the liver, spleen and to a lesser extent in other
tissues known as the RES or as the MPS. The rapid uptake of liposomes by these
cells has been the basis of a large portion of the biomedical uses through the last two
decades, including efficacy against intracellular parasites, activation of macrophages,
and antigen presentation. These cells may also act as a slow release system for
liposomally encapsulated amphotericin B and doxorubicin, which are currently in the
advanced phases of clinical evaluation [33].
In the course of work on liposomal stability, it was observed that solute
retention by cholesterol-rich small unilamellar vesicles (SUVs), although always
pronounced during relatively short (2 h) periods of exposure to blood plasma, was
reduced significantly with some formulations (PC liposomes) on incubation for longer
periods, whereas with others (SM liposomes) it remained unchanged [34]. It soon
turned out that this phenomenon correlated with the residence time in the blood
circulation of the corresponding (doubly labeled) vesicles: the greater the vesicle
stability, the longer the half-life [33]. It was disappointing to note, however, that this
relationship between vesicle stability and clearance observed for neutral SUVs (up to
80 nm) did not apply to very stable negatively charged SUVs or, more importantly, to
larger neutral vesicles. In the latter case clearance rates were found to increase
progressively with increasing size, even though bilayer stability remained high for
prolonged periods of incubation with plasma [36]. It appears that vesicle size and
surface charge both override bilayer stability in determining vesicle clearance from
the circulation [37].
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Because of their longer circulation times, and this increased ability to reach a
variety of cells in tissues other than the liver and spleen, rigid, neutral SUVs have
been studied intensively [38].

Unfortunately, such liposomes have serious

disadvantages as delivery systems, including a small internal volume for drug
encapsulation, size instability on prolonged storage, and strict limitations for liposome
composition.

1.7

Sterically Stabilized Liposomes in Drug Delivery
The important breakthrough in the area of liposomal drug delivery was

achieved with the discovery of so-called long circulating liposomes [39, 40].
Originally [24], such liposomes were prepared by the incorporation of ganglioside
Gmi (Fig. 1.11) into the liposomal membrane. Another approach deals with liposome
coating with poly(ethylene glycol) lipids or PEG-lipids [41-43]. The protective effect
of GMI on liposomes has already been clarified [23], whereas the molecular
mechanism of PEG action remains obscure. The explanation of the phenomenon
involves:
i) Participation of PEG in repulsive interactions between PEG-grafted
membranes and other particles.
ii) Role of surface charge and hydrophilicity of PEG-coated liposomes.
iii) Decreased rate of opsonization (Fig. 8) on the hydrophilic surface of
pegylated liposomes [44-46].
A key difference between GMI and PEG lipids is the price of the compounds. Current
prices from Avanti Polar Lipids are $220 for 10 mg of ganglioside GMI and $220 for

40
SOO mg of mPEG2ooo PE. While the molar effects of the compounds are similar, the
SO-fold difference in price is an obvious advantage for PEG lipid use.
Op»niii
Aqueous
Shield

Drug ,
Compounds

H>drc|>hitic
PoUnier

Figure 1.8. Representation of the effects of incorporating a large hydrophilic polymer
on the surface of a liposome. The antibodies are less likely to attach to the liposome
due to the presence of the polymer and the water associated with the polymer.

PEG, which is covalently attached to lipids within a lipid bilayer, is a highly
hydrated, flexible polymer that associates to form a brush-barrier that strongly resists
opsonization [47], Because of the barrier formed by the PEG polymer, liposomes of
this type are called 'sterically stabilized liposomes' (SSL) or 'PEG liposomes'.

1.8

Encapsulation of Therapeutic Agents
A wide variety of techniques are employed to encapsulate therapeutic

compounds in liposomes suitable for drug delivery [48-Sl]. Primary considerations
for choosing a suitable loading method are the physical and chemical properties of the
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solutes.

For water-soluble drugs that are weak bases, active or remote loading

procedures are preferred, due to the high trapping efficiency and high drug-to-lipid
ratio achievable. However, for most water-soluble solutes that do not respond to
active loading processes, passive loading procedures have to be used.
Hydrophobic solutes can be incorporated into the hydrocarbon chain region,
either by direct hydration of the solute-lipid mixtures or by the reverse-phase
procedure.

Detergent dialysis is very useful, especially for the reconstitution of

membrane proteins. The most troublesome solutes to load are those having very low
water solubility and at the same time cannot be solubilized in organic solvent due
either to low solubility or to chemical instability. Examples of this type of drug are
cisplatin and amphotericin.
The primary variables to consider in drug loading are encapsulation efficiency,
drug-to-lipid ratio, and drug retention. The trapping efficiency is deflned as the
percentage of solute encapsulated, and the maximum encapsulation efficiency
achievable depends on the loading technique. The drug-to-lipid ratio is determined
after loading and is usually expressed as a weight ratio or a mole ratio.

l.'S.l

Passive Loading of Water-Soluble Compounds

In passive loading, lipids and solute are codispersed in an aqueous medium, so
solute entrapment is achieved while the liposomes are being formed. Typically lipid
or lipid mixtures used in passive loading are in the form of thin films on glass walls,
lyophilized powder, or simply dry cake in glass test tubes. The aqueous medium
containing the water-soluble compounds is then added to the lipid. Liposomes are

generated by agitation at temperatures above the phase transition temperature. In
order to achieve high encapsulation efficiency and drug-to-lipid ratio, a high
concentration of solute is used whenever possible.

Normally the encapsulation

efficiency in a passive loading process is less than 10-20%. However, the trapping
efficiency can be increased to 30-50% by the freeze-thaw technique [52, 53]. A high
drug-to-lipid ratio is difficult to achieve unless the solute to be encapsulated is
extremely water soluble.

1.8.2

Active Loading bv Chemical Gradient

In active loading by chemical gradient, the solute is loaded after the liposomes
have been formed, and the accumulation of solutes inside liposomes is mediated by
certain active transportation mechanisms. For this reason it is often called remote
loading.

Lipophilic amino-containing solutes can be loaded with near 100%

efficiency into liposomes exhibiting transmembrane pH and chemical gradients [5456].
Many lipophilic amino agents can be actively driven into the interior of
liposomes in response to a chemical gradient. LUVs are first prepared by extrusion in
the presence of an ammonium salt (e.g., ammonium sulfate, ammonium citrate, or
ammonium phosphate). The exterior ammonium salt is removed by means of dialysis
or gel filtration column chromatography. The therapeutic compound is then added to
the liposome solution, and the accumulation of the therapeutic compound inside the
liposomes is achieved by incubation at a temperature above the Tm-

43
1.9

Triggered Release
Liposomes used for drug delivery in vivo must have very low permeability to

the encapsulated compounds, so that most of the contents remain encapsulated after
several hours in circulation. This both allows the delivery of the therapeutic agent to
the desired site of action and prevents non-specific delivery, which can result in toxic
side effects. Once liposomes reach the site of action, low permeability can reduce the
effectiveness of the liposomal drug, as drugs that remain sequestered in liposomes are
not available to be taken up by the cells. It has been suggested that slow release of
therapeutic agents at the site of action is the major obstacle to further improvements in
the therapeutic index of liposomal chemotherapeutic agents [57]. Several stimuli are
potentially able to trigger the release of encapsulated drugs at the desired site of
action. These include changes in pH, changes in temperature, light, and ionizing
radiation.

1.9.1

dH Sensitive Liposomes

The frequently increased acidity of solid tumors, or (in the case that liposomes
are endocytosed) inside the endosomal compartment can be used to trigger the release
of encapsulated agents at these sites [26, 58-64]. This can be achieved either through
increased permeability of the liposomal membrane or by fusion of the liposomal
membrane with surrounding biomembranes (usually that of the endosome) (Fig. 1.9).
It is well established that liposomes composed of high concentrations of unsaturated
phosphatidylethanolamines (PE) (Fig. 1.4) fiise with other membranes at low to
neutral pH. The low degree of hydration of the PE headgroup results in a small

effective headgroup volume. This gives the membrane a small positive spontaneous
radius of curvature, and allows close contact of opposing bilayer leaflets. Both of
these factors are necessary to promote the inverted structures of the fusion
intermediates. At high pH, the PE headgroup has a net negative charge so that
electrostatic forces will repel opposing bilayer leaflets and prevent fusion from
occurring. Cholesterol hemisuccinate (Fig. l.Il) carries a negative charge at neutral
pH, but at low pH (4 to S) the free carboxyl is protonated, and the amphiphiles
becomes neutral. If cholesterol hemisuccinate is combined with an unsaturated PE,
liposomes can be formed that are stable at neutral pH but become fusogenic in mildly
acidic conditions. This type of pH sensitive liposome, though useful in vitro, is not
widely applicable in vivo, because the fluid membrane that is necessary for fusion is
not stable to blood plasma. PEG-PE (Fig. 1.4) added to the lipid mixture will give
the liposomes increased stability to plasma, and increased circulation time, however
as little as 2 mole % PEG-PE can prevent liposome fusion [65].

In order for

destabilization to occur, nearly all the PEG-lipid would need to be removed from
large sections of the liposome surface. Reductive cleavage of a disulfide linked
PEG2000-1,2-distearoyl-5n-phosphatidylethanolamine

(PEG-DSPE)

completely

restores fusogenicity of l,2-dioleoyl-5/7-phosphatidylethanolamine (DOPE) (Fig. 1.4)
liposomes containing 3 to 6 mole % of the cleavable PEG-lipid. The pH sensitivity of
pegylated DOPE/cholesterol hemisuccinate liposomes was also restored in this way
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Figure 1.9. Schematic representation of potential drug delivery by a LUV to a cancer
cell. The drug can be released outside the cell by leakage or by endocytosis of the
LUV and fusion with the endosomal membrane releasing the therapeutic agent into
the cytoplasm of the cell.
Anchored, hydrophilic polymers with pendant carboxyl functions can promote
both liposome leakage and fusion at pH 5 and lower [67].

Poly(l-hydroxy-2-

propylene oxide)(polygUcidol) (shown below) bearing a succinate ester at 56 % of the
repeat um'ts and a 1-decyl amide at 7 % of the repeat imits, promotes fusion and
leakage of egg PC liposomes at pH 4, while having relatively little effect at pH 7.
EggPC liposomes bearing this polymer in PC/polymer ratio of 7/3 were found by
Kono et al. to deliver encapsulated calcein to the cytoplasm of cultured green monk^r
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kidney cells, while unmodified egg yolk PC liposomes did not [68]. Though the
capacity of the copolymer to prolong circulation time has not been reported, it could
possibly confer some degree of steric stabilization.
o

•CioHji
H

Poly(l-hydroxy-2-propylene oxide)(polyglicidolXsuccinate ester)
Acid catalyzed hydrolysis of labile amphiphiles can be used in the design of
pH sensitive liposomes. The naturally occurring diplasmenylcholine (DPPlsC) (Fig.
1.11), though stable at neutral pH, is degraded to produce a long chain aldehyde and
glyceroPC at pH less than 4.S. Sterically stabilized liposomes targeted with folate and
composed of DPPIsC/dihydrocholesterol (9/1) were shown to facilitate the
cytoplasmic delivery of several different encapsulated compounds to KB cells in vitro
[69]. Liposomes having this composition showed high plasma stability. Efficient
synthetic routes to several diplasmenylcholine analogues, including a PEG derivative
have been developed [70].

1.9.2 Thermally Sensitive Liposomes
A small increase in temperature above physiological temperature (37 °C) can
be used to release contents from appropriately constituted liposomes with spatial and
temporal control [71-77]. Localized heating (hyperthermia) can be achieved by direct
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conduction or through the use of low intensity microwaves.
liposomes can be made from a 9 to 1 mixture of

Thermosensitive
I,2-dipaimitoyl-5fi-

phosphatidylcholine (DPPC) and l,2-distearoyl-5n-phosphatidylcholine (DSPC) (Fig.
1.11). As DPPC crosses the main transition temperature (41.S *C), the permeability
of the liposomal membrane to small molecules increases sharply. This increase in
permeability occurs even in the presence of 6 mole % Gmn though higher
concentrations reduce the thermosensitivity of the liposomes somewhat [78]. The
liposomes displayed an increase of approximately an order of magnitude in the
available Doxorubicin in implanted murine colon carcinoma tumors in mice after
localized heating to 42 ®C for 20 min., starting 5 min. after injection of doxorubicin
containing liposomes composed of DPPC/DSPC (9/1) with 6 mole % GMI. Other
studies have shown that the thermosensitivity and plasma stability of quaternary
mixtures of DPPC, hydrogenated soy phosphatidylcholine (HSPC), cholesterol, and
PEG2000-DSPE (100/50/30/6) gives the highest stability both in bovine serum and in

human plasma with high thermosensitivity between 37 and 41 "C of all the mixtures
that were studied [79].

Thermally induced release of large molecules from

DPPC/DSPC liposomes is also possible [80].

Experiments indicated that

formulations of DPPC/DSPC (9/1) that contained dextran (mw = 144,000) could be
induced to release the contents by incubation at 40 to 42 *C. A hypo-osmotic buffer
was used, giving the liposomes an internal osmotic pressure, which facilitated the
release of the macromolecule.
Another technique by which thermosensitive liposomes can be made is
through the use of a thermosensitive polymer. The solubility of a polymer is a
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balance of enthalpic and entropic factors.

Enthalpic considerations that favor

solubility include the attractive forces such as hydrogen bonding between the polymer
and the solvent. Those that disfavor solubility would include intramolecular attractive
forces between repeat units of the polymer.

Entropic factors favoring solubility

include the increased freedom of motion of the repeat units in solution, while those
disfavoring solubility would include the ordering of solvent molecules around the
extended random coil polymer. If the entropy of solution is sufficiently negative then
there will be a temperature above which -TAS > AH and AGsoiution is positive. This is
the lower critical solution temperature (LCST) or the temperature at which the
polymer starts to become insoluble.

N>isopropyl acrylamide (NIPAM) and

octadecylacrylate (ODA) combined with DOPE have been used to make temperature
sensitive liposomes [81]. Poly-NIPAM-co-ODA has an LCST near 32 *C. Below
this temperature the copolymer stabilizes the DOPE liposomal membrane by
preventing close contact between bilayers. Above the LCST, the copolymer no longer
stabilizes the liposomal membrane and allows formation of the inverse hexagonal
phase. DOPE liposomes with 25 weight % of the copolymer showed complete release
of encapsulated calcein within 2 min. at 35 "C, while less than 20 % leakage was
observed over 5 min at 20 "C. This temperature range is below that which is useful
for in vivo use (37 - 42 *C). Because the LCST varies greatly between polymers, a
copolymer that has an LCST within the usable range can be made by making small
changes in the copolymer composition [75]. The ability of copolymers of this type to
prolong in vivo circulation time has not been reported. If a copolymer with the
correct LCST and the ability to prevent RES uptake is found, this strategy could be
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used for in vivo drug delivery. A significant advantage of this strategy is the delivery
of labile drugs to the cytoplasm by liposome fusion with the endosomal membrane,
because leakage occurs through the formation of inverted phases.

1.9.3

Photodestabilization of Liposomes

The use of light to stimulate the release of encapsulated compounds from
liposomes is attractive because it is possible to control the spatial and temporal
delivery of the radiation. Liposomes may be made photosensitive by the use of
uniquely designed lipids that can alter the liposome properties via photoisomerization
[82-85], photocleavage [86-90], or photopolymerization [50, 51, 91-96].

A

particularly useful characteristic of the latter is the multiplicative nature of the
polymerization process [93]. Ultraviolet light directly initiates the polymerization of
phospholipids having the hexa-2,4-dienoyl (sorbyl) functionality at the chain ends.
The photopolymerization reaction produces polymers with a low kinetic chain length
of about 10 [97]. However, if lipids are substituted with polymerizable groups in both
acyl chains, crosslinked polymer networks are formed [98]. Although UV initiated
polymerization is not suitable for biological applications due to the high absorbance
of UV light by many biomolecules, it does provide a convenient method to test lipid
compositions which could, in a clinical setting, be polymerized by more
biocompatible techniques such as photosensitization with longer wavelength light [95,
99], or by exposure to ionizing radiation.
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DSPC and PEG-PE Domain
Bis-SoibPC Damain

Leakage between domain
C> biiundaries due to shrinkage
ot domain by poiymcrization

Figure 1.10. Schematic cross section of PEG-liposomes that represents the domains
of bis-SorbPC and stearoyl lipids. The photopolymerization-induced reduction in the
surface area of the polymerizable domains (black areas) during UV irradiation is
shown on the right.
The destabilization and subsequent release of the encapsulated components
may take place by the contraction of the polymerizable domain (Fig. 1.10) or
distortion of the polymerized domain. The polymerizable lipids are drawn together
by the covalent bonds that are formed in the hydrophobic tails upon irradiation. There
may be a lag time between the contraction of the polymerized domain and the
movement of the nonpolymerized domain to fill the vacated area. During this time,
small fissures may exist between the domains until the nonpolymerized lipids are able
to fill these spaces, or the fissures may not be filled if they appear in the interior of the
polymerized domain.
Another possibili^ is that the shape of the polymerized domain cannot be
mcorporated into the lipid bilayer and therefore causes a distortion that leads to
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micelle or disc formation. Micelle or disc formations would lead to unfavorable
interactions between the hydrophilic head groups of the poly(lipid) domain and the
hydrophobic tails of the lipid bilayer. Diffusion of the poly(lipid) domain would be
favored which could lead to vacated areas and subsequent release of the encapsulated
compounds.
Whatever the means of destabilization, it is important to be able to
substantially increase the solute permeability of PEG-liposomes at the desired
location.

Obviously the liposome permeability must be low during the several

minutes to hours the PEG-liposomes circulate in the bloodstream. Therefore if less
than 1% of the encapsulated agent leaked during a circulation period of 10 h, it would
then take more than a month for the rest of the drug to escape the liposome at the
tumor site. In cases where it is desirable to release the drug in hours rather than
weeks, the permeability must be increased by at least two orders of magnitude.
Previously it was shown that this goal could be achieved through research within the
O'Brien group [92].
In this dissertation the specific goals were to obtain a formulation that was
thermally stable at body temperature, but could be induced to release the liposomal
contents upon stimulation. Furthermore, the research involved the evaluation of
several chemotherapeutic compounds as candidates for possible liposomal
encapsulation, and their effect on the stability and reactivity of the photosensitive
liposomes.
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1,2-dioleoyl-sn-phosphatidylcholine (DOPC)

o

1,2-dilauroyl-sn-phosphatidylcholine (DLPC)

1,2-dipamitoyl-sn-phosphatidylcholine (OPPC)

o
?-0
'

o
1,2-distearoyl-sn-phosphatidylcholine (DSPC)

©

1,2*diplasmenyl-sn-phosphatidylcholine (DPPIsC)

o
Cholesterol hemisuccinate

hijp

U/^

hop

o
HN

HO

ho^ov

Gmi
Figure 1.11. Lipid structures. This is a composite list of the lipids discussed in
chapter 1 and not included in Figure 1.4.
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2.1

SYNTHESIS OF POLYMERIZABLE SORBYL LIPIDS

Introduction
Crosslinking polymerizations of phospholipids that have a polymerizable

group attached to the ends of both acyl chains have been shown to dramatically alter
the properties of multi-component bilayer membranes into which these lipids are
incorporated [93, 100]. Several polymerizable groups have been studied, including
the acryloyi, methacryloyi, and the 2,4>hexadienoyl (sorbyl) polymerizable esters [97,
101, 102].

Of these, the sorbyl and acryloyi polymerizable esters were used

exclusively as the monomer in the photo-destabilization experiments presented in this
dissertation. The acryloyi lipids will be discussed in the next chapter. The sorbyl
group has the advantage of a UV X-max of 244 to 258 (nm) and e = 15,000 to 23,000
(L/mole cm) depending on solvent polarity. Irradiation with UV light in this range
causes a photo-addition polymerization that is not inhibited by the presence of
oxygen. Polymerization of sorbyl lipids can also be photo-sensitized by irradiation of
specific dyes in the presence of molecular oxygen [99], Additionally, in contrast to
monomers such as diacetylene, polymerization of sorbyl-lipids can be carried out
above or below the main phase transition temperature.
The synthesis of two types of sorbyl phosphatidylcholines is described in this
chapter. These are bis-SorbPCi7,i7, and bis-SorbPC\9,i9, which have phase transition
temperatures below and above physiological temperature, respectively. Though the
general synthetic strategy presented here is identical to that previously described
[103], some changes in reagents and purification procedures have been made.
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Examples of these are the use of Jones reagent in acetone, rather than pyridinium
dichromate in DMF, for oxidation of the hydroxy esters, and the use of a solvent
gradient when purifying each of the products.

o..p

9

bls-sorbpci9,i9

0. .p

9

bis-SorbPCi717
Figure 2.1. Polymerizable sorbyl phosphatidylcholines

Synthetic scheme for bis-SorbPCiQ lo
o

Oxalyl Chloride
(neat)

(A)

ho-(ch2)i(joh

THF
Reflux
2 days

Dioi:Sorb 10:1

(B)

Acetone
Jones Rgt
4 hours

o
o

(D)

I

DCC
DMAP
L-a-Glycerophosphatidyl choline CdCl2 complex

CHCI3
4 days

Scheme 2.1. Synthesis of polymerizable acid and PC; (A) RT, argon, 4hr, 90%
yield; (B) 81% yield; (C) 0 °C to RT, 70% yield; (D) RT, 65% yield.
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2.2

Experimental
2.2.1

Materials and Methods

Nuclear magnetic resonance ('H NMR, '^C NMR) spectra were recorded on a
Bruker WM-250 spectrophotometer or a Varian Gemini 200 spectrophotometer.
Samples were run with C[)Cl3 as the solvent; chemical shifts are reported in parts per
million downfield from the tetramethylsilane (TMS) peak. Ultraviolet spectra were
recorded on a HP 8452 diode array spectrophotometer (Hewlett Packard). Samples
were run in either buffer or methanol. Fluorescence spectra were measured on a Spex
Fluorolog 2 Spectrophotometer (Spex Industries Inc.).

Quasi elastic laser light

scattering was performed with a Brookhaven BI-8000AT correlator (Brookhaven
Instruments Corp.) with a 5 mW He-Ne laser as the light source. Samples were
examined at 60°, 90°, and 120° and the following fitting methods were used to extract
the set of exponential functions which make up the autocorrelation functions:
cumulant analysis and non-negative least squares.
TLC analysis was performed to determine the purity of all the lipids received.
Oxalyl chloride, 2,4-hexadlenoic acid (97%), dicyclohexyl carbodtimide (DCC), and
dimethyl-aminopyridine (DMAP) were purchased from Aldrich and used without
further purification. 1,10-Decanediol, 1,12-dodecanediol, and 1,14-tetradecanediol
were purchased from Fluka and the chain lengths were verified by GC mass
spectroscopy.

L-a-Glycerophosphocholine CdCh complex was purchased from

Sigma and placed under vacuum for 4 hours before use.
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2.2.2

Hexa-2.4-dienovl chloride
(sorbyl chloride)

Hexa-2,4-dienoic acid (50 g, 446 mmoles) was placed in a 3-neck round
bottom flask equipped with an addition funnel and condensor. The flask was purged
with argon and oxalyl chloride (58 mL, 665 mmole) was placed in the addition funnel
under an argon positive pressure atmosphere.

The oxalyl chloride was added

dropwise over 30 minutes at room temperature. The reaction was allowed to continue
for 4 hours. The resulting yellow solution was vacuum distilled at 0.2 mm Hg and 60
°C to produce 48 g (370 mmole, 84%) pure hexa-2,4-dienoyl chloride.

2.2.3

IO-Hvdroxvdecvl-hexa-2.4-dienoate
(sorbp alcohol)

1,10-Decandiol (10 g, 52.5 mmol) was placed into a 500 mL 3-neck round
bottom flask and dissolved in 200 mL of THF at 65° C under an argon atmosphere
with vigorous stirring. Sorbyl chloride (3.25 g, 24.9 mmol) was dissolved in 50 mL
of THF and added via an addition funnel. The sorbyl chloride solution was added
dropwise over 2 hours and stirred at reflux overnight or until completion. The
reaction was monitored by TLC on silica plates with 3:1 hexane to ethyl acetate as the
mobile phase. The product solution was concentrated and then purified using column
chromatography with silica as the stationary phase and a gradient of hexane to ethyl
acetate (H:E) as the mobile phase (1:0 H:E 400 mL, 3:1 H:E 400 mL, 2:1 H:E 400
mL, and 1:1 H:E 400 mL). Excess diol was recovered through recrystallization of the
product mixture in methylene chloride.

TLC indicated one spot. Yield 3.28 g (44

%). 'H NMR (CDCb) 5 1.20-1.40 (m, 12H, CH2), 1.45-1.65 (m, 2H, CH2-CH2-CH2O-CO), 1.70 (s, IH, OH), 1.75-1.85 (d, 3H, CHCH-CHj), 3.50-3.65 (t, 2H, CH2CH2-OH), 4.05-4.15 (t, 2H, CH2-CH2-O-CO), 5.65-5.80 (d, IH, CH=CH-CC)2), 6.05-

6.20 (m, 2H, CH=CH.CH=CH), 7.10-7.30 (m, IH, CH=CH-CH3).

2.2.4

12-Hvdroxvdodecvl-hexa-2.4-dienoate
(sorbi9 alcohol)

1,12-Dodecandioi (25 g, 110 mmoi) was placed into a 500 mL 3-neck round
bottom flask and dissolved in 200 mL of THF at 80° C under an argon atmosphere
with vigorous stirring. Sorbyl chloride (3.25 g, 24.9 mmol) was dissolved in SO mL
of THF and added via an addition funnel. The sorbyl chloride solution was added
dropwise over 1 hour and stirred at reflux for 24 hours or until completion. The
reaction was monitored by TLC on silica plates with 3:1 hexane to ethyl acetate as the
mobile phase. The product solution was concentrated and then purified using column
chromatography with silica as the stationary phase and a gradient of hexane to ethyl
acetate as the mobile phase (1:0 H:E 400 mL, 3:1 H:E 400 mL, 2:1 H:E 400 mL, and
1:1 H:E 400 mL). Excess diol was recovered through recrystallization of the product
mixture in methylene chloride. TLC indicated one spot. Yield 6.28 g (81 %). 'H
NMR (CDCI3) 5 1.20-1.40 (m, 16H, CHj), 1.45-1.65 (m, 2H, CH2-CH2-CH2-O-CO),
1.70 (s, IH, OH), 1.75-1.85 (d, 3H, CHCH-CH3), 3.50-3.65 (t, 2H, CH2-CH2-OH),
4.05-4.15 (t, 2H, CH2-CH2-O-CO), 5.65-5.80 (d, IH, CH=CH-C02), 6.05-6.20 (m,
2H, CH=CH-CH=CH), 7.10-7.30 (m, IH, CH=CH.CH3).
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2.2.5 9-Carboxv-nonvl-hexa-2.4-dienoate
(sorbi7 acid)
Jones reagent (2.67 M) was prepared by mixing chromium trioxide (26,7 g)
with sulfuric acid (23 mL) and diluting to 100 mL with ice water. Sorbi? alcohol
(3.20 g, 11.5 mmol) was added with acetone (100 mL) to a 500 mL 3-neck round
bottom flask and cooled to 0° C with an ice bath. Jones reagent (6 mL, 15.1 mmol)
was then added dropwise to the solution over a 30-minute period. The reaction was
allowed to warm to room temperature while stirring for an additional 30 minutes.
Isopropanol (2 mL) was added to the mixture for quenching followed by addition of
water (80 mL) and an additional 2 mL of isopropanol. The pH of the solution was
raised to 5 with addition of potassium carbonate. The acetone was removed under
vacuum by means of a rotary evaporator. Diethyl ether (100 mL) and 10% aqueous
sulfuric acid (20 mL) were then added to the remaining solution. The organic phase
was separated and the aqueous phase was washed with diethyl ether (4 x 50 mL). The
combined organic extracts were washed with water (4 x 50 mL) and saturated brine (2
X 50 mL). The organic layer was dried with magnesium sulfate and the product was
concentrated under vacuum with a rotary evaporator. The product was a green
colored solid. The solid was dissolved in benzene (10 mL) and filtered through fine
silica (2 g) to give a brownish solid. The product was then purified using column
chromatography with silica as the stationary phase and 3:1 hexane to ethyl acetate as
the mobile phase. The final product had a yellow tint. TLC indicated one spot. Yield
2.93 g (88%). 'H NMR (CDCb) 5 1.20-1.40 (m, lOH, CHj), 1.45-1.65 (m, 4H, CHzCH2-CH2-O-CO, CH2-CH2-CH2-CO2H), 1.75-1.85 (d, 3H, CHCH-CH3), 2.10-2.25
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(t, 2H, CH2-CH2-CO2H), 4.05-4.15 (t, 2H, CH2-CH2-O-CO), 5.65-5.80 (d, IH,
CH=CH-C02), 6.05-6.20 (m, 2H, CH=CH-CH=CH), 7.10-7.30 (m, IH, CH=CHCH3).

2.2.6

11-Carboxv-undecvl-hexa-2.4-dienoate
(sorb19 acid)

Jones reagent (2.67 M) was prepared by mixing chromium trioxide (26.7 g)
with sulfuric acid (23 mL) and diluting to 100 mL with ice water.

12-

(Sorbyloxy)dodecan-l-ol (3.20 g, 10.3 mmol) was added with acetone (100 mL) to a
500 mL 3-neck round bottom flask and cooled to 0° C with an ice bath. Jones reagent
(6 mL, 15.1 mmol) was then added dropwise to the solution over a 30-minute period.
The reaction was allowed to warm to room temperature while stirring for an
additional 30 minutes. Isopropanol (2 mL) was added to the mixture for quenching
followed by addition of water (80 mL) and an additional 2 mL of isopropanol. The
pH of the solution was raised to 5 with addition of potassium carbonate. The acetone
was removed under vacuum by a rotary evaporator. Diethyl ether (100 mL) and 10%
aqueous sulfuric acid (20 mL) were then added to the remaining solution. The
organic phase was separated and the aqueous phase was washed with diethyl ether (4
X 50 mL). The combined organic extracts were washed with water (4 x 50 mL) and
saturated brine (2 x 50 mL). The organic layer was dried with magnesium sulfate and
the product was concentrated under vacuum with a rotary evaporator. The product
was a green colored solid. The solid was dissolved in benzene (10 mL) and filtered
through fine silica (2 g) to give a brownish solid. The product was then purified using

column chromatography with silica as the stationary phase and 3:1 hexane to ethyl
acetate as the mobile phase. The final product had a yellow tint. TLC indicated one
spot. Yield 2.71 g (84%). 'H NMR (CDCb) 5 1.20-1.40 (m, 14H, CH2), 1.45-1.65
(m, 4H, CH2-CH2-CH2-O-CO, CH2-CH2-CH2-CO2H), 1.75-1.85 (d, 3H, CH=CHCH3), 2.10-2.25 (t, 2H, CH2-CH2-CO2H), 4.05-4.15 (t, 2H, CH2-CH2-O-CO), 5.65-

5.80 (d, IH, CHCH-CO2), 6.05-6.20 (m, 2H, CH=CH-CH=CH), 7.10-7.30 (m, IH,
ch=ch-CH3).

2.2.7

1.2-Bisr10-('sorbvloxv')decanovl')l-jrw-glvcero-3-phosDhatidvlcholine
(bis-SorbPCi7,i7)

L-a-Glycerophosphocholine CdCU complex (GPC; Ig, 2.3 mmole) was
placed under vacuum for a minimum of 4 hours prior to the reaction to remove any
water. Sorbi? acid (2.2 g, 6.8 mmole), DCC (1.87 g, 9.07 mmole), DMA? (0.7 g, 6
mmole), CHCI3 (20 mL), and the GPC were combined in a 100 mL round bottom
flask that had been purged with argon. The reaction was vigorously stirred at room
temperature and allowed to continue for 4 days. TLC was used to monitor the
reaction. The reaction mixture was Altered and the precipitate was washed with 2 x
10 mL of chloroform. Methanol (40 mL) was added to the combined filtrates and the
solution was reduced to approximately '/2 of the initial volume with a rotary
evaporator. The resulting solution was placed in an ice bath and Bio-Rad AG ® 501x8 (D) ion exchange resin (17 g) was added to remove the DMAP and CdCb- The
suspension was stirred vigorously for 1 hour. TLC was used to indicate the removal
of the DMAP. The suspension was filtered and concentrated. The product was
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purified with column chromatography using silica get as the stationary phase and
CHCI3 (200 mL), 9:1 CHCbrmethanol (200 mL), 8:2 CHCbimethanol (200 mL), 7:3
CHCl3:methanol (200 mL), 6S:2S:I CHCl3:methanol:water (100 mL), and 6S:2S:3
CHCl3:methanol:water (100 mL) were used as the mobile phase. Only those fractions

where water was added to the mobile phase were collected in test tubes. Pure bisSorbPC17.17 (800 mg, I mmole, 44% yield) was recovered. TLC indicated one spot.
'H NMR (CDCI3): 5 7.28 - 7.20 (m, 3 H, CH20(0)CCHCHCHCHCH3 and CHCI3),
6.24 - 6.09 (m, 4 H, CH20(0)CCHCHCHCHCH3), 5.80 - 5.74 (d, J = 16 Hz, 2 H,
CH20(0)CCHCHCHCHCH3), 5.22 - 5.19 (m, 1 H, CH2C(0)0CHCH2), 4.43 -4.38

(dd, Ji = 3.0 Hz, J2 = 12 Hz,
C(0)0CH2CHCH20P),

4.14

-

4.10

IH, C(0)0CH2CH), 4.32 (S, 2 H,
(t,

J

=

6.75

Hz,

5

H,

CH20(0)CCHCHCHCHCH3 and C(0)0CH2CH), 3.99 - 3.93 (q, J = 5.9 Hz, 2 H,

0P(0)20CH2CH2N), 3.84 - 3.83 (m, 2 H, 0P(0)2CH2CH2N), 3.39 (s, 10 H,
CH2>r(CH3)3) 2.32 - 2.25 (d t, Ji = 2.4 Hz, J2 = 5.4 Hz, 4 H, CH2C(0)0CH2 and
CH2C(0)0CH), 1.86 - 1.84 (d, J = 5.4 Hz, 6 H, CH20(0)CCHCHCHCHCH3), 1.67 -

1.56 (m, 8 H, CH2CH2C(0)0CH2, CH2CH2C(0)0CH and CH2CH20(0)CCH), 1.341.28 (s, 20 H, (CH2)s) ppm. High resolution FAB mass spectrum: calculated mw
(C40H60NO12P)*; 786.4557 (100%), 787.4591 (46.35%), measured m/z; 786.4564

(100%), 787.4602 (49.3%).

2.2.8

1.2-Bisr 12-fsorbvloxv)dodecanovm-^w-glvcero-3-phosDhatidvlcholine

(bis-SorbPC|9.i9)
L-a-Glycerophosphocholine CdCli complex (GPC; 0.5g, 1.2 mmole) was
placed under vacuum for a minimum of 4 hours prior to the reaction to remove any
water. Sorbi9 acid (1.0 g, 2.6 mmole), DCC (0.2 g, 0.8 mmole), DMAP (0.35 g, 3
mmole), CHCI3 (20 mL), and the GPC were combined in a 100 mL round bottom
flask that had been purged with argon. The reaction was vigorously stirred at room
temperature and allowed to continue for 4 days. Additional amounts of DCC were
added to the solution over the 4 days (0.2 g every 8 to 12 hours). TLC was used to
monitor the reaction. The reaction mixture was filtered and the precipitate was
washed with 2x10 mL of chloroform. Methanol (40 mL) was added to the combined
filtrates and the solution was reduced to approximately '/z of the initial volume with a
rotary evaporator. The resulting solution was placed in an ice bath and Bio-Rad AG
® S01-x8 (D) ion exchange resin (10 g) was added to remove the DMAP and CdCb.
The suspension was stirred vigorously for 1 hour. TLC was used to indicate the
removal of the DMAP. The suspension was filtered and concentrated. The product
was purified with column chromatography using silica gel as the stationary phase and
CHCI3 (200 mL), 9:1 CHCbrmethanol (200 mL), 8:2 CHCl3:methanol (200 mL), 7:3

CHCl3:methanoi (200 mL), 65:25:1 CHCl3:methanol:water (100 mL), and 65:25:3
CHCl3:methanol:water (100 mL) were used as the mobile phase. Only those fractions

where water was added to the mobile phase were collected in test tubes. Pure bisSorbPCi9,i9 (356 mg, 0.54 mmole, 48% yield) was recovered. TLC indicated one
spot. 'H NMR (CDCI3): 8 7.28 - 7.20 (m, 3 H, CH20(0)CCHCHCHCHCH3 and

CHCb), 6.24 - 6.09 (m, 4 H, CH20(0)CCHCHCHCHCH3), 5.80 - 5.74 (d, J = 16
Hz, 2 H, CH20(0)CCHCHCHCHCH3), 5.22 - 5.19 (m, 1 H, CH2C(0)0CHCH2),
4.43 - 4.38 (dd, J, = 3.0 Hz, J2 = 12 Hz, IH, C(0)0CH2CH), 4.32 (S, 2 H,
C(0)0CH2CHCH20P),

4.14

-

4.10

(t,

J

=

6.75

Hz,

5

H,

CH20(0)CCHCHCHCHCH3 and C(0)CX:H2CH), 3.99 - 3.93 (q, J = 5.9 Hz, 2 H,
0P(0)20CH2CH2N), 3.84 - 3.83 (m, 2 H, 0P(0)2CH2CH2N), 3.39 (s, 10 H,
CH2N^(CH3)3) 2.32 - 2.25 (d t, J, = 2.4 Hz, h = 5.4 Hz, 4 H, CH2C(0)0CH2 and
CH2C(0)0CH), 1.86 - 1.84 (d, J = 5.4 Hz, 6 H, CH20(0)CCHCHCHCHCH3), 1.67 1.56 (m, 8 H, CH2CH2C(0)0CH2, CH2CH2C(0)0CH and CH2CH20(0)CCH), 1.341.28 (s, 24 H, (CH2)s) ppm. High resolution FAB mass spectrum; calculated mw
(C4oH6oNOi2Pr; 842.2651 (100%), 843.2685 (46.35%), measured m/z; 842.2655
(100%), 843.2736 (47.2%).

2.3

Results and Discussion
2.3.1 Sorb Acid Synthesis
The polymerizable acids, hexa-2,4-dienoic acid 9-carboxynonyl ester and

hexa-2,4-dienoic acid 11-carboxyundecyl ester, are potentially common intermediates
for a variety of polymerizable lipids, simply by acylation of the desired headgroup, or
headgroup precursor. This makes it important to be able to efficiently synthesize
large amounts of these compounds in high purity.

Initial purity of the starting

materials, 1,10-decanediol and 1,12-dodecanediol, is critical, as contamination with
shorter or longer chainlength diols would result in a mixture of polymerizable acids
that may be inseparable by chromatography or recrystallization. Incorporation of

such a mixture of acyl chains into lipids would result in an even larger number of
products.

For example, reaction of two different chain length acids with L-a-

glycerophosphocholine would result in a statistical mixture of 4 different diacyl PC's.
This type of mixture may have altered thermotropic properties, and it would become
impossible to achieve consistency and reproducibility of experiments from one batch
of lipid to another. A high resolution FAB mass spectrum of bis-SorbPCi?,!? made
from this starting material showed it to be only one product. Differential scanning
calorimetry of a aqueous suspension of this compound showed a correspondingly
sharp peak at 28.7 "C and high (120 to 220) cooperativity units.
The first reaction of the diol is a statistical mono-acylation with sorbyl
chloride. Though a large excess of the diol is used in the reaction to prevent bisacylation, this reaction is not wasteful, because the unreacted starting material can be
recycled by recrystallization from methylene chloride as described in the
experimental. The bis-acylated product, on the other hand cannot be easily recycled,
and must be discarded. The yield of the mono-acylated product relative to the
limiting reagent, sorbyl chloride, is an approximate inverse measure of the amount of
bis-substituted product. It can be seen from this that the reaction of 10 equivalents of
1,12-dodecanediol with 1 equivalent of sorbyl chloride (81% yield) is more efficient
than the reaction of 2 equivalents of the 1,10-decanediol with 1 equivalent of sorbyl
chloride (44% yield). In order to benefit from excess diol, it is also necessary that all
diol be soluble in the reaction mixture, even if this requires heating the reaction to
reflux, as was described in the experimental.
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The Jones oxidation of the mono-acyl diol to the acid presents two problems.
The newly formed acid, which is probably in the form of a hemi-acetal, can react with
the starting material to form an ester with sorbyl groups on each end. This is a minor
side product of the reaction.

Even though Jones reagent is added to a fairly

concentrated solution of alcohol, only a small amount of ester byproduct is produced.
Attempts to add the alcohol to Jones reagent in acetone failed because the acetone
polymerized and deactivated the Jones reagent. Because the reaction is done in
acetone/water, all organic solvents can be removed by evaporation after workup and
extraction.

Successive recrystallization from hexanes or petroleum ether is an

effective method for purification of targe amounts of polymerizable acids and their
alcohol.

However, small quantities (less than ten grams) should be purified by

chromatography with a hexanes/ethyl acetate gradient system, as this is faster and less
wasteful.

2.3.2 Bis-SorbPC
Bis-SorbPCi7,i7

and

bis-SorbPCi9,i9

were

synthesized

from

L-a-

glycerophosphocholine (GPC) and the corresponding polymerizable acid in 65%
yields. The acylation takes place through the formation of an activated complex of
DCC with the acid. The DCC is then displaced by DMAP to form dicyclohexyl urea
(DCU) and an activated amide, which can then be attacked by the glycerol hydroxyls
to form the ester. GPC is present at low concentrations because it is only sparingly
soluble in chloroform. If DCC is added slowly, the activated complex will react as
quickly as it is formed because of the higher concentration of the other reactants, and

side reactions can be minimized. This strategy was used in the synthesis of bisSorbPCi9,i9, in which only 2.2 equivalents of polymerizable acid was used, and DCC
was added 0.3 equivalents at a time. Though the yield relative to GPC was lower in
this reaction, the yield relative to polymerizable acid was slightly greater. It is
possible that the modification of this strategy, such as gradual addition of DCC with a
syringe pump, the overall yield may be improved. Another important factor that can
increase the yield is the rigorous removal of ethanol from the chloroform, because
ethanol is a better substrate for acylation than GPC.
The initial workup of the acylation reaction involves treatment with ion
exchange resin to remove basic compounds and salts such as DMAP and cadmium
chloride.

The previous procedure of stirring at room temperature for 2 hr has

occasionally resulted in hydrolysis of the ester. The procedure of stirring for 30 min
at 0 °C takes advantage of the higher activation energy for hydrolysis than for ion
exchange to prevent lipid decomposition.
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SYNTHESIS OF POLYMERIZABLE ACRYL LIPIDS

3.1

Introduction
While the sorbyl groups in the previous chapter have been shown to give the

des i r ed effects of destabilization of lipid membrane upon polymerization [SO, SI, 9196, 100, 104], an attempt was undertaken to find a more efficient polymerizable lipid
that would have a higher rate of propagation. The acryloyi group has been shown to
have a higher rate of propagation because of the lesser amount of stabilization [lOS].
While there is a strong sensitivity to the presence of molecular oxygen, this may
prove to be an advantage as well. The area surrounding tumor sites is typically
lacking oxygen because of the constant demand by the tumor tissue, whereas normal
tissue would contain molecular oxygen.

This suggests that the destabilizing

polymerizations could only proceed near hypoxic tumor sites, while being inhibited in
the normal tissue. The side effects of encapsulated therapeutic agents could further be
minimized through this strategy.

bis-AcrylPCi8,i8
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Synthetic scheme for bis-AcrvlPCig iq

Pyridine
THF
Reflux
6 hours
BHT

c,^

(A)

Diol:Acryl 1:1

Acetone
Jones Rgt
4 hours
BHT

(B)
O

O
DCC
DMAP
L-a-Glycerophosphatidyl choline CdCl2 complex
CHCI3

BHT
4 days
O

O-

Scheme 3.1. Synthesis of polymerizable acid and PC; (A) 48% yield (acryl); (B) 0
°C to RT, 84% yield; (C) RT, 68% yield.
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3.2

Experimental
3.2.1

14-H vdroxvtetradecvl-propenoate
(acrylis alcohol)

1,14-Tetradecandioi (S g, 22 mmol) was placed into a SOO mL 3-neck round
bottom flask and dissolved in 200 mL of THF at reflux under an argon atmosphere
with vigorous stirring. Several crystals of 2,6-di-r-butyl-4-methylphenol (BHT) were
added to the solution as a radical scavenger to prevent polymerization of the acryl
moiety. Acryl chloride (0.65 g, 7.22 mmol) was dissolved in 10 mL of THF and
added via an addition funnel. The acryl chloride solution was added dropwise over 1
hour and stirred at 60 °C for 24 hours. The reaction was monitored by TLC on silica
plates with 3:1 hexane to ethyl acetate as the mobile phase.

The product was

concentrated and then purified using column chromatography with silica as the
stationary phase and a gradient of hexane to ethyl acetate as the mobile phase (1:0
H:E 400 mL, 3:1 H:E 400 mL, 2:1 H:E 400 mL, and 1:1 H:E 400 mL). TLC
indicated one spot. Yield 1.1 g (48 %). 'H NMR (CDCI3) 5 1,20-1.40 (m, 20H,
CH2), 1.45-1.65 (m, 2H, CH2-CH2-CH2-0-C0), 3.50-3.65 (t, 2H, CH2-CH2-OH),

4.05-4.15 (t, 2H, CH2-CH2-O-CO), 5.70-5.85 (dd, CH2=CH-CCX)), 5.90-6.15 (dd,
CH2CH-COO), 6.20-6.40 (dd, CH2CH-COO).

3.2.2

13-Carboxv-tridecvl-propenoate
(acryli8 acid):

Jones reagent (2.67 M) was prepared by mixing chromium trioxide (26.7 g)
with sulfuric acid (23 mL) and diluting to 100 mL with ice water. Several crystals of
BHT were added to the solution as a radical scavenger to prevent polymerization of
the acryl moiety. 14-(Acryloxy)tetradecan-l-ol (1.10 g, 3.47 mmol) was added with
acetone (100 mL) to a 500 mL 3-neck round bottom flask and cooled to 0° C with an
ice bath. Jones reagent (1.5 mL, 3.75 mmol) was then added dropwise to the solution
over a 30-minute period. The reaction was allowed to warm to room temperature
while stirring for an additional 30 minutes. Isopropanol (2 mL) was added to the
mixture for quenching followed by addition of water (80 mL) and an additional 2 mL
of isopropanol. The pH of the solution was raised to 5 with addition of potassium
carbonate. The acetone was removed under vacuum by a rotary evaporator. Diethyl
ether (100 mL) and 10% aqueous sulfuric acid (20 mL) were then added to the
remaining solution. The organic phase was separated and the aqueous phase was
washed with diethyl ether (4 x 50 mL). The combined organic extracts were washed
with water (4 x 50 mL) and saturated brine (2 x 50 mL). The organic layer was dried
with magnesium sulfate and the product was concentrated under vacuum with a rotary
evaporator. The product was a green colored solid. The solid was dissolved in
benzene (10 mL) and filtered through fine silica (2 g) to give a brownish solid. The
product was then purified using column chromatography with silica as the stationary
phase and 3:1 hexane to ethyl acetate as the mobile phase. TLC indicated one spot.
Yield 0.93 g (84%).

'H NMR (CDCb) 5 1.20-1.40 (m, 18H, CHj), 1.45-1.65 (m.

4H, CH2-CH2-CH2-O-CO, CH2-CH2-CH2-CO2H), 2.10-2.25 (t, 2H, CH2-CH2-CO2H),
4.05-4.15 (t, 2H, CH2-CH2-O-CO), 5.70-5.85 (dd, IH, CH2=CH-C00), 5.90-6.15 (dd,
IH, CH2=CH-C(X)), 6.20-6.40 (dd, IH, CH2=CH-COO).

3.2.3

1.2-Bisri4-(acrvloxv)tetradecanovl^l-.y/i-glvcero-3-

phosphatidvlcholine
(bis-AcrylPCi8,i8)
L-a-Glycerophosphocholine CdCb complex (GPC; O.Sg, 1.2 mmole) was
placed under vacuum for a minimum of 4 hours prior to the reaction to remove any
water. Acrylig acid (0.93 g, 1.5 mmole), DCC (1.0 g, 4.5 mmole), DMA? (0.35 g, 3
mmole), CHCI3 (20 mL), and the GPC were combined in a 100 mL round bottom
flask that had been purged with argon. Several crystals of BHT were added to the
solution as a radical scavenger to prevent polymerization of the acryl moiety. The
reaction was vigorously stirred at room temperature and allowed to continue for 4
days. TLC was used to monitor the reaction. The reaction mixture was filtered and
the precipitate was washed with 2 x 10 mL of chloroform. Methanol (40 mL) was
added to the combined flitrates and the solution was reduced to approximately V^ of
the initial volume with a rotary evaporator. The resulting solution was placed in an
ice bath and Bio-Rad AG ® 50l-x8 (D) ion exchange resin (10 g) was added to
remove the DMA? and CdCb. The suspension was stirred vigorously for 1 hour.
TLC was used to indicate the removal of the DMAP. The suspension was filtered and
concentrated. The product was purified with column chromatography using silica gel
as the stationary phase and CHCI3 (200 mL), 9:1 CHChrmethanol (200 mL), 8:2
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CHCl3:methanoI

(200

mL),

7:3

CHCbrmethanol

(200

mL),

65:25:1

CHCbrmethanohwater (100 mL), and 65:25:3 CHCi3:methanol:water (100 mL) were
used as the mobile phase. Only those fractions where water was added to the mobile
phase were collected in test tubes. Pure bis-AcrylPC|g.ig (600 mg, 0.88 mmole, 68%
yield) was recovered. TLC indicated one spot. 'H NMR (CDCb): 6 6.20 - 6.40 (dd,
J, = 2.0 Hz, J2 = 18 Hz, IH, CH2=CH.C00), 5.90-6.15 (dd, Ji = 10 Hz, J2 = 10 Hz,
IH, CH2=CH-C00), 5.70-5.85 (dd, Ji = 0.8 Hz, J2 = 8.0 Hz, IH, CH2=CH-C00),
5.22 - 5.19 (m, 1 H, CH2C(0)0CHCH2), 4.43 - 4.38 (dd, J, = 3.0 Hz, J2 = 12 Hz, IH,
C(0)0CH2CH), 4.32 (S, 2 H, C(0)0CH2CHCH20P), 4.14 - 4.10 (t, J = 6.75 Hz, 5
H, CH20(0)CCHCHCHCHCH3 and C(0)0CH2CH), 3.99 - 3.93 (q, J = 5.9 Hz, 2 H,
0P(0)20CH2CH2N), 3.84 - 3.83 (m, 2 H, 0P(0)2CH2CH2N), 3.39 (s, 10 H,
CH2N^(CH3)3) 2.32 - 2.25 (d t, J, = 2.4 Hz, J2 = 5.4 Hz, 4 H, CH2C(0)0CH2 and
CH2C(0)0CH), 1.67 - 1.56 (m, 8 H, CH2CH2C(0)0CH2, CH2CH2C(0)0CH and
CH2CH20(0)CCH), 1.34 - 1.28 (s, 32 H, (CH2)8) ppm. High resolution FAB mass
spectrum: calculated mw(C42H76NOi2P)^; 817.5105 (100%), measured m/z; 817.5113
(100%).

3.3

Results and Discussion
3.3.1

1.14-tetradecanediol

The 14-diol used for the initial ester formation of the acryl alcohol proposed a
significant problem.

The compound is commercially available, but the cost is

$354.00 per gram, while the 12 and 16 diols are much cheaper, $1.04 and $67.10
respectively.

Numerous coupling reactions were attempted with shorter chain
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precursors to form the 14-diol, but the processes proved troublesome because of
solubility problems. The 14-diol is only mildly soluble in refluxing solvents such as
THF, chloroform, methylene chloride, and benzene.

Eventually, because of the

difficulties in obtaining an efficient synthetic route to the 14-diol, the 1,14tetradecanediol was purchased and used in the synthesis of the I,2-bis[14(acryloxy)tetradecanoy l)]-5w-glycero-3-phosphatidylcholine (bis-AcrylPC i g.i g).

3.3.2

Acrvim Alcohol Synthesis

In the Sorb alcohol synthesis, chapter 2.3.1, a large excess of the diol was used
to maximize the amount of monoester product formed and minimize the diester
product. Because of the expense of the 14-diol, a ratio of only 2 to 1 (diohacryl
chloride) was used to maximize the weight yield.

The unreacted 14-diol was

recovered through recrystallization of the crude product in ethyl acetate. The diester
product was separated via column chromatography and then cleaved through a base
hydrolysis reaction. The 14-diol was recovered through column chromatography with
2:1 hexanes:ethyl acetate as the mobile phase. A lower yield of 48% was obtained
using this methodology, as compared to the 81% yield obtained with a 10:1
diohsorbyl chloride ratio that was used in chapter 2.3.1. The recovered 14-diol was
then reused without further purification.

3.3.3

Acrvl|g Acid Synthesis

The polymerizable acid, l3-carboxy-tridecyl-propenoate, is a potential
intermediate for a variety of polymerizable phospholipids similar to the Sorb acid
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compounds. A special consideration must be given to the high reactivity of the acryl
moiety and its potential for immediate polymerization under mild initiation
conditions, such as ambient light. An inhibitor, 2,6-di-/-butyl-4-methylphenol (BHT),
was used to prevent polymerization from the use of the Jones reagent. BHT is easily
separated from the resulting Acryl ig acid during column chromatography.
The chromatography must be done in a timely manner and was performed
under pressure.

Polymerization of the acryhg acid occurred during the initial

purification on the column without pressure that increases the flow rate of the mobile
phase. Polymerization of the acryhg acid may have occurred due to the ambient light
present or the slightly acidic conditions that typically occur on a silica gel column.

3.3.4

Bis-AcrvlPCia m Svnthesis

Bis-AcrylPC|g,ig was synthesized from L-a-glycerophosphocholine and the
corresponding polymerizable acid in 68% yields. The acylation takes place through
the formation of an activated complex of DCC with the acid. The DCC is then
displaced by DMAP to form DCU and an activated amide, which can then be attacked
by the glycerol hydroxyls to form the ester. GPC Is present at low concentrations
because it is only sparingly soluble in chloroform. If DCC is added slowly, the
activated complex will react as quickly as it is formed because of the higher
concentration of the other reactants, and side reactions can be minimized. In chapter
2.3.2, the importance of rigorous ethanol removal from chloroform was stated;
ethanol free chloroform is available and was purchased from Aldrich to remove this
possibility.
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The initial workup of the acylation reaction involves treatment with ion
exchange resin to remove basic compounds and salts such as DMAP and cadmium
chloride. The procedure of stirring for 30 min at 0 "C takes advantage of the higher
activation energy for hydrolysis than for ion exchange to prevent lipid decomposition.
The column chromatography purification was performed under pressure to increase
the flow of the mobile phase and minimize the chance for polymerization of bisAcrylPCi8.i8 product.
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4

CHARACTERIZATION AND y-IRRADIATION INITIATED
POLYMERIZATION OF ACRYL PC-BASED LIPOSOMES

4.1

Introduction
The need for more effective approaches to the controlled delivery of

therapeutic agents continues to be of utmost importance. Passive or active targeting of
anticancer agents to tumors is a traditional approach to minimizing side effects. An
alternative strategy relies on the activation or release of therapeutic agents only in the
vicinity of the diseased tissue. The O'Brien group has previously proposed that the
attractive features of photodynamic therapy, i.e. spatial and temporal selectivity, could
be significantly broadened if radiant energy were used to release drugs [SI, 96, 104,
106], Indeed the selective photolysis of appropriately designed liposomes can trigger
the release of their contents upon UV exposure [50, 51, 91-93, 95, 96, 100], These
previous studies now permit the design of sterically stabilized liposomes (PEG-LUV)
that are sensitive to ionizing radiation. The selective destabilization of PEG-LUV and
release of therapeutic agents upon exposure to clinical doses of radiation holds new
promise for controlled drug delivery.
Polymerization in organized assemblies can be initiated by gamma irradiation
[107-109]. Unlike photodynamic therapies, ionizing radiation is readily available in
most medical centers since it is a principle component of many cancer treatments.
The total dose of irradiation can be controlled by regulating the distance from the
source and the duration of irradiation. Therapeutic gamma irradiation treatments are
generally fractionated over time. In a typical radiation treatment regimen, patients
receive a total dose of 200 Rad per day five or six times a week. Typical treatments
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last S-7 weeks and the cumulative total dose is S - 8.4 Krad [104]. The premise of
fractionating the total dose is that cells with a large proliferative capacity, e.g. tumor
cells, generally have a high intrinsic radiative sensitivity [107]. Fractionating the dose
reduces damage to the surrounding normal tissue since it probably has a lower
radiation sensitivity. Gamma initiation may be especially important in drug delivery
systems that require polymerization in vivo. UV and visible light do not penetrate
deeply beyond the epidermal layer of the body. Red light of 632 nm penetrates the
tissue to a maximum of 1 cm. Fiber optic cables must be surgically implanted into the
body to deliver light to most targeted areas. The enhanced depth of penetration that
gamma rays exhibit is one advantage over UV and visible light initiation. The actual
initiating species in gamma polymerizations of hydrated amphiphiles is a hydroxy
radical [108, 109]. The mechanism which the production of hydroxyl radicals is
shown in Figure 4.1.

H2O++ H2O

e- + HjO"^

•

H3O++ ' O H

HO-+«H

Figure 4.1. Proposed pathway for generation of hydroxyl radicals by gamma
irradiation of water.

Further consideration was given to the use of acryi lipids in y-initiated
polymerizations. Sorbyl moieties have been shown to polymerize with y-irradiation,
but the dosages necessary to induce release of the encapsulated compounds were well
in excess of therapeutic doses [103]. Since the reactivity of the acryl moiety is
enhanced compared to the sorbyl moieties, then an advantage could be obtained by an
increase in the amount of polymerization and liposomal destabilization with the same
amount of therapeutic dosage of radiation.

Additionally, acryl moieties have

indicated an extreme dependence on the presence of molecular oxygen. As discussed
in chapter 3, tissue areas near tumors have very low concentrations of oxygen because
of the high metabolism of the tumors and their excess need of nutrients, while healthy
tissue contains molecular oxygen that would inhibit polymerization. Theoretically,
liposomes in healthy tissue would not undergo polymerization and the subsequent
release of the liposomal contents.
In radical polymerizations the acryl functionality is a more reactive group than
sorbyl because the propagating radical species is less stabilized (Fig. 4.2). The
increased reactivity of the acryl group results in an increase in the rate and degree of
polymerization observed in radical polymerization of phospholipids [110, 111].
Differential scanning calorimetry and UV data were obtained to determine the
feasibility of incorporating the bis-AcrylPCig.is in liposomal formulations. While bisAcrylPCi6,i6 had been previously synthesized within the O'Brien Group [18, 102,
105], the 18 atom chain was considered a better candidate for thermally stable
liposomes. The bis-AcrylPCie.ie has a phase transition temperature of 31 °C and
liposomal formulations containing lipids with Tm values below 37 °C indicated poor

80
encapsulation efficiency and high permeability as discussed in chapter S. The Tm
value of bis-AcrylPCtg.tg is expected to be well above 37 °C based upon the increase
in Tm values observed in sorbyl lipids when increasing the length of the chains (bisSorbPCi7,i7 = 29 °C vs. bis-SorbPCi9,i9 = 42.5 °C).

R

R

R

R

Figure 4.2. Resonance structures that stabilize the radicals after initiation by a radical
(I •). The sorbyl moiety has three resonance structures while the acryl moiety has
only two resonance structures. Obviously the initiation can occur at any point of the
dienoyi moiety, but the terminal attachment is shown to demonstrate the largest
number of resonance structures.

Previously bis-AcrylPCie.ie (Tm = 31 "C ) was investigated for the rate of
polymerization with y-irradiation by Tom Sisson within the O'Brien group [111].
Results indicated the rate of polymerization was observed in the absence of oxygen to
be 8.8 X 10'^ M/Rad and complete inhibition of polymerization in the presence of
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molecular oxygen. Because the experiments were done at body temperature (37 °C),
the liposomes would be expected to be in the liquid crystalline phase. This data
indicated a greater than 20 fold increase in the rate of polymerization when compared
to liposomes formed from bis-SorbPCi7.i7 (Tm 29.S °C) in the liquid crystalline phase
(3.8 X 10'^. These values obtained by Tom Sisson are the basis of this research and
an attempt to translate these results to lipids with higher Tm values was made.
Liposomal formulations with lipids that have a Tm value above 37 °C have been
shown to form more thermally stable liposomes and have indicated higher
encapsulation efficiencies as discussed in chapter S.

4.2

Methods and Materials
Bis-AcrylPCi8.ts was synthesized as described in chapter 3. Compounds

containing UV-sensitive groups were handled under yellow lights.

UV-Vis

absorption spectra were recorded on a Varian DMS 200 spectrophotometer. Lipid
purity

was

evaluated

by

thin-layer

chromatography

(TLC)

with

chloroform/methanol/water (65:25:4 by volume) and visualized by a UV lamp and
charred with phosphomolybdic acid (PMA) stain. The lipids were hydrated in MilliQ
water, Millipore Inc. Benzene was distilled from sodium benzophenone ketyl.
Liposomes used in y-irradiated polymerization studies were unilamellar with a
diameter of about 100 nm. Lipids were measured volumetrically into a weighed 10
mL round bottom flask from a stock solution of known concentration in benzene. An
argon stream was passed over the solution to remove the solvent and the flasks were
then placed under high vacuum for a minimum of eight hours to complete the drying.
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The flask was weighed to obtain the amount of lipid in the flask. The lipids were then
suspended in MilHQ water. The lipid suspension was then subjected to ten freeze
thaw cycles and then extruded three times through two stacked 600 nm Nuclepore
membranes followed by extrusion three times through two stacked 200 nm Nuclepore
membranes and flnally extrusion four times through two stacked 100 nm Nuclepore
membranes. The concentration of the resulting liposome suspensions was determined
by UV absorbance at 194 nm (acryl Xmax = 194water, s = 12,000) of a 30 |al aliquot in
0.97 mL of MilliQ water. The total lipid concentrations of resulting liposomes were
typically between I and 10 mM.
Liposomes used in DSC measurements were formed through the same
methodology as above, except the procedure was halted before extrusion. This
produced multilamellar liposomes. Multilamellar liposomes are used because the
soluble concentrations are typically higher.
liposomes can form a gel.

High concentrations of unilamellar

Additionally, multilamellar liposomes give identical

experimental results, but require fewer steps that can lead to errors.

The

concentration of the multilamellar liposomes for DSC measurements was maintained
at 9 mM.
Monomer conversion was calculated as
% conversion = (Ao'^'* - At""*) / (Ao"'') x 100
where Ao is the initial absorbance of the standard sample. At is the absorbance of the
sample after time (t) of irradiation.

4.3

Results
4.3.1

DSC and UV Characterization

The bis-AcrylPC|g,i8 was characterized to determine its absorbance
wavelength (Xmax)^ extinction coefficient (e), and transition temperature (Tm). Each of
these factors is extremely important in deciding the usefulness of this bis-Acryl lipid
as a polymerizable lipid, which could then be incorporated within the liposomal
membrane. The Xmax and E can be used to follow the quantitative loss of monomer
during the irradiation and to determine the initial concentration of the acryl lipid
present in the sample.
Bis-AcrylPCi8. i 8 liposomes were shown to have a UV Xmax of 194 nm and an
extinction coefficient of 12,000 M'' cm*' in MilliQ water. Figure 4.3 represents the
UV absorbance plot of liposomes formed from bis-AcrylPC|g.|g in MilliQ water at
varying concentrations from a single stock solution. The concentrations were varied
to obtain a plot of the Xmax absorbance value versus the concentration where the slope
of the resulting line is equal to the extinction coefHcient (Fig. 4.4). The absorbance
maxima and extinction coefficient were consistent with previous results for bisAcrylPCi6.i6 [HI].
Differential Scanning Calorimetry (DSC) was used to determine the transition
temperature of bis-AcrylPCi8,i8. The resulting graph (Fig. 4.5) indicated a Tm value
of 48 °C. As the temperature increases, the transition is from the L'p phase to the La
phase as described in chapter 1. The transition is reversible and can be observed
when proceeding from higher to lower temperatures as well. This value is near the

value of bis-SorbPCt9.i9 (44 °C), and should permit thermally stable domains at body
temperature.
The DSC displayed a broad peak for the transition temperature, indicating
very low cooperativity units. The cooperativity units are a measure describing the
amount of lipids that undergo a phase change simultaneously. A high cooperativity
unit suggests that the lipids are tightly packed and as one lipid undergoes the phase
transition, other surrounding lipids must undergo the phase transition as well. A low
cooperativity unit suggests that the lipids are loosely packed. This could also be
explained if there were impurities within the lipids, such as mixed chain lengths, but
TLC, 'H NMR, '^C NMR, and mass spectrometry indicated only one product. BisSorbylPC lipids have indicated a much higher cooperativity in DSC investigations
and suggest that the structure and/or polarity of the acryl moiety may have a distinct
effect on the packing efficiency of the lipids. The acryl ester lies at the terminal
portion of the hydrophobic chains and may make it difficult for the terminal portions
of these chains to closely associate because of the structure, which could be
considered similar to an isobutyl chain. The carbonyl may disrupt the packing, much
like a methyl group, and the shorter polymerizable chain (3-carbons) may be unable to
compensate for the disruption. A simple example of this is the difference in the
melting points and densities of 3-undecanone (12 °C, 0.82S g/mL) and 6-undecanone
(14.6 "C, 0.831 g/mL).
The polarity of the sorbyl and acryl moieties may also play an important role
in distinguishing between the cooperativity units of the compounds. Because of the
extended conjugation of the sorbyl moiety, there may be ic-bond interaction between
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the independent lipids. In the aciyl lipids, the loss of the second double bond may
disallow this interaction because of the sterics imposed by the carbonyl group.
Another possibility is that the acryl liposomes may have water associated within the
typically hydrophobic tails because of the increased polarity of the aciyl moiety.
There are no known studies to show this, but I strongly believe that each of these
possibilities play a part in the overall packing efficiency and cooperativity of the bisAcrylPC18.18 liposomes.

UV Absorbance ofbis-AcryIPCi8,i8
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Figure 4.3. UV absorbance spectra of bis-AcrylPCi8,i8 in PBS buffer at room
temperature at varying concentrations.
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Figure 4.4. Plot of the absorbance values at 194 nm (Fig. 4.1). The plot yields an
extinction coefGcient of 12,000 M"' cm*'.

Temperature (°C)
Figure 4.S. Differential Scanning Calorimetiy plot of multilamellar liposomes
composed of bis-AcrylPCi8,i8 in MilliQ water.
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4.3.2

Rates of Polymerization

Results of the y-irradiated polymerization are shown below.

The bis-

AcrylPC|g,|g indicated a significantly lower rate of polymerization at 37 °C as
compared to bis-AcrylPCi6 ,i6.

Lipid Monomer

Rp (M/Rad)

bis-SorbPCi7,i7
bis-AcrylPCi6.i6

3.8 X 10'
8.8 X 10 '

bis-AcrylPCig,|g

1.0 X 10*

Table 4.1. Rates of polymerization in moles per Rad. Bis-SorbPCn i? and bisAcrylPCi6,i6 were previously investigated [110, 111] at room temperature and used
as a comparison for the bts-AcrylPCig.ig, which was tested at 37°C.
The bis-AcrylPC16,16 indicated an increase in the rate of polymerization,
compared to bis-SorbPCi7.i7, and appeared to be an excellent candidate for in vivo yinitiated polymerizations for the development of triggered catastrophic release in
cancer treatments. Unfortunately, liposomal formulations containing bis-AcryiPCi6.i6
indicated a high rate of leakage for the encapsulated compounds [112]. In the attempt
to form more thermally stable formulations, the bis-AcrylPC|g.ig was synthesized, but
the increase in phase transition temperature (31 to 48 "C) appears to have a negative
effect on the rate of polymerization, which decreases approximately 9-fold relative to
bis-AcrylPCi6,t6 (Table 4.1). This is probably due to the lipids being in the solid
phase, which may slow the diffusion rate of the hydroxyl radicals from the aqueous
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media to the inner portions of the bilayer when formed by y-irradiation. This efiTect is
also seen in the y-irradiated polymerization of bis-SorbPCi9,i9 liposomes, which are in
the solid phase at 37 °C, discussed in chapter 6.

4.4

Discussion
Bis-AcrylPCi8,i8 was extremely sensitive to molecular oxygen in y-irradiated

polymerizations. The aqueous samples were purged with an argon stream for several
hours before transfer to 2 mL vials for irradiation. Samples that were not completely
full (Fig. 4.6) indicated no polymerization, even when the vials were placed in a glove
bag under an argon atmosphere. Teflon tape was used to seal the sample vials and
every caution was taken to ensure the exclusion of molecular oxygen. Similar
samples that were prepared from the same stock solution, but were filled completely,
indicated a rate of polymerization consistent with sorbyl lipids.

Figure 4.6. Illustration of the 2 mL vial samples used in the y-initiated polymerization
studies of bis-AciylPCi8,i8- Sample vials that were not completely full (left) indicated
no polymerization even at very high dosages of irradiation (50,000 Rads), whereas
samples that were fiill indicated a rate of polymerization consistent with sorbyl
samples.
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The addition of cholesterol into the bis-AcrylPCi8, i 8 formulations may
increase the rate of polymerization in ionizing radiation experiments for reasons
discussed in chapter S. Currently, there appears to be little or no advantage in using
acryl lipids in the formulations to be tested for liposomal destabilization in ionizing
radiation experiments. Once the experiments progress to the advance stages of animal
studies, the advantages of the acryl lipids may again become prominent because of
their sensitivity to molecular oxygen as discussed in the introduction.
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5

UV INITIATED DESTABILIZATION OF LIPOSOMES

5.1

Introduction
Liposomes typically show excellent biocompatibility and their ability to

encapsulate chemotherapeutic compounds recommends them as drug carriers. The
advantages of liposomes include (i) the ability to incorporate compounds that are not
water soluble, (ii) therapeutic agents do not need to be altered by addition of a bulky
group to mask it from the body's immune system, and (iii) chemotherapeutic
compounds are kept from interacting at unintended sites. The disadvantages of the
liposomes are their recognition by the immune system and their removal from the
bloodstream by the reticuloendothelial system (RES). The disadvantages can be
reduced through the use of covalently attached hydrophilic polymers, such as
polyethylene glycol (PEG), which effectively coat the surface of the liposome and
minimize the clearance. The ability of Pegylated liposomes to remain within the
bloodstream for prolonged periods of time is the potential ability for site-specific
attack.
Liposomes which remain in the blood system for prolonged times tend to
accumulate at the cancer sites. Tumors have a greater need for nutrients due to their
rapid growth, and one of the ways in which they obtain the nutrients is to increase the
permeability of the surrounding blood vessels.

This permits long circulating

liposomes to escape the vasculature and reach the interstitum, thereby increasing the
concentration of the liposomes at the cancer site. The passive leakage of therapeutic
agents from liposomes in the interstitum can cause cancer cell death. Liposomes that

are retained in the bloodstream are removed by the RES, thus preventing the
encapsulated therapeutic agent from attacking other tissue.
The use of light to stimulate the release of encapsulated compounds from
liposomes is attractive because it is possible to control the spatial and temporal
delivery of the radiation. Liposomes may be made photosensitive by the use of
uniquely designed lipids that can alter the liposome properties via photoisomerization,
photocleavage, or photopolymerization. A particularly useful characteristic of the
latter is the multiplicative nature of the polymerization process. Ultraviolet light
directly initiates the polymerization of phospholipids having the hexa-2,3-dienoyl
(sorbyl) functionality at the chain ends. The photopolymerization reaction produces
polymers with a low kinetic chain length of about 10 [97]. However, if lipids are
substituted with polymerizable groups in both acyl chains, crosslinked polymer
networks are formed [98]. Although UV initiated polymerization is not suitable for
biological applications due to the high absorbance of UV light by many biomolecules,
it does provide a convenient method to test lipid compositions which could, in a
clinical setting, be polymerized by more biocompatible techniques such as
photosensitization with longer wavelength light, or by exposure to therapeutic doses
of ionizing radiation.
The liposomes tested in this section are designed to release their contents to
the surrounding solution through a photoinduced increase in membrane permeability,
rather than by photoinduced membrane fusion, which has been demonstrated
previously for conventional liposomes [100]. The mechanism by which this was
initially thought to occur is through domain formation due to the polymerization of
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Sorb-lipid and the partitioning of pegylated lipids into the non-polymerized domains
(Fig. 5.1). The resulting lipid domains with high PEG concentration would be
thermodynamically unstable and should form mixed micelles (chapter 1.1), leaving
holes or areas of disrupted, permeablized membrane. The liposome formulation
necessary for this mechanism to work needs to have a pegylated lipid concentration
after polymerization of greater than 20 mol % within the non-polymerized domain
[96].
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Figure S.l. Schematic cross section of PEG-liposomes that represents the Pegylated
and non-Pegylated lipids. The photopolymerization-induced concentration of the
Pegylated lipids is shown in the middle, while the difiusion of the Pegylated lipids
and resulting holes are shown on the right.

A second, and more effective mechanism for photoinduced leakage became
apparent as the leakage assays were being carried out (Fig. S.2). In this case, the
bilayer has phase separated monomer domains before polymerization, and these are
disrupted by the polymerization. Either leaky fissures between polymerized and nonpolymerized domains or pores inside the polymerized domain are formed. Evidence
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for such phase separated domains has been observed by differential scatming
calorimetry, thermally induced leakage, and confocal microscopy [14]. The onset of
photoinduced leakage in liposomes with these lipid compositions occurs at as little as
20 % loss of monomer, compared to greater than 90 % loss of monomer that is
required for photoinduced leakage to occur in liposomes in which phase separation is
not observed prior to polymerization.

DSPC and PEG-PE Domain
Bis-SoibPC Damain

Leakage between domain
O*' boundaries due to shrinkage
of domain by polymerization

Figure S.2. Schematic cross section of PEG-Uposomes that represents the domains of
bis-SorbPC and stearoyl lipids. The photopolymerization-induced reduction in the
surface area of the polymerizable domains (black areas) during UV irradiation is
shown on the right.

5.2

Methods and Materials
5.2.1

Materials

The collisional quencher, a,a'-bis-pyridinium-I,4-xylene dibromide (DPX)
(Fig. 5.3) was prepared as follows: a,a'-dibromo-l,4-xylene (20.0 g, 75.7 mmole)
was suspended in chloroform (1.0 L) in a 2 L, 3 neck, round bottom flask fitted with a
mechanical stirrer and a reflux condenser. Pyridine (18.0 g, 227 mmole) was added
and the reaction mixture was heated to reflux for 3 hr. The resulting white precipitate
was collected by vacuum filtration, washed twice with chloroform (200 mL), and
recrystallized from methanol/isopropanol.

The colorless needle crystals were

dissolved in nanopure water (200 mL) and filtered through a 0.45 micron membrane
filter. The water was removed under reduced pressure. Dry benzene (200 mL) was
added and evaporated under reduced pressure to remove any residual water. The
resulting solid (23.4 g, 90 % theoretical yield) was dried at 25 °C under 0.1 tonpressure for 24 hr. 'H NMR (D2O): 8.83 - 8.78 (dd, J = 10.2 Hz, 2.0 Hz, 4H,
CH2N^CiD, 8.51 - 8.42 (tt, J = 11.9 Hz, 2.0 Hz, 2H, CH2lsrCHCHCH), 8.0 - 7.93
(dd, J = 11.9 Hz, 10.6 Hz, 4H, CH2K'CHCH), 7.44 (s, 4H, CH2CCHCH), 5.76 (s 4H,
CH2) ppm. ANTS was purchased from Molecular Probes Inc. (Eugene, Oregon) and

used without further puriflcation. Bis-SorbPCi?.!? and bis-SorbPCt9,i9 were prepared
as described in chapter 2.

1,2-Dipalmitoyl-^/i-phosphatidylcholine (DPPC), 1,2-

dioleoyl-5/i-phosphatidylcholine

(DOPC),

1,2-distearoyl-5n-phosphatidylcholine

(DSPC), l,2-diarachidoyl-5ra-phosphatidyl-choline (DAPC), PEG2ooo-l,2-dioleoyl-5/iphosphatidylethanolamine

(PEG-DOPE),

and

PEG2ooo-L2-distearoyl-fn-

phosphatidylethanolamine (PEG-DSPE) were obtained fi-om Avanti Polar Lipids.
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Cholesterol was purchased from Sigma and used without further purification.
Octylphenoxy polyethoxyethanol (Triton X-100) (Sigma) was used in a 5% (wt/wt)
solution with Millipore water.

'"mh.

so,

Figure 5.3.
Probes used in leakage assays; (Left) Fluorescent marker, 8aminonapthalene-l,3,6-trisulfonic acid (ANTS); (Right) Collisional quencher, a,a'bis-pyridinium-l,4-xylene dibromide (DPX)

5.2.2

Liposome Formation

Lipids were measured volumetrically into separate weighed 10 mL round
bottom flasks from stock solutions of known concentrations. An argon stream was
passed over each solution to remove the solvent and the flasks were then placed under
high vacuum for a minimum of four hours to complete the drying. The flasks were
weighed to obtain the amount of lipid in each flask.

Approximately 2 mL of

chloroform were then added to all but one of the flasks and the contents were
combined and dried as above. A final weight was taken to ensure the complete
transfer of lipids. The lipids were then suspended in a sufficient amount of dye
containing pH 7 phosphate buffer to make a 10 mM total lipid concentration. The
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buffer used for the hydration of the lipids contained ANTS (25 mM), DPX (90 mM)
and sodium phosphate (10 mM). The osmolarity of the buffer solution was found to
be 277 mosmol. The lipid suspension was then subjected to ten freeze thaw cycles
and then extruded three times through two stacked 600 nm Nuclepore membranes
followed by extrusion three times through two stacked 200 nm Nuclepore membranes
and fmally extrusion four times through two stacked 100 nm Nuclepore membranes.
The resulting ANTS/DPX containing liposomes were eluted through a Sephadex G-7S
column with pH 7 buffer solution containing sodium phosphate (10 mM), sodium
chloride (139 mM), and having an osmolarity of 277 mosmol. The concentration of
the resulting liposome suspensions were determined by UV absorbance at 260 nm
(sorbyl Xmax. = 258MeOH, e = 47,100) of a 30 fxl aliquot in 0.97 mL of HPLC grade
methanol. The total lipid concentrations of the resulting liposomes were between I
and 3 mM.

5.2.3

Fluorescence measurements

Fluorescence time based scans were done on 3 mL, 0.15 mM dilutions of the
liposome suspensions in pH 7.0 PBS, with 360 nm excitation and 520 nm emission on
a Spex Fluorolog 2 fluorometer. The slit width for both excitation and emission
monochrometers was 4 mm. Complete leakage was determined after lysis of the
liposome by addition of 0.3 mL of 5% (v/v) aqueous Triton X-100 to a 3 mL sample.
Photopolymerization was carried to between 20 and 99% by exposures of 1 s up to 8
min to light fi'om a low pressure Hg pen lamp at 0.02 to 0.04 W/cm^. The percent
conversion was determined by the change in UV absorbance at 258 nm. A Coming
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CS-9-S4 filter (> 230 nm) was used to prevent photolysis of the polymerization
product. Monomer conversion was calculated as
% conversion =

- A,""*) / (A'o^^ - A'2o^^'')(Ao"'') x 100%

where Ao is the initial absorbance of the sample, A'o is the initial absorbance of the
standard sample. At is the absorbance of the sample after time (t) of irradiation, and
A'20 is the absorbance of the standard sample after 20 min of irradiation.

5.2.4

Determination of Encapsulated ANTS

The total amount of ANTS encapsulated in the liposomes was determined
shortly (within 1-2 h) after chromatographic separation of the unencapsulated dye. A
3 mL sample of liposomes having a total lipid concentration of ISO (iM was prepared
at room temperature, and the fluorescence at S20 nm with excitation of 360 nm was
measured for 45 s. Triton X-100 (0.3 mL at 5% aq. v/v) was added, and the
fluorescence measurement was continued for an additional 45 s. The emission
intensity of the sample after addition of Triton X-lOO was multiplied by 1.1 to adjust
for the dilution by the detergent solution and the difference between this and the
initial measurement was compared to the emission intensity of standard solutions of
ANTS/DPX(5:18ratio).

5.2.5 Determination of Liposome Leakage
In order to determine the percent leakage of liposome encapsulated
ANTS/DPX, the fluorescence of each sample was measured over 30 s prior to
photolysis. Immediately after photolysis, the percent conversion was determined

98
from the sample absorbance with a diode array spectrophotometer, and the
fluorescence was measured continuously over several minutes. After the leakage
measurement, a 90 s time scan was performed during which a 5% solution of Triton
X-100 was added at 45 s. The fluorescence due to 100% leakage was determined
from this measurement after correcting for the bleaching of ANTS during photolysis
and the dilution factor due to the Triton X-IOO solution.
The fluorescent marker, ANTS, has a minor absorption at 2S8 nm at the
sample concentration. For this reason, irradiation of the liposome solution at 230-300
nm causes some bleaching of the ANTS.

The percent ANTS bleaching was

determined by comparing the fluorescence measurement after the addition of Triton
X-100 for a photolyzed sample to a similar measurement performed on a sample of
non-photolyzed liposomes after dividing each by the UV absorbance at 254 nm to
factor out any differences in sample preparation,
b — Iphoiolyzed/lnon-photolyzed X Anon-photolyzed/Aphoiolyzed

A bleaching factor of between 0.8 and 1.0, depending on the length of photolysis, was
obtained, which adjusts the baseline (lo) to what it would be if the amount of ANTS
present before photolysis were equal to that present after photolysis.
The percent leakage at any time is given by the following expression:
% leakage = 100 X (It-bIo)/(l.lIioo-bIo)
where It is the fluorescence intensity at time (t), lo is the fluorescence intensity prior to
photolysis, Iioo is the fluorescence intensity after addition of Triton X-100, and b is
the bleaching factor. Because the initial change in concentration inside the liposomes
is relatively small, the initial leakage is pseudo-zero order, and the plot is a straight

line. The rate of leakage was calculated from the linear region of the plot using a least
squares fit.

5.3

Results
5.3.1. Encapsulation
The fluorescence assay employed in these experiments uses the anionic, water

soluble fluorescent marker 8-aminonapthalene-l,3,6-trisulfonic acid (ANTS), and the
di-cationic collisional quencher, a,a'-bis-pyridinium-l,4-xylene dibromide (DPX).
ANTS has an absorption maximum at 360 nm and a fluorescence maximum at S20
nm. DPX has an absorption maximum at 260 nm and does not fluoresce. When dye
and quencher are encapsulated inside the liposome at high concentration (ca. 25 mVt
ANTS, and 90 mM DPX), the ANTS fluorescence is effectively quenched. When the
markers are released into the larger (more than 100 times greater) volume of the
cuvette, the fluorescence intensity is no longer quenched, so that the increase in
fluorescence intensity is directly proportional to the amount of ANTS released from
the liposomes.

The percent leakage can be obtained simply by comparing the

intensity at any time point with that of completely disrupted liposomes. The absolute
ANTS concentration can be obtained if the fluorometer is periodically calibrated with
solutions of known ANTS concentration.
The maximum amount of encapsulation of a fluorescent marker or drug
molecule into liposomes, without the use of active loading (section 1.8.2.), is the
product of the total internal volume of a liposome solution and the concentration of
the molecule to be encapsulated. The maximum internal volume of a liposome
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suspension was calculated for unilamellar POPC liposomes of various sizes by
Pfeiffer et al [113]. Though the liposomes that are used in these experiments are of a
different composition, Pfeiffer's results give a reasonable approximation of the
maximum amount of fluorescent dye that could theoretically be encapsulated by our
liposome system. Pfeiffer assumed an area per lipid molecule of 68 square angstroms
and a bilayer thickness of 29 angstroms in the calculation. The experimental values
of liposome volume determined by entrapment of solute are considerably lower than
the values calculated by Pfeiffer. Mayer et al. found, by this method, that the actual
experimental value for the internal volume of eggPC liposomes, made by the
extrusion of fireeze-thawed MLVs through two stacked 100 nm polycarbonate
membranes, is approximately 0.5 times the theoretical value of 1.5 L/mole (lipid)
[114]. Freeze fracture electron microscopy of extruded eggPC/cholesterol liposomes
in the absence of cryoprotectants, such as glycerol, shows that the liposomes deviate
from the ideal spherical structure [115]. This could result in the lower encapsulated
volume that was observed by Mayer.

Liposomes in the leakage experiments

presented here ranged between 90 and 120 nm in diameter. Because the volume is
proportional to r^ the encapsulated volume in a polydisperse population of liposomes
should be dominated by the larger liposomes.

Table 5.1 shows the calculated

maximum volume and amount of dye that could be encapsulated from a 25 mM
ANTS solution into unilamellar liposomes from 90 to 120 nm in diameter.
Table 5.2 indicates the effect of Pegylated lipids on the internal volume of
liposomes. As the size of the liposome increases, the effect on the internal volume is
reduced as would be expected. The difference between the mushroom and brush
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conformations in the Pegylated lipids is mainly due to the amount of hydration
associated with the polymers in either of these conformations (Fig. 5.4). The brush
conformation requires less water to be associated with it. Therefore the overall area
associated with the brush conformation is less then that of the mushroom
conformation.
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Figure 5.4. Illustration of the mushroom (A) and the brush (B) conformations of the
hydrophilic polymer PEG. At low concentrations of the Pegylated lipid (A) the
polymer is in a random coil conformation, but at high concentrations (B) (>20 mol %)
the polymer is in a brush conformation.
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Diameter
(nm)

Lipid molecules per
liposome

Encapsulated
volume (L/mol)
of lipid

fiM ANTS/
mM lipid

90

69,700

2.70

67.5

100

86,600

3.05

76.1

110

105,300

3.39

84.7

120

125,900

3.73

93.3

Table S.l. Calculated internal volume, lipid molecules per liposome, and maximum
dye encapsulation (assuming 25 mM dye concentration).

Diameter
(nm)

Mushroom
10**' mL per
liposome

Brush
10'*' mL per
liposome

Mushroom
%of
conventional

Brush
%of
conventional

90

2.3

2.2

83

80

100

3.3

3.1

85

82

110

4.4

4.3

86

84

120

5.9

5.7

87

85

Table S.2. Calculated internal volume of PEG-liposome with high and low densities
as compared to POPC conventional liposomes investigated by Pfeiffer et al in Table
5.1.
Table 5.3 indicates the encapsulation efficiency of DOPC liposomes in the
liquid crystalline phase.

These results are taken from Dr. Bruce Bondurant's

dissertation as a relative example of the difficulties that were observed in the
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formulations containing DOPC. The encapsulation efficiency maximum value is only
24 % for these formulations, which would certainly disqualify these formulations for
commercial use. The effect of having a non-polymerizable lipid such as DOPC with a
phase transition temperature of -18 °C, indicating that the lipid would remain in a
liquid crystalline state at experimental temperatures, was that the encapsulated dye
was able to diffuse out of the liposomal compartment into the external media. This
probably occurred rapidly as evidenced by the background fluorescence observed in
these formulations.

As a result of these studies and the immense amount of

experiments Dr. Bondurant was able to perform, a better understanding of the
relationship between lipid phases and lipid-lipid interactions led the research group to
look towards formulations containing lipids with Tm values above body temperature.

Cholesterol

Background
Fluorescence

Encapsulation
(^M / mM)

Comparable %
Observed in POPC
Liposomes (100 nm)

0

34,500

16

21

20

13,500

18

24

30

14,000

17

23

40

11,000

14

18

Table 3.3. Encapsulation of ANTS in liquid crystalline phase liposomes containing
differing concentrations of cholesterol. Other membrane components are held
constant at the following: PEG-DOPE (15 mol %), bis-SorbPC17,17 (25 mol %).
DOPC varies to make the sum 100 % [103]. Column four represents the
encapsulation efficiency compared to POPC conventional liposomes investigated by
Pfeiffer et al in Tabie 5.1.
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Table 5.4 indicates the effect on the encapsulation efficiency of varying the
concentration of the poiymerizable lipid bis-SorbPCi?,!?. There appears to be little
change in the encapsulation efficiency of the formulations tested. While there is a
decrease in the encapsulation efficiency with an increase in the amount of bisSorbPCi7,i7, it should also be noted that the formulations did not contain cholesterol.
Liposomes formed with bis-SorbPCn.n exclusively did not show the ability to
encapsulate ANTS/DPX in the experiments attempted by Dr. Bruce Bondurant (data
not published). Light scattering data from liposomes formed from bis-SorbPCn.i?
exclusively also showed widely varied size distributions, indicating structures other
then liposomes are likely formed.

Bis-SorbPCi7,i7

Background
Fluorescence

Encapsulation
(^IVI / mM)

Comparable %
Observed in POPC
Liposomes (100 nm)

0

15,000

24

31

10

15,000

22

29

20

27,000

19

25

25

34,000

16

21

Table 5.4. Encapsulation of ANTS in liposomes containing differing concentrations
of bis-SorbPCi7.i7- Other membrane components are held constant at the following:
PEG-DOPE (15 mol %), cholesterol (0 mol %). DOIHT varies to make the sum 100 %
[103].Coiumn four represents the encapsulation efficiency compared to POPC
conventional liposomes investigated by Pfeifferer a/ in Table 5.1.
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Table 5.5 indicates the advantage of using lipids with Tm values above body
temperature.

As discussed above, the previous experiments with low Tm lipids

indicated low encapsulation efficiencies, but when using lipids with DAPC (Tm 65
°C) the encapsulation efficiency was increase from 24 % to 70 %. Addition of
cholesterol indicated a significant loss in the encapsulation efficiency. This can be
explained by the destabilization of solid lipid membranes by cholesterol as discussed
in chapter 1.

Cholesterol

Background
Fluorescence

Encapsulation
(fiM/mM)

Comparable %
Observed in POPC
Liposomes (100 nm)

0

10,500

53

70

20

11,500

40

52

30

19,000

35

46

40

41,000

15

20

Table 5.5. Encapsulation of ANTS in solid phase liposomes containing differing
concentrations of cholesterol. Other membrane components are held constant at the
following; PEG-DSPE (5 mol %), bis-SorbPCi9.i9 (20 mol %). DAPC varies to make
the sum 100 %. Column four represents the encapsulation efHciency compared to
POPC conventional liposomes investigated by PfeifTer et al in Table 5.1.
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Table 5.6 summarizes the previous tables in a more comparable format. It is
clear from this table that an important step has been taken to produce a therapeutically
viable formulation. A 3-fold increase in the encapsulation efficiency can be observed
between the formulations containing DOPC and those containing DAPC.

Formulation

Encapsulation
()iM / mM)

Comparable %
Observed in POPC
Liposomes (100 nm)

Low

PEG-DOPE/ DOPE
(15/85)

24

31

Low

PEG-DOPE/ bis-SorbPCi717/
DOPE
(15/25/60)

16

21

Low

PEG-DOPE/ bis-SorbPCi7,i7/
cholesterol/DOPE
(15/25/20/40)

18

24

High

PEG-DSPE/DAPC
(5/95)

55

72

High

PEG-DSPE/bis-SorbPCi919/
DAPC
(5/20/75)

53

70

High

PEG-DSPE/bis-SorbPCi9,i9/
cholesterol/DAPC
(5/20/20/55)

40

52

Table S.6. Comparison of the encapsulation efficiency of low temperature
formulations [103], and the high temperature formulations. The low temperature
formulations are in the liquid crystalline phase, whereas the high temperature
formulations are in the solid phase at room temperature. Column four represents the
encapsulation efficiency compared to POPC conventional liposomes investigated by
Pfeiffer et al in Table 5.1.
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The values for encapsulation in the leakage experiments presented here were
much lower than the values obtained from either the internal volumes that were
calculated by Pfeiffer or those measured experimentally by Mayer. Tables 5.2 - 5.5
show encapsulation efficiencies of liposomes in which the concentrations of lipids
were varied. The highest encapsulation for liposomes containing cholesterol in the
low temperature formulations was 24 % of the calculated maximum internal volume
for 100 nm POPC LUV for the formulations containing DOPC (Table 5.2). Liposome
formulations without cholesterol had a maximum encapsulation value of about 70%
(Tables 5.5 & 5.6).
Possible reasons for the lower encapsulation (70 %) include: (1) leakage
during or after chromatography, (2) incomplete quenching, (3) volume filled by PEG
chains, (4) incorrect area per lipid molecule, or (5) the formation of a sub-population
of non-encapsulating or non-spherical structures such as disc-shaped liposomes,
toroidal liposomes, rod shaped micelles, or spherical micelles.
Significant differences were observed between IXDPC/bis-SorbPCn.n and
DAPC/bis-SorbPCi9,i9 formulations (Table 5.6).

A possible explanation for the

differences in encapsulation efficiency may be explained by the liposomal phase
characteristics. The DOPC/bis-SorbPCi7,i7 liposomal formulations should be in a
liquid crystalline phase, while the DAPC/bis-SorbPCi9,i9 liposomal formulations
should be in a solid phase at room or body temperature. All formulations tested in the
current study were maintained at room temperature during gel chromatography and
dilution. Because room temperature is below the lowest Tm value in the DAPC/bis-
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SorbPCi9.i9 liposomal formulations for the individual lipids, the liposomes can be
considered more solid-like in character and less permeable to the encapsulated
compounds used in this study.

S.3.1.1 .Leakage Purine Chromatography
Rapid leakage (on the order of 20 min) during size exclusion chromatography
results in reduced or no encapsulation with a high background fluorescence as can be
seen in the final two entries of table 5.4. If there is some encapsulation, the remaining
dye can be observed to leak quickly without photolysis. This behavior was observed
with DOPC liposomes that contained 25 mol % bis-SorbPC 17.17, with no cholesterol.
Stable encapsulation could not be achieved with liposomes that contained 30 % or
more bis-SorbPCi7,i7 or bis-SorbPCi9.i9 without cholesterol. When 20 to 40 mol %
cholesterol is included in the liposomes, dark leakage is reduced by two orders of
magnitude [103].

Size exclusion column fractions surrounding the elution of

liposomes containing PEG-DSPE^is-SorbPCl7.l7/cholesterol/DSPC (5/30/35/30)
were tested for UV absorbance at 254 nm, background fluorescence,
encapsulation.

Higher background fluorescence

and

correlated with higher lipid

concentration and encapsulation efflciency [103]. The elution of liposomes and
unencapsulated dye did not overlap, indicating that no signiflcant leakage occurs with
that lipid mixture during size exclusion chromatography.
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S.3.1.2.InconiDlete Quenching of ANTS
Incomplete quenching of the ANTS can occur if the DPX is not in a high
enough concentration to come into contact with the ANTS upon excitation. This can
be due to the use of old media where the DPX has crystallized from the solution or an
error in the calculation or formulation of the media. If ANTS is not completely
quenched, there could be a significantly higher background fluorescence resulting
from encapsulated dye. In the calculation of encapsulation, this fluorescence would
be subtracted from the total fluorescence giving an artificially low estimate of
encapsulation. If incomplete quenching of encapsulated dye is the only source of
background fluorescence, the true encapsulation would be given by comparing the
total fluorescence of the ANTS/DPX containing sample after detergent lysis (TX-lOO
addition) with a sample of liposomes of the same total lipid concentration that contain
no encapsulated dye. In other words, the subtraction of the initial ANTS fluorescence
intensity would be in error because it is assumed that this is external ANTS and not
encapsulated ANTS that is not being efficiently quenched. The fluorescence intensity
of empty liposomes with 100 (iM total lipid concentration (excitation and emission
slit width = 0.4 mm) is 6000 cps, which can simply be explained by the scattering of
light by the liposomes and the media. With the exception of samples that contain
DOPC and bis-SorbPCi7.i7 without cholesterol, the background intensity of most
samples is between 10,000 and 25,000 cps. The maximum error in the calculation of
encapsulated dye that could be attributed to incomplete quenching is between O.S and
2.5 nM ANTS per mM total lipid (I to 5 %).
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5.3.1.3.Effectof PEG on Liposomal Volume
In contrast to conventional liposomes, PEG-liposomes with PEG on both
leaflets have an internal volume that is reduced by the volume occupied by the
hydrated polymer. The encapsulated volume of a PEG-liposome can be approximated
by a sphere with a radius smaller than the external radius of the liposome by the
thickness of the bilayer and of the hydrated PEG layer. The thickness of a hydrated
PEG layer for a PEG2ooo-grafted, supported bilayer has been measured by Leckband et
al. to be S.2 nm for a mushroom conformation in the weak overlap regime (4 - 5 %
PEG-lipid) and 6.2 nm for a brush regime (> 10 % PEG-lipid) [116]. The calculated
volume per liposome for 90-120 nm liposomes using the formula for the volume of
a sphere (V = 4/3 n r^) is given in table S.2. The reduction in encapsulation is
between 13 and 20 %. This trend is demonstrated by the experimental data presented
in table 5.3. Although data in tables 5.3 - 5.6 has an uncertainty of about i:10 %, it
demonstrates how the encapsulation efficiency varies with changing concentrations of
PEG-lipid, cholesterol, and sorbyl lipids.

5.3.1.4.Effect of Cholesterol on Lipid Packing
Cholesterol has been shown in experiments with Langmuir monolayers to
cause a considerable decrease in the area per lipid where the lipids are in a liquid
crystalline phase [117].

Because the volume is proportional to the area^^, the

presence of 40 mol % cholesterol can result in a correspondingly large decrease in the
volume per lipid of a DOPC/cholesterol (60/40) liposome, which would be 0.74^^ or
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0.64 times that of the same size liposome composed of pure DOPC (Tm = -18 °C).
That is, it would take a correspondingly larger number of lipid molecules to make up
the same size of liposome. If both the effect of cholesterol and the effect of PEG lipid
are considered together the volume per lipid (and therefore the maximum
encapsulation) of a PEG-DOPE/cholesterol/DOPC (15/40/45) liposome is the product
of these factors, which is 45 % of the calculated volume per lipid of a pure DOPC
liposome. Table 5.3 shows the encapsulation efficiency of liposomes that vary only
in the concentration of cholesterol [103]. The trend toward lower encapsulation
efficiency is demonstrated here with the exception of the first entry. The first entry is
probably low because of a high rate of dark leakage (4 x 10'^ % s'' at 37 °C), which is
supported by the high background fluorescence.

If the lower background

fluorescence of the second and third entry is used to calculate the encapsulation of the
first entry, the efficiency of encapsulation is equal to that of liposomes containing 20
% cholesterol. If the amount of ANTS lost during 20 min of column chromatography
is considered, then the adjusted encapsulation efficiency is 24 f^M ANTS/mM total
lipid, or approximately 32 % of the calculated maximum.

5.3.1.5.Effect of Non-Soherical Structures.
Another trend in encapsulation efficiency is that of decreasing encapsulation
with increasing concentration of bis-Sorb lipids.

The trend in the absence of

cholesterol (Table 5.3) can be explained by the increased rate of leakage (chapter
5.3.1.1.). In the cases where lower concentrations of bis-Sorb lipids (< 20 mol %) are
present, and leakage is minimized, another possibility may be the effect of non-
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spherical structures that do not have an interna! aqueous volume. While broadened or
bimodal distributions were not observed with 20 mol % bis-Sorb formulations, it is
often difficult to detect small structures in the presence of large ones by quasai elastic
light scattering (QELS). It might be possible to do this by freeze fracture electron
microscopy, or cryo-transmission electron microscopy (cryo-TEM).

Also the

formulas used to determine size by QELS pre-suppose that structures are spherical.
Disk shaped structures have been observed by Edwards el al at moderately high PEGgrafted-cholesterol concentrations (> 20 mol %) [118]. As QELS experiments would
not distinguish these non-spherical shapes, their presence would result in broadened
or erroneous size distributions.

5.3.1.6.The Effect of Cholesterol on Solid Phase Liposomes.
Section S.3.1.4. discussed the effect of cholesterol on the packing of lipids in
the liquid crystalline phase. Cholesterol has the opposite effect on lipids in the solid
phase [2]. Liposomal formulations, in which the phospholipid Tm values are above 37
°C, indicated much higher encapsulation efficiencies in formulations without
cholesterol as shown in table S.3. Table 5.5 shows the encapsulation efficiencies of
liposomes in the liquid crystalline phase versus liposomes in the solid phase. While
the low temperature formulation liposomes indicated a range of only 21 to 31 % of
calculated for POPC liposomes, the high temperature formulations indicated a range
of 70 to 72 %. By factoring in the loss of volume due to the PEG lipid (15 %), the
encapsulation efficiency approaches 85 %.
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S.3.1.7.Conclusion
The maximum encapsulation for DPPC liposomes as calculated by Pfeiffer et
al cannot be directly translated to sterically stabilized liposomes because of the data
and explanations stated above.

Additionally, the inclusion of lipids that phase

separate may have an initial effect on the encapsulation efficiency. This conclusion
was reached after an extensive discussion with Dr. Vladimir P. Torchilin at
Northeastern University, where he relayed unpublished findings during a discussion
on the feasibility of using these formulations in vivo.

Dr. Torchilin found that

liposomes that underwent phase separation were permeable until the phase separation
was complete. After the phase separation was completed, the liposome permeability
was dependent on the individual lipid characteristics of those domains. Because of
the high Tm values in the DAPC/bis-SorbPCi9.i9 formulations, the phase separation
should take place very rapidly upon cooling to room temperature after extrusion and
minimize the amount of leakage. The addition of cholesterol to formulations would
be expected to prolong the time for phase separation and increase the permeability of
the liposome, thus reducing the encapsulation efficiency.

5.3.3

Rates of Polvmerization

UV photopolymerization of the sorbyl moiety has been extremely well
established within the O'Brien group [16, 50, 51, 96, 102]. Figures 5.5 to 5.7 show
the UV spectra of three formulations with a total lipid concentration of 150 mM at
several photolysis time points for liposomes composed of PEG-DSPE/bis-
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SorbPCi7.i7/cholesteroI/DSPC
(5/20/75),

and

(5/30/35/30),

PEG-DSPE/bis-SorbPC 19.19

PEG-DSPE/bis-SorbPCi9,i9/cholesterol/DAPC

/DAPC

(5/20/10/65).

Photolysis results in a decrease in the absorbance at ca. 250 nm with a lesser increase
in the absorbance at 204 nm, which corresponds to the isolated double bond that is
formed in the photo-polymerization. The absence of an isobestic point in most sets of
photolysis suggests that there is more than one photo-product. Irradiation of pure bisSorbPC liposomes in the absence of O2 yields the 1,4-polymer, but other products are
possible as shown in Figure 5.8 [97]. Because the conditions of polymerization in
these experiments were different (mixed liposomes and the presence of oxygen), those
results do not necessarily hold in this case. It is unlikely that the 3,4-polymerization
is occurring in this case, as the absorbance at 210 nm of a double bond in conjugation
with a carbonyl group is not observed. Other structures such as poly-co-peroxy ethers
have been observed, and will be discussed later [119].
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Figure 5.5. UV absorption spectra of DSPC/BisSorbPCi7,i7/PEG-DSPE/Cholesterol
(30/30/5/35). Performed with a lipid concentration of 150 mM and at room
temperature. Irradiation times (s) are given at the legend (bottom).
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Figure 5.6. Sorbyl UV absorption before and after UV irradiation for different time
periods. Irradiation of the PEG-DSPE/bis-SorbPCi9,i9/DAPC (5/20/75) liposomes in
MilllQ water at room temperature. The flat peak between 200 — 220 nm is due to
absorbance of the fluorescent dye and quencher (ANTS/DPX) encapsulated within the
liposomes for leakage assays.

117

An absorbance remains after 100 % polymerization because of the ANTS and
DPX absorbance maxima at 258 and 260 nm respectively. A mixture of S parts
ANTS to 18 parts DPX (the ratio used in the leakage experiments) has an effective
'molar' (in ANTS) extinction coefficient of SI,000 at 260 nm [103]. This calculation
only takes into account the concentration of ANTS, but DPX also has an absorbance
at 260 nm. The mixture of ANTS and DPX in PBS, without lipid showed little
photobleaching with 11 minutes of UV exposure. For this reason, the absorbance at
260 nm after long exposure times was used as the 100 % loss of monomer point.
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Figure 5.9. Plot of the loss of monomer vs. amount of cholesterol in liposomal
formulations after 10 seconds of UV irradiation.
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The major difference among the three spectra (Fig. S.S-S.7) is the rate of
polymerization. There appears to be a direct correlation between the amount of
cholesterol and the initial rate of polymerization. The amount of polymerization was
10, 30, and 4S percent for the formulations containing 3S, 10, and 0 percent
cholesterol respectively (Fig. S.9). This response is likely due to the formation of
domains of pure lipid in low cholesterol formulations. Domain formation should
allow for a packing of the lipid tails in an assembly where the sorbyl moieties are very
closely associated.

Because the rate of propagation is dependent upon the

concentration of the monomer and in a pure sorb domain where the concentration is
maximized, the initial rate of polymerization is expected to be the fastest. When
cholesterol is added to the formulation, mixing of the lipids occurs and the monomer
is effectively diluted.

Fiegenson el al were able to show that as cholesterol

concentrations increased, domain size decreased until they could no longer be
observed with confocal microscopy (Fig. 5.11) [14]. This can clearly be seen in the
fifth column where the DLPC/DPPC ratio is maintained at 1:4 and the cholesterol
concentration is increased.
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Figure 5.10. UV initiation of the sorbyl moiety.
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It should be noted the initiation of the sorbyl moiety is through a direct
absorbance of a photon and excitation of an electron to the excited state (Fig. S.IO).
Polymerization methodologies that incorporate fewer initiation events would be
expected to show an even larger rate disparity in formulations where the concentration
of cholesterol is varied. As the size of the domains decrease, and subsequently the
number of domains increase, there would need to be more initiation events to obtain a
percent conversion equal to systems where the domains are large and the number of
domains is decreased. This assumes that the polymer chain lengths are significantly
increased in large domains as compared to the smaller domains because of the larger
number of monomers present and the low number of initiators [120],
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Figure S.Il. Composition dependence of phase behavior in giant unilamellar
liposomes of DPPC/DLPC/cholesterol is visualized using confocal fluorescence
microscopy. Each image is color-merged from the simultaneously collected
fluorescence emission from Dil-C20:0 (orange) and Bodipy-PC (green), with both
dyes at mole fraction 0.001 [14].
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5.3.4

UV Initiated Pestabilization

The use of saturated PEG-DSPE and DSPC in liposome formulations
containing cholesterol has a dramatic effect on the photodestabilization of the
liposomes.

The

photolysis of

liposomes

composed

of

PEG-DSPE/bis-

SorbPCi7,i7/cholesterol/DSPC (15/30/40/15) to 88% loss of monomer at 25°C
produces an increase of > 100-fold in the initial rate of leakage (Fig. 5.12). This is
approximately ten times the increase in the rate of leakage that was observed with the
analogous PEG-DOPE/bis-SorbPCi7.i7/cholesterol/DOPC liposomes at 37°C [51].
The greater increase in the relative rate of leakage can be attributed to both a lower
rate of dark leakage and an earlier onset of photoinduced leakage. The initial rate of
leakage at 30 sec irradiation in DSPE/bis-SorbPCi7.i7/DSPC liposomes is about three
to ten

times higher than

that which was observed

in

PEG-DOPE/bis-

SorbPCi7,i7/cholesterol/DOPC liposomes, but the rate of dark leakage for DSPE/bisSorbPC17,17/cholesterol/DSPC liposomes is about four to ten times lower than that of
PEG-DOPE/bis-SorbPCi7,i7/cholesterol/DOPC.

Variations

in

the

PEG and

cholesterol mole fractions of DSPE/bis-Sorbrci7,i7/cholesterol/DSPC liposomes had
a significant effect on the rate of release upon photolysis.

Liposomes with a

composition of PEG-DSPE/bis-SorbPC\7.i7/cholesterol/DSPC (5/30/35/30) show as
much as a 100 fold increase in the initial rate of leakage, as compared to the dark
leakage, with only 5 sec of photolysis.
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Figure 5.12. PEG-DSPE/bis-SorbPCiT.n/cholesterol/DSPC (15/30/40/15); Logio of
the initial rate of leakage vs. irradiation time (filled circles); Percent loss of monomer
vs. irradiation time (open symbols) [103].
Liposome formulations prepared without cholesterol showed an even larger
enhancement for the rate of release upon photolysis. Table S.7 and Figure 5.13
compare the values obtained for the photoinduced leakage of four compositions. The
values shown are at 25°C because of the high permeability of liposomes containing
lipids with Tm values below 37°C. The minimum increase in the rate of release was
290 fold and the highest was 28,000 fold.

Liposomes composed of PEG-

DSPE/DAPC/bis-SorbPC19.19 had a very low dark leakage at 37°C (3 k 10"^ % s"') and
a photoinduced rate (8.5 x 10'' % s''), which was also an increase of 28,000. The
photoinduced rate corresponds to 1.9 x 10"^ moles s*'.
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PEG-IPA/DPPC

PEG-IPA/DSPC

PEG-DSPBDSPC

PEG-DSPeOAPC

hi*.Sorbt7.i7
isnsno)

bis-Sorbi7,i7

bjs-Sorbi7.i7

bis-Sorbi9jB

f5/75/20)

<5/75/20)

<5/75/20)

0.00004

0.00009

0.0002

0.00002

13.

1.1111

0.0258

0.1101

0.1021

X increase

28,000

290

550

5100

Irradiation
time (sac)

Table 5.7. Comparison of the rates of release (% s'') before and after irradiation at
room temperature. Irradiation times were for 10 seconds using the light fi-om a low
pressure Hg pen lamp. [Rate of release for the liposomal formulation PEGDSPE/DAPC/bis-SorbPCis.i9 (5/75/20) in moles s ' is 1.9 x 10 ®]

n

0.0001

0.00001

PEG-PA/tDRPCnjisSort)PC17,17

PEG-BV/tSPObis- PeS-06PE(D6PObis- PBQ>D6PECV\PObisSort)PC17,17
Sort)PC17,17
SorbPC19.19

• Before lirdiation

110 sec UV Irradiation

Figure 5.13. Bar Graph representation of Table 5.7.
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5,3,5 Conclusion
Liposomes containing a saturated lipid (DAPC), photosensitive lipid (bisSorbPCi9.i9), and a PEG lipid (PEG-DSPE) have been shown to be thermally stable at
temperatures above body temperature (37°C) and have been shown to be responsive
to UV irradiation. Phase separation of the lipids based on Tm values may have
provided the enhancement to the photoreactivity and increased release of the
liposomal contents (greater then 28,000 fold compared to unirradiated liposomes).
The large increase in the rate of release was observed with only 10 sec of UV
irradiation at 254 nm with a Hg pen lamp. Total release of the liposomal contents was
observed within two minutes. This compares very favorably to the commercially
available liposomal drug delivery formulations that rely on passive release over days
and weeks.

Unfortunately UV irradiation is not a biocompatible form of

polymerization and in order to perform such experiments in vivo it will be necessary
to utilize PEG-liposomes that are sensitive to other forms of polymerization, such as
irradiation with visible light or y-rays.
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6

GAMMA IRRADIATION INITIATED DESTABILIZATION OF
LIPOSOMES

6.1

Introduction
The need for more effective approaches to the controlled delivery of

therapeutic agents continues to be of utmost importance. Passive or active targeting of
anticancer agents to tumors is a traditional approach to minimizing side effects. An
alternative strategy relies on the activation or release of therapeutic agents only in the
vicinity of the diseased tissue. The O'Brien group has previously proposed that the
attractive features of photodynamic therapy, i.e. spatial and temporal selectivity, could
be significantly broadened if radiant energy were used to release drugs [SO, 31,92-96,
104, 106]. Indeed the selective photolysis of appropriately designed liposomes can
trigger the release of their contents. These previous studies now permit the design of
sterically stabilized liposomes (PEG-LUV) that are sensitive to ionizing radiation.
The selective destabilization of PEG-LUV and release of therapeutic agents upon
exposure to clinical doses of radiation holds new promise for controlled drug delivery.
Polymerization in organized assemblies can be initiated by gamma irradiation
[107-109]. Unlike photodynamic therapies, ionizing radiation is readily available in
most medical centers since it is a principle component of many cancer treatments.
The total dose of irradiation can be controlled by regulating the distance from the
source and the duration of irradiation. Therapeutic gamma irradiation treatments are
generally fractionated over time. In a typical radiation treatment regimen, patients
receive a total dose of 200 Rad per day five or six times a week. Typical treatments
last 5-7 weeks and the cumulative total dose is S - 8.4 Krad [104], The premise of
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fractionating the total dose is that cells with a large proliferative capacity, e.g. tumor
cells, generally have a high intrinsic radiative sensitivity [107]. Fractionating the dose
reduces damage to the surrounding normal tissue since it probably has a lower
radiation sensitivity. Gamma initiation may be especially important in drug delivery
systems that require polymerization in vivo. UV and visible light do not penetrate
deeply beyond the epidermal layer of the body. Red light of 632 nm penetrates the
tissue to a maximum of 1 cm. Fiber optic cables must be surgically implanted into the
body to deliver light to most targeted areas. The enhanced depth of penetration that
gamma rays exhibit is one advantage over UV and visible light initiation. The actual
initiating species in gamma polymerizations of hydrated amphiphiles is a hydroxy
radical [108, 109]. The mechanism which the production of hydroxyl radicals is
shown in Figure 6.1.

H,0^+e-

H2O++ H2O
e- + HaO"-

•

H3O++ - OH
" HO-+ • H

Figure 6.1. Proposed pathway for generation of hydroxyl radicals by gamma
irradiation of water.

Organized assemblies such as micelles, multilayers, and vesicle bilayers have
each been polymerized through gamma irradiation [108, 121]. These assemblies are
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composed of allyl, acrylate, diacetylene, diene, triene, and dienoate functional groups.
Paleos et al utilized y-irradiation to polymerize allyl functionalized single and double
chained quaternary ammonium amphiphiles as micelles and vesicles respectively.
The polymerizable group was attached to the lipid head group in the hydrophilic
region. A total dose of 7 MRad was needed for complete polymerization [122]. The
polymerization of an allyl functionality located at the acyl chain terminus of a doublechain amphiphile with two acyl chains was investigated [123]. This requires diffusion
of the initiating radical into the hydrophobic region of the bilayer and indicated a SO
% loss of monomer after exposed to 1.66 MRad. After exposure to 6 MRad the
polymer was no longer soluble in ethanol, indicating a highly crosslinked polymer.
This study indicated that polymerizable groups in the hydrophilic and hydrophobic
regions of organized assemblies are accessible to radicals generated by gamma
irradiation.
A more detailed investigation of gamma irradiation polymerization for mono
and bis substituted dienoyi phosphocholine lipids reveals information on termination
and molecular weights. The polymerization yield reaches a maximum of 80 %
conversion for l,2-Dihexadeca-2E,4E-dienoyl-5n-phosphatidylcholine (bis-DenPC)
[124]. The total dose was 0.73 MRad. The polymerization was carried out on large
unilamellar vesicles at 4 °C, which is below the Tm. The polymerization rate was
proportional to the 1.2"^ power of the monomer concentration. This indicates that the
polymerization was initiated by hydroxy radicals and not direct excitation of the
monomeric lipids.
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Multiplying the rate of polymerization in percent per Rad (1.1 x 10"^ % Rad'')
times the average daily dosage received in therapeutic treatments (200 Rad), gives a
total polymerization of only 0.02 %. This value is extremely low and would not be
expected to induce destabilization of the liposomal bilayer. Significant advances and
formulations have been able to increase the radiation sensitivity of the liposomes and
are discussed in this chapter.

6.2

Materials and Methods
6.2.1

Materials

The coltisional quencher, a,a'-bis-pyridinium-l,4-xylene dibromide (DPX)
(Fig. S.l) was prepared as described in section S.2.1. ANTS was purchased from
Molecular Probes Inc. (Eugene, Oregon) and used without further purification. BisSorbPCi7,i7 and bis-SorbPCi9,i9 were prepared as described in chapter 2.
Dipalmitoyl-5/i-phosphatidylcholine (DPPC),
(DOPC),

1,2-Dioleoyl-.$n-phosphatidylcholine

l,2-distearoyl-5/i-phosphatidylcholine

phosphatidyl-choline (DAPC),

1,2-

(DSPC),

l,2-diarachidoyl-.v/i-

PEG2000-1,2-dioleoyl-5n-phosphatidylethanolamine

(PEG-DOPE), and PEG2ooo-l,2-distearoyl-5n-phosphatidylethanolamine (PEG-DSPE)
were obtained from Avanti Polar Lipids.

Cholesterol was purchased from Sigma

and used without further purification. Octylphenoxy polyethoxyethanol (Triton X100) (Sigma) was used in a 5% (wt/wt) solution with Millipore water.
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6.2.2

Liposome Formation

Lipids were measured volumetricaily into separate weighed 10 mL round
bottom flasks from stock solutions of known concentrations. An argon stream was
passed over each solution to remove the solvent and the flasks were then placed under
high vacuum for a minimum of four hours to complete the drying. The flasks were
weighed to obtain the amount of lipid in each flask.

Approximately 2 mL of

chloroform were then added to all but one of the flasks and the contents were
combined and dried as above. A final weight was taken to ensure the complete
transfer of lipids. The lipids were then suspended in a sufficient amount of dye
containing pH 7 phosphate buffer to make a 10 mM total lipid concentration. The
buffer used for the hydration of the lipids contained ANTS (25 mM), DPX (90 mM)
and sodium phosphate (10 mM). The osmolarity of the buffer solution was found to
be 277 mosmol. The lipid suspension was then subjected to ten fi-eeze thaw cycles
and then extruded three times through two stacked 600 nm Nuclepore membranes
followed by extrusion three times through two stacked 200 nm Nuclepore membranes
and finally extrusion four times through two stacked 100 nm Nuclepore membranes.
The resulting ANTS/DPX containing liposomes were eluted through a Sephadex G-7S
column with pH 7 buffer solution containing sodium phosphate (10 mM), sodium
chloride (139 mM), and having an osmolarity of 277 mosmol. The concentration of
the resulting liposome suspensions were determined by UV absorbance at 260 nm
(sorbyl Xmax= 258Me0H, e = 47,100) of a 30 nl aliquot in 0.97 mL of HPLC grade
methanol. The total lipid concentrations of resulting liposomes were between 1 and 3
mM.
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was continued for an additional 45 s. The emission intensity of the sample after
addition of Triton X-lOO was multiplied by l.l to adjust for the dilution by the
detergent solution and the difference between this and the initial measurement was
compared to the emission intensity of standard solutions of ANTS/DPX (5:18 ratio).

6.2.5 Determination of Liposome Leakage
In order to determine the percent leakage of liposome encapsulated
ANTS/DPX, the fluorescence

of each sample was measured over 30 s prior to

photolysis. Immediately after photolysis, the percent conversion was determined
from the sample absorbance with a diode array spectrophotometer, and the
fluorescence was measured continuously over several minutes. After the leakage
measurement, a 90 s time scan was performed during which a 5% solution of Triton
X-100 was added at 45 s. The fluorescence due to 100% leakage was determined
from this measurement after correcting for the bleaching of ANTS during photolysis
and the dilution factor due to the Triton X-100 solution.
The fluorescent marker, ANTS, has a minor absorption at 258 nm at the
sample concentration. For this reason, irradiation of the liposome solution at 230-300
nm causes some bleaching of the ANTS.

The percent ANTS bleaching was

determined by comparing the fluorescence measurement after the addition of Triton
X-100 for a photolyzed sample to a similar measurement performed on a sample of
non-photolyzed liposomes after dividing each by the UV absorbance at 254 nm to
factor out any differences in sample preparation,
b ~ [photolyzeyinon-photolyzed X Anon-phoiolyzed^Aphotol>zed

131

A bleaching factor of between 0.8 and 1.0, depending on the length of photolysis, was
obtained, which adjusts the baseline (lo) to what it would be if the amount of ANTS
present before photolysis were equal to that present after photolysis.
The percent leakage at any time is given by the following expression:
% leakage = 100 X (lt-blo)/(l.llioo-blo)
where It is the fluorescence intensity at time (t), lo is the fluorescence intensity prior to
photolysis, lioo is the fluorescence intensity after addition of Triton X-100, and b is
the bleaching factor. Because the initial change in concentration inside the liposomes
is relatively small, the initial leakage is pseudo-zero order, and the plot is a straight
line. The rate of leakage was calculated from the linear region of the plot using a least
squares fit.

6.2.6

Ionizing Radiation Polvmerization

Ionizing radiation experiments were performed with a ^Co source. Lipid
samples were placed 43 cm from the source. The intensity of ionizing radiation was
calculated using the equation;
Dose = (DRc)(PSF)(FDD)(S)[(80+d)/(SSD+d)l^(0.99)(t-At)
The term DRc is the calibrated dose rate for the day of the source, PSF is the peak
scatter factor, FDD the functional depth dose, s the jaws scatter factor, d the depth of
the build up layer, SSD source to sample distance, and t is the time of exposure. In all
experiments only the DRc and time of exposure were varied. The DRc was calculated
using the half-life of ^Co and time since the source was changed.
Monomer conversion was calculated as
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% conversion =

- Ar^^'*) / (Ao"'' - A4"'*) x 100 %

where Ao is the absorbance of the non-irradiated sample, Ar is the absorbance of the
sample after exposure (Rads) or irradiation, and A4 is the absorbance of the standard
sample after 4 min of UV irradiation exposure with a Hg pen lamp.

6.3

Results
6,3.1

Rates of Polymerization

6.3.1.1 Formulations Excluding Cholesterol
In the ideal situation, y-irradiated polymerization would correspond directly to
the results from section 5.3.

Liposomal formulations with 20 mol % of the

polymerizable lipid, S mol % of the pegylated lipid, and 75 mol % of the saturated
lipid would show a rapid rate of polymerization and a rapid rate of release with short
exposure times.

Unfortunately, and maddeningly so, this is not the case and

numerous formulations were tested to determine the optimal lipid ratios.
temperature formulations that excluded

cholesterol

indicated

High

little or no

polymerization upon Y-irradiation.
A considerable amount of this dissertation has been focused on the excellent
results obtained with thermally stable formulations because of their low permeability
to encapsulated compounds. The same characteristics that contribute to their low
permeability may in fact prove to be their downfall when considering ionizing
radiation. As described in section 6.1, the mechanism of polymerization initiation
with ionizing radiation consists of a hydroxyl radical diffusing into the lipid bilayer.
The hydroxyl radical would then initiate the polymerization with the sorbyl moiety as
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shown in Figure 6.2. In liposomal formulations with high Tm values, the hydroxyl
radicals may be unable to penetrate efficiently to the sorbyl moiety Figure 6.3.

•OH

Figure 6.2. Illustration of the initiation in liposomal bilayer polymerizations of
ionizing radiation experiments.

134

•OH

i

•OH

w

Figure 6.3. Illustration of the high packing efficiency of lipids in the solid phase and
the inability of hydroxyi radicals to initiate polymerization in ionizing irradiation
experiments.
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Tsuchida et al provided this possibility when investigating the bis-Den lipids
discussed in section 6.1. Polymerizations with y-irradiation of the lipids in the solid
phase indicated a decrease in the rate of polymerization by almost 100 fold [124],
Table 6.1 shows the results for rate of polymerization experiments with high
temperature formulations, without cholesterol, which are in the solid phase at room
temperature.

Amount of
Polymerization
(% @ 1000 Rads)

T™

Formulation

Low

PEG-DSPE/bis-SorbPCi717/DPPC
(5/20/75)

4

Low

PEG-DSPE^is-SorbPC|7.L7/DSPC
(5/20/75)

3

Low

PEG-DSPE/bis-SorbPC,717/DAPC
(5/20/75)

3

High

PEG-DSPE/bis-SorbPC,919/DSPC
(5/20/75)

3

High

PEG-DSPE/bis-SorbPCi919/DAPC
(5/20/75)

4

Table 6.1. Rates of polymerization for high temperature formulations under ionizing
radiation. All samples were maintained at 150 fiM lipid concentrations and in PBS
buffer.
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Under these conditions, only about 1 % of the sorbyl moieties would be
polymerized upon a therapeutic dosage. Therapeutic dosages were insufficient to
induce release of the encapsulated dyes, and only at high dosages (> 5,000 Rads), was
the release of the encapsulated dye observed. Dr. Anja Mueller, O'Brien group post
doctoral researcher, reported much higher rates of polymerization (~ 20 % @ 1000
Rads) in formulations that included cholesterol (30 mol %). Unfortunately, each of
her formulations exhibited high rates of dark leakage.

6.3.1.2 Formulations Incorporating Cholesterol
Several formulations with varying concentrations (5 to 20 mol %) of
cholesterol were investigated for their encapsulation efficiency and their response to
ionizing radiation. Consideration of the encapsulation efficiency must be factored in
when considering the use of formulations with cholesterol as discussed in section
S.3.1. Table 6.2 shows the comparison of the encapsulation efficiency when the
molar amount of cholesterol is varied. The table shows that the encapsulation
efficiency is reduced upon the addition of cholesterol as reported in section S.3.1. A
plot of the data (Fig. 6.4) indicates a loss of encapsulation efficiency that is linear
with respect to the increase in the molar concentration of cholesterol. The value
appears to be a loss of about 1 % in the encapsulation efficiency with a I % increase
in the amount of cholesterol. This can provide a useful tool in development of
formulations and predicting their characteristics.
The rates of polymerization were increased in the formulations containing
cholesterol as seen in Table 6.3 (Sample experiment shown in Figure 6.5). The rates
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increased from 0.004 to 0.012 % Rad ' when increasing the mol % of cholesterol from
0 to 20. While the rate of polymerization was increased, the rate of leakage was
significantly decreased at high concentrations of cholesterol and was effectively
stopped at 20 mol % of cholesterol. The rate of polymerization was increased 3 fold
in the formulation with 20 mol % cholesterol as compared to the formulation
excluding cholesterol. The rates of polymerization for the samples containing 10, IS,
and 20 mol % of cholesterol indicated only a slight increase in the rate of
polymerization. This suggests that there may be a maximum rate of polymerization
with the addition of cholesterol. That is, once the lipid membrane has become fluid
enough to allow for diffusion of the hydroxyl radicals to the sorbyl moieties, a further
increase in cholesterol will have only a very small effect.
The possible explanation for the increase in the rate of polymerization is
illustrated in Figure 6.6. As described in chapter I, addition of cholesterol to solid
phase lipids formulations destabilizes the membranes. The membranes become more
permeable to the diffusion of encapsulated compounds as shown in Table 6.2. The
destabilization of the membrane appears to allow for the diffusion of hydroxyl
radicals into the lipid membrane more freely. The polymerization rates observed in
Table 6.3 also suggest this as a possibility. As expected though, there appears to be a
give and take balance with the increase in the rate of polymerization and the increase
in the rate of dark leakage with an increase in the mole percent of cholesterol.
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Cholesterol

Background
Fluorescence

Encapsulation
(^M / mM)

% of calculated for
POPC (100 nm)

0

10,500

53

70

5

12,000

50

66

10

10,000

47

62

15

14,000

41

54

20

11,500

40

52

Table 6.2. Encapsulation of ANTS in solid phase liposomes containing differing
concentrations of cholesterol. Other membrane components are held constant at the
following; PEG-DSPE (5 mol %), bis-SorbPCi9,i9 (20 mol %). DAPC varies to make
the sum 100 %. Column four represents the encapsulation efficiency compared to
POPC conventional liposomes investigated by Pfeiffer et al in Table S. I.
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Figure 6.4. Plot of the data presented in table 6.2 with a corresponding trend line.
The slope of the line suggests a -1:1 ratio with the respect to the encapsulation
efficiency as compared to the molar concentration of cholesterol.
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Amount of
Polymerization
(% @ 1000 Rads)

Formulation
PEG-DSPE/bis-SorbPCi9,i9/DAPC
(5/20/75)

4

PEG-DSPE/bis-SorbPC1919/cholesterol/DAPC
(5/20/5/70)

5

PEG-DSPE/bis-SorbPCi9,i9/cholesterol/DAPC
(5/20/10/65)

10

PEG-DSPE/bis-SorbPCi9,i9/cholesterol/DAPC
(5/20/15/60)

11

PEG-DSPE/bis-SorbPCi9,i9/choIesterol/DAPC
(5/20/20/55)

12

Table 6.3. Rate of polymerization in % Rad'' in formulations with varying
cholesterol concentrations containing PEG-DSPE (5 mol %), bis-SorbPCi9.i9 (20 mol
%), and DAPC making up the remaining mol %.
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Figure 6.5. UV spectra of the formulation PEG-DSPE/bis-SorbPCt9,i9/cholesterol/
DAPC (5/20/10/65) at varying amounts of exposure to ionizing radiation.
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Figure 6.6. The effect of adding cholesterol to the high temperature formulations.
Cholesterol disrupts the lipid packing, thus allowing for hydroxyl radical difiiision
into the bilayer to initiate polymerization.

6.3.2

Rates of Ionizing Radiation Induced Release

The induced rate of release in UV irradiated samples was greater then 1 % s''
for the formulation: PEG-DSPE/bis-SorbPCi9,i9/DAPC (5/20/75) at 37 °C (section
5.3.4). The amount of release upon exposure to 1,000 Rads of ionizing radiation (5 X
the therapeutic dose) is significantly lower in all the experiments to date (Table 6.4).
Because of the limited initiation events and subsequent low amount of
polymerization, the bilayer membranes are not disrupted at therapeutic dosages and
no release of the encapsulated dye was observed in the formulations tested. The
values given in table 6.5 and throughout this section are percents of the encapsulated
dye released, because of a liposomal release characteristic not observed in UV
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polymerization. The liposomes appear to leak only during the ionizing radiation
exposure, and release of the encapsulated dye is halted upon removal from the ^Co
source. When samples are exposed to 25 times the therapeutic dose (5,000 Rads), the
leakage is increased, but it is still well below the amounts observed with only 10
seconds of UV exposure.

Formulation

PEG-DSPE/bis-SorbPC,919/DAPC
(5/20/75)
PEG-DSPE/bis-SorbPCi 9,19/cholesterol/DAPC
(5/20/5/70)
PEG-DSPE/bis-SorbPC1919/cholesterol/DAPC
(5/20/10/65)
PEG-DSPE/bis-SorbPCi919/cholesterol/DAPC
(5/20/15/60)
PEG-DSPE/bis-SorbPC1919/cholesterol/DAPC
(5/20/20/55)

Percent of Dye
Released
(1000 Rads)
3
7
12
8
6

Table 6.4. Indicates the amount of dye released upon exposure to 1,000 Rads of
ionizing radiation.

Figure 6.7 shows the fluorescence of samples after exposure to ionizing
radiation. There is no increase in fluorescence over a 10 minute time period for each
of the samples, although each sample shows enhanced fluorescence relative to the
unirradiated sample. This suggests two possibilities: (A) Transient Fissures. Once
the samples are removed from the ^Co source, and the samples are transported to the
fluorometer for measurement, the membrane lipids have had enough time to diffuse
and fill any voids where leakage took place, or (B) Permanent Fissures. The fissures
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form within the polymerizable domain, and because of the lack of motion of the
cross-linked polymer and the absence of saturated lipids in these domains, the fissures
are never sealed.

The release of the liposomal contents occurs rapidly, and a

percentage of the liposomes did not undergo sufBcient polymerization to induce
release of the liposomal contents. These are illustrated in Figure 6.8.
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Figure 6.7. Fluorescence intensity graph of PEG-DSPE/bis-SorbPCi9.i9/cholesterol/
DAPC (S/20/10/6S) liposomes that have been exposed to various amounts of ionizing
radiation (Rads). TX-lOO addition gave a maximum intensity of 60,000 cps. The
decrease in fluorescence over time is due to a bleaching effect of light source. The
peak in the 500 Rad measurement is probably due to an air bubble.

The difBculties in initiating polymerization in the high temperature
formulations without cholesterol tend to suggest that the destabilization events are
taking place in only a few liposomes (Fig. 6.8 B). This is supported by the amount of
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polymerization that is observed in the sample. Conversely, an experimental result that
would suggest that the liposome fissures were closing would be a much higher rate of
polymerization with a much higher conversion of the monomer. Additionally, the
amount of cholesterol in the second possible explanation would play a secondary role.
It would not only allow for the diffusion of the hydroxyl radical into the lipid bilayer,
but it would also increase the fluidity of the membrane lipids, rate of diffusion, and
allow for faster closing of the fissures. In either case, the amount of cholesterol
appears to be critical to the diffusion of the hydroxyl radical and the subsequent
polymerization of the sorbyl moieties.
As discussed in section 6.3.1, the mol % of cholesterol was varied to give an
increased response in the rate of polymerization, as compared to the amount of
ionizing radiation exposure. Increases above 20 mol % of cholesterol in the high
temperature formulations corresponded to a much higher rate of dark leakage (data
not shown). The disruption of the stable liposomal membrane by cholesterol in these
formulations made it impossible to measure the induced amount of release for the
encapsulated compounds. Because of the low dark leakage, and ionizing radiation
induced leakage observed in the PEG-DSPE/bis-SorbPCi9,i9/cholesterol/DAPC
(S/20/10/6S) formulation, it was considered the most promising formulation for the
encapsulation of therapeutic compounds.
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Figure 6.8. Two possibilities for the characteristics observed in the fluorescence
measurements upon stimulated release of the liposomal contents with exposure to
ionizing radiation. The red spheres represent liposomes, the green spheres represent
the encapsulated compoimds, and the black areas represent fissures that form during
polymerization. In A, the sample is irradiated and a large fiction of the liposomes
release a limited amount of their contents, but the fissures are filled by diffusing
lipids. In B, the sample is irradiated, but only a few liposomes are induced to release
their encapsulated compounds. This occurs because of the low concentration of the
hydroxyl radicals in combination with the apparent impermeability of the bilayer.

6.3.3 Conclusion
The amount of released encapsulated compounds, at radiation dosages well
above the normal therapeutic dose, is still very minimal. Attempts were made to
offset the diffusion difficulties of the hydroxyl radicals with some gain, but at a cost
in encapsulation efficiency and stability. It is clear from the residts obtamed for the
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formulations presented here, that there is a trade off in the ability to polymerize the
sorbyl moieties with ionizing radiation and the ability to encapsulate compounds.
In chapter 4, a discussion of the use of acryl moieties because of their higher
reactivity was presented. However, the data obtained from the polymerization of
acryl liposomes indicated that no significant advantage was obtained during the
polymerization. The acryl lipids were never incorporated into liposomal formulations
with encapsulated compounds to test for the ionizing radiation induced release, but
further testing of these formulations may prove beneficial.
Because of the low dark leakage, and ionizing radiation induced leakage
observed

in

the

PEG-DSPE/bis-SorbPCi9,i9/cholesterol/DAPC

(5/20/10/65)

formulation, it was considered the most promising formulation for the encapsulation
of therapeutic compounds. In the next chapter, the emphasis is on polymerizable
liposomes to indicate any ability to encapsulate chemotherapeutic compounds
efficiently and to release the contents upon exposure to ionizing radiation.
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7

CHARACTERIZATION OF LIPOSOMES WITH ENCAPSULATED
CHEMOTHERAPEUTIC COMPOUNDS

7.1

Introduction
The use of liposomal drug delivery systems has been explored for more then

30 years, but only in the last 10 has the commercial development of liposomal
chemotherapy become a reality. Most of the medical applications of liposomes that
have reached the preclinical stage are in cancer treatment. Very early studies showed
reduced toxicity of liposome-encapsulated drug, but in most of the cases the drug
molecules were not bioavailable, resulting in reduced toxicity but also in severely
compromised efficacy. Unfortunately, this was even found to be true for primary and
secondary liver tumors, where most liposomes are cleared from the bloodstream.
Although most of the drug ended up in the liver, it did not diffuse into malignant cells
[125, 126].
Several clinical studies did not support the use of conventional liposomes in
cancer treatment.

Although it is still not clear whether such liposomes can be

beneficial in the therapy of some cancers, it has been demonstrated that small, stable
liposomes can passively target several different tumors because they can (owing to
their biological stability) circulate for prolonged times and (owing to their small size
[<SO-ISO nm]) extravasate in tissues with enhanced vascular permeability, a situation
often present in tumors.
Two liposomal formulations have been approved by the Food and Drug
Administration (FDA, Washington DC, USA) and are commercially available in the
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USA, Europe, and Japan.

DOXIL® (ALZA) is a formulation of doxorubicin

precipitated in sterically stabilized liposomes, while DaunoXome® (Gilead) is
daunorubicin encapsulated in small liposomes with very strong and cohesive bilayers,
which can be referred to as mechanical stabilization [125].

Potential Benefits of Liposome Technology
Limitations of Free Drug

Advantages of Liposomal
Encapsulation

Instability at blood pH

Improves chemical stability of the
drug in the body

Binding to plasma proteins

Protects drug from interacting with
plasma proteins

Rapid clearance from the circulation

Greatly increases drug circulation
half-life

Lack of site specificity

Increase in efficacy of the drug
through site targeting

DaunoXome is a small liposome (DSPC/cholesterol, 2/1, 27 mM, SUV) with
daunorubicin (1 mg/mL) loaded by a pH gradient (chapter 1.8.2). These liposomes
are relatively stable in the circulation because they are small, and their membrane is
electrically neutral and the lipids are very well packed in a solid phase. This reduces
the charge-induced and hydrophobic binding of plasma opsonins, but does not protect
against adsorption. Also, uncharged liposome formulations are colloidally less stable
than charged ones [2].
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DOXIL is a liquid suspension of 80 - 100 nm liposomes (PEGDSPE/HSPC/cholesterol, 20 mM) with doxorubicin HCl at 2 mg/mL. The drug is
encapsulated into preformed liposomes by an ammonium sulfate gradient technique
and is, additionally, precipitated with encapsulated sulfate anions. These liposomes
circulate in patients for several days, which increases their chance to extravasate at
those sites with a leaky vascular system. Their stability is due to their surface PEG
coating, as well as to their mechanically very stable bilayers. DOXIL was the first
liposomal drug approved by the FDA and has been on the market since 199S, while
DaunoXome was approved approximately half a year later. Both formulations are
used in the treatment of Kaposi's sarcoma. In 1999, Doxil was approved for the
treatment of ovarian cancer

refractory to paclitaxel- and

platinum-based

chempotherapy regimens.
DaunoXome was shown to be equally effective as conventional therapies with
reduced drug toxicity and improved patient quality-of-life (Gilead web site). The use
of DOXIL in Kaposi's sarcoma has shown a high response rate in comparison with
standard treatments: S8.7 % response rate as compared to 23.3 % for bleomycinvincristine therapy and 46.2 % vs. 23.3 % for adriamycin-bleomycin-vincristine
[ALZA web site]. Owing to a different biodistribution of DOXIL, the toxicity profile
is quite different from that of the free drug or of conventional liposomes. While the
dose-limiting toxicity is hand-foot syndrome and stomatitis since liposomes that are
not taken by the MPS (mononuclear phagocytic system) or do not extravasate
eventually end up in the skin, especially in areas where the vascular system is
constantly under pressure and slightly damaged. However, nausea, vomiting, and
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alopecia, which are usual after conventional therapy, are notably mild after liposomal
(DOXIL) treatment. DOXIL has also been shown to have a 4.S fold lower medium
pathology score for doxorubicin-induced cardiotoxicity than free drug, while
neutropenia is similar to the free drug. Despite these convincing results, however, it
seems that, in the long run, the potential of this formulation is greater for the
treatment of solid tumors. For instance, in salvage therapy of ovarian carcinoma in
patients refractory to platinum and paclitaxel, a 13.8 % overall response was recorded
with DOXIL.
The difference between the various formulations can be explained by the
pharmacokinetic data and biodistribution reports, which have shown significant drug
accumulation in tumors in the case of small and stable liposomes; free drug distributes
to a large volume (causing systemic toxicity) and is quickly washed away, and
because no specific tumor targeting occurs, the activity is relatively low.
Conventional liposomes are distributed to a smaller volume. This depends on the
drug leakage from liposomes, which is a function of lipid composition and the method
of drug encapsulation, and in this case decreases in the following formulations:
PC/PG > PC/cholesterol > PC/CL; CL is cardiolipin.

Correspondingly, with

improved liposome encapsulation, the volume of distribution decreases and the
clearance rates are smaller. Because such liposomes typically do not target tumors
(short blood circulation times and larger size) and end up In the MPS, the drug
activity in most tumor models is compromised and generally, the reduction in drug
toxicity does not justify the use of such formulations.
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Because of the complexity of systemic drug delivery, the potency of the
immune system, and the anatomy of tumors, it is difficult to anticipate that
formulations will be prepared that will be much more effective from the drug delivery
perspective. Since the early days of liposome applications, scientists have been trying
to develop liposomes that would target specific cells via surface attached ligands.
Promising in vitro experiments however were not reproduced in vivo because of
nonspecific liposome clearance by the MPS. Pegylated liposomes have revived the
concept. The immunogenicity of current formulations can be reduced by using
fragments of humanized antibodies, so the remaining problems are the accessibility of
tumors and cellular uptake of the liposomes. Solid tumors are rather inaccessible and
the therapeutic benefit can be expected mostly within the vascular endothelium or in
other body fluids, especially in the case of targeting internalizing epitopes. If the
therapy proves to be effective, we must also be aware that large-scale manufacturing
of targeted liposomes is technically considerably more demanding, and the economics
of this will be more critical, than for nontargeted liposomal formulations.
The ultimate goal of the research is to develop a generic formulation that can
efficiently encapsulate chemotherapeutic compounds, maintain encapsulation over
long periods of time (days) at body temperature, and be induced to release the
contents upon stimulation. Ideally, this formulation would be able to incorporate
technologies such as targeted antibodies attached to the pegylated lipids without a loss
in their stability or reactivity to stimulation. The rest of this dissertation is devoted to
the

encapsulation

of

several

chemotherapeutic

compounds

(doxorubicin.
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methotrexate, cisplatin, mitoxantrone, and gemcitabine) and the investigation of the
liposomal stability and photoreactivity.

7.2

Doxorubicin Encapsulated Liposomes
7.2.1

Materials and Methods

7.2.1.1 Materials
Bis-SorbPCi7.i7 and bis-SorbPCi9,i9 were prepared as described in chapter 2.
1,2-Distearoyl-fn-phosphatidyicholine
choline

(DAPC),

and

(DSPC),

1,2-diarachidoyl-s/i-phosphatidyl-

PEG2ooo-l,2-distearoyl-sn-phosphatidylethanolamine

DSPE) were obtained from Avanti Polar Lipids.

(PEG-

Cholesterol was purchased from

Sigma and used without further purification. Octylphenoxy polyethoxyethanol (Triton
X-100)

(Sigma) was used in a 5% (wt/wt) solution with Millipore water.

Doxorubicin HCl was purchased from Sigma and used without further purification.

OH

HCl

OH

Doxorubicin HCl
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7,2.1.2 Liposome Formation
Lipids were measured volumetrically into separate weighed 10 mL round
bottom flasks from stock solutions of known concentrations. An argon stream was
passed over each solution to remove the solvent and the flasks were then placed under
high vacuum for a minimum of four hours to complete the drying. The flasks were
weighed to obtain the amount of lipid in each flask.

Approximately 2 mL of

chloroform were then added to all but one of the flasks and the contents were
combined and dried as above. A final weight was taken to ensure the complete
transfer of lipids. An ammonium sulfate solution (120 mM (NH4)2S04 in MilliQ
water, 270 mOsm, pH 7.0) was added to give a final concentration of 10 mg/mL. The
lipid suspension was then subjected to ten freeze thaw cycles and then extruded four
times through two stacked 600 nm Nuclepore membranes followed by extrusion three
times through two stacked 200 nm Nuclepore membranes and finally extrusion four
times through two stacked 100 nm Nuclepore membranes. The resulting ammonium
sulfate containing liposomes were eluted through a Sephadex G-7S column with pH 7
solution containing sodium chloride (7.1 g/L, 121 mM), and having an osmolarity of
277 mosmol. A doxorubicin solution was prepared (10 |ag of doxorubicin in 100 ^l of
MilliQ water) and added to the liposomal suspension to give a final concentration of
O.S mM doxorubicin concentration. The sample was incubated, at 10 °C above the
highest Tm of the lipids, for '/z hour then put on ice for 2 minutes, and finally allowed
to equilibrate with room temperature. A second Sephadex G-7S column was run to
remove the exterior doxorubicin and ammonium sulfate. The concentration of the
resulting liposome suspensions were determined by UV absorbance at 260 nm (sorbyl
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^max = 258MeOH, E = 47,100) of a 30 ^l aliquot in 0.97 mL of HPLC grade methanol.
The total lipid concentrations of resulting liposomes were between 0.4 and l.S mM.

7.2.1.3 Fluorescent Measurements
Fluorescence time based scans were done on 3 mL, O.IS mM dilutions of the
liposome suspensions in a NaCI solution (7.1 g/L), with S60 nm excitation and 600
nm emission on a Spex Fluorolog 2 fluorometer. The slit width for both excitation and
emission monochrometers was 4 mm. Complete leakage was determined after lysis of
the liposome by addition of 0.3 mL of 5% (v/v) aqueous Triton X-100 to a 3 mL
sample. Photopolymerization was carried to between 20 and 99% by exposures of 1
s up to 8 min to light from a low pressure Hg pen lamp at 0.02 to 0.04 W/cm^. The
percent conversion was determined by the change in UV absorbance at 258 nm. A
Coming CS-9-54 filter (> 230 nm) was used to prevent photolysis of the
polymerization product. Monomer conversion was calculated as
% conversion = (Ao""* - At'^) / (A'o^^"* - A'2o"^'*)(Ao"'') x 100 %
where Ao is the initial absorbance of the sample,

A'o

is the initial absorbance of the

standard sample, At is the absorbance of the sample after time (t) or irradiation, and
A'20

is the absorbance of the standard sample after 20 min of irradiation.
Ionizing radiation experiments were performed with a ^Co source. Lipid

samples were placed 43 cm from the source. The intensity of ionizing radiation was
calculated using the equation:
Dose = (DRc)(PSF)(FDD)(S)[(80+d)/(SSD+d)]^(0.99)(t.At)
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The term DRc is the calibrated dose rate for the day of the source, PSF is the peak
scatter factor, FDD the functional depth dose, s the jaws scatter factor, d the depth of
the build up layer, SSD sorce to sample distance, and t is the time of exposure. In all
experiments only the DRc and time of exposure were varied. The DRc was calculated
using the half life of ^"Co and time since the source was changed.

7.2.1.4 Determination of Liposomal Leakage
In order to determine the percent leakage of liposome encapsulated
doxorubicin, the fluorescence of a representative sample was measured over 30 s
without photolysis. After irradiation, the percent conversion was determined from the
sample absorbance with a diode array spectrophotometer, and the fluorescence was
measured continuously over several minutes. After the leakage measurement, a 90 s
time scan was performed during which a S% solution of Triton X-IOO was added at
45 s. The fluorescence due to 100% leakage was determined from this measurement
after correcting for the dilution factor due to the Triton X-100 solution.
The percent leakage at any time is given by the following expression:
% leakage = 100 X (l,)/(l.llioo)
where It is the fluorescence intensity at time (t), lo is the fluorescence intensity prior to
photolysis, and Itoo is the fluorescence intensity after addition of Triton X-IOO.
Because the initial change in concentration inside the liposomes is relatively small,
the initial leakage is pseudo-zero order, and the plot is a straight line. The rate of
leakage was calculated from the linear region of the plot using a least squares fit.
Unlike the UV polymerizations, there appears to be no bleaching factor in ionizing
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radiation experiments. This was determined by monitoring the UV spectra with
increasing ionizing irradiation (data not shown). It should be noted that there is the
possibility of direct degradation of the chemotherapeutic compounds with y
irradiation and no direct testing of this was attempted.

7.2.2

Results and Discussion

Doxorubicin is known to form crystalline structures inside of liposomes during
active loading procedures.

This can be observed when viewing cryoelectron

micrographs of liposomes encapsulating doxorubicin as shown in Figure 7.1 [2].
Unfortunately, this has proven to have very severe side effects for the lipid
formulations tested. The formation of crystals, and the subsequent change in the
shape of the liposome, probably caused a disruption in the lipid packing. Dark
leakage in all the formulations was very high and could not be corrected through the
addition or exclusion of cholesterol (Table 7.1).
The rates of dark leakage for doxorubicin were about two orders of magnitude
higher then the dark leakage in the ANTS/DPX formulations. It is somewhat peculiar
that the formulations with 10 mol % cholesterol indicated an increase of 2 and 3 fold
for

the

PEG-DSPE/bis-SorbPCi7.i7/cholesterol/DSPC

and

PEG-DSPE^is-

SorbPCi9,i9/cholesterol/DAPC formulations respectively (Table 7.1). This suggests
that cholesterol destabilizes a portion of the membrane and allows for diffusion of the
doxorubicin.

Because of the oval shape of the liposomes, the cholesterol may

concentrate in those areas of high curvature to relieve the strain. The areas of high
cholesterol concentration would be permeable to most compounds and allow for the
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diffusion of the doxorubicin &om the entrapped liposomal compartment. Upon
increasing the concentration of cholesterol to 30 mol %, the membrane stability was
slightly increased, and could be explained by an increase in the overall fluidity of the
bilayer.

The more fluid structure of the bilayer membrane could more readily

incorporate areas of high curvature.

100nm

Figure 7.1. Cryoelectron micrograph of doxorubicin encapsulated in sterically
stabilized liposomes. In the interior of the liposomes fibers of (DoxH*^S04 crystals
can be observed that also change the shapes of the liposomes fix>m spherical into oval.
Higher magnification (not shown) shows that fibers in the bundles exhibit a helical
arrangement [2].
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Formulatioii

Rate of Dark Leakage
(%s-')

PEG-DSPE/bis-SorbPC,7.i7/DSPC
(5/20/75)

0.003

PEG-DSPE/bis-SorbPC 17.1 y/cholesterol/DSPC
(5/20/10^5)

0.006

PEG-DSPE/bis-SorbPC17,17/cholesterol/DSPC
(5/30/30/35)

0.002

PEG-DSPE/bis-SorbPC19,19/DAPC
(5/20/75)

0.004

PEG-DSPE/bis-SorbPCi9.i9/cholesterol/DAPC
(5/20/10/65)

0.012

Table 7.1. Rates of release for doxorubicin in liposomal formulations. The liposomal
samples were not irradiated and all experiments were performed at room temperature
for the low temperature formulations and at 37 °C for the high temperature
formulations. The sample with the lowest rate of release (0.002 % s ') would
completely release the contents after only 14 hours.

T™

Formulation

Low

PEG-DSPE/bis-SorbPC1717/DSPC
(5/20/75)
PEG-DSPE/bls-SorbPCi7.i7/cholesterol/DSPC
(5/20/10/65)
PEG-DSPE/bis-SorbPC17,17/cholesterol/DSPC
(5/30/30/35)
PEG-DSPE/bis-SorbPC1919/DAPC
(5/20/75)
PEG-DSPE/bis-SorbPC19,19/cholesterol/DAPC
(5/20/10/65)

Low
Low
High
High

Amount of
Polymerization
(% @ 1000 Rads)
5
12
15
4
10

Table 7.2. Rates of polymerization for liposomal formulations with encapsulated
doxorubicin at room temperature for the low temperature formulations and at 37 °C
for the high temperature formulations.
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Figure 7.2.
Ionizing radiation polymerization of P£G-DSPE/bis-SorbPCi9.i9/
cholesterol/DAPC (5/20/10/65). Polymerization was performed at 37 °C with a lipid
concentration of 150 ^M.
Ionizing radiation indicated similar results to the liposome experiments
discussed in chapter 6. Representative UV spectra are shown in Figure 7.2. Table 7.2
shows the rate of polymerization observed for liposomes encapsulating doxorubicin.
It is obvious from the numerous experiments to this point, that the addition of
cholesterol to liposomal formulations increases the rate of polymerization (Tables 6.1,
6.3, and 7.2). Unfortunately, the amount of the encapsulated compound is dependent
upon the amount of cholesterol as well. As the amount of cholesterol is increased, the
encapsulation efiBciency is reduced.

This was observed in the liposomes with

encapsulated ANTS/DPX and also in the doxorubicin encapsulated liposomes.
Ionizing radiation induced leakage of liposomes encapsulating doxorubicin
was also similar to the results reported in chapter 6 for ANTS/DPX leakage (Table
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7.3). It should be noted that the amount of leakage has a large amount of error,
because of the high dark leakage rates and the amount of time to transport the samples
between facilities. Typically, greater than SO % of the encapsulated doxorubicin had
diffused out of the liposome before the measurements are taken.
The fluorescent measurements for the samples encapsulating doxorubicin
indicated a constant maximum value for the fluorescence of the sample similar to the
ANTS/DPX samples in chapter 6.

That is, the samples indicated a constant

fluorescence intensity, allowing tor the rate of dark leakage, at the time the samples
were tested. As discussed in chapter 6, this could be due to either the formation of
transient Assures forming in a large portion of the liposomes or permanent Assures
forming in only a few liposomes.

Formulation

Amount of Released
Doxorubicin
(% m 1000 Rads)

PEG-DSPE/bis-SorbPCi717/DSPC
(5/20/75)

5

PEG-DSPE/bis-SorbPCi717/cholesterol/DSPC
(5/20/10/65)

6

PEG-DSPE/bis-SorbPC17,17/cholesterol/DSPC
(5/30/30/35)

6

PEG-DSPE/bis-SorbPCi919/DAPC
(5/20/75)

4

PEG-DSPE/bis-SorbPCi919/cholesterol/DAPC
2
(5/20/10/65)
Table 7.3. The amount of released doxorubicin after 1000 Rads of ionizing radiation.
The values are corrected for dark leakage by taking the fluorescence of a sample that
has not been irradiated.
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The data strongly suggests that the limiting factor in the polymerization and
the release of the encapsulated compounds is the polymerization initiation by the
hydroxyl radicals. Additionally, the high dark leakage observed in the doxorubicin
liposomes suggests an incompatibility between doxorubicin and the formulations
being tested. This is probably due to the crystal structures formed by the doxorubicin
within the encapsulated compartment, and the subsequent deformation of the
liposome. An attempt to find a more appropriate chemotherapeutic agent that does
not form crystals will be the focus of the next several sections.

7.3

Methotrexate Encapsulated Liposomes
7.3.1

Materials and Methods

7.3.1.1 Materials
Bis-SorbPCi9.i9 was prepared as described in chapter 2. l,2-Diarachidoyl-5nphosphatidyl-choline

(DArc),

and

PEG2ooo-U2-distearoyl-5n-phosphatidyl-

ethanolamine (PEG-DSPE) were obtained from Avanti Polar Lipids.

Cholesterol

was purchased from Sigma and used without further purification. Octylphenoxy
polyethoxyethanol (Triton X-100) (Sigma) was used in a 5% (wt/wt) solution with
Millipore water. Methotrexate • 3H2O was purchased from Sigma and used without
further purification.
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o
HO

NH2
O
Methotrexate 3H2O

7.3.1.2 Liposome Formation
Lipids were measured volumetrically into separate weighed 10 mL round
bottom flasks from stock solutions of known concentrations. An argon stream was
passed over each solution to remove the solvent and the flasks were then placed under
high vacuum for a minimum of four hours to complete the drying. The flasks were
weighed to obtain the amount of lipid in each flask.

Approximately 2 mL of

chloroform were then added to all but one of the flasks and the contents were
combined and dried as above. A final weight was taken to ensure the complete
transfer of lipids.

The lipids were then suspended in a sufficient amount of

methotrexate (2 mg/mL) containing pH 7 phosphate buffer to make a 10 mM total
lipid concentration. The osmolarity of the buffer solution was found to be 270
mosmol. The lipid suspension was then subjected to ten freeze thaw cycles and then
extruded three times through two stacked 600 nm Nuclepore membranes followed by
extrusion three times through two stacked 200 nm Nuclepore membranes and finally
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extrusion four times through two stacked 100 nm Nuclepore membranes.

The

resulting methotrexate containing liposomes were eluted through a Sephadex G-7S
column with pH 7 buffer solution containing sodium phosphate (10 mM), sodium
chloride (139 mM), and having an osmolarity of 270 mosmol. The concentration of
the resulting liposome suspensions were determined by UV absorbance at 260 nm
(sorbyl Xmax = 258MeOH, e = 47,100) of a 30 i^l aliquot in 0.97 mL of HPLC grade
methanol. The total lipid concentrations of resulting liposomes were between 1 and 3
mM.

7.3.1.3 Fluorescent Measurements
Fluorescence time based scans were done on 3 mL, O.IS mM dilutions of the
liposome suspensions in a NaCI solution (7.1 g/L), with 392 nm excitation and 472
nm emission on a Spex Fluorolog 2 fluorometer. The slit width for both excitation and
emission monochrometers was 4 mm.

7.3.2

Results and Discussion

There are no convenient procedures to determine the liposomal leakage of
methotrexate, and the methodology to determine the concentration of methotrexate
involves UV analysis of samples [76, 127]. Procedures are available to determine
liposomal leakage with (^H) methotrexate, but they involve equipment that is not
readily available [128]. An attempt was made to determine the fluorescence of
methotrexate, and a very Interesting phenomenon was discovered; methotrexate
degrades rapidly with UV exposure. In addition it degrades, at a slower rate, when
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stored at 25 °C and above. This can be observed in a fluorescence intensity increase
at 472 nm with an excitation at 392 nm (Fig. 7.3).

Excitation Spectra with IVIonitoring @ 472 nm
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Figure 7.3. Fluorescence emission intensity of methotrexate (I mg/mL in PBS
buffer). Excitation proceeded from 200 to 450 nm with monitoring at 472 nm. The
lower line represents the initial fluorescence, and the upper line represents the
fluorescence intensity after I hour at 37 °C. The increase in fluorescence intensity is
probably due to the degradation of the methotrexate.
Methotrexate solubility is a major factor in attempting to load liposomes with
the chemotherapeutic compound. The solubility is about 2 mg/mL in buffer and less
in MilliQ water. Additionally, the reported encapsulation efficiency for methotrexate
is only 5 % [127]. The inability to get an accurate concentration from fluorescence,
the low solubility, and the low encapsulation efficiency hindered any attempt to
quantify the rates of release for liposomal samples. UV analysis of dialysis samples
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that were exposed to ionizing radiation, UV irradiation, and no irradiation was
attempted, but the UV spectra indicated no methotrexate in the diaiysate released
from the liposomes. This can be explained by assuming that there is no release of the
methotrexate under any of the conditions, or more likely, the concentration of the
methotrexate in the dialysis samples was below detection limits because of the low
encapsulation efficiency and solubility.
Polymerization of liposomes encapsulating methotrexate also produced an
unexpected result. There was little to no apparent polymerization of the sorbyl
moieties up to 10,000 Rads (Fig. 7.4).

The experiment was repeated twice to

determine whether these results were correct, and in each experiment the results were
similar. Polymerization with UV irradiation was normal and agreed with previous
results for liposomes encapsulating ANTS/DPX as discussed in chapter S. A possible
explanation for the lack of polymerization in ionizing radiation experiments could be
the amount of amines present in methotrexate. Amines are known to be radical
scavengers [120], and may be scavenging the hydroxyl radicals prior to their diffusion
into the lipid bilayer to initiate polymerization. Additionally, because of the low
water solubility of methotrexate, the compound may be associated with the lipid
bilayer and form a protective layer that prevents diffusion of the radicals by
scavenging them as they reach the bilayer membrane.
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Figure 7.4. UV spectra of methotrexate encapsulated liposomes at various exposures
to ionizing irradiation. The liposomal formulation was PEG-DSPE/bis-SorbPCi9.i9/
DAPC (5/20/75)
Tumor cells that were exposed to liposomes with encapsulated methotrexate
indicated no toxicity to the level of chemotherapeutic compound present. These test
were performed with liposomes that were irradiated with UV and ionizing radiation.
Methotrexate was determined to be a poor possibility for encapsulation in the
formulations used.

7.4

Cisplatin Encapsulated Liposomes
7.4.1

Materials and Methods

7.4.1.1 Materials
Bis-SorbPC19,19 was prepared as described in chapter 2. l,2-Diarachidoyl-5nphosphatidyl-choline

(DAPC),

and

PEG2oo(rl,2-distearoyl-5/i-phosphatidyl-
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ethanolamine (PEG-DSPE) were obtained from Avanti Polar Lipids.

Cholesterol

was purchased from Sigma and used without further purification. Octylphenoxy
polyethoxyethanoi (Triton X-lOO) (Sigma) was used in a 5% (wt/wt) solution with
Millipore water. Cisplatin was purchased from Sigma and used without further
purification.

CI
CI
Cisplatin

7.4.1.2 Liposome Formation
Lipids were measured volumetrically into separate weighed 10 mL round
bottom flasks from stock solutions of known concentrations. An argon stream was
passed over each solution to remove the solvent and the flasks were then placed under
high vacuum for a minimum of four hours to complete the drying. The flasks were
weighed to obtain the amount of lipid in each flask.

Approximately 2 mL of

chloroform were then added to all but one of the flasks and the contents were
combined and dried as above. A flnal weight was taken to ensure the complete
transfer of lipids. The lipids were then suspended in a sufficient amount of cisplatin
(2 mg/mL) containing pH 7, 3,3-dimethylglutaric acid (DMG) buffer to make a 10
mM total lipid concentration. DMG buffer was used instead of the typical PBS buffer
because of the testing procedures discussed in chapter 7.4.1.3. The osmolarity of the
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buffer solution was found to be 270 mosmol. The lipid suspension was then subjected
to ten freeze thaw cycles and then extruded three times through two stacked 600 nm
Nuclepore membranes followed by extrusion three times through two stacked 200 nm
Nuclepore membranes and finally extrusion four times through two stacked 100 nm
Nuclepore membranes. The resulting cisplatin containing liposomes were eluted
through a Sephadex G-7S column with pH 7 buffer solution containing 3,3dimethylglutaric acid (10 mM), sodium chloride (139 mM), and having an osmolarity
of 270 mosmol.

The concentration of resulting liposome suspensions were

determined by UV absorbance at 260 nm (sorbyl Xmax = 258MeOH, e = 47,100) of a 30
^l aliquot in 0.97 mL of HPLC grade methanol. The total lipid concentrations of
resulting liposomes were between I and 3 mM.

7.4.1.3 Sample Preparation for ICP-MS
The samples were irradiated with ionizing radiation at a lipid concentration of
800 |xM to maximize the concentration of platinum for testing procedures. The
samples then underwent dialysis for 48 hours with a 2 mL sample placed in a dialysis
bag (50,000 MW pore size) and diluted in a 2 L sample of DMG buffer.
irradiation and dialysis, the liposomal samples were digested in SO weight %

After
HNO3

solutions overnight at 40 °C. The Inductively coupled plasma/mass spectrometry
(ICP-MS) testing was performed by Gavin Buttigieg at the University of Arizona.
The platinum concentration was compared to the phosphorus concentration, present
from the lipid headgroups, as a normalization factor. Because phosphorus was used
as the normalization factor in the ICP-MS experiments, the buffer could not contain
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additional phosphorus. DMG was chosen after testing several liposomal formulations
for polymerization rates under ionizing radiation and UV exposure conditions. The
results were identical to PBS solutions.

7.4.2

Results and Discussion

Cisplatin is a potent anticancer drug and well established in the chemotherapy
of a variety of solid tumors in patients. However, administration of cisplatin is
associated with myelosuppression, gastrointestinal toxicity, peripheral neuropathy,
ototoxicity and nephrotoxicity, which is the dose-limiting factor [129]. As discussed
in chapter 1, the ability to encapsulate cisplatin within liposomes could provide
protection from the serious side effects and allow for a higher concentration to be
used for the direct application to solid tumors.
Cisplatin has no UV absorbance and no fluorescence.

The techniques that

have been employed to determine the concentration of cisplatin take advantage of
platinum [130, 131].

Both of these methodologies involved atomic absorption

(electrothermal atomic absorption spectrometry and ICP-MS). An attempt to use ICPMS, in coordination with Gavin Buttigieg of the Bonner Denton group at the
University of Arizona, was undertaken to evaluate the ability to use these procedures
in liposomal formulations.
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Figure 7.S. Cispiatin formulation polymerization upon the exposure to ionizing
radiation (Rads). PEG-DSPE/bis-SorbPCi9,i9/DAPC (5/20/75) in DMG buffer at a
lipid concentration of 800 loM.

As in the case of the methotrexate formulations that were exposed to ionizing
radiation, the liposome formulations encapsulating cispiatin indicated little or no
polymerization up to 10,000 Rads (Fig. 7.5). This was additionally frustrating due to
the much higher concentration of the lipids in the samples irradiated then typically
used. A higher concentration of the sorbyl moiety should indicate a higher rate of
conversion upon exposure to ionizing radiation.
ICP-MS analysis of the samples indicated some release of the cispiatin after
exposure to ionizing radiation, but the data is erratic (Fig. 7.6). Cispiatin solubility is
about 2 mg/mL at 60 °C (6 mM). The initial concentration of platinum in the
liposomal formulations without dialysis indicates an encapsulation efGciency of only
3 %. Furthermore, a large amount (> 50 %) of the cispiatin appears to have leaked
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during the dialysis. A precipitate formed in the samples that had been irradiated for
1,000 or more Rads.

No tests were performed to determine the nature of the

precipitate, but it may have interfered with the ICP-MS results. An attempt was made
to extract the entire sample from the vials for injection into the equipment, but the
solid that was observed was difficult to transfer and may have remained in the vial.
This may explain the apparent loss of platinum in those samples. The sample where
polymerization was done with UV irradiation did indicate a loss of platinum without
the appearance of a precipitate.
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Figure 7.6. ICP-MS results. indicating the concentration of Ft in the liposomal
samples after exposure to ionizing radiation and dialysis. The (ppt) indicates a
precipitate formed in the samples after ionizing radiation exposure.

As in the case of the methotrexate, it is believed that the lack of
polymerization after ionizing radiation exposure is due to the presence of the amines
on cisplatin. Because of the lack of polymerization and consistent results obtained
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from cisplatin, it was determined that cisplatin was a poor candidate for the liposomal
encapsulation formulations that are currently being considered.

An additional

problem is the lack of readily available equipment for testing and the extended
periods necessary for sample preparation.

7.4

Mitoxantrone Encapsulated Liposomes
7.4.1

Materials and Methods

7.4.1.1 Materials
Bis-SorbPCi9.i9 was prepared as described in chapter 2. l,2-Diarachidoyl-5nphosphatidyl-choline

(DAPC),

and

PEG2ooo-l,2-distearoyl-^n-phosphatidyl-

ethanolamine (PEG-DSPE) were obtained from Avanti Polar Lipids.

Cholesterol

was purchased from Sigma and used without further purification. Octylphenoxy
polyethoxyethanol (Triton X-100) (Sigma) was used in a 5% (wt/wt) solution with
Millipore water. Mitoxantrone • 2 HCI was purchased from Sigma and used without
further purification.

H
OH

O

2 HCI

OH

HN

OH
N

172

7.4.1.2 Liposome Formation
Lipids were measured volumetrically into separate weighed 10 mL round
bottom flasks from stock solutions of known concentrations. An argon stream was
passed over each solution to remove the solvent and the flasks were then placed under
high vacuum for a minimum of four hours to complete the drying. The flasks were
weighed to obtain the amount of lipid in each flask.

Approximately 2 mL of

chloroform were then added to all but one of the flasks and the contents were
combined and dried as above. A final weight was taken to ensure the complete
transfer of lipids.

The lipids were then suspended in a sufficient amount of

mitoxantrone (10 mg/mL) containing solution.

The solution was prepared with

mitoxantrone in MilliQ and the pH of the solution was taken to 7 with the addition of
dilute NaOH. NaCI was added to give a flnal mOsm of 270. A NaCI solution was
used because of the high solubility of mitoxantrone and the high osmolarity when a
PBS buffer solution was attempted. The lipid suspension was then subjected to ten
freeze thaw cycles and then extruded three times through two stacked 600 nm
Nuclepore membranes followed by extrusion three times through two stacked 200 nm
Nuclepore membranes and finally extrusion four times through two stacked 100 nm
Nuclepore membranes. The resulting mitoxantrone containing liposomes underwent
dialysis to remove the extemal mitoxantrone. Typically the lipid solution was 3 mL
and placed in a 50,000 MW dialysis bag. The dialysis solution was 2 L of a NaCI
solution (14.2 g/2L) in MilliQ that had been taken to a pH of 7. The concentration of
resulting liposome suspensions were determined by UV absorbance at 260 nm (sorbyl
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^max = 258MeOH, E = 47,100) of a 30 ^1 aliquot in 0.97 mL of HPLC grade methanol.
The total lipid concentrations of resulting liposomes were between 8 and 10 mM.

7.4.2

Results and Discussion

Mitoxantrone was chosen because of its solubility in aqueous solutions (10
mg/mL) and its fluorescence characteristics (excitation at 609 nm and a strong
emission at 690 nm). The emission intensity of the mitoxantrone was comparable to
ANTS, which had worked extremely well as discussed in chapters S and 6. There was
some initial concern about the amines present in the structure, but two of the amines
are conjugated to the aromatic ring and the other amines are secondary amines. A
hypothesis was put forth: the more hindered the amines, the less availability to
scavenge radicals. Additionally, mitoxantrone was found to be extremely efficient in
causing cell death by collaborators at the University of Arizona Cancer Center. The
toxicity was about 1000 fold higher for mitoxantrone than for doxorubicin, which had
shown the highest toxicity before this candidate. One more advantage to using
mitoxantrone, initially, was the blue color of the mitoxantrone solutions even at 100
nM concentrations. At typical concentrations (jiiM), the drug could be easily followed
during column chromatography or dialysis.
Two formulations were tested: PEG-DSPE^is-Sorbrcl9,l9/DAPC (5/20/75)
and PEG-DSPE^is-SorbPCl9.l9/cholesterol/DAPC (5/20/10/65), which had appeared
to be the most promising to date. Ionizing radiation and UV light exposure indicated
excellent polymerization results in the sample with the formulation PEG-DSPE/bisSorbrci9.i9/cholesterol/ DAPC (5/20/10/65) (Fig. 7.7).

The formulation without
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cholesterol indicated that only 3 % of the sorbyl moiety had reacted after 1,000 Rads,
while the formulation with cholesterol indicated that 12 % of the sorbyl moiety had
reacted. Both of these results are consistent with the results obtained in chapter 6 and
chapter 7.2 with doxorubicin.
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Figure 7.7. Ionizing radiation polymerization of mitoxantrone encapsulated
liposomes. PEG-DSPE/bis-SorbPCi9,t9/cholesterol/DAPC (5/20/10/65) at a lipid
concentration of 150
in a NaCl solution.
Maintaining the encapsulation of mitoxantrone in the liposomes proved to be
extremely difficult when added to cell cultures. Although mitoxantrone is more water
soluble then the previous compounds, it appeared to rapidly diffuse out of the
liposomes upon addition to cell cultures. All cell samples that had the mitoxantrone
liposomes added to them indicated complete cell death even without stimulation to
release the encq)sulated compound. The samples had undergone dialysis for at least
two days with several exchanges of the external media after 8-12 hour intervals. The
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external solution was colorless and UV analysis indicated no presence of the
mitoxantrone, whereas the solution within the dialysis bag was dark blue.
This suggests that something occurs during transport of the samples to the
testing facility (Cancer Center) or upon addition to the cell culture media. It is well
known that cells release compounds into the external media, and these compounds
may interfere with the encapsulation of the chemotherapeutic agents within the
formulations tested. Compounds such as proteins or enzymes released from the cells
may interact with the liposomes and cause release of the encapsulated agents by
disrupting the liposomal bilayer. Additional tests would need to be undertaken to
determine the extent of the disruption from the media and those are currently
underway at the Cancer Center.

7.4

Conclusion
This research was designed to develop a general formulation that could readily

encapsulate numerous chemotherapeutic compounds and release the compounds
under normal radiation treatment therapies. Unfortunately, the chemotherapeutic
compounds chosen for testing appear to have been too lipophilic and may have
interfered with the stability of the liposomal bilayer. What has been shown, is that a
formulation was developed that is thermally stable at body temperature and that it is
responsive to ionizing radiation and UV light exposure.
The formulation with the most promise to this point is PEG-DSPE/bisSorbPCj9,i9/cholesterol/DAPC (5/20/10/65). This formulation probably allows for

phase separation and domain formation to enhance the polymerization of the sorbyl
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moieties as well as release the encapsulated compounds upon either UV light or
ionizing radiation stimulation. That is not to say that this formulation should not be
modified. Enhancement of the phase separation even in the presence of cholesterol
may be accomplished through the substitution of sphingolipids for the saturated
phospholipid (DAPC). Additionally, a more reactive polymerizable moiety that is
less dependent upon the presence of molecular oxygen could enhance the rate of
polymerization and the response to ionizing radiation to give a better rate of release at
a lower dosage of Rads.
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