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ABSTRACT 

Improving existing therapies with lipid based carriers has been successfully applied to 

drugs that have narrow therapeutic indices, such as anti-cancer agents. It is known that the 

addition of cholesterol to a lipid matrix of gel phase lipids (> CI 8), increases the permeability of 

lipid membranes below the phase transition temperature (Tc) of the bulk phospholipid species 

used, and thus it is predicted that these formulations may retain drugs that are not compatible 

with conventional (cholesterol-containing) liposome formulations. Liposomes composed of 1,2-

distearoyl-sn-phosphatidylcholine (DSPC), without added cholesterol, were effectively 

stabilized by incorporation of PEG-lipids, where stability was defined by parameters including 

prevention of surface-surface interactions and extending blood residence times. 

Cholesterol-free liposomes as carriers for anti-cancer drugs are hampered, in part, 

because standard pH gradient-based loading methods rely on high temperatures (> Tc of the 

phospholipids used), which can collapse the ion gradient and / or result in unstable loading. 

Doxorubicin, for example, could not be loaded efficiently into cholesterol-free DSPC 

liposomes, a problem that was circumvented by the addition of 10% (v/v) ethanol, as a 

permeability enhancer. Another more hydrophobic anthracycline, idarubicin, could be 

encapsulated in cholesterol-free liposomes without the aid of ethanol as a permeability 

enhancer. Cryo-transmission electron microscopic studies indicated that idarubicin formed a 

precipitate within the liposomes. Pharmacokinetic studies demonstrated that liposome 

encapsulation manifested a 66-fold increase (1.97 pmole h ml"1) in the mean plasma area-under-

the-curve (AUC) as compared to free idarubicin (0.03 umole h ml"1). Further alterations in lipid 

composition, including decreasing PEG-lipid and internal citrate (osmolarity) concentrations, 

resulted in stepwise improvements in drug retention and blood residence times. The optimized 
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lipid formulation, DSPC / DSPE-PEG2000 (98:2 mole ratio, 150 mM citrate), mediated a 175-

fold (7.0 umole h ml"1) increase in mean plasma AUC and 5.5-fold (6.74 h) increase in the 

plasma half-life (T/2) when compared to free idarubicin. Antitumor activity of liposomal 

idarubicin was assessed in a P388 lymphocytic leukemia model, the median survival at the 

maximum tolerable dose (3 mg/kg) was 22 days (175 % ILS) for liposomal idarubicin and 19.5 

days (144 % ILS) for free idarubicin. These results warranted further investigation to improve 

the therapeutic activity of liposomal idarubicin through use of combination drug treatments. 

In order to assess this, a liposomal formulation of gemcitabine was prepared and the 

antitumor activity of a combination treatment consisting of liposomal gemcitabine and 

liposomal idarubicin was evaluated. Gemcitabine was passively encapsulated in DSPC / CH / 

DSPE-PEG2000 (50:45:5 mole ratio) at a 0.1 drug-to-lipid mole ratio. Pharmacokinetic studies 

indicated that encapsulation of gemcitabine in liposomes mediated a 135-fold (15.4 umole h 

ml"1) and 8-fold (14.3 h) increase in the mean plasma AUC and plasma half-life, respectively. 

An increase in median survival was observed in liposomal treatment groups of gemcitabine (3.4 

mg/kg) / idarubicin (2 mg/kg) administered at 0.66 maximum tolerable doses for individual 

drugs. The median survival time was 30 days (281 % ILS) for liposomal gemcitabine / 

liposomal idarubicin, as compared to 16 days (100 % ILS) for 5 mg/kg liposomal gemcitabine, 

and 20.5 days (156 % ILS) for 2 mg/kg liposomal idarubicin. Assessment of the combination of 

these liposomal drugs yielded supra-additive effects. 
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CHAPTER 1 

INTRODUCTION 

In recent years lipid-based carriers, such as liposomes, have successfully encapsulated 

chemotherapeutic agents ameliorating some toxicity issues, while enhancing the overall 

therapeutic activity in cancer patients. The goal of this thesis was to design and characterize 

cholesterol-free liposomal formulations for a hydrophobic anthracycline, idarubicin. Moreover, 

the antitumor activity of this liposomal formulation was evaluated when used alone and in 

combination with gemcitabine. 

1 . 1 . Cancer 

Cancer is one of the leading causes of mortality in Canada with an estimated 182 deaths 

per 100,000 people. According to the National Cancer Institute of Canada, the probability of 

developing cancer in one' s lifetime is between 38 - 41%, while the probability of dying is 

between 23 - 27% (National Cancer Institute of Canada, Canadian Cancer Statistics, 2003, 

Toronto, 2003). The most prevalent types of cancer are prostate cancer and breast cancer in 

men and women, respectively. Lung cancer is the most frequent cause of death for both sexes. 

As evidenced by the high incidence and mortality rates, novel treatments strategies for this 

formidable disease are warranted. 

Cancer is defined by a continual proliferation of abnormal cells leading to the formation 

of a tumor mass (local disease), that can invade other tissues and spread throughout the body 

(systemic disease). It is believed that an underlying genetic instability initiates, directly or 

indirectly through interactions with environmental factors, the transformation from a normal to 

an abnormal cell. Over time, the acquisition of multiple genetic mutations affecting normal cell 
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processes such as cell cycle, apoptosis, DNA repair and cell proliferation culminates in 

transformed cells that are heterogeneous and difficult to control [1]. 

Hanahan and Weinberg summarized the "hallmarks of cancer", describing cancer as a 

manifestation of alterations to the normal cell [2]. More specifically, these alterations include 

insensitivity to growth inhibitory signals, evasion of programmed cell death, self-sufficiency of 

growth signals, limitless replicative potential, sustained angiogenesis, tissue invasion and 

metastasis [2] and disrupt the delicate balance between survival and death signals as illustrated 

in Figure 1.1. 

1.1.1. Therapeutic Interventions 

Most often cancer is treated with a myriad of therapeutic interventions including surgery, 

ionizing radiation and chemotherapy, the combination of which depends on the type and stage 

of disease. The goal of treatment is to reduce local tumor burden and eliminate all malignant 

cells. Surgery and radiation therapy are effective for local or contained disease, and is often 

curative at early stages of disease, but not all types of cancer can be treated by these methods. 

Hence the important role of chemotherapy not only in terms of control of local disease and 

prevention of relapse but also in the treatment of systemic disease. Adjuvant or palliative 

chemotherapy is administered to further improve overall survival and reduce disease relapse. 

Since the first clinical trials for cancer investigating the application of nitrogen mustards 

[3], there has been a significant improvement in overall survival rates in select cancer patients. 

Once incurable cancers, such as childhood leukemia, are now treated with an expectation of a 

90% long term survival rate. The continual progress in survival outcomes and advancement in 
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Figure 1.1 

Cancer: imbalance between survival and death signals 

(A) Normal cells have both survival and death signaling pathways in balance; however, (B) 
malignant cells aberrant cellular proliferation is achieved by enhancement in survival signals 
including "self sufficiency of growth signals and limitless replicative potential" and a reduction 
in death signals by "insensitivity to growth inhibitory signals and evasion of programmed cell 
death". Other signaling processes are required to support the growth of a malignant tumor mass 
including "sustained angiogenesis and tumor invasion and metastasis". The "hallmarks of 
cancer" was adapted from Hanahan D. et al. [2]. 

A. NORMAL C E L L 

Survival Death 

B. MALIGNANT C E L L 

Survival 

• Self-sufficiency of 
growth signals 

• Limitless replicative 
potential 

Sustained 
Angiogenesis 

Death 

Insensitivity to growth 
inhibitory signals 

Evasion of 
programmed cell death 

• Tumor invasion and 
metastasis 
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treatments have strongly paralleled the acquired scientific knowledge in tumor biology; and this 

is highlighted by the development of combination chemotherapy regimes that take into 

consideration mechanisms of drug action and developmental resistance [ 4 ] . 

Common classes of chemotherapeutic agents are listed in Table 1.1. Two drugs used in 

the thesis were idarubicin (an anthracycline antibiotic) and gemcitabine (a nucleoside analogue), 

which are reviewed in the introduction of Chapters 6 and 7, respectively, and the chemical 

structures are shown in Figure 1.2. Both idarubicin and gemcitabine interfere in the process of 

DNA synthesis for the intended purpose of targeting the rapidly dividing malignant cells. As 

not all cancer cells are rapidly proliferating and normal self-renewing cells are affected, these 

agents are very toxic, which is reflected by their narrow therapeutic indices. Note that the 

therapeutic index is a relative measure of a drug's toxic side effects (e.g., death, weight loss, 

myelosuppression) and therapeutic effects (e.g., antitumor activity or median survival). 

1.1.2. Future Treatment Strategies 

As the differences between normal and acquired malignant phenotypes and genotypes 

are understood, rational and targeted therapies are being developed and investigated in clinical 

trials. More recent novel treatments include manipulations of the immune system [5], 

stimulation of normal haematopoietic elements [6], induction of differentiation in tumor tissues 

[7], inhibition of angiogenesis [8] and delivery of genetic therapies [9]. 

The innovation in sequencing ofthe human genome and advancement in technologies to 

profile alterations in protein and genetic expression, coupled with the understanding of aberrant 

molecular signaling pathways and identification of target molecules, wil l significantly advance 

the treatment of cancer. One of the most recent accomplishments in targeted therapy, was 
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Table 1.1 

Some chemotherapeutic agents used in the treatment of cancer 

Drug Class Chemical Name Mechanism(s) of Action 
Antitumor Antibiotics Anthracyclines Stabilize topoisomerase II-DNA 

cleavable complexes, DNA 
intercalation 

Plant Alkaloids 

Actinomycin D 

Taxanes 

Inhibits DNA-directed RNA 
synthesis 

Interfere with microtubules 

Nucleoside Analogues 

Vinca alkaloids 

Gemcitabine / Cytarabine 

Bind tubulin, disrupt mitotic 
spindle formation 

Inhibits DNA synthesis 

6-MP/ 6-TG Inhibits DNA synthesis 

Antimetabolites 
Fludarabine / 2-CdA 

5-Fluorouracil 
Inhibits DNA synthesis 

Inhibits thymidylate synthase 

Alkylating Agents 

Methotrexate 

Cyclophosphamide 

Competitive inhibitor of DHFR, 
Inhibits DNA synthesis 

Intra-strand DNA crosslinker 

Temozolomide Methylates guanine residues in 
DNA 

Camptothecin 
Derivatives 

Epipodophyllotoxins 

Platinum-Based 
Compounds 

Chlorambucil / Melphalan 
Topotecan/CPT-11 

Etoposide 

Cisplatin / Carboplatin 

Intrastrand DNA crosslinker 
Stabilizes topoisomerase I-DNA 

complex 
Stabilizes topoisomerase II-DNA 

cleavable complex 
Intra-strand DNA crosslinker 

Abbreviations: 6-MP, 6-mecaptopurine; 6-TG, 6-thioguanine; 2-CdA, 2-chlorodeoxyadenosine; 
DHFR, dihydrofolate reductase 
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Figure 1.2 

Chemical structures of the anthracyclines and the cytidine analogues 

NHj 

Anthracyclinr R4 R» 
relative 
llpophilldty 

Daunorubicin (DNR) O C H J C(=0)CHj 0 
Doxorubicin (DOX) OCH3 C(=0)CH20H -1.67 

Idarubicin (IDA) H C f - 0 ) C H j • 1.05 

Idarubicinol (IDOL) H CH(OH>CHj + 1.48 

Adapted from Gallois et al. reference [142] 

Cytidine Cytarabine Gemcitabine 
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Gleevec®, which binds to the chimeric BCR-ABL fusion gene present in > 95% of chronic 

myelogenous leukemia patients. The significant increases in complete responses and median 

survival in patients enrolled in clinical trials evaluating Gleevec® compared to standard care, 

established a "proof of concept" for biological drugs. However, resistance and disease relapse 

have been observed [10], and thus it is believed that combination chemotherapeutic regimens 

will be the mainstay of cancer treatment. It is an exciting time in drug treatment for cancer; the 

era of administering standard chemotherapy treatment regimens for a particular type of cancer 

will be replaced with individualized treatment. 

1.2. Drug Delivery 

In view of the fact that many of the available chemotherapeutic agents have narrow 

therapeutic indices, drug delivery systems have been used as one strategy to improve the 

pharmacological effects of these drugs. Of the many delivery systems designed for intravenous 

use (micelles, lipid emulsions, liposomes, polymer-drug conjugates, polymer microspheres, 

nanoparticles, niosomes, and osmotic pumps), liposome technology has been successful with 

several products currently available for human use. These liposomal products encapsulate 

various drugs including the antifungal agent amphotericin B, and the anti-cancer agents 

daunorubicin, doxorubicin, and cytarabine and have been summarized in Table 1.2. Based on 

the success and versatility of lipid-based carriers for delivery of anti-cancer drugs, liposomes 

were utilized for the studies performed within the thesis for the delivery of idarubicin, as well as 

gemcitabine. Here, a brief review of this technology is provided with the aim of establishing a 

general understanding ofthe field as it relates to the research included in this thesis. 
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Table 1.2 

List of FDA approved liposomal agents 

Product 
Name 

Therapeutic 
Agent 

FDA 
Approval 

Disease 
Treated 

Company Name 
® Ambelcet 

Ambisome" 

Amphotec® Amphotericin 
B 

DaunoXome® Daunorubicin 

® DepoCyt' 

Doxil® / 

Amphotericin 1995/1996 Systemic fungal 
B infections 

Amphotericin 1997 Systemic fungal 
B infections 

1997 Systemic fungal 
infections 

1996 AIDS-related 
Kaposi's sarcoma 

Cytarabine 1999 Lymphomatoous 
meningitis 

Doxorubicin 1995/1999 

® Caelyx' 

Myocet Doxorubicin 

Visudyne® Verteporfm 

AIDS-related 
Kaposi's 

sarcoma/ovarian 
and breast cancer 

2000 Metastatic breast 
cancer 

2000 Age-related 
macular 

degeneration 

Enzon 

Gilead Sciences 

A l z a Corp. 

Gilead Sciences 

SkyePharma / 

Enzon 

A l z a Corp. 
(Sequus) / 

Schering-Plough 

Elan Corp. 

Q L T / Novartis 
Opthalmics 
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1.2.1. Liposomes 

Dr. Alec Bangham was the first scientist to document the formation of closed spheres 

when phospholipids were shaken in water and to observe the resulting structures by optical and 

electron microscopes [11]. These closed vesicles were utilized as a model for the cell 

membrane [11], allowing scientists to study processes such as permeability and diffusion of 

molecules, the effect of anaesthetics on lipid membranes, and the reduction of surface tension 

by lung surfactant [12]. A few years later, liposomes were proposed as delivery vehicles [13]. 

Since the first record of liposomes in 1965, liposomes have been used in the pharmaceutical and 

cosmetics industries and for applications such as diagnostic imaging and cellular transfection. 

Liposomes are spherical structures composed of a lipid bilayer or bilayers enclosing an 

aqueous core. For the purpose of drug delivery, liposomes are able to entrap water soluble 

(within the aqueous core), water insoluble (within the lipid bilayer) and amphipathic (partitioned 

between the lipid membrane and aqueous core) molecules. Liposomal drug delivery systems 

have been shown to improve the following drug characteristics; solubility [14], unfavorable 

pharmacokinetics (due to fast elimination rates), poor biodistribution, lack of selectivity for 

target tissues, and rapid degradation [15]. Overall, improvements to drug physicochemical 

characteristics can substantially enhance the therapeutic activity of some, but not all, 

encapsulated drugs. 

1.2.1.1. Liposome components 

Phospholipids 

The bulk components of a liposomal lipid membrane are phosphatidylglycerides 

(phospholipids), amphipathic molecules that consist of a hydrophilic phosphate head group and 
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hydrophobic fatty acid chains bridged together by a glycerol backbone. The general structure of 

the phospholipid is illustrated in Table 1.3. In early studies, egg phosphatidylcholine (egg PC, 

egg lecithin) was used and these phospholipids, although exhibiting a single head group 

composition, contain various lipid species due to the presence of mixed and varying acyl chain 

lengths. More recently, highly purified phospholipids have been chemically synthesized 

consisting of saturated fatty acid species with the same number of carbons. The fatty acid chain 

can vary between 8 - 2 4 carbons (C8 - C24); among them, the most commonly used in 

liposomal drug delivery are myristic (C14), palmitic (C16) and stearic (C18). Aside from the 

fatty acid carbon length, the phosphate head group can be varied and include 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE), which are zwitterionic (charges 

balanced with positive charge on head group and negative charge on phosphate group), and 

negatively charged phosphatidyl -serine, -glycerol and -inositol head groups. Phospholipids 

containing an even number of carbons are biodegradable and non-toxic for human use. 

Moreover, many of the physicochemical properties of liposomes such as stability, permeability, 

phase behaviour and membrane order depend on the fatty acid chain length and saturation and 

are further discussed in section 1.2.3. 

Sphingolipids contain a sphingosine (instead of a glycerol) backbone and are also 

commonly used in lipid membranes. This phospholipid is more hydrophilic than 

glycerophospholipids (with the same head group), because the backbone contains two more 

electronegative hydroxyl and amino groups, and is incorporated to decrease the permeability of 

the lipid membrane [16]. 
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Table 1.3 

List of synthetic phospholipids commonly used in liposomes 

Glycerophopholipid 
(general structure) H 2 C 0 

(Headgroup) o 2S ^ 

O - P 0—CH2 

if 

(Saturated fatty acids) 

Name of 
Glycerophospholipid 

Head group 
(X) 

Head group (X) 
Structure 

Net Charge 
(at pH 7) 

Phosphatidic acid — H -1 

Phosphatidylethanolamine Ethanolamine CH 2 CH 2 ^ 3 zwitterionic 

Phosphatidylcholine Choline 

CH3 

-CH 2-CH 2-N —CH 3 

CH3 

zwitterionic 

Phosphatidylserine Serine 

-H,C C H — N H , 

0 ^ 0 

Phosphatidylglycerol Glycerol 
- CH 2-CH CH2-OH 

OH 

Phosphatidylinositol Inositol 

OH P 
P H . / \ 

OH 

HO 
OH 

-2 
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Cholesterol 

Cholesterol has been deemed an essential component of lipid carriers, and one of the 

main aims of this thesis was to revisit cholesterol's role as a constituent of liposomal 

formulations developed for intravenous use. Cholesterol contains a four-membered sterol ring 

with a hydrocarbon chain (hydrophobic) and a hydrophilic hydroxyl group and is widely 

distributed in membranes of living cells. The use of cholesterol in membranes is reviewed 

within the introduction of Chapter 3. Cholesterol has significant implications in the gel-to-

liquid phase transition temperature and protein binding discussed in sections 1.2.3.2 and 1.2.6.1, 

respectively. 

Poly(ethylene glycolj-conjugated lipids 

Poly(ethylene glycol) is a neutral, flexible [17], non-toxic, and non-antigenic polymer 

[18], that is soluble in water [19] and some organic solvents including toluene, methylene 

chloride, ethanol and acetone. PEG and water form a particularly "good structural fit" 

supported by hydrogen bonding to the ether oxygens of ethylene glycol ( -CH2-CH2 -O-) [19]. 

Water's close association with the PEG results in an excluded volume effect whereby other 

molecules are unable to directly interact with the polymer due to the "hydration shell" [20]. 

PEG's distinct physicochemical properties have been utilized for many applications including 

concentration and purification of nucleic acids or proteins [21, 22] and conjugation to proteins 

[23], peptides [24, 25], enzymes [26], monoclonal antibodies [27], lipids [28, 29] and drugs [30, 

31] to increase blood residence times. 

In drug delivery systems, particularly liposomes, PEG is most often conjugated to either 

a phospholipid or a sterol anchor. The orientation of the lipopolymer within the liposome is 
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due, in part, to the hydrophobic effect, which results in the lipid anchor partitioning within the 

lipid bilayer and the PEG moiety extending from the liposome surface. There are currently a 

few methods used to incorporate PEG-lipids into lipid carriers including: (i) incorporation 

during the preparation of liposomes resulting in the presence of PEG on both the inner and outer 

leaflets of the lipid bilayer (the method used for the studies described in this thesis), and (ii) the 

addition of PEG-lipids to pre-formed liposomes, resulting in the presence of PEG exclusively on 

the outer monolayer of the liposome. For the latter procedure, there are two methods by which 

modification on the outer membrane was accomplished; (i) covalent attachment of PEG to PE 

incorporated in pre-formed vesicles [32] or (ii) mixing PEG-lipid micelles with pre-formed 

liposomes followed by spontaneous insertion of the PEG-lipids by physical adsorption [33-35]. 

One of the advantages of having PEG-lipids exclusively on the outer monolayer is that it is 

believed that the presence of PEG in the aqueous core of a liposome reduces the interior volume 

for encapsulation of drugs because of the exclusion volume effect [33]. In addition, the 

presences of PEG on the inner leaflet may increase drug release from liposomes, an effect that 

may be due to increased partitioning of the drug into the membrane interface [36]. 

Although many lipid anchors for PEG conjugation have been investigated, Parr et al. 

determined that phosphatidylethanolamine conjugated to PEG with a carbamate linkage, shown 

in Figure 1.3A, is the most chemically stable in a liposome when exposed to the biological 

milieu [28]. PEG is a neutral molecule, however, conjugation utilizing a carbamate linkage 

between ethanolamine group of phosphatidylethanolamine results in the generation of a lipid 

which has a net negative charge at physiological pH due to the phosphate group. Comparative 

electrophoretic studies by Webb et al., indicated that the negative charge is not a typical "point" 

charge but a "shielded" (~ 80%) charge [37]. 

13 



Figure 1.3 

Structure of DSPE-conjugated PEG2000 and the mushroom and 
brush conformations of PEG chains 

Structure of DSPE-PEG2000 (polymer chain repeating units = 45) incorporated into liposomes 
(A). The effect of PEG conjugated lipid grafting density on the structure of DSPC / DSPE-
PEG2000 liposomes (B), < 5 mol% = mushroom regime, > 5 mol% = brush regime and > 10 
mol%, mixed micelles are formed (refer to Chapter 4). The conformation of PEG is dependent 
on the grafting distance between the polymers (D) and the Flory radius (Rf) of the polymer (size 
is influenced by PEG MW). The mushroom conformation is adopted when D » Rf (C), and 
the brush conformation is adopted when D < Rf (D). 

DSPE-PEG2000 (carbamate linkage) 

(B) Mushroom Regime 

< 5 mol% PEG 

Brush Regime 
DSPC/DSPE-PEG2000 DSPC/D SPE-PEG2000 

> 5 mol% PEG 

Mixed Micelle Formation 
DSPC/DSPE-PEG2000 

> 10mol%PEG 

(C) 

/ 

Mushroom Regime 
D » Rf 

Brush Regime 
D < Rf 



It is known that the chain length of polymers (defined as the averaged MW of the PEG 

polymer used) and distance between grafting points (D) wil l affect the structure adopted by the 

polymer. In liposome formulations, the lipid matrix consists primarily of bulk 

phosphatidylcholine, having a molecular shape equated to a cylinder, where the area occupied 

by the head group is comparable to the area occupied by the acyl chain, which will pack 

together in a bilayer organization (see section 1.2.3.1 for review of the shape hypothesis). On 

the other hand, PEG polymers are conjugated to lipids and have an inverted cone shape (i.e., 

head group area » acyl chain area) and these lipids prefer to form micelle structures [38]. In 

fact it is reasonably well-established that PEG-lipids can act like detergents capable of 

disrupting liposome structure when added in sufficient concentrations. The concentration of 

PEG-lipid required to solubilize lipids organized in a bilayer structure is dependent on the 

chemical properties of PEG-lipid used as well as the lipid composition of the liposome. 

At concentrations below those that induce liposome disruption, PEG-lipids are described 

to be either in a "mushroom" or in a "brush" regime [39, 40], shown in Figure 1.3. In the 

mushroom conformation, PEG has a high degree of rotational freedom (mobility) [17] and wil l 

move freely from a fixed point that encompasses a half-sphere which exhibits a defined radius 

referred to as the Flory radius (RJ). At low grafting densities (D » RJ), PEG is believed to exist 

in a mushroom configuration where the polymer-polymer interactions are minimal. At high 

PEG concentrations (D < Rj), polymer-polymer interactions (limited due to the volume 

exclusion effect) occur and the PEG polymers are extended (L) out from the lipid bilayer. This 

conformation has been referred to as the brush regime. At higher PEG concentrations, the 

micellar phase is formed in order to reduce lateral interactions between PEG chains [41]. In 

view of PEG's predicted behaviour in the mushroom and brush regime, the mole fraction of 
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PEG-lipid and area occupied by one PEG chain can be calculated for different molecular 

weights (Table 1.4) when incorporated into a 100 nm liposome [42]. Based on the mole ratio of 

PEG-lipids incorporated into liposomes, assuming a homogenous distribution, the percent of 

total liposome surface area for a 100 nm liposome has been calculated in Table 1.5 [42]. 

1.2.2. Classification of liposomes 

The amphipathic nature of phospholipids facilitates the formation of vesicular lipid bilayers 

(liposomes) in the presence of an excess amount of aqueous solvent. Liposomes are classified 

according to their size and number of lipid bilayers. Upon hydration of lipids in aqueous 

solutions, multilamellar vesicles (MLVs) are formed. MLVs have a large diameter (greater than 

1 pm), and have been utilized as drug delivery vehicles, particularly for hydrophobic 

compounds such as amphotericin B. Small unilamellar vesicles (SUVs) contain a single bilayer 

surrounding an aqueous core, with diameters less than 100 nm. SUVs (approximate size is 50 

nm) are formed from sonication of MLVs [43]; however, the major disadvantage for using these 

structures for delivery is their small size (small trapped volume) and, in turn, low encapsulation 

efficiencies, and instability in solution due to their high radius of curvature. Large unilamellar 

vesicles are most commonly used for drug delivery purposes and consist of one (or two) 

bilayer(s) surrounding an aqueous core. A standard way of preparing LUVs is by passing 

MLVs through a filtering (extruding) apparatus which houses filters exhibiting defined pore 

sizes, ranging between 0.05 - 0.2 u.m. The extrusion method was preferred as it results in 

liposomes with relatively narrow size distributions. The resulting liposomes typically have a 

single bilayer surrounding the aqueous core and the trapped aqueous volume, depending on lipid 

composition, can range from 1 to 2.5 u.1 per (imole lipid. 
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Table 1.4 

Calculated mole fraction of PEG-lipid in area occupied by one PEG chain of different 
molecular weights in DSPC / DSPE-PEG liposomes3 

PEG 
Molecular 

Weight 

N* Rf 
(nm)* 

Protected Area 
(nm) 2/PEG 
Molecule" 

Number of PEG 
Molecules Required 

to Cover Entire 
Surface 

(X 100) 

350 8 1.22 4.68 12393 10 
550 13 1.63 8.35 6946 6 
750 17 1.92 11.58 5009 4.3 

2000 45 3.44 37.18 1560 1.4 

" Adapted from Allen C. et al. [42]. 

b N = number of repeat units per polymer chain, Rf = Flory radius of PEG chain, xP

 = mole 
fraction of PEG-lipid in area occupied by one PEG chain. 

The calculations of protected area are based on a simple model described elsewhere [17]. 
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Table 1.5 

The percentage of surface area covered in liposome formulations containing 2 and 5 mol% 
PEG of different molecular weights" 

Formulation Mole Total Area of Percent of Total 
Ratio (%) Liposome Covered by Surface Area of 

PEG (nm) Liposome Covered (%) 
DSPC / DSPE-PEG350 95/5 2.6 x 104 45 

98/2 1.0 x 104 17 
DSPC / DSPE-PEG500 95/5 4.6 x 104 79 

98/2 1.8 x 104 31 
DSPC / DSPE-PEG750 95/5 6.4 x l O 4 100 

98/2 2.5 x 104 43 
DSPC / DSPE-PEG2000 95/5 - brush regime 

98/2 8.0 x 104 100 
a Adapted from Allen C et al. [42]. 

18 



1.2.3. Physicochemical properties of liposomes 

The physicochemical properties of a lipid membrane consist of cooperative interactions 

between the lipid components and include both the lipid bilayer and the interfacial water layer 

existing on the lipid surface. These interactions between lipid components and water wil l affect 

the shape of vesicles, gel-to-liquid phase transition temperature, membrane order, fluidity, and 

permeability. In addition, it is important to recognize that the presence of a drug in the 

membrane will influence the physicochemical properties of the liposome. 

1.2.3.1. Shape hypothesis of lipid polymorphism 

Not all lipids spontaneously form lipid bilayers, and this lipid polymorphism can be 

explained by the "shape hypothesis" [ 4 4 ] , illustrated in Table 1 .6 . Aside from bilayers, which 

are formed from lipids exhibiting a cylindrical molecular shape, micelles and inverse micelles 

(which give rise to a hexagonal phase) are formed from lipids exhibiting inverted cone and 

cone-shapes, respectively. The predominant use of micelles and inverted micelles is in the 

formulation of detergents and transdermal delivery products, respectively. The polymorphic 

structure of lipids is mediated by other factors including lipid composition, salt concentration, 

pH and temperature. In general, the lipid species at highest concentration wil l predict the 

overall shape of the lipid membrane, for example the lipid composition used in many of the 

studies within the research component of the thesis was DSPC / DSPE-PEG2000 ( 9 5 : 5 mole 

ratio), a combination of cylindrical and inverted cone shaped lipids that form bilayers in 
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Table 1.6 

Shape hypothesis of lipid polymorphism 

Lipid Molecular 
Shape 

Aggregate 
Structure 

Detergents 
Lysophospholipids 

PEG-conjugated lipids f ? 
Inverted Cone Micelles 

Phosphatidylcholine 
Phosphatidylglycerol 
Phosphatidylinositol 
Phosphatidylserine 

Sphingomyelin I 0 
M M 
M M 

Cylinder Bilayer 

Phosphatidylethanolamine 
Phosphatidylserine 

(pH < 4.0) 
Cholesterol ft A 

Cone Reverse Micelles 



solution. In addition, equal combinations of inverted cone and cone species wil l form bilayers 

leading to the interesting observation that two non-bilayer forming lipids exhibiting 

complementary shapes can be mixed together to achieve a bilayer structure [38]. The ability to 

trigger polymorphic liposome structural changes (e.g., fusogenic liposomes) has been exploited 

for drug delivery purposes and this is briefly reviewed in section 1.2.6. 

1.2.3.2. Gel-to-liquid crystalline phase transition 

Colloidal systems, such as liposomes, have a distinct phase transition (Jc) from a gel 

state to a liquid crystalline state (Figure 1.4A). The phospholipid's fatty acyl chains exhibit a 

well-ordered conformation within the gel phase and become significantly more disordered 

above the critical temperature. The Tc is the critical temperature at which point there are equal 

proportions of the two phases, and coincides with a membrane structure that is most permeable 

[45]. This cooperative change is measured by differential scanning calorimetry (DSC), which 

can record changes in heat absorbance by a sample (Figure 1.4B). DSC studies have determined 

that the specific Tc is dependent on the length and saturation of the phospholipid's hydrocarbon 

chains, head group composition and cholesterol content. As a general rule, factors that increase 

the packing of the lipid membranes results in a higher Tc. Thus a higher Tc is observed when 

increasing hydrocarbon chain length (DSPC > DMPC), increasing hydrocarbon saturation 

(DSPC > DOPC) and reducing head group size (DSPE > DSPC). For the purposes of the thesis, 

the Tc for phosphatidylcholine species containing increasing chain length are 23°C (C14), 41°C 

(C16), 55°C (C18), 65°C (C20) and 74°C (C22). 

The effect of cholesterol on the phase transition temperature has been thoroughly 

investigated [46]. In fluid membranes, cholesterol increases order and packing density within 
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Figure 1.4 

Lipid phase transition and influence of cholesterol on the phase transition temperature of 
DPPC liposomes 

(A) 
Crystalline state 

solid L„ Lipid 
phase 

transition 

Liquid-crystalline state 
fluid L„ 

Acyl chains ordered Acyl chains disordered 

(B) Main transition 

Endothermic 

Temperature 

+ 32 mol% 

50 mol% 

300 350 

Temperature (K) 

Figures A and B were adapted from references [44] and [47], respectively. 

22 



the lipid membrane, known as a "condensing" effect. In gel membranes, cholesterol decreases 

order and packing density within the lipid membrane, referred to as a "liquifying" effect. At 

high cholesterol concentrations (> 30 mol%) the measured phase transition is eliminated (shown 

in Figure 1.4) and the membrane is present in a liquid-ordered phase [47]. 

1.2.4. Liposome Formulations 

1.2.4.1. Conventional liposomes 

Lipid compositions containing phospholipids and cholesterol are often referred to as 

conventional (or first generation) formulations. The success of these lipid formulations as drug 

delivery vehicles in vivo was largely attributed to incorporation of > 30 mol% cholesterol to 

reduce the release of entrapped drugs or water-soluble markers and prevention of phospholipid 

transfer to plasma lipoproteins. Although neutral liposomes prepared of phosphatidylcholine 

species and cholesterol are effective as drug carriers, there remained perceived drawbacks to the 

technology. In particular, the rapid elimination of the liposomes following i.v. injection, an 

observation associated with liposome accumulation in the mononuclear phagocytic system 

(MPS), needed to be overcome i f extended circulation lifetimes was to be obtained. Although 

appropriately designed formulations prepared of phospholipids and cholesterol did provide 

substantial improvements in drug delivery to diseased sites residing in non-MPS organs [48], it 

was believed that even better distribution attributes could be achieved i f the uptake by cells of 

the MPS could be reduced. Further, it was proposed that additional therapeutic benefits could 

be achieved i f the rate of liposome elimination could be reduced. It was already established that 

this could be achieved by saturating macrophages with high lipid doses [49] or by impairing 

macrophages with drugs (e.g., doxorubicin) [50, 51]. However other approaches were 
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considered, as outlined in the following section. 

1.2.4.2. Sterically stabilized liposomes 

Second generation liposomes, termed "sterically stabilized" or Stealth liposomes, 

incorporate a surface coating consisting of ganglioside G M I or poly(ethylene glycol)-conjugated 

lipids [52, 53]. These novel formulations significantly advanced and broadened the application 

of cholesterol-containing liposome formulations. Sterically stabilized liposomes exhibited 

significantly greater circulation half-lives [29, 32, 54, 55] and the elimination behaviour of these 

liposomes was no longer as sensitive to liposomal lipid dose [56, 57]. Subsequent studies 

illustrated that a longer circulation half-life could facilitate higher levels of drug accumulation 

within sites of tumor growth [58-60] associated with improved antitumor activity [61-63]. The 

mechanism by which increased liposome accumulation occurred was referred to as passive 

targeting, illustrated in Figure 1.5, and relies on several factors including "leaky" capillaries, 

such as those typically observed in sites of infection, inflammation and tumor growth [64], and 

small liposome size (< 200 nm) allowing the carriers to extravasate from the blood compartment 

into the interstitial space of these sites [59]. 

1.2.5. Liposomes as drug carriers 

In the early 1970s, it was proposed that liposomes could potentially retain entrapped 

pharmaceuticals for treatment of diseases [65]. Within this thesis two anti-cancer drugs, 

idarubicin and gemcitabine, were encapsulated in liposomes. The advantages and disadvantages 

of different loading methods used to encapsulate these drugs wil l be discussed below. 
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Figure 1.5 

Passive targeting of liposomes 

Passive accumulation at the tumor site is obtained with appropriately designed liposomal 
carriers. These liposomes are retained within the blood compartment for extended time periods 
and have limited interactions with serum proteins. Discontinuous vascular endothelium is 
present at sites of infection, inflammation and tumor growth, permitting the extravasation of 
circulating macromolecules, such as liposomes, into these areas. 
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1.2.5.1. Passive loading 

Hydrophobic drugs (e.g., taxol and amphotericin B) or water soluble drugs (e.g., 

cytarabine and gemcitabine) may be passively entrapped within liposomes during hydration of 

lipid and liposome formation, shown in Figure 1.6. Encapsulation efficiencies up to 100% may 

be achieved for hydrophobic drugs when exhibiting favourable drug-lipid interactions and drug 

solubility. Passive loading of water soluble drugs is typically very low (< 30%) and is 

dependent on the trapped volume of the liposome and liposomal lipid concentration. I f drugs 

have to be encapsulated using passive loading methods it is more difficult to control parameters 

such as drug-to-lipid ratios and trapping efficiency. In the case of cytotoxic drugs, passive 

trapping also means that careful methods must be in place during liposome preparation and 

following preparation to remove the unencapsulated drug. 

1.2.5.2. Remote loading 

Drugs, such as anthracycline antibiotics, can alternatively be loaded into pre-formed 

liposomes containing a pH gradient (pH 4.0 inside, pH 7.4 outside), shown in Figure 1.6. This 

method is limited to drugs having an ionizable amine function, and results in encapsulation 

efficiencies of > 98%. For anthracyclines, the encapsulation efficiencies are much higher than 

predicted by the Henderson-Hasselbach equation, and may be explained by the formation of 

drug microprecipitates [66, 67] and / or drug association with or partitioning into the lipid 

membrane [68]. Drug retention by this method is dependent on liposome composition including 

surface charge, phospholipid acyl chain length, cholesterol content, internal buffering capacity, 

drug-to-lipid ratio, pH gradient, and liposome size [69], parameters that can all be independently 

altered. Other active loading methodologies include the ammonium sulfate gradient method 
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Figure 1.6 

An illustration of drug loading methods and drug distribution in liposomes 

Type of Drug Loading 

Passive association of a 
hydrophobic drug 

Passive encapsulation of a 
hydrophilic drug 

Drug distribution across the liposomal 
membrane in the absence of a pH gradient 

Active encapsulation of drug 
(containing ionizable amine group) 

in the presence of a pH gradient 
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[70] and metal complexation [71, 72]. The latter is of potential interest since drug loading may 

not be dependent on maintenance of an established pH gradient. 

1.2.6. Biological stability of liposomes 

The success of lipid-based carriers for anti-cancer drugs is dependent on their prolonged 

circulation longevity. The study of pharmacokinetics ("what the body does to the drug") 

consists of absorption, distribution, metabolism and excretion processes. In many ofthe studies 

within the thesis, the rate of liposomal lipid and drug elimination were assessed. The 

elimination of liposomes was determined by measuring the liposomal lipid concentration in 

plasma over a defined time interval. These data, when combined with data obtained by 

measuring plasma drug levels, could be used together to follow changes in drug-to-lipid ratios 

over time, following administration. A reduction in the drug-to-lipid ratio provided an 

indication of drug release from the liposome in the plasma compartment. 

Further analysis of the drug plasma concentration versus time curves with 

pharmacokinetic modeling may be used to determine the plasma half-life (T1/2), clearance and 

volume of distribution. Pharmacokinetic models are mathematical relationships that are used to 

predict the behaviour of a drug in the body [73]. There are three types of modeling including 

physiologic, compartmental and non-compartmental. Physiologic models are based on 

disposition of a compound in anatomic regions within the body based on blood flow, tissue 

volumes, binding, transport and elimination parameters. Physiologic models are most often 

used when applying small vertebrate data to larger vertebrates, such as humans. Compartmental 

analysis is based on dividing the body into different homogenous compartments, not based on 

anatomic or physiological regions. For instance, a one compartment model assumes the 
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administered drug distributes quickly into a central compartment (consisting of the blood 

compartment and highly perfused organs). Sampling from the blood compartment is thus 

equivalent to the concentration within the central compartment from which the drug is 

eliminated by first-order kinetics. For multi-compartmental analysis the drug wil l distribute into 

the central compartment followed by a peripheral compartment(s) (which are less perfused 

tissues such as skin and muscle). Non-compartmental analysis is based on the statistical 

moment theory and does not have the assumptions that are present in compartmental models. 

Calculations of pharmacokinetic parameters are summarized in section 2.5.6. In general, 

changes in the pharmacokinetics of a liposome-encapsulated drug are reflected by delayed 

absorption, restricted biodistribution, decreased volume of distribution, delayed clearance and 

retarded metabolism relative to the non-encapsulated drug [74]. 

The plasma elimination of liposomes following i.v. administration is dependent on 

vesicle size [53], lipid composition and lipid dose [56, 75]. Prolonged circulation longevity is 

observed with liposomes exhibiting size distributions between 8 0 - 150 nm, prepared of neutral 

phospholipids, and is further improved by incorporation of ganglioside G M i or PEG-derivatized 

lipids for surface stabilization. The pharmacokinetic behaviour of liposomes is also influenced 

by interactions with plasma proteins and cells of the mononuclear phagocytic system and these 

factors are briefly discussed in the following sections. 

1.2.6.1. Plasma Proteins 

Plasma proteins have been shown to interact with liposome membranes upon 

intravenous administration. Interactions that are dependent on the liposome surface attributes 

include charge and hydrophilicity [32, 76]. There are three consequences of plasma protein 
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adsorption on the liposome membrane; (i) destabilization of the lipid membrane and leakage of 

encapsulated contents and (ii) presentation to and subsequent endocytosis by the macrophages 

of the mononuclear phagocytic system (MPS), and (iii) adsorption of plasma proteins, that in 

turn, mediate changes in the properties of liposomes. The latter effect is less well defined but 

highlights the fact that physicochemical characteristics of liposomes in the absence of plasma 

protein may be remarkably different than the physicochemical characteristics of liposomes with 

adsorbed plasma proteins. 

There are several supporting observations that demonstrate that the interaction between 

plasma proteins and liposomes results in phospholipid transfer from liposomes to high density 

lipoproteins (HDL) particles [77-81]; a process mediated in part by a phospholipid transfer 

protein (PLTP) [82]. Further, phospholipid transfer was not observed in lipoprotein deficient 

mice and when various lipoproteins were re-introduced, only HDL compromised liposome 

stability [83]. Moreover, the addition of cholesterol or lipids such as sphingomyelin (SM) or 

1,2-distearoyl-sft-phosphatidylcholine (DSPC) reduced phospholipid loss [84, 85]. Other 

plasma proteins that interact with liposomes include lipoprotein pVglycoprotein I 

(apolipoprotein H) [86] and complement proteins [87] which bind to negatively charged 

phospholipids. Albumin, the most abundant protein in serum, does not have a detrimental effect 

on the integrity of liposomes, while immunoglobulins, such as IgG and C-reactive protein [88], 

mediate uptake by macrophages. Fibronectin, a protein involved in cell adhesion, phagocytosis 

and cytoskeletal organization, induces liposome aggregation [89]. It is important to note that 

even long circulating liposomes have been shown to adsorb plasma proteins (see Chapter 4), and 

it is unknown whether complete abrogation of liposome-plasma protein interactions may further 

extend blood circulation times. It is also not well understood how protein binding ultimately 
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affects the fate of and biological response to injected liposomes. Some have even argued that 

plasma protein binding actually protects liposomes in the plasma compartment. 

1.2.6.2. Mononuclear phagocytic system 

The mononuclear phagocytic system (MPS), also referred to as the reticuloendothelial 

system (RES), consists primarily of the macrophages in the liver (Kupffer cells), spleen and 

bone marrow as well as the circulating precursors to these cells, the blood monocytes. These 

cells are actively involved in the immune response to foreign matter in the body. Intravenous 

administration of liposomes leads to the predominant uptake of liposomes within tissues 

containing these phagocytic cells [48, 75, 90-93]. Plasma protein interactions with liposomes 

can facilitate endocytosis of the liposomes by macrophages or monocytes of the MPS system. 

The addition of cholesterol to liposome membranes was shown to moderately decrease 

accumulation within the liver and spleen [94]. Although delivery to macrophages has been 

exploited for vaccine development, it is considered not to be beneficial for liposomal antitumor 

agents and may be one factor that limits accumulation of drug-loaded carriers in tumor sites. As 

noted in section 1.2.4.2, the use of surface stabilizing polymers significantly delayed the rate of 

liposome uptake by the MPS and resulted in extended circulation lifetimes [29, 57]. Further 

investigation into strategies to reduce cell uptake have been successful in mediating 

improvements in the circulation longevity of liposomes. This may be achieved by preventing 

adsorption of proteins that facilitate (opsonins) phagocytosis and promoting adsorption of 

proteins that inhibit (dysopsonins) phagocytosis by macrophages of the MPS [95]. 
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1.2.7. Future directions of liposomal drug delivery 

When considering the use of liposomes to improve the therapeutic potential of existing 

drugs, increasing selectivity of a drug carrier for a target cell population and achieving 

controlled release rates are two of the goals for drug delivery systems. Increased selectivity for 

anti-cancer agents may be achieved by using strategies that extend the blood circulation 

lifetimes of liposomes by incorporation of surface stabilizing agents, such as PEG. Further 

strategies that increase carrier selectivity for malignant cells are being pursued and include 

development of ligand-targeted (immuno-) liposomes. It is anticipated, for example, that 

conjugation of novel tumor-specific monoclonal antibodies, such as Herceptin® (binds to 

HER2/Neu receptor) and Rituximab (binds to CD20), wil l direct liposomes to malignant cells 

for local and systemic disease. Related efforts include those designed to promote localized drug 

release following passive targeting as well as more specific intracellular delivery and include 

pH-sensitive [96], programmable fusogenic [97] and thermosensitive [98] liposomes. pH-

sensitive liposomes undergo a transition from a bilayer to a non-bilayer (hexagonal) phase that 

can result in loss of encapsulated contents and membrane fusion with nearby cells or 

membranes. This transition, as the name implies, occurs when the liposomes encounter an 

acidic environment, such as that which may be found within tumors or within cellular 

endosomal compartments. Programmable fusogenic liposomes exhibit a time-dependent 

destabilization based on the loss / exchange of liposome-associated PEG-derivatized lipids from 

the membrane surface. Thermosensitive liposomes exhibit membrane phase transition 

temperatures a few degrees above physiological body temperature, and site-specific drug 

accumulation can be triggered through mild heating of a tumor site. The use of multifunctional 

liposomes (illustration shown in Figure 1.7) utilizing a combination of these targeting and. 
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Figure 1.7 

An illustration of a multifunctional liposome 
with multiple targets and triggered release mechanisms 

Gene therapy/ Sterically stabilized 
Antisense PEG lipid 

Cytotoxic agent 
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triggered release technologies may provide a superior approach to treat cancer. 

1.3. Thesis Rationale and Hypotheses 

It is generally accepted that > 30 mol% cholesterol is required to confer the biological 

stability to liposomal drug formulations. However, the addition of cholesterol to liposomes 

composed of gel phase lipids increases the overall permeability of the membrane (at 

temperatures < Tc). Thus, it was hypothesized that liposomes that do not contain cholesterol 

would exhibit improved drug retention attributes for drugs that are rapidly released from 

conventional formulations. It was anticipated that these formulations would be dependent on 

the use of surface stabilizing lipids, such as PEG-lipids, for biological stability. 

Encapsulation of anti-cancer drugs in liposomes has been shown to improve the 

pharmacokinetic and biodistribution attributes of drugs, such as reducing toxicity and improving 

the therapeutic activity. Idarubicin, has improved pharmacological properties as compared to 

other anthracyclines (including reduced cardiac toxicity, less susceptibility to the activity of 

multidrug resistant proteins and pro-drug like characteristics due to its active metabolite), has 

not bee successfully developed as a liposomal formulation in part because of rapid loss from 

liposomes prepared with cholesterol (Pai and Mayer, unpublished observations). It was 

hypothesized that extending the blood circulation lifetimes of idarubicin by liposome 

encapsulation will result in increased therapeutic activity. Moreover, it was anticipated that the 

therapeutic value of liposomal idarubicin would be optimal when used in combination with 

drugs exhibiting non-overlapping toxicities, proven efficacy and complementary mechanisms of 

action. In this respect, combining an agent that targets DNA repair (idarubicin poisons 

topoisomerase II) with and agent, such as gemcitabine, that promotes DNA damage may further 

increase antitumor activity. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1. Materials 

Lipids. l,2-dimyristoyl-5«-glycero-3-phosphatidylcholine (DMPC), 1,2-dipalmitoyl-src-

glycero-3-phosphatidylcholine (DPPC), l,2-distearoyl-s«-glycero-3-phosphatidylcholine 

(DSPC), l,2-diarachidoyl-5n-glycero-3-phosphatidylcholine (DAPC) and 1,2-dibehenoyl-5«-

glycero-3-phosphatidylcholine (DBPC) phospholipids and l,2-dimyristoyl-5«-glycero-3-

phosphatidylethanolamine (DMPE), 1 ̂ -dipalmitoyl-^-glycero-S-phosphatidylethanolamine 

(DPPE) and l,2-distearoyl-.s«-glycero-3-phosphatidylethanolamine (DSPE)-conjugated 

poly(ethylene glycol) lipids (molecular weights 350, 550, 750, 2000 and 5000) were obtained 

from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Cholesterol (CH) was obtained from the 

Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada). 3[H]-cholesteryl hexadecyl ether (CHE) 

(51 Ci / mmole) and 1 4[C]-CHE (50.6 mCi / mmole) were obtained from PerkinElmer, Inc. 

(Boston, MA, USA). 3[H]-DSPE-PEG2ooo was custom synthesized by Northern Lipids Inc. 

(Vancouver, BC, Canada). 14[C]-DPPC (110 mCi / mmole) was purchased from Amersham 

Biosciences (Quebec City, QC, Canada). 

Chemicals. Ethyl alcohol (99.9% v/v) was manufactured by Commercial Alcohols, Inc. 

(Chatham, ON, Canada). HEPES (N-[2-hydroxyethyl] piperazine-N'-[2-ethanesulfonic acid]), 

citric acid, Sephadex G-50 (medium), Sepharose CL-4B beads, OGP (octyl-p-D-

glucopyranoside) detergent, MTT (3-4, 5-dimethylthaizol-2-yl)-2,5-diphenyl tetrazolium 

bromide) reagent, and all other chemicals were obtained from Sigma-Aldrich Canada Ltd. 

(Oakville, ON, Canada). 14[C]-lactose (54.3 mCi / mmole) were obtained from PerkinElmer, 

Inc. (Boston, MA, USA). 14[C]-methylamine hydrochloride (56 mCi / mmole) was obtained 
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from Amersham Biosciences, (Quebec City, QC, Canada). Picofluor-15 and Picofluor-^0 

scintillation fluids were obtained from Packard Bioscience (Groningen, The Netherlands). 

Triton X-100 detergent was purchased from Bio-Rad Laboratories (Richmond, CA, USA). 

Sodium dodecyl sulphate (SDS 10% w/v) detergent was obtained from Gibco BRL (Life 

Technologies, Burlington, ON, Canada). 

Drugs. The anthracyclines idarubicin hydrochloride (10 mg idarubicin; 100 mg lactose; 

MW 533.97; Pharmacia and Upjohn, Boston, MA, USA), epirubicin hydrochloride (50 mg 

epirubicin / 25 ml sodium chloride and sterile water, MW 579.95; Pharmacia and Upjohn, 

Boston, MA, USA), doxorubicin hydrochloride (10 mg doxorubicin and 52.6 mg lactose; MW 

579.99; Faulding, Inc., Montreal, QC, Canada), daunorubicin hydrochloride (20 mg 

daunorubicin, 100 mg mannitol; MW 563.99; Novopharm, Ltd., Toronto, ON, Canada) and 

gemcitabine hydrochloride (200 mg gemcitabine, 200 mg mannitol, 12.5 mg sodium acetate; 

MW 299.5; Eli Lilly Canada, Inc. Toronto, Ontario, Canada) were manufactured by the 

indicated companies and obtained from British Columbia Cancer Agency (Vancouver, BC, 

Canada). 3[H]-gemcitabine (11 Ci / mmole) was obtained from Moravek Biochemicals Inc. 

(Brea, CA, USA). 

Cell Culture. Mouse serum was obtained from Cedarlane (Hornby, Ontario, Canada). 

Dulbecco's modified Eagle's medium (DMEM), RPMI 1640 and Hank's balanced salt solution 

(HBSS) were obtained from StemCell Technologies Inc. (Vancouver, BC, Canada). Fetal 

bovine serum (FBS) was obtained from Hyclone (Logan, UT, USA). L-glutamine and typsin-

ethylenediamminetetraacetic acid (trypsin-EDTA) were purchased from Gibco BRL (Life 

Technologies, Burlington, ON, Canada). Microtitre (96-well) Falcon® plates, culture flasks and 

blood collection tubes containing liquid EDTA were obtained from Becton-Dickinson 
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Biosciences (Mississauga, Ontario, Canada). Microfuge tubes were obtained from VWR (West 

Chester, PA, USA). 

2.2. Liposome Preparation 

Al l liposome formulations were prepared by the extrusion technique [99, 100]. Briefly, 

lipids were dissolved in chloroform and mixed together in a test tube at the indicated mole 

ratios. 3[H]-cholesteryl hexadecyl ether (CHE) was added as a non-exchangeable, non-

metabolizable lipid marker [101, 102]. The chloroform was evaporated under a stream of 

nitrogen gas and the sample was placed under high vacuum overnight to remove residual 

solvent. The lipid films were rehydrated in either citrate (300 mM citric acid, pH 4.0; with pH 

gradient for remote loading) or HBS (HEPES buffered saline, 20 mM HEPES, 150 mM NaCl, 

pH 7.4; no pH gradient) by gentle mixing and heating. Cholesterol-containing formulations 

were subjected to five cycles of freeze (liquid nitrogen) and thaw (65°C) prior to extrusion. The 

newly formed multilamellar vesicles (MLVs) were passed 10 times through an extruding 

apparatus (Northern Lipids Inc., Vancouver, BC, Canada) containing two stacked 100 nm 

Nucleopore® polycarbonate filters (Northern Lipids Inc., Vancouver, BC, Canada). 

2.3 Analytical Methods 

2.3.1. QELS liposome size analysis 

The mean diameter and size distribution of each liposome preparation (prior to addition 

of ethanol or drugs), shown in Figure 2.1, was analyzed by a NICOMP model 270 submicron 

particle sizer (Pacific Scientific, Santa Barbara, CA, USA) operating at 632.8nm, and was 

typically 100 ± 30 nm by volume-weighting. 
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Figure 2.1 

Analysis of mean liposome diameter by quasielastic light scattering 

Mean liposome diameters of 91.7 ± 23.7 nm for DSPC / DSPE-PEG20oo (95:5 mole ratio; A ) and 
99.8 ± 29.0 nm for DSPC / CH / DSPE-PEG20oo (50:45:5 mole ratio; B) liposomes as measured 
by quasi-elastic light scattering using NICOMP submicron particle sizer model 370. Samples 
were diluted in sterile saline, pH 7.4. 
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2.3.2. Trapped volume and lactose retention studies 

To determine the trapped volume, lipids were prepared hydrated in HBS (pH 7.4) 

containing 14[C]-lactose (54.3 mCi / mmole). Following extrusion and sizing, 100 ul aliquots 

were passed down Sephadex G-50 mini spin columns. Trapped volume was determined from 

the following equation: 

Trapped volume = ( A / B ) x (Sample Volume) (1) 
( C / D ) 

A = 14[C]-lactOse dpm eluted from spin column (100 ul of initial sample) 

B = 14[C]-lactose dpm of initial suspension prior to gel filtration / sample volume 

C = 3[H]-CHE dpm eluted (100 ul of initial sample) 

D = specific activity of lipid stock (dpm / umole total lipid) 

For experiments in Chapter 3, lactose release over 48 hour time interval was determined 

following passive encapsulation of 14[C]-lactose liposomes and removal of external lactose by 

size exclusion chromatography, samples (10 mM lipid) were placed in dialysis membrane 

(Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA) in HBS buffer (pH 7.4) and 

solutions were incubated at 37°C. Aliquots were removed at various time points and passed 

down Sephadex G-50 mini spin columns to assess lactose release. 

To determine the percent lactose retained after short incubations in Chapter 5, lipid films 

were hydrated in HBS (pH 7.4) containing tracer quantities of 14[C]-lactose. Following 

extrusion, liposomes were incubated at 40°C with increasing ethanol concentrations (0 - 30% 

v/v) for 60 minutes and 100 ul aliquots were passed down Sephadex G-50 mini spin columns. 

Both lipid and lactose concentrations were determined using specific activity counts of [H]-
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CHE (51 Ci / mmole) and 14[C]-lactose. 

2.3.3. pH gradient determination 

To measure the transmembrane pH gradient in Chapter 5, 14[C]-methylamine was added 

to liposomes containing varying concentrations of ethanol (0, 5, 10, 20, and 30 % v/v) and 

incubated for 60 minutes. Samples were passed down Sephadex G-50 mini spin columns to 

separate liposome-encapsulated 14[C]-methylamine. The pH gradient was calculated as 

previously determined [103] from the following equation: 

ApH = - log [H l + in = - log (CH JS1H_)+ in (2) 
[H ] + out (CH 3 NH 3 )

+ out 

2.3.4. Size exclusion chromatography 

For evaluating the mean diameter and structure of liposomes containing increasing 

concentrations of DSPE-PEG lipids in Chapter 4, DSPC / DSPE-PEG2000 (20 mM lipid) 

liposome formulations were dually radiolabeled with 1 4[C]-CHE and 3[H]-DSPE-PEG20oo and 

passed down a Sepharose CL-4B column (40 ml, 22 cm x 1.5 cm) at a flow rate of 0.5 ml/min. 

3[H]-DSPE-PEG2ooo micelles were passed down the Sepharose CL-4B column as a reference for 

the elution volume of pure micelles. 

2.3.5. Cryo-transmission electron microscopy 

Liposomes were analyzed by cryo-transmission electron microscopy (cryo-TEM) in 

Chapters 3, 4, 5 and 6. Cryo-TEM is a specialized technique used for visualizing aggregate 

structures in surfactant-water solutions. The method employed and interpretation of liposome 
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images has been previously described [104, 105]. The samples were prepared in a controlled 

environment vitrification system (CEVS), a chamber that maintains high humidity (to avoid 

water evaporation) at constant temperature (~ 100 K), as illustrated in Figure 2.2. A drop of the 

liposome solution was placed on a copper grid containing a polymer film and blotted, forming a 

thin aqueous layer on the membrane. The sample was flash frozen in ethane (~ 100 K) allowing 

the film to vitrify, an essential step to prevent crystal formation. The copper grid containing the 

sample was transferred to an electron microscope at liquid nitrogen temperature (—160°C) 

where it was analyzed. The resolution is 4 - 5 nm, thus the lipid bilayer can be distinguished, 

and vesicle diameter is limited to 500 nm lipid aggregates. This method avoids staining, drying 

and chemical fixation in sample preparation and thus minimal artefacts are reported. Two 

examples of known artefacts include osmotic stress and size-sorting, the former occurs when 

solutions of liposomes prepared in buffers containing salt evaporate, invagination occurs and the 

latter occurs following blotting of the copper grid and rearranging of larger aggregates at the 

edge of the perforation whereas smaller aggregates are present in the centre of the perforation. 

Thus special attention must be made during preparation and interpretation of the 2-dimensional 

micrograph from the 3-dimensional vitrified liposome sample, illustrated in Figure 2.3. 

2.3.6. Freeze fracture 

The structure of DSPC liposomes containing increasing concentrations of DSPE-PEG2000 

lipids was analyzed in Chapter 4. Aliquots of each specimen were mixed with glycerol (25% 

v/v) as a cryoprotectant and incubated for 30 min. A small droplet of sample was loaded into 

the well of a Balzers gold freeze fracture specimen holder (BAL-TEC, BU 012 130-T) such that 

the sample protruded 2 mm above the top of the holder. The holder was inverted and plunged 
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Figure 2 . 2 

Cryo-transmission electron microscopy sample preparation stage 

In a climate chamber (maintained a ~ 100 K and high humidity) a drop ofthe liposome solution 
was placed on a copper grid containing a polymer film and blotted. The sample was flash 
frozen in liquid ethane allowing the film to vitrify. The copper grid containing the sample was 
transferred to an electron microscope at liquid nitrogen temperature (— 160 K) where it was 
analyzed. Figure was adapted from Almgren M . et al. [104]. 
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Figure 2.3 

Interpretation of 2-dimensional cryo-TEM images from 3-dimensional samples 

Liposomes and circular disks show differences in 2-dimensional image. Liposomes appear 
spherical (or with faceted edges) with a dense bilayer. Depending on the orientation of the 
circular disks, images appearing "face-on" will be circular without the dense outer member, and 
disks appearing "edge-on" will appear as a dense line as shown in the illustration adapted from 
reference [104]. 

e l e c t r o n r a d i a t i o n 
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into liquid propane (cooled to ~ -160°C with liquid nitrogen). After immersion, specimens were 

transferred to dry liquid nitrogen cooled cryovials and stored in liquid nitrogen. For freeze 

fracture, specimens were loaded onto the freeze fracture specimen table under liquid nitrogen, 

then inserted into a Balzers BAF 060 freeze fracture apparatus equipped with a quartz thin-film 

monitor (BAL-TEC, Balzers, Liechtenstein, Germany), which had been pre-cooled to -170°C. 

Specimens were then warmed to -110°C to -115°C and fractured without etching, followed 

immediately by replication using unidirectional platinum / carbon shadowing at 45 degrees (2.3 

nm) and carbon backing at 90 degrees (2.2 nm). The holders containing the replicated samples 

were removed from the freeze fracture unit, thawed and slid gently into commercial bleach in 

the wells of a porcelain spotting plate. Cleaning required 48 hours in bleach at room 

temperature, with 3 changes of bleach. Replicas were then washed extensively with NANOpure 

water (Barnstead / Thermolyne, Dubuque, IA, USA) mounted on Formvar-coated 100 / hex 

copper grids and viewed at an accelerating voltage of 80 kV in a Hitachi H7600 transmission 

electron microscope (Tokyo, Japan) equipped with an AMT Advantage HR digital CCD camera 

(Advanced Microscopy Techniques Corp., Danvers, MA, USA). 

2.3.7. Drug and liposomal membrane association studies 

The amount of drug associated with liposomes prepared without a pH gradient was 

determined in Chapter 5. These studies were performed to ascertain the effect of drug 

hydrophobicity and the presence of ethanol on drug association with lipid membranes. Based 

on the experimental design, the drug concentration is a collective measurement of drug that has 

equilibrated across the lipid membrane into the aqueous space (or precipitated), drug associated 

with the lipid membrane through partitioning, hydrophobic and electrostatic interactions. In the 
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absence of a pH gradient, it is believed that most of the drug is associated with the membrane, 

although drug precipitation in the aqueous space cannot be disregarded. DSPC / DSPE-PEG2000 

(95:5 mole ratio) and DSPC / CH / DSPE-PEG2000 (50:45:5 mole ratio) liposomes were 

prepared as described in Section 2.2. Lipids were hydrated in HBS, pH 7.4, and passed through 

an extruding apparatus. Drugs (idarubicin, daunorubicin, doxorubicin or epirubicin) and / or 

ethanol were combined with liposomes (5 mM total lipid concentration) at a 0.2 drug-to-lipid 

mole ratio and incubated at 40°C for 60 minutes. 100 ul aliquots were passed down Sephadex 

G-50 mini spin columns (680 X g, 2 min) and both lipid and drug concentrations were measured 

by radioactive counts (TriCarb® Model 1900TR liquid scintillation analyzer, Meriden, CT, 

USA) and an anthracycline extraction assay (section 2.5.2) followed by luminescence 

spectrometer detection, respectively. 

2.3.8. Liposomal plasma protein binding assay 

For in vivo plasma protein binding studies performed in Chapter 4, Balb/c mice were 

administered 165 umole/kg liposomal lipid intravenously in the lateral tail vein. Five minutes 

post-injection, a blood sample was obtained by cardiac puncture. Serum was isolated from 

whole blood by centrifugation for 10 minutes at 1000 X g, after allowing the blood to clot for 30 

minutes. An aliquot of 500 ul plasma was separated by size exclusion chromatography as 

described below. For in vitro plasma protein binding studies, mouse serum (400 ul) and 

liposomes (7 mM lipid; 100 ul) were incubated at 37°C for 10 minutes. The lipid concentration 

was chosen to approximate 100 mg/kg lipid dose in vivo. The flow chart of methods used in 

detennining liposomal plasma protein binding is shown in Figure 2.4. 

Separation by size exclusion chromatography. The samples were separated by size on 
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Figure 2.4 

Flow chart: Separation of liposomes from bulk plasma proteins and quantitation of 
plasma protein adsorbed to liposomes 
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a Sepharose CL-4B column (40 ml, 22 cm x 1.5 cm) with HBS (pH 7.4) at a flow rate of 0.5 

ml/min. The first 8 ml was collected in a graduated cylinder and 0.5 ml fractions collected. 

From each sample, 25 ul was utilized for scintillation counting (to determine lipid 

concentration) and 20 ul for micro BCA assay (to determine protein concentration). This initial 

analysis was performed to discern the lipid and protein peaks to verify that there was complete 

separation between the two peaks. 

Quantification of liposome-bound plasma proteins (PB value). Providing that there 

was good separation between lipid and bulk plasma proteins, 3-5 fractions were pooled from the 

lipid peak. Due to the fact that lipid tends to interfere with many protein assays, a lipid 

extraction was performed to isolate the protein for quantification by micro-bicinchoninic acid 

(BCA) assay as described previously [106]. In brief, 20 ul (in triplicate) of pooled sample was 

measured by liquid scintillation counting to determine the lipid concentration of the pooled 

sample. For lipid extraction 400 ul of cold methanol was added to 100 ul of pooled sample (in 

triplicate) in 1.5 ml microfuge tubes. The samples were vortexed and centrifuged at 9000 X g 

for 3 minutes. A 200 ul aliquot of chloroform was added to the samples followed by vortexing 

and centrifugating at 9000 X g for 3 minutes. A 300 ul aliquot of dH 20 was added to each 

sample, followed by vortexing and centrifuging at 9000 X g for 4 minutes. The upper phase 

was discarded (approximately 700 ul) and 300 ul of methanol was added, the sample was 

subsequently vortexed and centrifuged at 9000 X g for 4 min. Most of the supernatant was 

removed and the residual supernatant was dried down with nitrogen for 2 hours. Protein was 

present as a dry pellet at the bottom of the microfuge tube and resuspended in 110 ul water at 

50°C - 60°C. For protein concentration determination, 110 ul of micro BCA working reagent 

(Pierce, Rockford, IL, USA) was added to each sample and measured at 570 nm on MRX 
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microplate reader (Dynex Technologies, Inc., Chantilly, VA, USA) and compared to a bovine 

serum albumin standard curve. The amount of lipid in the recovered sample was calculated 

from the specific activity. Protein binding values (PB ) were measured as pg protein / umole 

liposomal lipid, values represented average and standard deviations from three experiments. 

Electrophoretic analysis of liposome-bound proteins. Following separation of 

liposomes from bulk plasma proteins and delipidation (lipid extraction / protein precipitation), 

samples were solubilized in SDS-reducing buffer (0.0625 M Tris-HCl, 10% (v/v) glycerol, 2% 

(w/v) SDS, 5% (v/v) P-mercaptoethanol, 0.125% (w/v) bromophenol blue) heated to 95°C, 

cooled and centrifuged. Approximately 0.1 pinole of total lipid was loaded on a SDS-

polyacrylamide gel (PAGE) prepared on a Mini Protean I I electrophoretic apparatus (Bio-Rad 

Laboratories, Richmond, CA, USA). Proteins were visualized by silver staining. Silver stain 

SDS-PAGE molecular weight standards (Bio-Rad Laboratories, Richmond, CA, USA) were 

used to estimate the molecular weights of proteins. 

2.4. Drug Loading 

2.4.1. Remote loading of anthracyclines 

The remote loading procedure has been well characterized for weak bases such as 

anthracyclines [107]. Following hydration of lipid films in citrate (300 m M citric acid; pH 4.0), 

extrusion and size determination, liposomes were passed down a Sephadex G-50 column (10 cm 

x 1.5 cm) equilibrated with HBS (HEPES buffered saline; 20mM HEPES, 150 mM NaCl, pH 

7.4) to exchange the external buffer. The eluted liposomes had a transmembrane pH gradient, 

pH 4.0 inside and pH 7.4 outside. Drugs, and / or ethanol used in Chapter 4 (note that in all 

cases, ethanol was added following drug addition to prevent exposure of liposomes to 
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excessively high ethanol concentrations) were added to the liposome preparation (5 mM total 

lipid concentration) at a 0.2 drug-to-lipid mole ratio at varying incubation temperatures. 

For determination of the rate of drug loading of anthracyclines into liposomes (used in 

Chapters 3 and 4), 100 ul aliquots were added to mini spin columns at 1, 2, 5, 10, 15, 30, 60 and 

120 minutes following remote loading. Spin columns were prepared by adding glass wool to a 1 

cc syringe, followed by adding hydrated Sephadex G-50 beads that were packed by 

centrifugation (680 X g, 2 min). Following addition of the sample to the column, the liposome 

fraction was collected in the void volume (centrifugation 680 X g, 2 min) and both lipid and 

drug content were analyzed. The lipid concentration was determined from the specific activity 

of the 3[H]-CHE radioactive counts and drug concentration was determined by measuring the 

absorbance at 480 nm (HP 8453 UV-visible spectroscopy system, Agilent Technologies Canada, 

Inc., Mississauga, ON, Canada) in a 1% Triton X-100 solution and compared to a standard 

curve. Prior to absorbance analysis, samples were heated in boiling water to the cloud point of 

the detergent and cooled to room temperature. 

2.4.2. Passive loading of gemcitabine 

Gemcitabine hydrochloride (200 mg) was rehydrated in HBS (HEPES buffered saline, 

20 mM HEPES, 150 mM NaCl, pH 7.4) at a concentration of 50 mg/ml. A lipid film (150 

umole lipid) containing trace quantities of 3[H]-CHE radiolabel was prepared (as mentioned in 

section 2.2), and rehydrated with 1.6 ml (214 umole gemcitabine) solution at 40°C for 60 min. 

The samples were passed through an extruding apparatus containing 2 stacked 100 nm 

polycarbonate filters at 65°C. The mean diameter and size distribution of each liposome 

preparation was determined by quasielastic light scattering. Lipid and gemcitabine 
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concentrations were measured to estimate the encapsulation efficiency and final drug-to-lipid 

mole ratio. Lipid concentrations were determined by measuring radioactivity by liquid 

scintillation counting and gemcitabine concentration was determined by absorbance 

spectrophotometry with samples diluted with 10 mM OGP (octyl-P-D-glucopyranoside) 

detergent, measured at 268 nm and compared to a standard curve. 

2.5. Pharmacokinetic Analysis 

2.5.1. Mice 

Balb/c mice breeders, 20-22g, were purchased from Charles River Laboratories (St. 

Constant, QC, Canada) and bred in house. Mice were housed in microisolator cages and given 

free access to food and water. Al l animal studies were conducted according to procedures 

approved by the University of British Columbia's Animal Care Committee and in accordance 

with the current guidelines established by the Canadian Council of Animal Care. 

2.5.2 Plasma elimination of drugs 

The rate of plasma elimination of idarubicin (Chapters 3 and 4 ) and gemcitabine 

containing tracer quantities of3[H]-gemcitabine (Chapter 7) was assessed. Mice were injected 

with 33 umole/kg (18 mg/kg) idarubicin or 16.5 umole/kg (5 mg/kg) gemcitabine administered 

intravenously into the lateral tail vein of Balb/c mice. At various time points up to 4 hours post-

drug administration, blood was collected by tail nick (collected in microfuge tubes) or cardiac 

puncture (collected in liquid EDTA coated tubes), centrifuged at 1000 X g for 10 min to isolate 

the plasma fraction. The plasma was placed in a separate microfuge tube and vortexed to ensure 

a homogenous distribution. 
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The tail nick procedure for obtaining blood samples was used to minimize the number of 

mice sacrificed. In this way, three blood samples could be obtained from a single mouse within 

a 2 4 hour time interval. In brief, the lateral tail vein of mice was nicked with a small sharp 

blade. A 2 5 jul glass pipet, pre-washed with EDTA, was used to withdraw blood. The blood 

was expelled into a microfuge tube containing 2 0 0 u,l of 5 % (w/v) EDTA and thoroughly mixed. 

Blood / EDTA samples were centrifuged for 1 0 minutes at 1 0 0 0 X g. The supernatant was 

transferred to a 1.5 ml microfuge tube. 2 5 0 ui Hank's balanced salt solution (HBSS) was added 

to the pellet, resuspended and centrifuged for 1 0 minutes at 1 0 0 0 X g. The supernatants were 

mixed together. Assuming a 4 8 % haematocrit for a 2 0 gram Balb/c mice [ 1 0 1 ] , approximately 

1 3 (J.1 plasma was obtained from a 2 5 pl blood sample. From the recovered plasma samples, 

aliquots were used to measure drug (and / or lipid) concentrations. 

2.5.3. Plasma elimination of liposomes 

The plasma elimination of liposomes containing tracer quantities of radiolabel ( 3[H]-

CHE or 1 4[C]-CHE) was assessed. When required, samples were concentrated with cross-flow 

cartridges ( 5 0 0 , 0 0 0 MWCO) manufactured by A/G Technology Corp. (Needham, MA, USA) 

prior to i.v. administration. This method, tangential flow dialysis, was also used to remove 

residual ethanol in samples prepared in Chapter 5 . Mice were injected with 1 6 5 p.mole/kg 

liposomal lipid administered intravenously into the lateral tail vein of Balb/c mice. At various 

time points up to 2 4 hours post-drug administration, blood was collected by tail nick (collected 

in microfuge tubes) and cardiac puncture (collected in liquid EDTA coated tubes) and 

centrifuged at 1 0 0 0 X g for 1 0 min to isolate the plasma fraction. Studies assessing two 

radiolabels, 3[H]-CHE and 3[H]-DPPC, were completed and the results demonstrated that the 
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recovered plasma lipid concentrations were not significantly different. 

2.5.4. Plasma elimination of liposomal drugs 

The plasma elimination of liposomal drugs containing doxorubicin, daunorubicin, 

idarubicin, or gemcitabine samples administered intravenously into the lateral tail vein of Balb/c 

female mice was assessed. Mice were injected with 33 umole/kg drug and 165 umole/kg lipid 

(0.2 drug-to-lipid ratio). For liposomal gemcitabine samples, mice were injected with 16.5 

umole/kg gemcitabine (0.1 drug-to-lipid mole ratio). At various time points post-drug 

administration, blood was collected by tail nick or cardiac puncture. Plasma lipid and [FfJ-

gemcitabine were quantified by liquid scintillation counting. Anthracyclines were extracted 

from plasma with a partitioning assay, described in section 2.5.5, followed by fluorescence 

spectrophotometer detection. 

2.5.5. Anthracycline partitioning assay 

Doxorubicin, daunorubicin, epirubicin and idarubicin were extracted from plasma or 

buffer samples with a standard partitioning assay [51], to determine total drug plasma 

concentration including possible metabolites. Briefly, an aliquot of plasma was added to a 16 x 

100 mm test tube and made up to 800 ul with distilled water. Subsequently, 100 ul of both SDS 

and 10 mM H2SO4 were added, vortexed, and followed by the addition of 2 ml of 1:1 

isopropranol / chloroform mixture. Samples were placed in -80°C for 1 hour. A l l tubes were 

equilibrated to room temperature. The bottom organic phase was carefully transferred into a 

clean test tube and samples were measured on an LS 50B luminescence spectrophotometer 

(Perkin-Elmer, Beaconsfield, Buckinghamshire, England) using an excitation wavelength of 480 
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nm (5 nm bandpass) and an emission wavelength of 550 nm (10 nm bandpass). The extraction 

efficiency for plasma samples was > 90%. 

2.5.6 WinNonlin / pharmacokinetic modeling 

The plasma elimination data was modeled using WinNonlin (version 1.5) 

pharmacokinetic software (Pharsight Corporation, Mountain View, CA, USA) to calculate 

pharmacokinetic parameters, listed in Table 2.1. As the plasma elimination data was not 

obtained from a single mouse (i.e., blood samples from 2 mice were required to measure the 

drug and lipid concentrations over a 24 hour time interval) the values were reported as mean 

plasma area under the time versus concentration curve (AUC) without standard deviations, thus 

statistical analysis could not be performed. 

The mean plasma AUC for a defined time interval was determined from the 

concentration versus time curves and subsequent calculation by the standard trapezoidal rule, 

extrapolated to the last time point (Tlast). The drug concentration - time curves were applied to 

a pharmacokinetic (compartmental or non-compartmental) model and the best-fit was chosen. 

For plasma elimination studies in Chapters 4, 6 and 7, data fit a mono-exponential curve 

representing a one compartment model and thus the pharmacokinetic parameters were 

calculated as follows: plasma half-life was calculated from the formula Ti/2 = 0.693 / ke\m> where 

&ei- is derived from the best fit line of the data represented as a semi-log plot (i.e., log drug 

plasma concentration versus time); clearance (CL) was calculated from the equation CL = 

dosej.v. / AUC, where AUC is the area-under-the curve; volume of distribution (Vd) was 

calculated from the formula Vd = dose j v. / Cp, where Cp is the concentration in the plasma at 

time zero. 
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Table 2.1 

Summary of pharmacokinetic parameters 

AUCo-t 

Area-Under-the-Curve of plasma concentration versus time plot from time 
zero to a defined time interval. 

This value is determined by integrating drug concentration in plasma versus 
time. Units: /umole h ml'1 

Tl / 2 

Plasma Half-Life. 

The time required for the drug concentration in plasma to decrease by 50%. 
Units: time (i.e., h). 

v d 

Apparent Volume of Distribution. 

The volume of bodily fluid into which the drug dose is dissolved 

This value is calculated by dividing the dose (mg or mole) by the plasma 
drug concentrations (mg or mole/ unit volume). Units: unit volume (e.g., L 
or ml). 

CI 

Clearance. 

The volume of blood which is completely cleared of drug per unit time. 

This value is calculated by dividing the dose (mg or mole) by the AUC (mg 
or mole h ml"1) or multiplying the V d with (0.693 / T i / 2 ) . Units: volume/ time 
(i.e., ml h'1) 

A U M C o - t 

Area-Under-the-Moment Curve of plasma concentration-time plot from 
time zero to a defined time interval. 

This value is determined by integrating area under the concentration-time 
2 1 

versus time. Units: /umole h ml' 

MRTiast 

Mean Residence Time. The time required for elimination of 63% of the 
injected dose from the plasma. 

Ratio of (AUMCo-t) / (AUC0-t). Units: time (i.e., h) 
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The area-under-the-moment (AUMC) is calculated from the first-moment curve of the 

plasma drug concentration versus time curve, which is the plasma concentration multiplied by 

the corresponding time point and plotted at the same time point [73]. The time constant (or time 

taken to eliminate 63% of the injected dose) is known as the mean residence time (MRT) was 

calculated as MRT = 1 / ke\m = T1/2 / 0.693 = AUMC / AUC. The pharmacokinetic parameters 

AUMC and MRT are based on the statistical moment theory (non-compartmental analysis). 

2.6. Cells and Culture 

2.6.1. Subculturing and trypan blue staining 

P388 wild type and doxorubicin resistant (ADR) cells were obtained from the National 

Cancer Institute tissue repository (Bethesda, Maryland, USA) and were propagated in vivo. In 

brief, one vial of frozen ascites was removed from the nitrogen tank and thawed at 37°C and 

cells were injected i.p. into female BDF-1 mice (6-8 weeks old, 20-22 g, Charles River 

Laboratories, St. Constant, QC, Canada). Tumor-bearing mice were euthanized and a peritoneal 

lavage was performed. With a 1 cc syringe with 20 gauge needle, 0.5 - 1.0 ml of peritoneal 

fluid was removed and aliquoted into a 15 ml falcon tube containing 5 ml of Hank's Balanced 

Salt Solution (HBSS, no calcium or magnesium). A 0.5 ml aliquot was transferred into another 

15 ml conical sterile tube containing 5 ml HBSS. The cells were exposed to plastic culture ware 

(for adherence of monocytes) and Ficoll-Paque density centrifugation (red blood cell removal). 

For cell counting, an aliquot (0.1 ml) of P388 cell suspension was diluted 1:1 with trypan blue 

(2%), stain and counted using the haemocytometer, only cells with > 90% cell viability were 

used for experimentation. For each passage, 2 female BDF-1 mice were injected i.p. with 1 x 

106 cells in 0.5 ml (2 x 106 cells/ml) of P388 cell suspension. This was repeated every 6 - 8 
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days to a maximum of 18 passages. For tissue culture experiments such as MTT cytotoxicity 

assays, P388 cells were obtained following peritoneal lavage and treatment to remove red blood 

cells and peritoneal macrophages. P388 cells were maintained in RPMI culture media 

containing 10% FBS and 1% L-glutamine as a cell suspension in 25 cm 2 culture flasks 

maintained at 37°C in humidified air with 5% CO2 and subcultured by dilution daily for no 

more than one week. 

MDA435/LCC6 wild type and MDRl-transfected are human estrogen receptor negative 

breast cancer cells and were a generous gift from Dr. Robert Clarke (Georgetown University, 

Washington, D.C, USA). Cells were grown as adherent monolayer cultures in 25 cm culture 

flasks in DMEM culture medium supplemented with 10% fetal bovine serum and 1% L-

glutamine. Cells were maintained at 37°C in humidified air with 5% CO2 and were subcultured 

weekly using 0.25% trypsin with 1 mM ethylenediamminetetraacetic acid (EDTA). 

2.6.2. M T T cytotoxicity assay 

In order to assess cytotoxicity the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide) assay was utilized [108]. Cells were counted by trypan blue staining (> 

90% cell viability for experiments) and seeded in 96 well microtiter plates at 1500 cells / 0.1 ml 

diluted in medium. The wells in the perimeter of the 96 well microtiter plates contained 0.2 ml 

sterile water. After 24 hours at 37°C, serial dilutions of drugs (including doxorubicin, 

idarubicin or gemcitabine) were added to the plate (100 pl/well). Control wells consisted of 

media only (200 pl/well), or cells and media (no treatment). There were 6 replicates (per plate) 

for all control and treatment groups. Following 72 hours incubation at 37°C, MTT stock 

solution (5 mg/ml PBS; phosphate buffered saline, pH 7.4) was diluted 1:4 with media and 50 pl 
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was added to each well. Plates were incubated for 4 hours in humidified air with 5% CO2 at 

37°C. The P388 non-adherent cells were spun down for 10 minutes at 1800 RPM. The media 

was aspirated off and 0.15 ml DMSO was added per well and resuspended on a plate shaker (5 -

10 min). The absorbance was measured at 570 nm on a MRX microplate reader (Dynex 

Technologies, Inc., Chantilly, VA, USA). The cytotoxicity upon drug exposure was quantified 

by expressing the percent cell viability for each treatment relative to untreated control cells (% 

control). For multiple drug exposure studies (used in Chapter 7), the drug concentration 

required to inhibit 50% (IC50) and 90% (IC90) of cell growth, was compared between single and 

combination drug treatments. This was further analyzed by the median effect equation of Chou 

and Talalay [109], described in section 2.6.3. 

2.6.3. Calcusyn for analyzing drug combination treatments 

The method of Chou and Talalay was used to distinguish between synergy, antagonism 

and additive effects of combined drug treatments from in vitro MTT cytotoxicity assays. This 

method, now provided in a software package (Calcusyn; Biosoft, Cambridge, UK), derives a 

median effect equation (3) to correlate drug dose and effect. 

fa/fu= (D/Dm)m (3) 

A dose-effect plot is generally a sigmoidal relationship and the above symbols represent 

the following: D, dose of drug; Dm, median effect dose; fa, fraction affected dose; fu, fraction 

unaffected dose and m, an exponent signifying the sigmoidicity of the dose-effect curve. The 

mathematical equation above forms a linear relationship known as the median effect equation 

[109]. 

log (fa/fu) = m log (D) - m log (Dm) (4) 
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Fixed ratio combinations of idarubicin and gemcitabine were initially selected on the 

basis of the IC50 of each drug. It was assumed that idarubicin and gemcitabine have mutually 

exclusive mechanisms of action and thus for two drugs Di and D 2 (doses of drug 1 and 2 when 

used in combination for a specific fractional effect) divided by their D x (dose of drug for a 

specific fractional effect when administered as a single agent), their "combination index" or 

additive effect is equal to 1. 

(D),/(DX), + (D) 2/(DX) 2 = 1 (5) 

Thus synergy was defined by a combination index (CI) of < 1 and antagonism was 

defined as > 1. Data were reported as mean ± S.D. from three separate experiments, performed 

in triplicate. 

2.7. A n i m a l M o d e l s 

2.7.1. E v a l u a t i o n of a n t i t u m o r activity in P388 l y m p h o c y t i c l e u k e m i a m o d e l 

Dose range finding studies of free and liposomal idarubicin (Chapter 6 and 7) and / or 

gemcitabine (Chapter 7) were performed in non-tumor bearing female BDF-1 mice. Mice were 

weighed daily and monitored for signs of stress or toxicity (e.g., lethargy, scruffy coat, and 

ataxia). The maximum tolerable dose (MTD) was defined as the dose that no animal in a given 

group exhibited signs of significant toxicity for 30 days post-drug treatment. 

Efficacy studies were conducted in female BDF-1 mice injected i.p. with 106 P388 cells. 

Treatments commenced 24 hours post tumor cell inoculation. Treatment groups consisted of 

saline (control) and 0.5, 1, 2 and 3 mg/kg doses of free or liposomal idarubicin administered as a 

single i.v. bolus injection and between 100 to 500 mg/kg gemcitabine and 1 to 5 mg/kg 

liposomal gemcitabine (selected on the basis of dose range finding studies). In Chapter 7, fixed 
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dose ratios for combination treatments were defined on the basis of 0.66 MTD [110] when used 

as a single agent. Mice were monitored daily for signs of stress and toxicity as detailed in the 

previous paragraph. Median survival time (MST) and percent weight loss was determined for 

each treatment. Although death was indicated as an end point, animals that showed signs of 

illness due to tumor progression were terminated, and the day of death was recorded as the 

following day. 

2.7.2. Evaluation of antitumor activity in a M D A 4 3 5 / L C C 6 human breast xenograft 

model 

MDA435/LCC6 was established as a novel ascites model from the estrogen receptor 

negative MDA-MB-435 human breast cancer cell line. The cells were isolated from 

exponentially growing MDA-MB-435 cells inoculated in the mammary fat pats of NCr nu/nu 

athymic mice. Cells from a subsequent spontaneous ascites were removed and transplanted i.p. 

into NCr nu/nu athymic mice. The full length human MDR1 cDNA was transduced into 

MDA435/LCC6 cells and selected in the presence of colchicine for 3 months as described 

previously [111]. Both WT and MDRl-transfected MDA435/LCC6 cells were a generous gift 

from Dr. Robert Clarke (Georgetown University, Washington DC, USA) 

Both MDA435/LCC6 WT and MDR1 transfected cell lines were maintained and 

passaged in culture in DMEM medium containing 10% FBS and 1% L-glutamine in incubators 

with humidified air and 5% C O 2 . For in vivo animal model studies, SCID/Rag 2M mice were 

injected i.p. (0.5 ml) with 5 million MDA435/LCC6 WT or MDRl-transfected cells. After 20 -

25 days ascites were removed via peritoneal lavage and placed in 15 ml sterile falcon tube with 

5 ml HBSS (no calcium or magnesium salts). The ascites suspension was further diluted to 25 -
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30 ml in a 50 ml sterile falcon tube. Cell concentration was determined by trypan blue staining 

using a haemocytometer and cells were resuspended in HBSS (following centrifugation) at 

concentration of 40 million cells/ml. Using a 27G needle, 50 u.1 of the cell suspension (2 

million cells) was injected subcutaneously in the back of SCID/Rag 2M mice. When tumors 

were palpable, treatments were administered i.v. and tumors were measured with callipers. 

2.8. Statistical Analysis 

All data values are reported as mean ± standard deviation (S.D.). A standard one-way 

analysis of variance (ANOVA) was used to determine statistically significant differences of the 

means. For multiple comparisons, Post-hoc analysis using the Tukey-Kramer test was 

performed. Survival curves were computed using the Kaplan-Meier method. Long-term 

survivors (survival time > 60 days) were censored, and assigned a survival time of 61 days. 

Treatment groups were subsequently analyzed using SPSS statistics software (SPSS Inc., 

Chicago, IL, USA) and compared using a two sample log-rank test. P < 0.05 was considered 

significant for all statistical tests. 
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CHAPTER 3 

IMPROVED RETENTION OF IDARUBICIN AFTER INTRAVENOUS INJECTION 
OBTAINED FOR CHOLESTEROL-FREE LIPOSOMES* 

3.1 Introduction 

The development of liposomes as effective drug delivery systems was achieved, in part, 

as a consequence of improved properties obtained following incorporation of membrane 

rigidifying agents such as cholesterol. In fact, some of the early research on liposomes as 

delivery systems for i.v. applications demonstrated that the presence of cholesterol (i) enhanced 

retention of entrapped solutes [45, 46, 112-114], (ii) diminished interaction with plasma proteins 

[115, 116], (iii) reduced phospholipid loss by phospholipases and lipoproteins [79, 81, 117], (iv) 

reduced macrophage digestion [94] and (v) maintained membrane fluidity over a wide 

temperature range. It is believed that a combination of these factors collectively yielded lipid 

carriers that were resilient within the biological milieu in terms of both liposome structure 

stability and retention of entrapped solutes. 

Given the progress in liposome technology as a delivery strategy for anti-cancer drugs, 

some may find it surprising that this simple methodology is not applied more generically to 

other cancer drugs. In principle, liposomes must be developed with desirable and controlled 

release properties that are selected on the basis of the drug being entrapped. More specifically, 

the lipid composition of liposomes cannot be viewed in generic terms, where one liposome 

formulation is suitable for all drugs. Rather it is critical for the liposome to be designed around 

the drug of interest. The suitability of a liposome formulation is determined by an iterative 

process that correlates pharmacodynamic behaviour of the encapsulated drug with the plasma 

* Adapted from Dos Santos, N . et al. (2002) Improved retention of idarubicin after intravenous injection obtained for 
cholesterol-free liposomes. Biochimica et Biophysica Acta, 1561: 188-201. 
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elimination and biodistribution behaviour of the liposomal carrier. A critical parameter 

measured in these studies is the in vivo drug release rate that, in turn, is dependent on lipid 

composition. It is well understood that liposomal formulations prepared using zwitterionic 

lipids, such as diacylphosphatidylcholine, and cholesterol are effective as drug carriers, but the 

benefits for a given anti-cancer drug depend on the ability of the carrier to retain drug following 

i.v. administration, and to release it at an appropriate rate. Further, simple changes in 

phospholipid acyl chain length can have dramatic effects on in vivo drug release rates [118]. In 

general, as acyl chain length increases, drug retention increases [119]. There are some drugs, 

however, which are simply not retained well in these phospholipid / cholesterol formulations, 

even when the acyl chain length increases to C22 and the bilayer exhibits gel-to-liquid 

crystalline transitions above 100°C. 

Another solution to improve the retention of certain drugs is based on the preparation of 

liposomes without cholesterol. This has not been explored thoroughly, but there are now 

compelling reasons to consider the potential of cholesterol-free liposomes as carriers. As a 

direct consequence of cholesterol's interactions with phospholipids, the permeability of a 

liposome increases at temperatures below the phase transition temperature of the bulk lipid 

component [47, 120]. Thus, membranes (absent of cholesterol) consisting of gel phase lipids 

(7c > 40°C) will form a more rigid membrane capable of retaining entrapped contents for in 

vivo administration. Additional incorporation of surface stabilizing PEGs will further prevent 

surface-surface interactions and facilitate prolonged circulation lifetimes. To date little is 

known about the application of cholesterol-free liposomes for retention of entrapped solutes and 

these reasons, alone, were sufficient to propose that cholesterol-free liposomes may be relevant 

carriers for hydrophobic agents that are not currently retained in conventional formulations. 
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3.2 Hypothesis 

Liposomes composed of gel phase phospholipids, in particular 

distearoylphosphatidylcholine, and PEG-conjugated lipids wil l have prolonged circulation 

longevity and will be suitable for delivery of a hydrophobic anthracycline, idarubicin. 

3.3 Results 

3.3.1 Circulation longevity of cholesterol-free liposomes 

Given that the pharmacokinetic behaviour of an encapsulated drug wil l be dependent on 

the pharmacokinetic characteristics of the drug carrier, studies were completed to assess 

circulation longevity of various liposome formulations. The cholesterol-free liposome 

formulation composed of DSPC / DSPE-PEG2000 (95:5 mole ratio) was compared with 

cholesterol-containing formulations consisting of DSPC / CH (55:45 mole ratio) and DSPC / 

CH / DSPE-PEG2000 (50:45:5 mole ratio). Each liposome formulation was injected 

intravenously into the lateral tail vein of mice (~ 3.3 pinole / mouse for a 20 g mice) and at 

various time points aliquots of EDTA-treated plasma were analyzed to determine total lipid/ml 

plasma. As shown in Figure 3.1, DSPC liposomes were rapidly eliminated from the circulation 

with less than 6% of the injected dose (< 0.2 pmole/ml plasma) present at 1 hour post-

administration and an estimated mean plasma area under the curve (AUCo-24h) of 2.38 pmole h 

ml" 1. Inclusion of cholesterol into the membrane resulted in a 10-fold increase in the mean 

plasma AUCo-24h; however, at 24 hours post-administration less than 1% ofthe injected dose 

remained in the plasma compartment. Inclusion of 5 mol% DSPE-PEG2000 into the DSPC / CH 

formulation resulted in a 2-fold increase in the mean plasma AUC in comparison to DSPC / CH 
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(55:45 mole ratio), a result which is consistent with other reports demonstrating that 

incorporation of PEG-modified lipids can enhance the circulation lifetime of liposomes [29, 57]. 

Inclusion of 5 mol% DSPE-PEG2000 into DSPC liposomes without cholesterol 

engendered significant increases in circulation lifetimes when compared to DSPC formulations 

without stabilizing lipids. There was a 19-fold increase in mean plasma AUCo-24h> a n d 29% of 

the injected dose was present in the circulation after 24 hours. This result demonstrated that 

poly(ethylene glycol)-conjugated lipids are an essential component of cholesterol-free 

liposomes i f they are to be used as systemically viable drug carriers. It should be noted that the 

data are consistent with results obtained by Woodle et al. who first demonstrated that the 

presence of PEG-conjugated lipids enhanced circulation longevity of liposomes in a manner that 

was independent of lipid composition [57]. 

While characterizing cholesterol-free liposome formulations it was of importance to 

decide which formulation would be optimal for application as a delivery system for a relatively 

hydrophobic anti-cancer agent, such as idarubicin. The influence of 5 mol% PE-PEG on the 

plasma elimination of liposomes containing various acyl chain lengths of phosphatidylcholine; 

DSPC (C18), DPPC (C16) and DMPC (C14) was evaluated. In these studies the acyl chain 

length of the bulk phospholipid (PC) in the lipid bilayer was incorporated with the 

corresponding PE-conjugated PEG containing the same number of carbons in order to ensure 

optimal mixing conditions, however, it is now well established that the short chain (C14 and 

less) PEG-modified PEs, are rapidly exchanged out of liposomal membranes after i.v. 

administration [97, 121]. Thus the effects of PEG-lipid incorporation may be influenced by this 

parameter. 
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Figure 3.1 

Plasma elimination of liposome formulations in Balb/c mice 

Large unilamellar liposomes radiolabeled with 3[H]-cholesteryl hexadecyl ether (CHE) were 
administered intravenously via the dorsal tail vein of female Balb/c mice at a dose of 165 
umole/kg total lipid. Blood was collected at 1, 4 and 24 hours by tail nick and cardiac puncture 
procedures (injected dose = 3.3 pmole lipid / ml plasma). An aliquot of plasma was used to 
determine liposomal lipid content as described in Chapter 2. The liposome formulations 
comprised of DSPC / DSPE-PEG2000 (95:5 mole ratio,*), DSPC / C H / DSPE-PEG2000 (50:45:5 
mole ratio, • ) , DSPC / CH (55:45 mole ratio, O), and DSPC (100 mole ratio, O). Each data 
point represents the average lipid plasma concentration ± S.D. for four mice. 
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Data used to assess the circulation longevity of DSPC, DPPC and DMPC liposomes in 

the absence and presence of 5 mol% PE-PEG2000 is summarized in Figure 3.2. There was no 

significant difference in the circulation longevity between DMPC (100 mole ratio) and DMPC / 

DMPE-PEG2000 (95:5 mole ratio) liposomes; however, as the acyl chain length of the 

phospholipid increased, a more significant difference in circulation longevity between the 

various PCs and PC / PE-PEG2000 (95:5 mole ratio) liposomes was observed. As suggested 

above, differences in the PEG-lipid induced effects on the liposomal systems may be attributed 

to the phase state of the liposomes whereby a more liquid-crystalline phase lipid may facilitate 

rapid exchange of lipid components out of and into the liposomal membrane following i.v. 

injection. For example, it has been demonstrated that egg phosphatidylcholine rapidly 

accumulates cholesterol following i.v. injection [122], therefore the slow plasma elimination 

rate observed for DMPC liposomes (without PEG-modified lipids) may be attributed to the 

accumulation of cholesterol into this formulation and / or to the transfer of the 3[H]-radiolabel to 

lipoproteins. Studies evaluating the retention of 14[C]-lactose indicated that both DMPC and 

DPPC liposomes lost encapsulated contents rapidly in vitro and thus DSPC liposomes were 

utilized in subsequent studies. 

3.3.2 Influence of poly(ethylene glycol) content and molecular weight on cholesterol-free 

liposome circulation longevity 

Previous studies have demonstrated that the elimination rate of cholesterol-containing 

systems decreases following PEG incorporation, a result that is dependent on both PEG content 

and molecular weight [123-125]. As shown in Figures 3.3 and 3.4, variations in PEG-lipid 

66 



Figure 3.2 

Plasma elimination of liposomes prepared using phosphatidylcholine species with varying 
acyl chain lengths in the absence and presence of PE-PEG2000 

Large unilamellar liposomes radiolabeled with 3[H]-cholesteryl hexadecyl ether (CHE) were 
administered intravenously via the dorsal tail vein of female Balb/c mice at an approximate dose 
of 165 umole/kg total lipid. Blood was collected at 1, 4 and 24 hours by tail nick and cardiac 
puncture procedures (injected dose = 3.3 umole lipid / ml plasma). An aliquot of plasma was 
used to determine liposomal lipid content as described in Chapter 2. Liposomes of varying acyl 
chain lengths DMPC / DMPE-PEG2000 (A, squares), DPPC / DPPE-PEG2000 (B, triangles) and 
DSPC / DSPE-PEG2000 (C, circles) in the absence (open symbols) and the presence (closed 
symbols) of 5 mol% PE-PEG2000 were evaluated. Each data point represents the average lipid 
plasma concentration ± S.D. for four mice. 
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Figure 3.3 

Plasma elimination of DSPC liposomes containing increasing mol % PE-PEG2000 

Large unilamellar liposomes radiolabeled with 3[H]-cholesteryl hexadecyl ether (CHE) were 
administered intravenously via the dorsal tail vein of female Balb/c mice at an approximate dose 
of 165 pmole/kg total lipid. Blood was collected at 1, 4 and 24 hours by tail nick and cardiac 
puncture procedures (injected dose = 3.3 pmole l ipid / ml plasma). A n aliquot of plasma was 
used to determine liposomal l ipid content as described in Chapter 2. D S P C liposomes 
containing 2 mo l% (filled circles, dotted line), 5 mo l% (filled circles), 10 m o l % (open circles), 
and 15 m o l % (open circles, dotted line) P E G were evaluated. Each data point represents the 
average total l ipid plasma concentration ± S.D. for four mice. 
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Figure 3.4 

Plasma elimination of DSPC liposomes containing varying molecular weights of 5 mol% 
DSPE-PEG 

Large unilamellar liposomes radiolabeled with 3[H]-cholesteryl hexadecyl ether (CHE) were 
administered intravenously via the dorsal tail vein of female Balb/c mice at an approximate dose 
of 165 pmole/kg total lipid. Blood was collected at 1, 4 and 24 hours by tail nick and cardiac 
puncture procedures (injected dose = 3.3 pmole lipid / ml plasma). An aliquot of plasma was 
used to determine liposomal lipid content as described in Chapter 2. DSPC liposomes 
containing 5 mol% DSPE-PEG where the PEG molecular weight was 750 (open circles, dotted 
line), 2000 (filled circles) and 5000 (open circles, dashed line). Each data point represents the 
average total lipid plasma concentration + S.D. for four mice. 
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content from 2 - 1 5 mol%, and PEG molecular weight, from 750 to 5000, had no significant 

impact on altering the plasma elimination circulation longevity of DSPC liposomes. It should 

be noted that as PEG concentration was increased to levels in excess of 15 mol% in DSPC 

liposomes, the solution became clear indicative of non-liposomal micelles or bilayer disc 

formation [126], a result which is consistent with other reports [29, 127, 128]. 

3.3 .3 Optimal drug loading conditions for idarubicin 

The primary purpose of evaluating the pharmacokinetic behaviour of the cholesterol-free 

liposomes was to determine whether in the absence of cholesterol, the in vivo retention of drugs 

poorly retained by cholesterol-containing formulations could be improved. Since the drug 

retention attributes of anthracycline derivatives may be correlated to their hydrophobicity, the 

DSPC / DSPE-PEG2000 liposome formulation was assessed to enhance the drug retention of the 

hydrophobic anthracycline idarubicin [129]. A liposomal formulation of idarubicin displaying 

enhanced drug circulation lifetimes has not been obtained to date, presumably because the 

idarubicin is rapidly released from cholesterol-containing systems. 

The first step was to establish whether idarubicin could be encapsulated in liposomes. 

The studies described here have used the well-established pH gradient-based loading technique. 

In particular idarubicin was loaded into liposomes exhibiting an approximate 3.5 unit 

transmembrane pH gradient at a 0.2 drug-to-lipid ratio incubated at 37°C and 65°C. As 

indicated in Figure 3.5, idarubicin displayed optimal loading in cholesterol-free liposomes at 

37°C. At this incubation temperature, the accumulation of idarubicin into the liposomes was 

rapid, with > 95% encapsulation observed in 15 minutes, however, the drug loading rate was 

slower than for cholesterol-containing liposomes. At 65°C, a temperature higher than the phase 
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Figure 3.5 

Remote loading of idarubicin into liposome formulations at 37°C and 65°C 

Liposomes (5 m M ) were incubated with 1 m M idarubicin (0.2 drug-to-lipid ratio) at 37°C (A) 
and 65°C (B). A t various time points, 100 ul of the incubating mixture was passed down mini 
Sephadex G-50 spin columns and subsequently analyzed for l ipid and drug concentrations by 
liquid scintillation counting and a standard anthracycline partitioning assay as described in the 
Chapter 2. Drug loading was compared between D S P C / DSPE-PEG2000 (95:5 mole ratio, 
closed circles), D S P C / C H (55:45 mole ratio, open diamonds) and D S P C / C H / D S P E PEG2000 

(50:45:5 mole ratio, filled diamonds) liposome formulations. Each data point represents the 
average umole I D A / umole l ipid ± S.D. for 3 experiments. 
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transition of the liposomes, drug loading was instantaneous for all formulations (100% 

encapsulation efficiency at 1 minute post-drug loading) but idarubicin was rapidly released from 

cholesterol-free liposomes with approximately 25% of the drug remaining in the liposomes 30 

minutes post-drug loading. 

3.3.4 Evaluation of liposomal idarubicin by cryo-transmission electron microscopy 

Previous studies have explored the structure of doxorubicin within liposomes, linking 

the formation of citrate doxorubicin precipitates to improved retention [67]. To assess the 

physical state of encapsulated idarubicin, cryo-transmission electron microscopy (cryo-TEM) 

was used. "Empty" and drug-loaded DSPC / DSPE-PEG2ooo (95:5 mole ratio) liposomes were 

analyzed and the resulting cryo-TEM images have been summarized in Figure 3.6. As shown 

by the representative micrographs in Figures 3.6A and 3.6C, there was an observed difference in 

structure between "empty" cholesterol-free and cholesterol-containing liposomes. DSPC / 

DSPE-PEG2000 (95:5 mole ratio) liposomes have angular surface features whereas DSPC / CH / 

DSPE-PEG2000 (50:45:5 mole ratio) liposomes consisted primarily of smooth and rounded 

membranes. In both cholesterol-free (Figure 3.6B) and cholesterol-containing liposomes 

(Figure 3.6D) with encapsulated idarubicin, a precipitate was evident inside the liposomes, 

resulting in the "coffee bean" structure observed by others for liposomal formulations of 

doxorubicin. Although these cryo-TEM images do not eliminate the possibility of idarubicin's 

interaction with the lipid membrane, it can be concluded that both cholesterol-containing and 

cholesterol-free formulations have some of the entrapped idarubicin present as a precipitate in 

the aqueous core of the liposome. 
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Figure 3.6 

Cryo-transmission electron micrographs of "empty" and idarubicin-containing 
cholesterol-free and cholesterol-containing liposomes 

DSPC / DSPE-PEG2000 (95:5 mole ratio, A, B) and DSPC / CH / DSPE-PEG2000 (50:45:5 mole 
ratio, C, D) liposomes were prepared and cryo-transmission electron micrographs were obtained 
after establishment of a transmembrane pH gradient, but prior to drug loading. Cryo-
transmission electron micrographs of idarubicin-loaded liposomes demonstrated precipitation 
(see arrows) of idarubicin in cholesterol-free (B) and cholesterol-containing liposomes (D). Bar 
represents 100 nm. 
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3 .3 .5 Pharmacokinetic analysis of liposomal idarubicin 

Pharmacokinetic studies were performed to determine the idarubicin retention attributes 

of the cholesterol-free formulation in vivo. Liposomes were prepared at a 0.2 drug-to-lipid 

mole ratio and subsequently injected i.v. in Balb/c mice at a dose of 165 pmole/kg lipid and 33 

pmole/kg idarubicin. The plasma elimination profile of idarubicin and lipid, as well as the 

calculated drug-to-lipid ratio in the plasma compartment are shown in Figure 3.7. In the 

absence of a drug carrier, idarubicin was rapidly eliminated with < 3% of the injected dose 

present after 15 minutes. This is in sharp contrast to the results obtained when idarubicin was 

administered encapsulated in DSPC / DSPE-PEG2000 (95:5 mole ratio). The mean plasma 

AUCo-4h for free idarubicin was 0.04 pmole h ml"1 in comparison to 1.97 pmole h ml"1 for 

cholesterol-free liposomes. The greatest retention of idarubicin was achieved using cholesterol-

free liposomes, resulting in a mean plasma AUCr>4h that was 66-fold higher than free idarubicin. 

The lipid elimination profiles were consistent with the total lipid plasma concentrations shown 

in Figures 3.1 and 3.2 suggesting that unlike vincristine and doxorubicin [16, 51], idarubicin 

encapsulation did not cause a significant change in liposome elimination. The calculated 

changes in drug-to-lipid ratios indicate that the drug retention attributes of the cholesterol-free 

formulation is the best, and the data support the contention that cholesterol-free liposomes 

provide a format to be used to deliver drugs not well retained in cholesterol-containing 

liposomes. 

3.4 Discussion 

These studies have focused on cholesterol-free liposome delivery systems, with the aim 

of establishing their utility for delivery of hydrophobic drugs, such as idarubicin. Prior to 
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Figure 3.7 

Plasma elimination of liposomal idarubicin following i.v. injection of cholesterol-free and 
cholesterol-containing liposomes 

Large unilamellar liposomes radiolabeled with [3H]-cholesteryl hexadecyl ether (CHE) were 
administered intravenously via the dorsal tail vein of female Balb/c mice at an approximate dose 
of 165 pmole/kg total lipid and 33 pmole/kg idarubicin. Blood was collected at 0.25, 0.5, 1, 2 
and 4 hours post-drug administration. Plasma was prepared and aliquots were assayed for lipid 
and idarubicin concentration as described in Chapter 2. Prolonged circulation longevity of 
idarubicin was observed in DSPC / DSPE-PEG2000 (95:5 mole ratio, filled circles) in 
comparison to DSPC / CH / DSPE-PEG2000 (50:45:5 mole ratio, filled diamonds), DSPC / CH 
(55:45 mole ratio, open diamonds), and free idarubicin (open squares). Each data point 
represents the average drug / lipid plasma concentration ± S.D. for four mice. 
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establishment of liposome formulations designed for drug delivery applications [79, 85, 113, 

130], cholesterol-free vesicles were the standard model for biological membranes. Thus there is 

a great deal of existing literature on the in vitro physical and chemical properties of liposomes 

prepared without cholesterol. This existing literature provides a solid foundation on which to 

support the development of cholesterol-free liposomes as intravenous delivery systems. Despite 

extensive studies of cholesterol-free formulations, there has been little emphasis on their 

application as drug carriers other than DPPC lipid compositions used for thermosensitive 

formulations [131-133]. Others have focused on the physicochemical and biological attributes 

of cholesterol-free liposomes including phase transition temperature determination by 

differential scanning calorimetry [128], x-ray diffraction [134], and protein binding [135, 136], 

permeability [137] and pharmacokinetic studies [55, 123]. Collectively these studies provide 

conclusive evidence that cholesterol-free liposomes have distinct properties that may be 

beneficial for drug carriers. 

However when this information has been applied to drugs, such as doxorubicin, the 

cholesterol-free formulation, even when stabilized by PEG-lipid incorporation, exhibit poor 

drug retention when compared to cholesterol-containing formulations [133]. It is believed that 

this is due, in part, to the chemical attributes of the drug used and the phase transition 

temperature of DPPC (7c ~ 41 °C). For a temperature sensitive carrier, it may be advantageous 

to select lipids that have a characteristic 7c just above body temperature considering that lipids 

become more permeable near their phase transition temperature. Therefore selection of lipids 

with a higher Tc than 40°C may facilitate greater retention of entrapped solutes. This report 

provides evidence that cholesterol-free liposomes can exhibit improved drug retention attributes, 

thus providing the opportunity to develop such formulations for drugs that are poorly retained in 
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cholesterol-containing liposomes. 

Within the context of this chapter, a direct comparison of cholesterol-free DSPC / 

DSPE-PEG2000 (95:5 mole ratio) liposomes with other successful drug carrier formulations 

including conventional DSPC / CH (55:45 mole ratio) and sterically stabilized DSPC / CH / 

DSPE-PEG2000 (50:45:5 mole ratio) liposomes is provided. There are two important 

observations pertaining to cholesterol-free liposomes that warrant further discussion. First and 

foremost, PEG is an essential component of cholesterol-free liposomes. Its presence engenders 

enhanced circulation longevity, apparently in a manner that is independent of PEG 

concentration and molecular weight. Secondly, idarubicin encapsulated in cholesterol-free 

liposomes demonstrated greater retention in vivo, independent of the formation of a precipitate 

structure within liposomes. 

The results indicate that DSPC / DSPE-PEG2000 (95:5 mole ratio) liposomes exhibit 

circulation lifetimes comparable to sterically stabilized liposome formulations (DSPC / CH / 

DSPE-PEG2000; 50:45:5 mole ratio). Woodle et al. have also demonstrated that PEG-PE / PC / 

CH (1:10:5 mole ratio) and PEG-PE / PC (0.15:0.85 mole ratio) liposomes exhibited similar 

circulation lifetimes, with circulation half-lives of 15.8 h and 14.9 h, respectively [57]. In the 

absence of surface-grafted PEGs, cholesterol-free DSPC liposomes were rapidly eliminated, an 

observation that is likely due to either protein binding or liposome aggregation. As noted during 

the course of these studies, both DPPC and DSPC liposomes aggregate rapidly when cooled to a 

temperature below the 7c of the acyl chain. In fact, in order to investigate the properties of pure 

PC systems, at least 0.5 mol% PE-PEG2000 is required (for further analysis refer to Chapter 4). 

Importantly, the circulation longevity of cholesterol-free DSPC / DSPE-PEG2000 liposomes 

following i.v. administration was not influenced by the amount of PEG-modified lipid ( 2 - 1 5 
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mol%), or the PEG molecular weight (750 - 5000). This is in contrast to previous studies 

investigating cholesterol-containing liposomes where PEG content and molecular weight are 

important considerations when optimizing the circulation lifetime of these liposomes [125, 138]. 

Several investigators have demonstrated that cholesterol is required to maintain stability 

of liposomes in the plasma compartment [79, 85, 113, 139]. Many of these studies were 

completed with small unilamellar liposomes prepared using lipids that exhibited a 7c below 

37°C, and thus were likely in a fluid phase when injected into mammals. Bedu-Addo et al. and 

others have demonstrated that cholesterol-free liposomes exhibit a phase transition temperature 

[128], but this transition broadens and becomes difficult to measure when the cholesterol level 

increases [140]. Heating liposomes prepared of defined acyl length PCs above the phase 

transition temperature and subsequently cooling them below the Tc causes membrane defects 

(grain boundaries) to form. The appearance of defects is clearly evident in the cryo-TEM 

shown in Figure 3.6 and these membrane defects are believed to be the source of non-specific 

protein binding [139] which, in turn, may define whether the carrier is recognized by the cells of 

the MPS system. Addition of surface stabilizing compounds such as PEG may shield these 

defects from recognition by plasma proteins, rendering them more stable than liposomes 

composed exclusively of saturated phospholipids. An inherent attribute of such a conclusion is 

that pure PC liposomes may display reduced protein binding attributes provided that the 

membrane defects are shielded by PEGs. The results suggest that this can be achieved for a 

broad range of PEG molecular weight species and surface grafting densities. 

The entrapment of idarubicin into cholesterol-free DSPC / DSPE-PEG2000 liposomes 

with an established pH gradient proved to be as effective with cholesterol-free liposomes when 

compared to cholesterol-containing formulations. As expected, however, the drug loading 
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attributes of the cholesterol-free formulation were more dependent on the temperature used for 

loading and idarubicin could not be encapsulated at 65°C in cholesterol-free liposomes, a 

temperature higher than its phase transition temperature. Similarly, Unezaki et al. loaded 

thermosensitive (cholesterol-free) DSPC / .DPPC / DSPE-PEG (9:1:0.61 mole ratio) liposomes 

with doxorubicin by the remote loading procedure at 60°C for 10 minutes and only achieved 

65% encapsulation efficiency [133]. Reduced loading may be a consequence of membrane 

destabilization at temperatures above the 7c of the bulk membrane component. 

The studies demonstrated that > 95% of idarubicin was loaded into the PEG-PE 

stabilized DSPC liposomes at 37°C. The ability to load idarubicin into liposomes at a lower 

temperature than the phase transition temperature may be directly attributed to idarubicin's 

hydrophobicity [141]. Consistent with cholesterol-containing liposomes, drug loading for the 

cholesterol-free liposomes is dependent on liposome composition as well as the specific 

physicochemical properties of the drug being used. Importantly, the cholesterol-free 

formulations may be particularly well suited for the more hydrophobic drugs. 

Upon drug loading, cryo-TEM images indicated that idarubicin was present in a 

precipitated form. This observation is consistent with other anthracyclines that have been 

encapsulated in liposomes by loading methods relying on the use of citrate or ammonium sulfate 

[70]. It is interesting that Gallois et al. have specifically studied idarubicin's interaction with 

phospholipid membranes concluding that idarubicin embeds within the bilayer forming a 

complex with phosphatidic acid and cholesterol [142]. Considering that neither cholesterol nor 

phosphatidic acid were present within the liposomes, the remote loading procedure allows 

idarubicin to be present at concentrations high enough for the anthracyclines to stack and self-

associate [67]. Self-association may be more energetically favourable than interactions 

79 



dependent on membrane partitioning, although the membrane partitioning behaviour of 

idarubicin may play a direct role in enhancing the drug retention attributes observed here for 

DSPC / PE-PEG formulations. As shown clearly in Figure 3.6, idarubicin was present in a 

precipitated form within cholesterol-containing liposomes, as well as cholesterol-free liposomes. 

This result suggests that enhanced retention within cholesterol-free liposomes was not solely a 

consequence of precipitate formation. The studies demonstrated that membrane composition 

also governs drug release kinetics, which is believed to be the most important factor governing 

the release characteristics of a liposomally-encapsulated drug. 

As modeled in Figure 3.8, the release of entrapped idarubicin (present in both free and 

precipitated forms) from the aqueous core of a liposome to the external environment is 

dependent on the partitioning behaviour of the drug. This, in turn, is dependent on pH, 

membrane surface charge and the chemical attributes of the lipid acyl chains. Although the 

initial rationale for employing cholesterol-free liposomes for retention was simple, the model 

suggests that release due to the interaction of the drug with components of the liposome is 

complex. For example, the chemical reaction used to prepare PEG-modified phospholipids 

results in the generation of an anionic lipid from a zwitterionic lipid. The presence of this 

charged lipid wil l influence drug release properties, as noted by others [37], and this is 

presumably due to enhanced partitioning of the encapsulated drug. Drug partitioning behaviour 

wil l be dependent on a number of processes which are dictated, in part, by the equilibrium 

between protonated and unprotonated drug forms as they transfer from the precipitated complex 

trapped in the core ofthe liposome through the bilayer interface and the bilayer itself. Note that 

even though the unprotonated form of the drug will cross the membrane faster than the 

protonated form, there is evidence to suggest that the protonated form of a drug can cross the 

80 



Figure 3.8 

Membrane partitioning of drugs encapsulated in liposomes through use of pH gradients 
and formation of a crystalline precipitate 

Idarubicin (IDA), protonated (BH+) and unprotonated (B) forms, are present in a dynamic 
equilibrium as they transfer from the precipitated complex trapped in the aqueous core of the 
liposome, through the bilayer interface and the bilayer itself. The release of IDA is dependent 
on the partitioning behaviour of the drug, which is dependent on pH, membrane surface charge, 
and the chemical attributes of the lipid acyl chains. It is assumed that the rate limiting step in 
drug release is governed by permeation through the membrane rather than dissolution of the 
drug precipitate. 
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lipid bilayer [143]. Although the degree of partitioning of idarubicin within cholesterol-free and 

cholesterol-containing liposomes was not investigated in this chapter (refer to Chapter 5), it is 

believed that membrane interactions are the most critical determinant of drug release. 

Woodle et al. hypothesized that by adding PEG to a membrane, one could eliminate the 

requirement of lipids with high phase transition temperature to allow greater control of leakage 

rates and other important bilayer properties [57]. Removing cholesterol from the membrane 

may facilitate even greater flexibility and control of drug leakage rates, when combined with the 

stabilization effects of PEGs. 

In conclusion, it was demonstrated that cholesterol-free liposomes with surface-grafted 

PEG may have unforeseen advantages over cholesterol-containing formulations. Inclusion of 

surface-stabilizing components such as PEG eliminates the requirement of cholesterol within a 

membrane that exhibits very different drug release properties. In this case, enhanced retention 

of idarubicin was achieved. 
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CHAPTER 4 

INFLUENCE OF POLY(ETHYLENE GLYCOL) GRAFTING DENSITY AND 
POLYMER LENGTH ON CHOLESTEROL-FREE LIPOSOMES: RELATING 

PLASMA CIRCULATION LIFETIMES TO PROTEIN BINDING 

4.1. Introduction 

When considering the development of liposomal drug delivery technology two factors 

are worth further consideration. First, it has been established that the presence of certain 

encapsulated drugs (e.g., clondronate, doxorubicin, vincristine) can have a toxic effect on cells 

of the MPS, leading to dramatic increases in liposome circulation longevity regardless of the 

presence of surface-grafted PEG's [50, 144]. Second, the functional role of incorporated PEG-

lipids and cholesterol has not been clearly delineated. In this context, both lipids have been 

categorized as "stabilizing" components. Stabilization refers to retention of encapsulated 

contents, prevention of protein binding following intravenous injection, as well as an associated 

increase in plasma circulation lifetime. In total, these attributes can help to achieve maximum 

delivery of encapsulated contents to disease sites that exhibit poorly formed or "leaky" blood 

vessel structures, as is observed in sites of tumor growth. 

The focus of studies encompassed in this thesis is on the use of lipid-based carriers to 

deliver encapsulated chemotherapeutic agents to tumor sites, but as noted in Chapter 3, this 

work has questioned the role that cholesterol plays in the development of therapeutically 

interesting formulations of certain drugs, such as idarubicin. As demonstrated in Chapter 3, 

liposomes prepared with gel phase lipids such as DSPC (Tc = 55°C) and surface stabilizing 

PEG-conjugated lipids have long plasma circulation lifetimes, essentially identical to sterically 

stabilized cholesterol-containing liposomes. Further, removal of cholesterol was associated 

with dramatic improvements in retention of the hydrophobic anthracycline idarubicin. These 
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data clearly indicate that stable liposomal formulations can be designed without added 

cholesterol. Importantly the pharmaceutical viability of these cholesterol-free formulations 

appears to be much more dependent on the presence of surface-grafted PEGs. 

The mechanistic role of PEG-conjugated lipids in liposomes designed for systemic drug 

delivery has not been fully elucidated. There are a number of plausible hypotheses to explain 

PEG's role in prolonging blood residence times of liposomes; the most widely acknowledged is 

PEG's role in steric stabilization [41, 127, 134, 145]. The most compelling evidence for this 

hypothesis included measurements of the repulsive pressure in lipid membranes with and 

without polymers that demonstrated that there was a larger interbilayer spacing (4 nm) in 

membranes containing polymers as compared to unmodified bilayers [146]. Kenworthy et al. 

analyzed electron density profiles to show the distance between apposing DSPC / DSPE-PEG 

lipid bilayers as a function of concentration of PEG-lipid in bilayer and size of the grafted PEG 

chain. The extension of the PEG chain from the bilayer surface was 10, 28, 60 and 100 

angstroms for PEG molecular weights 350, 750, 2000 and 5000, respectively [134]. It is 

believed that steric stabilization can lead to reductions in liposome aggregation events [54, 147] 

and plasma protein adsorption [136, 148]. 

In view of PEG's behaviour in lipid membranes, the optimal amount of PEG to be 

incorporated to protect or shield the entire surface area of liposomes can be predicted. It is 

interesting, however, that optimal amounts of PEG-lipid incorporation have typically been 

defined empirically and optimal concentrations appear to be highly dependent on liposomal 

lipid composition. Based on calculated surface coverage estimations for DSPE-PEG (molecular 

weight 2000) for 100 nm liposomes, the recommended amount of this polymer is 5 mol% [17, 

42, 135]. However, given the known and anticipated effects of PEG on encapsulation of drugs 
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and the pharmacokinetic behaviour of the lipid carriers, both PEG molecular weight and 

grafting density must be optimized when designing a specific drug carrier. 

It should also be recognized that most evidence for reduction of protein binding has been 

observed when PEG is grafted on solid surfaces or biomaterials such as artificial organs, limbs, 

contact and intraocular lenses for humans [149]. Further, there has been a growing body of 

evidence suggesting that PEG engrafted on liposome surfaces can reduce specific protein 

interactions [150, 151], while having little impact on total plasma protein binding. In view of 

these recent findings, the purpose of the research summarized in this chapter was to understand 

the role of PEG-lipid incorporation into cholesterol-free liposomes in terms of surface-surface 

interactions including self-association (aggregation) and plasma protein adsorption, and in turn, 

how these interactions may influence the elimination rate of these liposomes. 

4 .2 . Hypothesis 

It is hypothesized that increases in the circulation longevity of PEG-engrafted 

cholesterol-free liposomes can be attributed to PEG's role in inhibiting surface-surface 

interactions that engender aggregation of liposomes. It is anticipated that this effect would be 

accentuated in cholesterol-free liposomes in part because of the inherent tendency of these 

formulations to self-associate and due to differences in the PEG anchors existing in a mobile 

versus an immobile phase. 
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4.3. Results 

4.3.1. Effect of DSPE-PEG2000 grafting density on plasma circulation longevity of 

liposomes 

Data presented in chapter 3 (Figure 3.3) suggested that there was no significant 

difference in the circulation longevity of DSPC liposomes prepared with 2 - 1 0 mol% PEG-

lipids (molecular weight 2000), yet previous studies have suggested that at least 5 mol% of the 

PEG-modified lipid is required to provide optimal surface protection for a 100 nm liposome [17, 

42, 135]. Pharmacokinetic studies were performed as a functional test for assessing the minimal 

amount of surface-grafted PEG required to achieve enhanced circulation lifetimes in vivo. 

DSPC cholesterol-free liposomes were prepared with varying concentrations of PEG-conjugated 

to DSPE (DSPE-PEG2ooo)- Samples were injected into the lateral tail vein of female Balb/c 

mice at a dose of 165 pmole/kg (approximately 100 mg/kg). At 1, 4 and 24 hours, blood was 

collected by either tail nick or cardiac puncture and plasma was analyzed for liposomal lipid as 

described in the Chapter 2. 

The results, summarized in Figure 4.1, indicate that PEG grafting densities as low as 0.5 

mol% could significantly enhance liposome circulation longevity. The mean plasma area-

under-the-curve (AUCo-24h) was 5.6-fold higher for these liposomes when compared to 100 

mol% DSPC liposomes. This effect could be attributed to the ability of low levels of DSPE-

PEG2000 to prevent aggregation / self-association of the DSPC liposomes after the extrusion. 

Further increases in mean plasma AUCo-24h were observed as the DSPE-PEG2000 concentration 

increased and these values plateaued for liposomes prepared with 2 and 5 mol% DSPE-PEG2000, 

which exhibited a mean plasma AUC0-24h of 41.3 and 45.8 pmole h ml" 1, respectively. The 

percent of injected lipid dose remaining 24 hours post-injection was 30%, 26%, 18% and 13% 
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Figure 4.1 

The effect of DSPE-PEG2000 grafting density on the plasma elimination of cholesterol-free 
liposomes 

Liposome formulations composed of DSPC and varying amount of DSPE-PEG-conjugated 
lipids (MW 2000); 0 mol% ( • ) , 0.5 mol% ( V ) , 1 mol% ( A ) , 2 mol% (O), and 5 mol% (O) 
were administered as a single i.v. bolus injection of 165 umole/kg total lipid (~ 100 mg/kg, 
injected dose = 3.3 umole lipid / ml plasma) in female Balb/c mice. Plasma concentrations of 
liposomal lipid were measured as described in Chapter 2, using radiolabeled 3[H]-CHE as a non-
exchangeable non-metabolizable liposome marker. Each data point represents the average total 
lipid plasma concentration ± S.D. of 3 mice. 
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for liposomes containing 5, 2, 1 and 0.5 mol% DSPE-PEG2000, respectively. Al l of these values 

were significantly higher than those observed for liposomes prepared in the absence of added 

DSPE-PEG20oo. 

4.3.2. Factors limiting the amount of diacylphosphatidylethanolamine-conjugated 

poly(ethylene glycol) lipid incorporation into D S P C liposomes 

Although the studies presented in Figure 4.1 suggest that DSPE-PEG2000 incorporation at 

levels of 2 mol% is sufficient to achieve enhanced circulation lifetimes, it was important to 

determine what factors may limit the amount of PEG-lipid incorporation in these cholesterol-

free liposomes. The effect of PEG lipid incorporation on liposome vesicle diameter and 

structure was determined by quasielastic light scattering (QELS) and freeze fracture analysis; as 

summarized in Figure 4.2. In the absence of DSPE-PEG2000, there was a time dependent 

increase in vesicle size over a time course of 30 minutes following extrusion. These liposomes 

were prepared at 65°C and were diluted in saline at room temperature. Even when working as 

rapidly as possible, the liposome size determined within minutes of extrusion, was greater than 

the expected 100 nm size range. The aggregation was immediate as indicated by a mean vesicle 

diameter at 1 minute post extrusion of 164.7 ± 96 nm (chi-squared 0.435) (Figure 4.2A). The 

vesicle size increased to 263.8 ± 216.9 nm (chi-squared 2.990, suggestive of a multimodal size 

distribution) after 32 minutes. When these liposomes were heated to 65°C, the vesicle size 

returned to mean diameters between 100 - 200 nm, suggesting that aggregation / self 

association, and not fusion, caused the increase vesicle size. A representative freeze fracture 

electron micrograph of DSPC liposomes (Figure 4.2C) supports the conclusion that vesicle-

vesicle association occurs in the preparations that lack DSPE-PEG2000 DSPC liposomes 
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Figure 4.2 

The effect of PEG-lipid concentration on liposome size as determined by QELS and freeze-
fracture analysis 

(A) The vesicle diameter (bars represent standard deviation of population) of DSPC liposomes 
following extrusion through 2 stacked 100 nm polycarbonate filters was measured by QELS 
analysis over a 30 minute time course. (B) The effect of DSPE-PEG2000 on the vesicle diameter 
of DSPC liposomes. The size of DSPC liposomes containing 2, 5 and 15 mol% DSPE-PEG2000 
was determined by QELS analysis (bars represent standard deviation of population). Liposomes 
containing 15 mol% DSPE-PEG2000 exhibited a bimodal distribution with % of total liposome 
population indicated in parentheses. (C) Freeze-fracture micrographs of DSPC cholesterol-free 
liposomes composed of 0 - 15 mol% DSPE-PEG2ooo- The freeze fracture technique is outlined 
in Chapter 2. Bar indicates 100 nm. 
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containing 2 and 5 mol% DSPE-PEG2000 exhibited mean diameters of between 95 and 100 nm 

(with a standard deviation of > 20% and a chi-squared value of 0.250 indicative of a unimodal 

vesicle population) (Figure 4.2B). The size of these liposomes was confirmed by freeze fracture 

analysis (Figure 4.2C). 

When DSPC liposomes were prepared with 15 mol% DSPE-PEG2000, QELS analysis 

indicated a bimodal distribution with structures exhibiting a mean diameter of 40 nm (54% of 

the liposome population) and 125 nm (46% ofthe liposome population). The existence ofthe 

smaller vesicle population represents bilayers disks and / or mixed micelles and is consistent 

with the bilayer destabilizing effects of PEG-modified lipids. Freeze fracture electron 

micrographs of these formulations (Figure 4.2D) suggest that there were fewer liposomes 

present within a given fracture plane when compared to samples prepared from liposomes 

composed of 2 and 5 mol% DSPE-PEG2000 (note that all samples were prepared with 10 mM 

total lipid concentration). Previous studies have indicated that it is difficult to distinguish 

micelles by freeze fracture techniques due to the lack of a fraction plane between an inner and 

outer leaflet which comprises the lipid bilayer [152]. 

To further assess whether the presence of DSPE-PEG2000 at levels in excess of 5 mol% 

led to the formation of mixed micelles, DSPC liposomal formulations composed of 5 - 20 mol% 

DSPE-PEG2000 were analyzed by size exclusion chromatography. The elution profiles were 

compared to those observed using 100 nm DSPC / cholesterol liposomes and to pure DSPE-

PEG2000 micelles. For size exclusion chromatography studies (Figure 4.3), dual-labelled DSPC 

liposomes with increasing levels of DSPE-PEG2000 were passed down a Sepharose CL-4B 

column at a flow rate of 0.5 ml/min. One peak eluted between 24 - 30 ml for liposomes 

composed of 5 mol% PEG, the same elution profile observed for control DSPC / cholesterol 
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Figure 4.3 

Size exclusion chromatography analysis of DSPC liposomes prepared with 5-20 mol% 
DSPE-PEG2000 

DSPC liposomes (20 mM lipid) containing 5 - 20 mol% DSPE-PEG20oo were dual radiolabeled 
with tracer quantities of 1 4[C]-CHE and T[H]-DSPE-PEG200o were prepared and subsequently 
passed down a Sepharose CL-4B column (40 ml, 22 cm x 1.5 cm) at a flow rate of 0.5 ml/min. 
The formulations containing varying amounts of PEG conjugated lipids are indicated by the 
following symbols, 5 mol% (•), 10 mol% (O), 15 mol% (A), 20 mol% (•). 3[H]-DSPE-
PEG2000 micelles were passed down the column as a control (•). Inset: Representative cryo-
transmission electron micrographs of mixed micelles composed of DSPC and 10 or 20 mol% 
DSPE-PEG2ooo- Bar represents 100 nm. 

Elution Volume (ml) 
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liposomes. For formulations containing 10 mol% DSPE-PEG2000 the bulk of the lipid eluted 

between 24 - 30 ml (consistent with liposomes), however there was significant tailing in the 

elution profile. This tailing was augmented as the amount of DSPE-PEG2000 increased and 

appeared as a distinct peak in fraction 32 - 35 ml for those formulations prepared using 20 

mol% DSPE-PEG2ooo- It should be noted that the second peak was distinct from that observed 

when using pure PEG micelles, which eluted in fractions 48 - 62 ml. For all elution peaks, both 

3[H]-PEG-lipids and 1 4[C]-CHE were present, indicating that all liposome populations 

represented by the different elution peaks contained both the bulk phospholipids and PEG 

components. 

To further characterize the mixed micelle peak present in DSPC liposomes prepared 

using 10 and 20 mol% DSPE-PEG2000, cryo-transmission electron micrographs of these samples 

were prepared. Representative micrographs of DSPC liposomes prepared with 10 mol% and 20 

mol% DSPE-PEG2000 (Figure 4.3 inset) indicated that small structures were present. In 

particular, bilayer disks (indicated by many "edge on" orientations) were evident as described 

previously by Edwards et al. for cholesterol-containing systems [126] and Ickenstein et al. for 

cholesterol-free systems [153]. Taken together, these studies indicate that DSPC liposomes, 

incorporating between 2 - 5 mol% DSPE-PEG2000, can form stable preparations that exhibit 

extended circulation lifetimes. Bilayers disks or mixed micelles were present when the amount 

of DSPE-PEG2000 was equal to or greater than 10 mol%. 

4.3.3. Effect of PEG molecular weight on the circulation longevity of DSPC liposomes 

containing 5 and 2 mol% PEG-modified lipid 

It is known that the liposome surface coverage is dependent on both the PEG 
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concentration and polymer length (molecular weight). Results shown in Figure 4.1 indicated 

that 2 mol% DSPE-PEG2000 was sufficient to achieve increased circulation longevity for 

cholesterol-free liposomes prepared with DSPC, a grafting density that is less than what has 

been suggested as optimal for cholesterol-free liposomes. With this in mind, it was appropriate 

to assess whether optimal PEG chain length is also different for the cholesterol-free 

formulations. 

The effect of PEG molecular weight was determined using circulation longevity of 

cholesterol-free liposomes as a functional assay of surface protection. As described previously, 

female Balb/c mice were injected with 165 pmole/kg total lipid in the lateral tail vein and blood 

was removed at 1, 4 and 24 hour post-injection by tail nick or cardiac puncture. Blood plasma 

was analyzed for liposomal lipid and the results have been summarized in Figure 4.4. Although 

DSPC liposomes containing 5 and 2 mol% DSPE-PEG2000 exhibited higher levels of liposomal 

lipid in the plasma over the 24 h time course following i.v. administration, the differences 

between those formulations prepared with lower molecular weight PEGs were not significant. 

Liposomes containing DSPE-PEG750, DSPE-PEG550, or DSPE-PEG350 had similar circulation 

lifetimes regardless of whether the level of incorporation was 5 mol% or 2 mol%, where -18% 

and -10% ofthe original lipid dose was recovered 24 hours post-injection, respectively. 

4 .3 .4. Separation of liposomes from bulk plasma protein binding to liposomes and 

quantification of tightly adsorbed proteins both in vitro and in vivo 

Given the purported role of PEG as a surface component capable of blocking plasma 

protein binding, additional studies examined plasma protein binding to these long circulating 

cholesterol-free liposomes. It was anticipated that PEG, regardless of molecular weight (350 vs. 
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Figure 4.4 

The effect of PEG-lipid molecular weight on the plasma elimination of DSPC liposomes 

Female Balb/c mice were administered a single i.v. bolus injection of 165 pmole/kg total lipid 
(injected dose = 3.3 pmole lipid / ml plasma). Liposomal formulations were composed of DSPC 
containing 5 mol% (A) and 2 mol% (B) PEG-lipids of varying molecular weights. Symbols 
represent DSPE-PEG20oo ( • ) , DSPE-PEG75o ( • ) , DSPE-PEG5 5 0 (A), or DSPE-PEG350 (•)• 
Unfilled squares indicate DSPC (100 mol%) liposomes. Plasma lipid was measured as 
described in Chapter 2. Each data point represents the average total lipid plasma concentration 
± S.D. for 3 mice. 

Time (hours) 
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2000 average MW) or grafting density (2 vs. 5 mol%), would reduce protein binding. Protein 

binding studies were completed using methods that evaluated liposomes exposed to plasma 

proteins in vivo and in vitro. The methods incorporated protocols characterized by others [32, 

154-156] and are outlined in Chapter 2. For the in vivo studies, all groups with the exception of 

DSPC / DSPE-PEG2000 (99:1 mole ratio) had > 95% recovery in the plasma compartment 5 

minutes after injection. For DSPC / DSPE-PEG2000 (99:1 mole ratio) ~ 75% of the injected 

liposomal lipid dose was recovered 5 minutes post-injection. The plasma was then fractionated 

on size exclusion column to separate free from liposome-associated proteins. The peak 

fractions of the eluted liposomes were pooled and the lipid was extracted to avoid interference 

in the micro BCA assay used to measure protein. Figure 4.5 represents a typical elution profile 

of liposomes (closed circles) and bulk plasma proteins (open squares). Peak lipid fractions, 

indicated between the arrows, were pooled and the total liposomal lipid concentration was 

quantified. This was followed by a lipid extraction [106] and protein precipitation step as 

outlined in Chapter 2. 

The amount of protein bound (ug) per umole lipid is summarized in Table 4.1 for DSPC 

liposome prepared with increasing amounts of DSPE-PEG2ooo- Protein binding values obtained 

with cholesterol-free liposomes were compared to conventional (DSPC / CH; 55:45 mole ratio) 

and sterically stabilized (DSPC / CH / PEG; 50:45:5 mole ratio) liposomes. The data presented 

in Table 4.1 emphasize three points. First, all liposome formulations evaluated, regardless of the 

level of PEG-modified lipids included in the preparations, exhibited comparable in vitro protein 

binding (PB) values. The P B values ranged from 29.86 ± 5.5 for DSPC / CH (55:45 mole ratio) 

liposomes to 39.91 ± 6.6 for DSPC / DSPE-PEG2000 (95:5 mole ratio). Second, the P B values 

determined using in vitro methods were not 
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Figure 4.5 

Separation of DSPC liposomes containing 5 mol% DSPE-PEG2000 from bulk mouse 
plasma proteins by size exclusion chromatography 

Mouse serum and liposomes were incubated at 37°C for 10 minutes. The mixture was passed 
down a Sepharose CL-4B column (40 ml, 22 cm x 1.5 cm) with HBS (20 mM HEPES, 150 mM 
NaCl, pH 7.4) at a flow rate of 0.5 ml/min. Fractions (0.5 ml) were collected and assayed for 
liposomal lipid concentration (liquid scintillation counting) and protein concentration (micro 
BCA assay). Under these conditions, optimal separation of liposomes and bulk serum proteins 
was achieved. The peak fractions, indicated between the arrows, were pooled to determine 
amount of plasma protein bound to liposomes. 
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Table 4.1 

Summary of protein binding values to liposomes determined using 
in vitro and in vivo methods 

Sample " 
Protein Binding 

( P B u,g protein/ urnole lipid) 
In Vitro * In Vivo c 

D S P C / C H (55/45) 29.86 ±5.5 29.91 ±5.7 

D S P C / C H / DSPE - P E G 2 0 0 0 (50/45/5) 34.18 ±8.7 23.79 ±3.6 

D S P C / DSPE - P E G 2 0 0 0 (99/1) 35.37 ± 10.9 42.62 ±6.1 

D S P C / DSPE - P E G 2 0 0 0 (98/2) 39.40 ± 5.4 N / D R F 

D S P C / DSPE - P E G 2 0 0 0 (95/5) 39.91 ±6.6 29.46 ± 6.6 

D S P C / DSPE - P E G 2 0 0 0 (90/10) 30.75 ± 0.6 N / D R F 

" Liposome formulations with mole ratios of lipid components indicated in parentheses 

b for in vitro groups, data represent averaged means of 3 - 5 experiments, S . D . 

c for in vivo groups, data represent the average of 3 mice for each group tested, S . D . 

D N / D , indicates not determined 
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significantly different (p > 0.05) from those determined using the in vivo recovery method. 

Third, in light of data presented in Figure 4.1 where it was shown that DSPC / DSPE-PEG2000 

(99:1 mole ratio) liposomes ( PB values of 35.37 ± 10.9) were eliminated more rapidly from the 

plasma than liposomes prepared with 2 (P B values of 39.40 ± 5.4) and 5 (P B values of 39.91 ± 

6.6) mol% DSPE-PEG2000, it can be suggested that protein binding in these formulations does 

not correlate with liposome elimination behaviour. 

Although the P B values suggest that PEG incorporation does not have a significant 

impact of non-specific plasma protein adsorption as determined using the techniques described 

here, it is possible that the types of proteins bound were different, a parameter that could be 

qualitatively assessed by polyacrylamide gel electrophoresis (PAGE) analysis of the liposome 

associated proteins. Studies investigating protein binding profiles were initiated by recovering 

plasma proteins bound to DSPC / CH / DSPE-PEG20oo (50:45:5 mole ratio), DSPC / DSPE-

PEG2000 (99:1 mole ratio) and DSPC / DSPE-PEG2000 (95:5 mole ratio). Subsequently the 

isolated proteins were separated on 7.5% acrylamide gel and visualized by silver stain. A 

representative study is shown in Figure 4.6, where it should be noted that loading was 

standardized on the basis of the amount of liposomal lipid from which the protein was isolated 

(i.e., protein loaded was isolated from 0.1 umole total lipid for all samples analyzed). The 

profiles suggest that proteins exhibiting molecular weights similar to serum albumin (~mol. wt. 

= 66,000) and IgG (mol. wt.=l 50,000) were bound at comparable levels for DSPC / CH / 

DSPE-PEG2000 (50:45:5 mole ratio) and DSPC / DSPE-PEG2000 (99:1 and 95:5 mole ratios) 

liposomes. In summary, these protein binding studies indicated that plasma proteins adsorb 

onto the liposome surface at comparable levels and in comparable patterns regardless of whether 

the liposome contain cholesterol or PEG-modified lipids. 
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Figure 4.6 

SDS-PAGE analysis of l iposome-assoc ia ted plasma proteins 

Protein was extracted by precipitation from column-purified liposomes (0.1 umole total lipid) 
and separated on 7.5% polyacrylamide gels. Proteins were visualized by silver stain. Lane 1, 
high molecular weight markers; Lane 2, total mouse serum (200x diluted); Lane 3, DSPC / CH / 
DSPE-PEG2000 (50:45:5 mole ratio); Lane 4, DSPC / DSPE-PEG20oo (99:1 mole ratio); Lane 5, 
DSPC / DSPE-PEG2000 (95:5 mole ratio). 
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4 . 4 . D i s c u s s i o n 

Incorporation of surface-grafted PEG on liposomes has had a significant impact on the 

development of this technology for use in the delivery of chemotherapeutic agents. However, 

there remains a great deal of speculation about how surface-grafted PEGs increase circulation 

lifetime of i.v.-administered liposomes. It is generally believed that the effect is attributed to 

PEG's ability to reduce plasma protein binding; an observation originally documented for solid 

surfaces with surface-grafted PEG moieties. Reducing plasma protein binding is believed to 

minimize recognition of the injected liposomes by cells ofthe mononuclear phagocytic system 

(MPS), which are known to play a significant role in the elimination of these particulate 

delivery systems from the blood compartment. 

In recent years, however, there has been a growing body of evidence suggesting that 

PEG does not reduce plasma protein adsorption on liposomes [95]. Further, the benefits 

obtained through use of PEG-modified lipids appear to be highly dependent on liposomal lipid 

composition. For several reasons, including improved retention of certain encapsulated anti

cancer drugs, there is an interest in the development of liposomal formulations, which are 

prepared without added cholesterol. In this regard, few studies have characterized how PEG-

modified lipids influence the behaviour of liposomes composed of gel phase lipids. 

In this chapter, a functional assay measuring how PEG modification influenced the 

behaviour of DSPC liposomes was used to study PEG's role as a surface-stabilizing ligand. The 

functional assay was based on PEG-mediated increases in DSPC liposome circulation lifetime 

following i.v. administration in mice; however, the liposome characterization studies completed 

during the course of these experiments provided information on PEG's impact on surface-

surface interactions including plasma protein adsorption and liposome aggregation. The results 
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identify three important points that warrant further discussion. First, since significant 

improvements in circulation longevity could be achieved with 100 nm DSPC liposomes 

prepared with PEG levels < 5 mol% when using PEGs with average molecular weights (chain 

length) of < 2000, the role of surface coverage by PEG and its correlation to plasma elimination 

of liposomes needs further consideration. A second and related point concerns the requirement 

of PEG-modified lipids to prevent liposome aggregation of DSPC liposomes. Third, since 

protein binding values were not significantly influenced by the presence of PEG-lipids, the role 

of protein binding in mediating liposome elimination must be contemplated. 

The pharmacokinetic studies indicated that PEG grafting density and PEG molecular 

weight affects the circulation longevity of cholesterol-containing liposomes, however 

pharmacokinetic studies reported here and in Chapter 3, indicated that there were no significant 

differences in the circulation longevity of cholesterol-free liposomes composed of 2-10 mol% 

PEG (molecular weight 2000) or 5 mol% PEG molecular weights between 750 and 5000 [61]. 

There were no additional improvements in the circulation longevity of liposomes prepared with 

PEG (molecular weight 2000) concentrations greater than 2 mol%, a polymer concentration that 

is argued to provide sufficient surface coverage for a 100 nm liposome [42]. Assuming that the 

PEG-lipids homogenously distribute within the DSPC lipid matrix, surface coverage 

calculations in DSPC / DSPE-PEG2000 liposomes previously calculated [42], indicates that 

100% surface coverage of a 100 nm liposome is obtained with both 2 mol% DSPE-PEG2000 and 

5 mol% DSPE-PEG750. 

Although this data can be used to provide justification for levels of PEG incorporation 

sufficient to provide complete surface coverage of the liposomes, it is notable that PEG grafting 

densities between 0.5 - 5 mol% yielded stepwise improvements in mean plasma AUCo-24h and 
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substantial decreases in DSPC liposome elimination were achieved using DSPE-PEG2000 at 

levels that were < 2 mol% and when using DSPE-PEG350 at levels of 5 mol%. As indicated in 

Figure 4.4, liposomes containing 5 mol% PEG molecular weights 550 and 350 exhibited similar 

elimination profiles, yet calculations estimating surface coverage with these shorter length 

polymers would be > 50%. For example, liposomes composed of 2 mol% DSPE-PEG350 have 

only 17% surface coverage, yet had a 5.6-fold increase in mean plasma AUCo-24h as compared to 

100 mol% DSPC liposomes [128, 157]. In view of these results, plasma elimination studies 

indicated that the incorporation of PEG-derivatized DSPE in DSPC liposomes, significantly 

prolonged the circulation longevity of liposomes. This effect cannot be explained fully on the 

basis of arguments relating surface coverage with enhanced circulation lifetime. 

The most compelling evidence for the ability of PEG-lipids to prevent surface-surface 

interactions, in particular aggregation, was revealed by cryo-TEM micrographs and QELS 

analyses (see Figure 4.2). These studies demonstrate that 100 mol% DSPC liposomes can be 

prepared by extrusion methods, but the resulting liposomes rapidly coalesce and aggregate. 

This aggregation is apparent by eye, where the solution transitions from a translucent to an 

opaque appearance, and by light scattering methods which can measure a doubling in particle 

size within 30 minutes of preparation. Incorporation of as little as 0.5 mol% DSPE-PEG2000 

prevented this aggregation. It is suggested that aggregation contributed to the rapid initial phase 

of elimination of the DSPC liposomes, and it can be suggested that aggregation was increased in 

the plasma compartment. Regardless, < 1.5% of the original lipid dose could be recovered in 

the plasma compartment 24 hours post-injection. PEG concentrations as low as 0.5 mol% 

DSPE-PEG2000 (Figure 4.1) and 2 mol% DSPE-PEG350 (Figure 4.4) were sufficient to increase 

the circulation lifetime of liposomes and prevent aggregation. As mentioned above, 
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incorporation of these PEG-modified lipids was not sufficient to provide complete surface 

coverage. Thus, it can be argued that the dominant effect of PEG in these cholesterol-free 

liposomes was due to inhibition of liposome aggregation. 

A similar conclusion was reached by Ahl et al., when investigating the role of 

derivatives of PE on circulation longevity in DSPC liposomes [158]. The studies demonstrated 

that aggregation was prevalent in both rat serum and plasma, and in turn, the liposome 

aggregation level (measured by turbidity measurements) was inversely correlated with in vivo 

circulation lifetimes. Further, previous studies investigating the effects of PEG on preventing 

fusion of dioleoylphosphatidylethanolamine (DOPE) or didodecylphosphate (DDP) bilayers, 

also concluded that fusion inhibition was due to PEG-mediated inhibition of liposome 

association. PEG-lipids engrafted on liposomes prevents close interactions between liposomes, 

thus effectively ablating attractive Van der Waals short range forces that may occur to promote 

aggregation [159, 160]. Since cholesterol-free liposomes have a greater tendency to aggregate 

than cholesterol-containing liposomes, the effects of short chain PEGs and low levels of PEG 

incorporation are much more apparent in these formulations. 

Current trends in the development of liposomal delivery vehicles are moving towards the 

inclusion of gel phase lipids as the lipid matrix. In the absence of cholesterol, these 

formulations contain membrane defects (also known as grain boundaries) that have a higher 

propensity for adsorption of plasma proteins. Further, it is conceivable that in gel phase lipids, 

PEG-lipids are not homogenously distributed. Evidence in support of this statement was 

provided by studies performed by Bedu-Addo et al. These studies demonstrated the presence of 

a "shoulder" in DSC thermograms of DSPC / DSPE-PEG2000 lipid mixtures, indicating phase 

separation ofthe two components [128, 157]. For these reason, it was rational to suggest that 
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PEG-lipid incorporation into cholesterol-free DSPC liposomes reduced protein adsorption at 

these membrane defects. 

As indicated in the plasma protein binding studies (Table 4.1) and SDS PAGE analysis 

(Figure 4.6), there were no significant differences in the amount of protein bound to DSPC 

liposomes, independent of PEG concentration. The studies demonstrated that cholesterol-free 

formulations with adsorbed plasma proteins (> 35.4 p.g protein / umole lipid) had long 

circulation lifetimes [83, 161, 162]. The absolute protein binding values obtained in these 

studies correlated well with previous studies. Plasma protein binding values ranged between 29 

- 49 u.g protein / umole lipid. Studies performed by Chonn et al. indicated that neutral 

liposomes bound 30 \ig protein / umole lipid [163], while the addition of cholesterol reduced 

protein binding to 22 - 27 \xg protein / umole lipid [116]. It is notable in the studies of Chonn et 

al. that liposomes composed of bulk phospholipid > C16 exhibited protein binding values of 90 

ug protein / umole lipid [163], which was attributed to the presence of membrane packing 

defects present when these liposomes were below the Tc of the bulk phosphatidylcholine. 

The protein binding to DSPC formulation, which did not have some level of 

incorporated PEG, was not evaluated because of their rapid aggregation after preparation. It 

should be noted, as well, that the protein binding values reported here were higher [42, 154] and 

lower [164] than other reported studies. Variability in protein binding values arise when 

different separation techniques (of liposomes and bulk plasma proteins) and protein quantitation 

methods are utilized and for this reason it is important to compare the relative changes in protein 

binding to different liposomes compositions within a given study. 

A potential weakness in many of protein binding studies completed to date concerns the 

loss of loosely adsorbed proteins and changes in protein binding that occur as a function of time. 
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Using the methods described here, there was not a significant difference in protein binding 

values observed for liposomes recovered 10 or 30 minutes after addition to serum, in vitro (not 

shown). However, it is easy to recognize that the liposomes prior to injection are going to be 

different shortly after injection due to the adsorption of proteins. The Vroman effect suggests 

that protein adsorption to surfaces is a dynamic interaction and the first proteins to interact with 

surfaces are those that are most abundant followed by less abundant proteins [165-169]. It is 

also relatively unknown whether the initial proteins that interact with the liposome surface 

provide a scaffold to facilitate interactions with other proteins, known as the layering effect. 

Short incubations, such as those utilized in these studies, could measure the predominant 

interactions with IgG and serum albumin, thereby no differences would be observed between 

the different lipid compositions. Further, due to the fact that both albumin and IgG are both 

large proteins that are found adsorbed to liposomes in large quantities; and would make up most 

of the weight or bands on a gel, minor but possibly significant changes in smaller proteins 

would be relatively hard to detect. Changes in protein binding may be more apparent when 

analyzing various incubation times and utilizing methodologies to identify (small) plasma 

proteins including 2D gel electrophoresis, MALDI-TOF spectroscopy and protein microarray 

technologies. In combination with better, less invasive separation techniques these methods 

may be able to identify both tightly and loosely bound proteins adsorbed to the liposome 

bilayer. 

In view of the results, there are a number of factors to explain why PEG engrafted on 

liposomes did not reduce plasma protein binding. First, liposomes with surface-associated 

PEGs may interact with a defined pool of opsonins and when this pool is depleted, longer blood 

residency times are observed. The doses (liposomal lipid concentration) chosen for both in vitro 

105 



and in vivo protein quantification were comparable. In previous studies, a reduction in plasma 

protein binding to liposomes was observed with increased lipid doses [170] and others have 

shown that low doses of PEG-coated liposomes (20 nmol/kg body weight) were rapidly 

eliminated [171], results that could be attributed to having a limited pool of opsonins and / or 

saturation of MPS. Second, the signaling of particles for elimination by MPS may be under 

negative-selection suggesting that specific proteins, known as dysopsonins, block interactions 

with receptors that activate either macrophages or complement [154, 172, 173]. Third, protein 

binding to liposomes may result in the formation of protein / liposome complexes that are 

pharmacokinetically comparable even though they may have remarkably different liposomal 

lipid composition. In this context, PEG's role may be more defined in terms of preventing 

interaction with Fc receptors (IgG), receptors on macrophages or complement proteins [164, 

174], or by directly inhibiting cell uptake. Profiles of adsorbed proteins may, therefore, be 

actually a relatively poor predictor of circulation longevity of lipid-based carriers [95]. 

In summary, the results from this chapter indicated that levels < 5 mol% DSPE-PEG2000 

can be incorporated into cholesterol-free DSPC liposomes. There was not a significant 

difference between plasma elimination of liposomes containing 5 and 2 mol% DSPE-PEG2000 

and these grafting densities may be optimal for drug delivery. At concentrations > 10 mol% 

PEG, mixed micelles or bilayer disks were formed. Some mixed micelle formulations have 

already been investigated as potentially useful drug delivery systems [175-177], but it is 

important to be working with a well-defined single population of structures when developing 

formulations for pharmaceutical applications. In relating liposome circulating lifetimes to the 

role of PEG, it was demonstrated that liposomal formulations containing very low 
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concentrations of PEG-conjugated lipids prevented aggregation of liposomes and prolonged 

circulation longevity, not attributed to an overall reduction in plasma protein adsorption. 
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CHAPTER 5 

pH GRADIENT LOADING OF ANTHRACYCLINES INTO CHOLESTEROL-FREE 
LIPOSOMES: ENHANCING DRUG LOADING RATES THROUGH USE OF 

ETHANOL* 

5.1. Introduction 

The studies described in this chapter investigated anthracycline encapsulation within 

DSPC / DSPE-PEG lipid mixtures through the use of transmembrane pH gradient-based loading 

methods. Although anthracyclines such as doxorubicin and idarubicin have a similar structure, 

they have significantly different octanol / buffer concentration ratios [178]. Increased idarubicin 

uptake in liposomes may be directly attributed to idarubicin's higher relative hydrophobicity 

[179], aiding in its transbilayer movement which, in turn, results in increased loading rates as 

well as efficient loading at lower temperatures when compared to doxorubicin. Although our 

rationale to characterize cholesterol-free liposomes composed of gel phase DSPC was to 

effectively improve retention of drugs that exhibit increased permeability across the bilayer, 

there is also an interest in assessing drugs that may exhibit decreased bilayer permeability. An 

approach to improve the loading efficiency of such drugs is to enhance the drug partitioning and 

/ or permeability ofthe lipid bilayer. 

Several methods have been shown to increase membrane permeability including 

incorporation of cholesterol below the 7c of the bulk phospholipid [180], poly(ethylene glycol) 

modified lipids [181, 182], and lysophospholipids [183]. Simpler methods, such as the addition 

of short chain alcohols [184-186] or surfactants, such as detergents [187], have also been 

applied. Considering that the interaction of short chain alcohols, such as ethanol, with lipid 

bilayers is well documented and is easily removed from samples, this was identified as a 

Adapted from: Dos Santos, N. et al. (2004) pH gradient loading of anthracyclines into cholesterol-free liposomes: enhancing 
drug loading rates through use of ethanol. Biochimica el Biophysica Acta, 1661 (1): 47-60. 
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preferred method. 

Many groups have investigated the specific interaction of ethanol with lipid bilayers 

[188-191]. Addition of ethanol to lipid membranes results in an increase in the dielectric 

constant [192], dehydration of the phospholipid head groups [193], and an increase in ion 

permeability [186]. It should also be noted that ethanol has been extensively used in the 

preparation of liposomes for improving transdermal liposomal drug delivery [194], improving 

encapsulation of proteins [195], and gene-based agents [196, 197], increasing trapped volume 

[198], and ensuring compositional homogeneity [199]. 

In the studies described herein, doxorubicin's low membrane permeability made it 

difficult to effectively encapsulate the drug in cholesterol-free liposomes. Therefore ethanol 

was utilized, at concentrations well below that required to collapse the imposed pH gradient, in 

order to increase drug loading rates. 

5.2. Hypothesis 

Use of liposomes composed of DSPC without added cholesterol, have a reduced 

membrane permeability, which presents a problem for drug loading by the pH gradient method. 

Thus, enhancing drug permeability and partitioning by use of ethanol wil l increase the rate of 

doxorubicin loading into cholesterol-free liposomes. 

5.3. Results 

5.3.1. Drug loading studies of anthracyclines in cholesterol-free liposomes 

Studies from Chapter 3 demonstrated that encapsulation of idarubicin in DSPC / DSPE-

PEG2000 liposomes (prepared in pH 4.0 citrate buffer and exchanged into a pH 7.4 HBS buffer) 
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was optimal between 37 - 40°C, a temperature range below the phase transition temperature of 

DSPC. In contrast to idarubicin, doxorubicin could not be efficiently loaded under the same 

conditions (Figure 5.1 A; open circles). In fact less than 25% of the added doxorubicin 

accumulated in DSPC / DSPE-PEG2000 liposomes over the 2 hour time course at 40°C. The rate 

of daunorubicin loading (open triangles) was faster than doxorubicin, but slower than 

idarubicin. It should be noted that the rate of drug loading in the cholesterol-free liposomes 

increased when the loading temperature was elevated. For idarubicin, daunorubicin and 

doxorubicin 100% loading was achieved in DSPC / DSPE-PEG2000 liposomes within 2 minutes 

when the incubation temperature was higher than the Tc of DSPC (55°C). 

5.3.2. Plasma elimination studies of anthracyclines encapsulated in cholesterol-free 

liposomes 

Lipid membranes are selectively permeable and permit the bidirectional flow of solutes, 

such as drugs, and thus we wanted to establish whether the observed differences in drug loading 

rates at 40°C would be an indication of drug elimination rates in vivo. Idarubicin, daunorubicin 

and doxorubicin were remotely loaded into DSPC / DSPE-PEG2000 (95:5 mole ratio) liposomes 

and injected into the lateral tail vein of female Balb/c mice at 33 umole/kg drug and 165 

umole/kg lipid doses (0.2 drug-to-lipid ratio). Drug and lipid plasma concentrations were 

measured by standard procedures described in Chapter 2, and plotted as the umole drug / umole 

lipid ratio versus time post-administration (Figure 5. IB). Plasma lipid elimination profiles were 

similar for all samples and therefore the calculated drug-to-lipid mole ratio provides an 

indication of the amount of drug released from the liposomes over time after injection [200]. 

Significant differences (p < 0.05) in plasma drug-to-lipid mole ratios were observed at 24 hours 
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Figure 5.1 

Time course of uptake of anthracyclines into cholesterol-free liposomes and the plasma 
elimination of anthracyclines encapsulated in DSPC / DSPE-PEG2000 liposomes 

(A) DSPC / DSPE-PEG2000 (95:5 mole ratio) liposomes (with transmembrane pH gradient, pH 4 
inside, 7.5 outside) were incubated with idarubicin ( • ) , daunorubicin ( A ) or doxorubicin (O) 
at 40°C (0.2 drug-to-lipid mole ratio). At various time points, 100 ul aliquots of sample were 
passed down mini spin columns and subsequently analyzed for drug and lipid concentrations as 
described in Chapter 2. Lipid and drug concentrations were 5 mM and 1 mM, respectively. 
Each data point represents the average umole drug / umole lipid ± S.D. for 3 experiments. (B) 
Large unilamellar vesicles radiolabeled with 3[H]-cholesteryl hexadecyl ether (CHE) were 
encapsulated with idarubicin ( • ) , daunorubicin ( A ) or doxorubicin (O) by remote loading. 
Liposomal drugs were administered intravenously via the dorsal tail vein of Balb/c mice at a 
dose of 33 umole/kg drug and 165 umole/kg total lipid (0.2 drug-to-lipid mole ratio). Blood was 
collected at various time points following administration. Plasma was assayed for lipid and 
doxorubicin concentration as described in Chapter 2. Each data point represents the umole drug 
/ umole lipid ± S.D. for 3 mice. 

0.25 -1 
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post-drug administration. Values of 0.02, 0.05 and 0.14 pmole drug / pmole lipid were 

measured for idarubicin, daunorubicin and doxorubicin encapsulated in cholesterol-free 

liposomes at the 24 hour time point. As predicted, the release of anthracyclines from liposomes 

could be related to drug loading rates. 

5.3.3. Drug and liposomal membrane association of anthracyclines 

To this point a connection between anthracycline drug loading rates at 40°C, a 

temperature below the 7c of the bulk phospholipid, and the retention of anthracyclines 

encapsulated in cholesterol-free liposomes in vivo has been established. Doxorubicin's lower 

drug loading rate and increased retention in cholesterol-free liposomes as compared to both 

daunorubicin and idarubicin is consistent with doxorubicin's lower partition coefficient [179], 

as illustrated in Figure 5.2. The amount of drug associated with cholesterol-free (open bars) and 

cholesterol-containing (filled bars) liposomes, prepared without a pH gradient, was determined; 

the measured values should be taken to represent liposomal membrane association and it should 

not be viewed as a direct measurement of drug partitioning. Based on the experimental 

conditions, the amount of drug associated with the liposomes is a collective measurement of 

drug that has equilibrated across the lipid membrane in the aqueous space, drug associated with 

the lipid membrane through partitioning, hydrophobic and electrostatic interactions. In the 

absence of a pH gradient, it is believed that most of the drug is associated with the membrane, 

although drug equilibration into the aqueous space cannot be disregarded. 

The results in Figure 5.2 demonstrate that the anthracycline liposomal membrane 

association is reduced by a factor of more than 2 when the DSPC / DSPE-PEG2000 liposomes are 

prepared with 45 mol% cholesterol. This result is consistent with the understanding that 
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Figure 5.2 

Influence of drug hydrophobicity on the liposomal membrane association in cholesterol-
free and cholesterol-containing liposomes 

DSPC / DSPE-PEG2000 (95:5 mole ratio, open bars) and DSPC / CH / DSPE-PEG2000 (50:45:5 
mole ratio, filled bars) liposomes exhibiting no pH gradient, were incubated with the 
anthracyclines idarubicin, daunorubicin, doxorubicin and epirubicin at 40°C for 60 minutes 
(lipid concentration was 5mM). 100 pl aliquots were passed down mini spin columns and 
analyzed for lipid and drug concentrations by liquid scintillation counting and an anthracycline 
extraction assay (refer to Chapter 2) followed by fluorescence spectrometer detection. Each 
data point represents the pmole drug / pmole lipid ± S.D. for 3 experiments. Inset: Influence of 
ethanol on doxorubicin liposomal membrane association. DSPC / DSPE-PEG2000 (95:5 mole 
ratio, open bars) liposomes exhibiting no pH gradient, were incubated with doxorubicin and 
increasing concentrations of ethanol (0 - 15% v/v) at 40°C for 60 minutes. Lipid and drug 
concentrations were measured as detailed above and in Chapter 2. Each data point represents 
the pmole doxorubicin / pmole lipid ± S.D. for 3 experiments. 
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cholesterol decreases the partitioning of drugs into bilayers since cholesterol occupies space in 

the membrane that might otherwise be occupied by the hydrophobic drug, an effect that has 

been shown by others to be greater at lower temperatures [201]. For liposomes prepared 

without cholesterol, the drug liposomal membrane association data (shown as the amount of 

drug associated per pmole liposomal lipid) suggests that the level of idarubicin associated was 

almost 10-fold greater than that observed for doxorubicin or epirubicin, the most hydrophilic of 

the anthracyclines that were evaluated. The liposomal membrane association behaviour of 

daunorubicin is intermediate between idarubicin and doxorubicin. 

These results have a number of interesting implications. The focus of these studies was 

based on the suggestion that enhancing doxorubicin membrane association and / or enhancing 

membrane permeability of the lipid bilayer, under conditions that do not affect the stability of 

the pH gradient, could increase drug loading rates of doxorubicin in cholesterol-free liposomes. 

As the results from the drug liposomal membrane association assay are consistent with 

relative hydrophobicities ofthe anthracyclines [178, 179], this assay was utilized to evaluate 

whether doxorubicin membrane association could be enhanced with the addition of ethanol at 

40°C. The results are summarized in the inset graph of Figure 5.2. In the presence of ethanol 

(0-15% v/v), the drug-to-lipid ratio was between 0.007 - 0.008 pmole doxorubicin / pmole 

lipid, approximately 2-fold higher than in the absence of ethanol, and considered statistically 

significant (p < 0.01). Note that calculations based on the equilibration of drug concentration 

across lipid membranes at 1 mM doxorubicin, assuming no membrane partitioning, was 

expected to yield 0.002 pmole doxorubicin / pmole lipid. Thus it can be suggested that the 

majority of the associated drug is membrane bound. The results indicated that there were no 

significant differences in doxorubicin membrane association as the ethanol concentrations 
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increased from 5 to 15% v/v. Note that non-equilibrium conditions were introduced during the 

separation of lipid-associated and free drug on the Sephadex G-50 spin columns. I f membrane-

associated ethanol is removed while being passed down the column, this may result in a loss in 

membrane-associated doxorubicin and an under-estimation of. the level of membrane 

association. 

5 . 3 . 4 . Influence of ethanol on doxorubicin loading in liposomes 

As summarized in Figure 5.3, the rate and extent of doxorubicin loading at 37°C was 

significantly increased by the addition of ethanol (10%, v/v) to DSPC / DSPE-PEG20oo 

liposomes. Greater than 90% encapsulation efficiency was achieved following a 2 hour 

incubation at 37°C, a value that was 2.3-fold higher than that observed in the absence of ethanol. 

For DSPC / DSPE-PEG2000 liposomes the initial drug loading rates were 6.40 (nmole dox/umole 

lipid) min"1 as compared to 1.40 (nmole dox/umole lipid) min"1 in the presence and absence of 

ethanol, respectively. In the absence of ethanol, liposomes composed of DSPC / CH / DSPE-

PEG2000 exhibited improved encapsulation efficiencies (72% at 2 hours) and faster initial drug 

loading rates (1.5 (nmole dox/umole lipid) min"1) as compared to liposomes prepared without 

cholesterol. It should be noted that previous studies have shown that cholesterol decreases the 

partitioning of ethanol in membranes, predominantly at lower temperatures [202] and thus 

addition of ethanol to liposomes prepared with 45 mol% cholesterol had a minimal effect on 

doxorubicin loading rates. In the presence of ethanol (10%, v/v) DSPC / CH / DSPE-PEG2000 

liposomes exhibited an initial drug loading rate of 2.4 (nmole dox/umole lipid) min"1; a rate that 

was 3-fold lower than observed for DSPC / DSPE-PEG2000 liposomes. 
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Figure 5.3 

Ethanol-enhanced increases in drug loading rates into liposomes 

DSPC / CH / DSPE-PEG2000 (50:45:5 mole ratio, squares) and DSPC / DSPE-PEG20oo (95:5 
mole ratio, circles) liposomes (with transmembrane pH gradient, pH 4 inside, 7.5 outside) were 
incubated at 37°C with doxorubicin (0.2 drug-to-lipid mole ratio) in the absence (open symbols) 
and presence (closed symbols) of 10% (v/v) ethanol. At various time points, 100 ul aliquots of 
sample were passed down mini spin columns and subsequently analyzed for drug and lipid 
concentrations as described in Chapter 2. Each data point represents the umole doxorubicin / 
umole lipid ± S.D. for 3 experiments. 

Time (min) 
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5.3.5. Optimal ethanol concentration for drug loading in liposomes 

In order to determine the optimal ethanol concentration for doxorubicin loading into 

DSPC / DSPE-PEG2000 liposomes, the effect of increasing ethanol concentrations was 

investigated by measuring doxorubicin loading efficiency after a 1 hour incubation at 37°C 

(Figure 5.4). The highest encapsulation efficiencies were observed when the liposomes were 

incubated in 10 to 15% (v/v) ethanol. As shown in Figure 5.4, the encapsulation efficiency was 

reduced significantly when the concentration of ethanol was > 20% (v/v). When the DSPC / 

DSPE-PEG2000 liposomes were incubated in the presence of 40 and 50% (v/v) ethanol there was 

an observed increase in solution viscosity or "gelling" ofthe sample. 

Since more subtle changes in liposome structure may occur in the presence of < 20% 

(v/v) ethanol, the effect of ethanol addition on liposome size, 14[C]-lactose retention and the pH 

gradient used to engender drug loading and promote drug retention was assessed (Table 5.1). 

DSPC / DSPE-PEG2000 liposomes were exposed to various concentrations of ethanol for 1 hour 

prior to measuring liposome size by quasielastic light scattering (QELS). DSPC / DSPE-

PEG2000 liposomes exposed to increasing ethanol concentrations all exhibited minimal increases 

in mean diameter and polydispersity as judged by standard deviations. At ethanol 

concentrations < 20% (v/v) there was less than a 12% increase in liposome size. The particle 

size analysis data suggested that even at ethanol concentrations > 20% (v/v) the liposomes 

remained as a single population exhibiting a Gaussian distribution. However, a 35% increase in 

liposome size was observed at ethanol concentrations of 30% (v/v). Samples passed down 

Sephadex G-50 columns to remove residual ethanol exhibited a size that was not significantly 

different from the sample prior to chromatography. 
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Figure 5.4 

Influence of ethanol concentration on the accumulation of doxorubicin into cholesterol-
free liposomes 

DSPC / DSPE-PEG2000 (95:5 mole ratio) liposomes (with transmembrane pH gradient, pH 4 
inside, 7.5 outside) were incubated at 37°C with doxorubicin and increasing concentrations of 
ethanol. At 1 hour, post drug loading, aliquots were passed down mini spin columns and the 
eluted fraction was analyzed for drug and lipid concentration by methods outlined in Chapter 2. 
Each data point represents the umole doxorubicin / umole lipid ± S.D. for 3 experiments. 
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The permeability of DSPC / DSPE-PEG2000 lipid membranes in the presence of ethanol 

was determined using a radiolabeled 14[C]-lactose aqueous space marker (Table 5.1). Lipid 

films were rehydrated with HBS (pH 7.4) containing trace quantities of the radiolabeled lactose 

and then were extruded. Liposome samples were incubated with increasing concentrations of 

ethanol (0 - 30% v/v) for 60 minutes and passed down mini columns to separated retained and 

free lactose. When incubated with 30% ethanol (v/v), the % lactose retained decreased 

significantly (p < 0.05), consistent with the notion that ethanol at this concentration affected 

liposome permeability sufficiently to promote release of the entrapped marker. Radiolabeled 

markers, such as lactose, are also used to indicate liposome trapped volumes. In the absence of 

ethanol, DSPC / DSPE-PEG2000 liposomes prepared by the extrusion technique through 100 nm 

pore size filters exhibited a trapped volume of 1.94 ± 0.11 ul/umole. This value was 

comparable to previously published trapped volumes for liposomes prepared by extrusion 

through 100 nm pore size filters [99]. 

Another indication of ethanol-induced increases in liposome permeability was provided 

by measuring the stability of an imposed transmembrane pH gradient. The DSPC / DSPE-

PEG2000 liposomes used in these studies were prepared in a pH 4.0 citrate buffer and were 

subsequently exchanged into HBS at pH 7.4. The estimated pH gradient of > 3 units can be 

measured using radiolabeled methylamine as a probe [203]. A measured pH gradient of > 2.7 

units was observed when ethanol concentrations were < 10% (v/v), however at higher ethanol 

concentration (> 20% v/v), there was a significant (p < 0.05) reduction in the measured 

transmembrane pH gradient. Previously published data have suggested that the magnitude of 

the pH gradient is important in terms of maximizing the efficiency of doxorubicin loading, as 

well as playing a critical role in governing drug retention [69]. The decreased loading 
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Table 5.1 

Influence of ethanol concentration on size, % lactose retained and pH gradient in DSPC / 
DSPE-PEG2000 (95:5 mole ratio) 

Ethanol Cone. 
Liposome Size (nm)' 

Lactose Retained pH Gradient0 

(v/v) Precolumn Postcolumn ( % ) b 

0% 107 109 100 ± 7 2.77 ± 0.23 

5% 113 112 103 ± 9 2.80±0.24 

10% 116 112 97 ±7 3.44 ±0.50 

20% 120 116 100 ± 6 1.89 ±0.04 

30% 144 133 74 ± 6 0.86 ±0.01 

" liposome size determined by QELS before and after size exclusion chromatography 

b measurements determined by entrapped 14[C]-lactose added during sample rehydration. The 
values represent the average of 3 experiments ± S.D. 

c measurements determined by internal and external concentrations of 14[C]-methylamine after 1 
hour incubation at 40°C. The values represent the average of 3 experiments ± S.D. 
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efficiencies noted in Figure 5.4 at ethanol concentrations > 20% (v/v) are likely due to ethanol's 

effect on collapsing the pH gradient. 

Ethanol-induced changes in DSPC / DSPE-PEG2000 liposomes were also assessed by 

cryo-transmission electron microscopy. The representative photomicrographs shown in Figure 

5.5 suggest that the integrity of liposome structure was maintained in the presence of 10% 

ethanol (v/v). However, the decreases in percent lactose retention and pH gradient at higher 

ethanol concentrations (> 20%, v/v) could be directly attributed to a breakdown of liposome 

structure observed in the electron micrographs. This was evidenced by the presence of open 

liposomes (OL) seen when the liposomes were in 20% (v/v) ethanol as well as OL and bilayer 

sheets (S) observed when the ethanol concentration was increased to 30% (v/v). 

5 . 3 . 6 . Influence of temperature, lipid concentration and phospholipid acyl chain length on 

ethanol-enhanced drug loading rates 

The results thus far indicate that increases in the rate of anthracycline loading into DSPC 

/ DSPE-PEG2000 liposomes parallels increases in membrane association. Further, it is 

demonstrated that ethanol can be used to enhance the loading efficiency of doxorubicin, one of 

the anthracyclines that exhibits the lowest level of membrane partitioning. This effect is 

presumably the result of ethanol-mediated increases in doxorubicin partitioning. Ethanol-

enhanced doxorubicin loading is dependent on temperature (Figure 5.6A) and lipid 

concentration (Figure 5.6B). Interestingly, the rate of drug loading was only enhanced when the 

temperature was higher than 37°C. No measurable drug uptake could be observed when the 

samples were incubated at 23 or 4°C (Figure 5.6A). Increased lipid concentration resulted in 

significantly reduced drug loading rates (Figure 5.6B). Further studies indicated that increasing 
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Figure 5.5 

Influence of ethanol on liposome structure 

Cryo-TEM electron micrographs were obtained of DSPC / DSPE-PEG2000 (95:5 mole ratio) 
liposomes after establishment of a transmembrane pH gradient (pH 4 inside, 7.5 outside). In the 
presence of 0 and 10% ethanol (v/v), lipid bilayers (B), described as intact vesicles with 
polyhedron shapes, were observed. At 20% ethanol, some open liposomes (OL) were present, 
however at 30%, open liposomes (OL) and bilayer sheets (S) were observed. Bar represents 200 
nm. 
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Figure 5.6 
Influence of temperature and lipid concentration on ethanol-enhanced loading of 

doxorubicin into cholesterol-free liposomes 

( A ) D S P C / DSPE-PEG2000 (95:5 mole ratio) liposomes (with transmembrane p H gradient, p H 4 

inside, 7.5 outside) and doxorubic in (0.2 drug-to-l ipid mole ratio) were incubated at various 

temperatures; 4 ° C ( • ) , 2 3 ° C ( V ) and 3 7 ° C ( • ) . A t various time points, 100 p l aliquots o f 

sample were passed d o w n m i n i spin columns and subsequently analyzed for drug and l ip id 

concentrations as described in Chapter 2. (B) D S P C / DSPE-PEG2000 (95:5 mole ratio) 

l iposomes (with transmembrane p H gradient, p H 4 inside, 7.5 outside) were prepared at various 

l ipid concentrations, 5 m M ( • ) , 10 m M ( A ) , 15 m M (O) and 20 m M (T), and incubated with 

doxorubic in at 3 7 ° C . A t various time points, 100 p l aliquots o f sample were passed down m i n i 

spin columns and subsequently analyzed for drug and l ip id concentrations as described in 

Chapter 2. E a c h data point represents the pmole doxorubic in / pmole l ip id ± S . D . for 3 

experiments. 
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ethanol concentration at high lipid concentrations (20 mM) did not significantly improve drug 

loading rates (not shown), a result which suggests the importance of maintaining optimal 

ethanol concentrations, as well as, ethanol-to-lipid ratios. 

Additional studies, shown in Figure 5.7, demonstrated that doxorubicin could be loaded 

into cholesterol-free liposomes prepared with phospholipids of varying acyl chain lengths. 

These results illustrate three important points. First, as indicated in Section 5.1 doxorubicin 

loading efficiencies in the absence of ethanol increase as the loading temperature increases. 

Thus, for DSPC / DSPE-PEG2000 and DAPC / DSPE-PEG200o liposomes doxorubicin 

encapsulation efficiencies of > 95% were achieved when the incubation temperature is held at 

60°C (filled bars). For DAPC / DSPE-PEG2000 liposomes, doxorubicin encapsulation 

efficiencies of 58% and 98% were achieved at 40°C (grey bars) and 60°C (filled bars), 

respectively. These temperatures are well below the 7c of DAPC and illustrate the importance 

of drug partitioning behaviour in determining drug loading attributes. Second, doxorubicin 

loading into the three liposomal formulations, DPPC / DSPE-PEG2000 (Tc ~ 41 °C), DSPC / 

DSPE-PEG2000 (Tc ~ 55°C) and DAPC / DSPE-PEG2000 (Tc ~ 66°C), increases as temperature is 

increased below the respective phase transition temperatures. When loading was completed in 

the presence of 10% (v/v) ethanol, encapsulation efficiencies of all three formulations 

significantly improved (2 - 3 fold) at 40°C (grey bars). Both DSPC and DAPC formulations 

achieved greater than 98% trapping efficiencies. Third, the loading efficiencies of doxorubicin 

into DPPC / DSPE-PEG2000 liposomes were in general poor. The addition of 10% (v/v) ethanol 

to the DPPC / DSPE-PEG2000 liposomes, however, did increase the encapsulated efficiencies 

more than 2-fold at both 20°C and 40°C. It is likely that improvements in doxorubicin loading 

into DPPC / DSPE-PEG2000 liposomes could be achieved i f the loading temperature and ethanol 
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Figure 5.7 

The effect of phospholipid acyl chain length on ethanol-enhanced loading of doxorubicin 
into cholesterol-free liposomes 

Liposomes exhibiting a transmembrane pH gradient (pH 4 inside, pH 7.5 outside) composed of 
95% mole ratio of DPPC, DSPC and DAPC and 5% mole ratio of DSPE-PEG20oo were 
incubated at 20°C (white bars), 40°C (grey bars) and 60°C (black bars) for 60 minutes. At 
various time points, 100 ul aliquots of sample were passed down mini spin columns and 
subsequently analyzed for drug and lipid concentrations as described in Chapter 2. Each data 
point represents the percent encapsulation ± S.D. for 3 experiments. 

Percent Ethanol Concentration (v/v) 
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concentration are carefully selected. 

5.3.7. Influence of ethanol on release of entrapped doxorubicin in vivo 

The use of ethanol to enhance doxorubicin loading into DSPC / DSPE-PEG2000 

liposomes may be of limited interest if residual ethanol incorporation in the lipid bilayers 

adversely affects the release of entrapped agents in vivo. Thus, a pharmacokinetic study was 

completed to determine whether in vivo release of doxorubicin was altered when drug loading 

was completed in the presence of 10% (v/v) ethanol. Liposomes were prepared as described in 

Chapter 2 and loaded to achieve a 0.2 drug-to-lipid mole ratio. Prior to injection, the outside 

buffer was exchanged using tangential flow dialysis in an effort to remove as much of the 

residual ethanol as possible. Subsequently, the liposomes were injected intravenously in the 

lateral tail vein of female Balb/c mice at a dose of 165 pmole/kg lipid and 33 pmole/kg (19 

mg/kg) doxorubicin. The plasma elimination profile of doxorubicin and lipid, as well as the 

calculated drug-to-lipid mole ratio in the plasma compartment are shown in Figure 5.8. 

Importantly, minimal differences were observed in the elimination profiles of the liposomal 

drugs prepared in the absence (open symbols) or presence (filled symbols) of ethanol. 

Calculated mean plasma AUCo-24h for doxorubicin encapsulated in liposomes prepared with and 

without ethanol were 9.8 pmole h ml"1 and 11.4 pmole h ml"1, respectively. Approximately 

39% of the total injected doxorubicin remained in circulation 24 hours post-drug administration. 

Further, the measured drug-to-lipid mole ratios were not significantly different at any time 

points evaluated. These results clearly demonstrate that the use of ethanol to enhance loading of 

doxorubicin below the phase transition of the bulk phospholipid, is a potentially useful method 

that will not compromise in vivo drug release attributes. 
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Figure 5.8 

Plasma elimination of liposomal doxorubicin: comparison of drug release from samples 
prepared in the absence and presence of 10% (v/v) ethanol 

Large unilamellar liposomes radiolabeled with 3[H]-cholesteryl hexadecyl ether (CHE) were 
administered intravenously via the dorsal tail vein of female Balb/c mice at an approximate dose 
33 umole/kg doxorubicin and 165 umole/kg total l ipid (0.2 drug-to-lipid mole ratio). Blood 
was collected at 0.25, 0.5, 1, 2, 4 and 24 hours. Plasma was prepared and aliquots were assayed 
for l ipid and doxorubicin concentration as described in Chapter 2. N o significant differences 
were observed in the elimination profiles of D S P C / DSPE-PEG2000 (95:5 mole ratio) prepared 
in the absence (O) and presence ( • ) of 10% (v/v) ethanol. Each data point represents the 
average plasma concentration ± S.D. for three mice. 
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5.4. Discussion 

The delicate balance between retention and release of therapeutic agents entrapped in 

liposomes is established as an important factor governing the therapeutic and toxic effects of 

liposomal drugs. Altering l ipid membrane composition with the specific goal of optimizing 

permeability to achieve enhanced drug bioavailability following administration has been 

extensively explored. For example, liposomes have been engineered to undergo changes 

affecting drug release in response to p H [204], phospholipase exposure [205, 206] and 

temperature [98] in an effort to achieve improved local drug bioavailability. The behaviour of 

many of these formulations is dependent on use of liposomes with little or no cholesterol. 

Removal of cholesterol has introduced problems related to drug loading, liposome stability, 

liposome-protein binding, liposome elimination and in vivo drug release following i.v. injection. 

The incorporation of PEG-modified lipids into pure P C liposomes, effectively overcomes 

problems associated with liposome elimination [42, 55, 135]. 

It was also shown that certain drugs are actually better retained in liposomes that lack 

cholesterol (refer to Chapter 3). The general utility of such liposomes w i l l depend, however, on 

defining methods which facilitate drug loading and manufacturing, particularly since the 

stability of these liposomes is much more dependent on temperature. If p H gradient-based drug 

loading methods are being considered, one obvious approach is to select a drug that loads 

efficiently into cholesterol-free liposomes at incubation temperatures below the Tc o f the bulk 

phospholipids. For example, idarubicin loads efficiently into D S P C / DSPE-PEG2000 liposomes 

that exhibit a transmembrane p H gradient at 40°C (see Figure 5.1 A ) . In contrast, doxorubicin, 

an anthracycline that partitions less efficiently into D S P C / DSPE-PEG2000 membranes, loads 

very slowly at 40°C. Loading of doxorubicin is improved as the incubation temperature 
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increases, however the stability of the cholesterol-free liposomes are compromised at 

temperatures above the 7c of the bulk phospholipids. 

I f effective drug loading at temperatures below the Tc of the bulk phospholipids is 

dependent in part on drug partitioning, then it is anticipated that improved loading could be 

achieved through use of agents that could enhance drug partitioning and / or membrane 

permeability, provided that this did not adversely affect liposome stability. In this study, 

increasing the doxorubicin liposomal membrane association with ethanol effectively improved 

doxorubicin uptake in DSPC liposomes stabilized with 5 mole % poly(ethylene glycol)-

conjugated DSPE. 

The rationale for using ethanol or other short chain alcohols during drug loading 

demonstrated by the studies in Chapter 5 is three-fold. First, to improve the loading rates of 

drugs that are not sufficiently hydrophobic to permeate the bilayer. Second, to increase 

permeability of lipid membranes composed of long acyl chains (greater than C18). Third, to 

increase the total drug encapsulation levels within liposomes (for example DPPC cholesterol-

free liposomes) loaded at fixed temperatures well below the 7c of the bulk phospholipid. 

The studies performed in this report confirmed that drug loading rates below the 7c of 

the bulk phospholipid were correlated with the hydrophobicity of the drug. Idarubicin, for 

example, was the most hydrophobic anthracycline and optimal loading of this drug could be 

achieved at 40°C degrees in DSPC / DSPE-PEG2000 liposomes. Less hydrophobic agents, such 

as doxorubicin, required higher temperatures to increase drug loading rates. The results clearly 

demonstrated that ethanol addition improved doxorubicin loading efficiencies at temperatures 

below the 7c of the bulk phospholipids (see Figures 5.2 - 5.4). This was even observed for both 

DSPC / DSPE-PEG2000 liposomes and DAPC / DSPE-PEG2000 liposomes (see Figure 5.7). 
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Liposomes composed of long acyl phospholipids are not commonly considered for drug 

delivery purposes in part because of difficulties in both preparation and drug loading. Based on 

these studies, the addition of ethanol wil l provide opportunities to investigate the applicability of 

novel drugs encapsulated within formulations containing long acyl chain phospholipids. 

The studies indicated that DPPC cholesterol-free liposomes exhibited a lower capacity 

for doxorubicin encapsulation. Others have shown that the thermosensitive liposomal 

formulation, DPPC / DSPE-PEG2000 with small amounts of lyso-phosphatidylcholine 

(developed by Needham and associates) also have a low drug encapsulation capacity. Loading 

efficiencies of > 98% can only be achieved for 0.05 drug-to-lipid weight ratios when 

encapsulated below the Tc of the membrane and this formulation cannot be effectively loaded 

above the phase transition temperature due to instability of the liposomes [207, Ickenstein L, 

unpublished results]. It is believed that methods relying on use of ethanol to improve drug 

loading efficiencies may solve some of the problems that have been encountered when 

developing these drug-loaded thermosensitive liposomal formulations. 

Concerns regarding the use of ethanol to improve pH gradient-based loading of the more 

hydrophilic drugs into DSPC / DSPE-PEG2000 have been addressed. At concentrations < 15% 

(v/v) ethanol liposome size, retention of a trapped aqueous marker, and stability of an imposed 

pH gradient were not significantly changed (see Table 5.1). At concentrations >20% (v/v) the 

presence of open liposomes and bilayer sheets were evident by cryo-transmission electron 

microscopy (see Figure 5.5) and there was a significant reduction in the magnitude of an 

imposed 3.5 unit pH gradient. The reduction of the [H + ] gradient at high ethanol concentrations, 

may be due to either an overall change in the membrane permeability of all liposomes or 

attributed to a decrease in the number of liposomes available to maintain a pH gradient due to 
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dissolution of the lipid bilayer. The most obvious change in DSPC / DSPE-PEG2000 liposomes 

occurred at ethanol concentrations > 30% (v/v). 

The studies indicated that both drug loading rates and liposomal membrane association 

could predict the in vivo stability of a drug encapsulated in a particular liposome formulation. 

The relationships observed are qualified when drugs of a similar structure are compared and 

examined in the same lipid composition, however, there are some inconsistencies. For example, 

increased drug partitioning of idarubicin in cholesterol-free as compared to cholesterol-

containing liposomes (Figure 5.2) would suggest that there would be increased drug loading 

rates and increased drug release in vivo for cholesterol-free liposomes, which is not the case. 

Faster drug loading rates were observed in cholesterol-containing liposomes (Figure 5.3) while 

enhanced retention of idarubicin in vivo was observed in cholesterol-free liposomes (shown in 

Chapter 3) as compared to cholesterol-containing lipid formulations. These particular 

inconsistencies can be explained by differences in membrane order and fluidity between DSPC 

cholesterol-free and cholesterol-containing liposomes. Furthermore, Madden et al. performed a 

survey of many drugs and analyzed drug accumulation into egg PC vesicles, and determined 

that drug uptake could not be predicted on log octanol / water partition coefficients alone [208]. 

These observations highlight the importance of other parameters involved in both drug 

uptake into, and release from, liposomes including lipid membrane order, drug solubility 

(aqueous and membrane), drug membrane partitioning, drug electrostatic and hydrophobic 

interactions. There should be a concerted effort to tease out each of these factors and their 

contribution to both drug loading and release from liposomes. It would be quite valuable i f one 

could establish high through-put assays capable of predicting the stability of drug encapsulated 

in liposomes formulations in an effort to decrease the trial and error approach currently used. 
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One of the principal questions arising from these studies is how does ethanol enhance 

doxorubicin loading rates, allowing the transfer of doxorubicin from the external medium into 

the aqueous core of the membrane, while maintaining the proton gradient? One potential 

mechanism involves increasing the interaction of doxorubicin with liposomal membranes 

thereby improving drug loading rates. As the elimination profile of doxorubicin loaded with 

and without ethanol was not significantly different, it suggests that most of the residual ethanol 

was removed. Therefore, increased doxorubicin liposomal membrane association was 

preferentially introduced during drug loading but reduced (by the removal of ethanol) prior to 

pharmacokinetic analysis. 

Ethanol-lipid membrane interactions have been extensively studied, however, there is 

still a debate on where ethanol resides in the membrane, and the nature of the interaction; 

binding or partitioning [209]. Studies completed to date indicate that ethanol resides at the lipid 

/ water interface near the head groups, with a small amount partitioned in the bilayer core [186, 

189]. Regarding lipid interdigitation, an increase in the incorporation of ethanol can induce this 

polymorphic change in membrane structure [198, 210-212]. Interdigitation is described as a 

consequence of the displacement of water from the interfacial region [193], resulting in a 

disordering effect on lipid packing [213] and intercalation of phospholipids acyl chains from 

opposing leaflets [214]. The presence of interdigitation domains would likely increase bilayer 

permeability in both directions and does not explain how the incorporation of low levels of 

ethanol in lipid membranes resulted in increased doxorubicin drug loading rates, while 

maintaining the pH gradient. 

A plausible explanation for the effects of ethanol on selective increases in drug 

permeability pertains to asymmetric distribution of ethanol in lipid bilayers. Most studies have 
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clearly indicated that short chain alcohols are positioned at the lipid / water interface of the 

membrane [215]. Studies performed by Heerklotz et al. demonstrated that membrane stress and 

permeabilization of lipid bilayers by solutes was induced by asymmetric incorporation of 

compounds [216]. Asymmetric ethanol incorporation may explain why doxorubicin could 

permeate into the aqueous space of the liposomes, while proton permeability was not increased 

substantially. Furthermore, i f the majority of ethanol partitioned within the outer leaflet of the 

bilayer, ethanol would be relatively easily removed and would not affect doxorubicin release 

from the liposomes. 

In summary, the addition of ethanol to pre-formed liposomes is an effective strategy to 

increase drug membrane association and membrane permeability, allowing loading of drugs that 

are not sufficiently hydrophobic to cross lipid membranes on a practical time scale. At low 

ethanol concentrations, initial drug loading rates were significantly improved without affecting 

the in vivo behaviour of the resulting liposomes. Ethanol-enhanced drug loading wil l be of 

particular interest when utilizing thermosensitive liposomal formulations, heat labile drugs or 

conditions (such as acidic pH) that promote rapid phospholipid degradation at high 

temperatures. The studies reported here highlight a few advantages of this method. Importantly 

it is anticipated that similar approaches may be used to improve loading of other anti-cancer 

drugs into cholesterol-free liposomes. 
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C H A P T E R 6 

DESIGNING A L I P O S O M A L C A R R I E R F O R T H E H Y D R O P H O B I C 
A N T H R A C Y C L I N E IDARUBICIN: SUBSTANTIAL INCREASES IN D R U G 

C O N C E N T R A T I O N S IN P L A S M A E N H A N C E T H E R A P E U T I C A C T I V I T Y IN A 
SENSITIVE, B U T N O T M U L T I D R U G RESISTANT, M U R I N E L E U K E M A M O D E L 

6.1. Introduction 

During recent years, the potential for liposomes as drug delivery vehicles to improve the 

therapeutic index of anti-cancer drugs has been realized. Drugs within appropriately designed 

lipid-based carriers can exhibit an improved therapeutic index due to carrier-mediated decreases 

in drug toxicity without significant changes in antitumor activity and / or drug toxicity. Perhaps 

not surprisingly, not all anti-cancer drugs benefit through development of a liposomal carrier. It 

appears that the drug as well as the liposome needs to be carefully selected in order to achieve 

optimal therapeutic results, as judged by animal models of cancer. One of the most common 

classes of anti-cancer agents, the anthracycline antibiotics, appear to benefit from encapsulation 

in liposomes and there are clinically approved liposomal formulations for both doxorubicin and 

daunorubicin [217, 218], however, not all members of this drug family have been formulated 

successfully. The interest was to design a lipid formulation for idarubicin, an anthracycline that 

is garnering significant clinical interest. 

Idarubicin is a hydrophobic daunorubicin analogue that is less cardiotoxic than 

daunorubicin or doxorubicin [129, 219]. More importantly, idarubicin has demonstrated a 10-

fold higher cytotoxic activity than daunorubicin in cultured human cancer cells [220] and this 

increased activity has been attributed to its greater hydrophobicity [141], greater induction of 

DNA strand breaks (than daunorubicin) through the direct mechanism of inhibition of DNA 

topoisomerase II, generation of free radicals, and exhibition of G2 cell cycle arrest. From a 

mechanistic perspective it is also worth noting that idarubicin is metabolized in the liver to 
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idarubicinol by the enzyme aldoketoreductase, and this metabolite exhibits cytotoxic effects 

comparable to that achieved with the parent compound [220] that are significantly greater than 

other anthracycline metabolites [221, 222]. Finally, idarubicin is less susceptible to the activity 

of multidrug resistant proteins [221, 223-225]. 

Currently this drug is indicated for the treatment of acute myelogenous leukemia (AML), 

although it is not generally utilized as frontline therapy [226, 227]. Idarubicin has also 

demonstrated antitumor activity against other malignancies including melanoma, sarcoma, non-

Hodgkin's lymphoma and lung, ovarian and advanced breast cancers [228]. 

When considering the development of an improved formulation for idarubicin it is 

important to recognize that, upon administration of idarubicin, there is less accumulation within 

the heart and spleen as compared to daunorubicin [229], therefore idarubicin is less cardiotoxic 

than the other analogues [230]. Thus, attempts to improve the therapeutic properties of this drug 

will rely on improving pharmacokinetics and altering the biodistribution of the drug in favour of 

achieving enhanced therapeutic effects. 

Given that idarubicin exhibits many ideal pharmacological properties, the studies 

described herein have sought to demonstrate that its therapeutic activity could be improved 

when encapsulated within a liposomal carrier. In order to address this, an important dilemma 

had to be solved: How can a liposome be used to stably encapsulate a highly membrane 

permeant hydrophobic drug like idarubicin? This led to the consideration of cholesterol-free 

lipid-based carriers. 

Idarubicin is more lipophilic than either daunorubicin or doxorubicin [178, 179] and is 

quickly released from conventional liposomal formulations prepared with cholesterol as a 

stabilizing component. Studies from Chapter 3 demonstrated that idarubicin was better retained 
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in cholesterol-free liposomes as compared to conventional cholesterol-containing liposomes. 

However, idarubicin plasma concentrations were below detectable limits 4 hours post-injection 

of these liposomal formulations. These results suggested that the formulation, albeit 

significantly more effective as a carrier for idarubicin than formulations where the liposomes 

were prepared with cholesterol, released > 90% of their encapsulated contents within 4 hours 

after i.v. injection. 

The research objectives of the studies presented in this chapter were to evaluate whether 

further improvements in circulation longevity of idarubicin could be achieved by altering the 

composition of cholesterol-free liposomes (phospholipid acyl chain length, PEG content and 

PEG molecular weight) and / or by modification of the procedure used to encapsulate the drug. 

The working hypothesis was that increases in plasma idarubicin levels and idarubicin 

circulation longevity would improve antitumor activity. Increases in plasma idarubicin levels 

mediated by the drug carrier will be a reflection of how fast the drug is released from the carrier 

after administration. If little or no drug is released from the injected liposomes, then the 

circulating drug levels will be dictated by the circulating levels of liposomal lipid. Conversely, 

if the encapsulated drug rapidly dissociates from the carrier, then the drug levels achieved would 

be comparable to those observed following administration of the drug without the carrier. In 

this regard, it is difficult to predict how the release rate of a given anti-cancer drug from 

liposomes influences therapeutic activity [200]. 

Previous studies have demonstrated that some drugs exhibit improved antitumor activity 

when encapsulated in lipid-based carriers that engender longer circulation lifetimes. For 

example, both vincristine and doxorubicin have demonstrated an increased antitumor activity 

when the plasma half-life is increased [60, 63, 231, 232]. In fact it has been shown that 
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increased drug release of doxorubicin from liposomes prepared of 

dimyristoylphosphatidylcholine (DMPC) / cholesterol actually results in an increase in toxicity 

and a decrease in therapeutic effects [233]. The studies outlined here were specifically designed 

to gain stepwise improvements in idarubicin retention in liposomes after i.v. administration, 

with the goal of achieving increased plasma drug levels over time and improving therapeutic 

activity. 

6.2. Hypothesis 

Further improvements in the in vivo retention of idarubicin in cholesterol-free liposomes 

will be achieved through use of decreased PEG concentrations and increased buffering capacity 

(internal citrate concentration) that wil l , in turn, improve the therapeutic activity. 

6.3. Results 

6.3.1. Pharmacokinetics of free and liposomal idarubicin: effect of PEG concentration 

and internal citrate concentration 

The influence of altering lipid composition (phospholipids acyl chain length, mol% 

PEG-conjugated lipids and PEG molecular weight) and loading parameters (internal citrate 

concentration and pH) on the plasma circulation lifetimes of idarubicin in cholesterol-free 

liposomes exhibiting a transmembrane pH gradient (pH 4.0 inside, pH 7.4 outside) was 

evaluated. Female Balb/c mice were administered as a single i.v. injection of free idarubicin (33 

umole/kg; 18 mg/kg) or liposomal idarubicin (33 umole drug/kg and 165 umole total lipid/kg; ~ 

100 mg total lipid/kg). Both plasma lipid and drug levels were measured at 0.25, 0.5, 1, 2, 4 and 

24 hours following drug administration. The results, shown in Figure 6.1, suggest that 
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Figure 6.1 

The effect of DSPE-PEG concentration on the plasma elimination of idarubicin 
encapsulated in DSPC / DSPE-PEG20oo liposomes 

Liposome formulations containing varying amounts of PEG-conjugated lipids; 10 mol% ( • ) , 5 
mol% (•) and 2 mol% (A) were loaded with idarubicin at a 0.2 drug-to-lipid mole ratio and 
administered as a single i.v. bolus injection of 33 umole/kg idarubicin to female Balb/c mice. 
Plasma lipid and drug concentrations were measured as described in Chapter 2. Inset: 
Idarubicin plasma concentration at 4 hours post injection. Legend: IDA, free idarubicin (n = 3), 
DCP, DSPC / CH / DSPE-PEG2000 (50:45:5 mole ratio; n = 6), 10% (n = 6), 5% (n = 24) and 2% 
(n = 6), the latter numbers represent the mol% of PEG-lipid incorporated into DSPC / DSPE-
PEG2000 liposomes. Liposomes were loaded and administered i.v. to female Balb/c mice as 
described above. Data points represent the average umole idarubicin / ml plasma ± S.D for at 
least 3 mice. *** denotes that the umole IDA / ml plasma concentration for DSPC / 2 mol% 
DSPE-PEG2000 liposomes is statistically different from all other groups tested, as determined by 
one-way ANOVA and Tukey-Kramer test with p < 0.001. 
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increasing the mol% of DSPE-conjugated PEG resulted in more rapid elimination of idarubicin 

from the circulation. When using cholesterol-free liposomes with 10 mol% DSPE-PEG2000 the 

plasma levels of idarubicin 4 hours after administration were only 3-fold greater than that 

observed following injection of free idarubicin (Figure 6.1 inset). These values were not 

significantly different from results obtained with cholesterol-containing liposomes (results from 

Chapter 3). 

In contrast, decreasing the PEG concentration to 2 mol% resulted in a 50-fold (p < 

0.001) increase in idarubicin plasma concentrations at 4 hours post-drug administration (Figure 

6.1 inset). Formulations prepared with DAPC (C20) and 5 mol% PEG-conjugated lipids did not 

significantly extend idarubicin circulation lifetimes and there were no marked increases of 

idarubicin plasma concentration at 4 hours post-drug administration (p > 0.05) (not shown). 

Formulations prepared with DBPC (C22) were relatively difficult to work with considering the 

high temperatures (> 80°C) required for extrusion and inconsistent loading results. 

Additional variables considered in these studies included varying PEG molecular 

weights (350 - 5000), which also did not result a in significant impact on the idarubicin plasma 

elimination profile (not shown). It is important to note that the changes in lipid composition 

described here did not significantly change the plasma elimination of the liposomes as reflected 

by the mean plasma liposomal lipid AUCo-24h, liposome circulation lifetime and % injected dose 

remaining 24 hours after i.v. administration. 

Studies described by Mui et al. concluded that osmotic gradients across lipid bilayers 

influence drug release [234], however these studies were completed in cholesterol-containing 

liposomal formulations. In an effort to determine whether the cholesterol-free formulations 

used in the studies described here exhibited sensitivity to transmembrane osmotic gradients, 
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liposomes were prepared in hyper- and iso-osmotic citrate solutions. Prior to initiating plasma 

elimination studies with these formulations, however, it was important to determine whether 

decreases in citrate concentration (the method used to change internal osmolality) decreased the 

transmembrane pH gradient after idarubicin loading. In general high citrate concentrations ( > 

300 mM) have been utilized to maintain a large buffering capacity such that following drug 

loading, the transmembrane pH gradient is maintained. It has been shown for other drugs 

loaded into liposomes through use of pH gradients that drug-mediated decreases in the 

magnitude of the transmembrane pH gradient after drug loading are associated with increases in 

the rate of drug release. The results from Figure 6.2A indicate that when liposomes were 

prepared with either 300 mM (573 mOsm/kg solution) or 150 mM (296 mOsm/kg solution) 

citrate the magnitude of the transmembrane pH gradient measured prior to (open bars) and 

following drug loading (grey bars) was not significantly different. When liposomes were 

prepared with 100 mM citrate (179 mOsm/kg solution), the pH gradient was significantly 

reduced following drug loading. For this reason plasma elimination studies were completed 

only with liposomes prepared with either 300 or 150 mM citrate. 

The effect of varying internal citrate concentration, and hence osmolality gradients 

established across the lipid membranes, on liposome structure was investigated by cryo-

transmission electron microscopy. Representative micrographs of "empty" liposomes prepared 

with transmembrane gradients of 150 mM and 300 mM internal citrate concentrations are shown 

in Figure 6.2B. Liposomes prepared with 300 mM citrate (shown on the right) appear swollen 

or "rounded up", a characteristic observed when enclosed lipid membranes are exposed to hypo-

osmotic solutions. Liposomes prepared with 150 mM citrate (shown on the left) appear to be 

smaller and exhibit atypical (not smooth) surface features. 

140 



Figure 6.2 

The effect of drug loading on the transmembrane pH gradient in liposomes prepared with 
varying internal citrate concentrations and the effect of osmotic gradients on liposome 

structure 

(A) Liposomes contained a transmembrane gradient (inside pH 4.0, outside pH 7.5) with 
internal citrate concentrations of 300 mM, 150 mM and 100 mM. White and grey bars represent 
"empty" and drug-loaded (0.2 drug-to-lipid mole ratio, 1 mM : 5 mM) liposomes, respectively. 
(B) Cryo-TEM electron micrographs were obtained of DSPC / DSPE-PEG2000 (95:5 mole ratio) 
liposomes containing a transmembrane pH gradient with 150 mM and 300 mM citrate 
concentrations (pH 4.0) inside and HBS buffer (pH 7.4) outside. Osmolarity is indicated in 
parentheses for the different buffers; 100 mM citrate (179 mOsm/kg), 150 mM citrate (296 
mOsm/kg), 300 mM citrate (573 mOsm/kg) and HBS (319 mOsm/kg). Bars represent 100 nm. 
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The plasma elimination profiles of idarubicin encapsulated in DSPC / DSPE-PEG2000 

(98:2 mole ratio) liposomes with internal citrate concentrations of 300 mM (open triangles) and 

150 mM (closed triangles) are provided in Figure 6.3. A reduction in the internal citrate 

concentration resulted in a significant increase in idarubicin plasma concentration. At 4 hours 

post-injection, there was a 2.4-fold increase in idarubicin concentration in the plasma of mice 

injected with liposomes containing 150 mM citrate as compared to those injected with 

liposomes containing 300 mM citrate. The changes in liposome shape noted in Figure 6.2B did 

not affect liposome elimination rates, thus the changes in drug levels in the plasma were 

attributed to increases in idarubicin retention in those liposomes prepared with 150 mM citrate 

buffer. 

In summary, 63% of the injected drug dose remained in circulation when idarubicin was 

encapsulated in low PEG (150 mM citrate) cholesterol-free liposomes, as compared to 5% for 

free idarubicin at 4 hours post-drug administration. Further, the results suggest that cholesterol-

free liposomes may be more sensitive to osmotic gradients than conventional cholesterol-

containing lipid membranes. 

Key pharmacokinetic parameters were calculated from the idarubicin plasma 

concentration versus time profiles shown in Figures 6.1 and 6.3 and are presented in Table 6.1. 

Both free and encapsulated idarubicin exhibited a monophasic elimination profile characteristic 

of a one compartment pharmacokinetic model (R 2 > 0.922 for all groups). In particular, area-

under-the-curve (AUC), circulation half-life (Ti / 2), area-under-the-moment-curve (AUMC) and 

mean residence time (MRT) increased upon encapsulation of idarubicin in lipid-based carriers, 

whereas plasma clearance (CI) decreased. Further, the volume of distribution (Vd) was 

markedly lower (< 1.09 ml) for all liposomal idarubicin formulations as compared to free 
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Figure 6.3 

Effect of citrate concentration on the plasma elimination of idarubicin encapsulated in 
DSPC/DSPE-PEG2000 (98:2 mole ratio) liposomes 

Liposomes containing a transmembrane gradient (inside pH 4 . 0 , outside pH 7 . 5 ) with internal 
citrate concentrations of 3 0 0 mM ( A , n = 6 ) and 1 5 0 mM (A, n = 9 ) were loaded with 
idarubicin at a 0 . 2 drug-to-lipid mole ratio and administered to Balb/c mice as a single i.v. bolus 
injection of 3 3 pmole/kg idarubicin. Each data point represents the average pmole ID A/ml 
plasma ± S.D. 
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idarubicin (38.6 ml). Table 6.1 indicates that the lipid formulation demonstrating the highest 

drug AUCo-4h in the plasma compartment following i.v. administration was DSPC / DSPE-

PEG2000 (98:2 mole ratio, 150 mM citrate) and this formulation was used to assess idarubicin 

antitumor activity. 

6.3.2. Antitumor activity of single dose administration of free and liposomal idarubicin in 

the murine P388 leukemia model and MDA435/LCC6 breast xenograft model 

Prior to initiation of efficacy studies, routine limited dose range finding experiments in 

non-tumor bearing BDF-1 mice were performed. The maximum tolerable dose (MTD) was 

estimated as the dose that mice survived, without significant weight loss (less than 15%) or 

signs of stress or toxicity (e.g., lethargy, scruffy coat, laboured breathing), for 30 days following 

drug administration. For free and liposomal idarubicin the MTD was 4 mg/kg and 3 mg/kg, 

respectively, in BDF-1 mice. This indicates that the liposomal idarubicin was more toxic or 

potent than the free form. It should be noted that mice administered with high doses of either 

free or liposomal idarubicin developed a swelling on their face, specifically around the nose and 

these mice were terminated due to this unexpected adverse side effect. This side effect was 

observed in both normal (BDF-1) and immune-deficient (SCID Rag 2M) mice and 

compromised the dose range used for efficacy studies. For this reason, data summarized below 

has emphasized doses of idarubicin which provided the maximum therapeutic effects without 

observation of this toxicity in any ofthe mice within a given group. 

The antitumor effect of free and liposomal idarubicin in SCID Rag 2M mice bearing 

MDA435/LCC6 human breast solid tumors are illustrated by the data summarized in Figure 6.4. 

Treatments consisting of a single i.v. bolus injection were administered 20 days after tumor cell 
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Table 6.1 

Summary of pharmacokinetic parameters of free and liposomal idarubicin 

Sample 
A U C o . , a 

(pmole'hmr1) 
Tin 
(h) 

CI 
(mill"1) 

A U M C 
(pmole'h^ml"1) 

MRTiast 
(h) 

Free I D A 0 . 0 4 1 . 2 3 2 1 . 6 8 0 . 0 7 1 . 7 8 

D S P C / C H / P E G 
( 5 0 : 4 5 : 5 ) / 3 0 0 m M 0 . 3 7 0 . 1 8 2 . 1 5 0 . 1 0 . 2 6 

D S P C / P E G ( 9 0 : 1 0 ) / 
3 0 0 m M 

1 . 4 8 1 . 0 1 0 . 5 4 2 . 1 6 1 . 4 6 

D S P C / P E G ( 9 5 : 5 ) / 
3 0 0 m M 

1 . 9 7 1 . 4 4 0 . 4 1 4 . 0 9 2 . 0 8 

D S P C / P E G ( 9 8 : 2 ) / 
3 0 0 m M citrate 

2 . 6 0 1 . 8 9 0 . 3 1 7 . 0 9 2 . 7 2 

D S P C / P E G ( 9 5 : 5 ) / 
1 5 0 m M 3 . 3 7 2 . 3 6 0 . 2 4 1 1 . 4 9 3 . 4 1 

D S P C / P E G ( 9 8 : 2 ) / 
1 5 0 m M 

7 . 0 4 6 . 7 4 0 . 1 1 6 8 . 4 1 9 . 7 2 

" A U C was calculated using the trapezoidal rule (0 -Tlas t ) , Tlast was 4 hours 

A l l P K elimination profiles were fit to iv-bolus one compartment model using WinNonl in 
Version 1 . 5 pharmacokinetic software; R 2 , goodness of fit statistic for one compartment model 
> 0 . 9 2 for all groups. The calculations of each pharmacokinetics parameter is shown in Table 
2 . 1 . 
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Figure 6.4 

Antitumor efficacy of free and liposomal idarubicin on the growth of MDA435/LCC6 WT 
breast cancer xenografts in SCID Rag 2M mice 

MDA435/LCC6 tumors were grown on the backs of SCID Rag 2M mice. Mice were 
administered a single i.v. bolus injection of saline (filled squares), 1 (circles) mg/kg of free 
(open symbols) or liposomal (filled symbols) idarubicin initiated on day 20. Data are expressed 
as means ± SEM (n = 4 mice/group). Comparison of tumor volumes on day 45 between groups 
was not statistically significant as determined by one-way ANOVA and Tukey-Kramer test. 
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inoculation. Free and liposomal idarubicin treatment groups were compared at equivalent 

doses, 1 mg/kg. This dose was well-tolerated and exhibited no signs of toxicity. For the 

MDA435/LCC6 WT tumor model liposomal idarubicin appeared to show a trend towards 

improved therapeutic activity, but the difference between the free drug and liposomal drug 

treatment groups was not significant. On day 45 (25 days after treatment was initiated), the 

mean tumor weight for saline, free drug and liposomal drug treated mice were 0.38 ± 0.24, 0.34 

± 0.13 and 0.25 ± 0.10 g (p = 0.589). 

The antitumor activity of free and liposomal idarubicin was also determined in BDF-1 

mice with i.p. P388 ascitic tumors and these data have been summarized in Figure 6.5 and Table 

6.2. Both, free and liposomal idarubicin increased the survival time in the P388 model in a 

dose-dependent manner. Saline-treated mice typically had to be terminated due to tumor growth 

between days 7 - 9 and this control group exhibited a median survival time of 8 days. Mice 

treated with equivalent doses of free and liposomal idarubicin between 0.5 and 3 mg/kg 

exhibited dose dependent increases in median survival time. Drug doses of 2 and 3 mg/kg of 

liposomal idarubicin resulted in % increase in lifespan (ILS) values of 156 and 175, 

respectively. Comparable doses of free idarubicin resulted in % ILS values of 113 and 144, 

respectively. It should be noted (see Table 6.2) that the highest dose of idarubicin, 3 mg/kg, 

administered for both free and liposomal drug was very well tolerated and caused a weight loss 

of 3.8% and 4.2%, respectively. Weight loss reached a nadir 5 days after drug administration 

and recovered to control values by day 11. 

Treatment with liposomal idarubicin at doses of 0.5, 1 and 2 mg/kg resulted in 

significantly higher median survival times (p < 0.005) when compared to mice treated with the 

equivalent doses of free idarubicin. There was not a significant difference in the median 
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Figure 6.5 

Antitumor activity of free and liposomal idarubicin in mice bearing murine P388 W T 

leukemia (ascites) model 

Survival curves were derived from groups of 6 (0.5 mg/kg free and liposomal IDA), 12 (control 
and free IDA groups) and 14 (liposomal IDA groups) BDF-1 mice inoculated i.p. with 106 P388 
cells and treated 24 hours later. Mice were administered a single i.v. bolus injection of saline 
(filled squares), 0.5 (down triangles), 1 (up triangles), or 2 mg/kg (circles) of free (open 
symbols) or liposomal (filled symbols, DSPC / DSPE-PEG2000, 98:2 mole ratio) idarubicin. 
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Table 6.2 

Antitumor activity of free and liposomal formulations of idarubicin in BDF-1 mice bearing 
P388 tumors 

Group 
Drug Dose 

(mg/kg) 

Percent 
Wt Change 

(day 5) 

Median 
Survival Time 

(days) 
ILS (%)fl L/F* 

Control - 11.8 8.0 - -

Free Idarubicin 0.5 11.4 9.0 13 -

1 2.1 12.0 50 -

2 -1.4 17.0 113 -

3 -3.8 19.5 144 -

DSPC/PEG (98:2)/ 0.5 0.5 11.0 38 2.9 

150 mM Citrate 1 2.4 14.5 81 1.6 

2 -1.9 20.5 156 1.4 

3 -4.2 22.0 175 1.2 

" Percent increase in lifespan (ILS) values were determined from median survival times 
comparing treated and saline control groups 

b L/F, liposomal/free median survival time; values were determined by dividing the median 
survival time of the liposomal group by the median survival time of mice administered an 
equivalent dose of free idarubicin 
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survival time of mice treated at the 3 mg/kg dose (p > 0.05). However three (out of 28) mice 

treated with liposomal idarubicin survived beyond 60 days after tumor cell inoculation as 

compared to one (out of 24) for mice treated with free idarubicin at 2 and 3 mg/kg doses. These 

data suggest that liposomal idarubicin was more efficacious than equivalent doses of free 

idarubicin, a result that is reflected in the L/F values shown in Table 6.2. The L/F value is the % 

ILS ratio obtained for animals treated with liposomal (L) and free (F) drug at an equivalent 

doses and this value was greater than 1 for all doses evaluated. 

6.3.3. Evaluation of free and liposomal idarubicin in multidrug resistant MDA435/LCC6 

(MDR) and P388 (ADR) tumor cells 

As indicated in the introduction, one of the rationales for pursuing development of 

liposomal idarubicin was based on its potential to be more effective in treating multidrug 

resistant tumors. The cytotoxic effect of idarubicin and doxorubicin was evaluated in 

MDA435/LCC6 (WT / MDR) and P388 (WT / ADR) cell lines in vitro. MDA435/LCC6 MDR 

cells were transfected with the MDR1 gene and exhibited a 6.8-fold overexpression of p-

glycoprotein [235]. P388 ADR cells were cultured in the presence of low levels of doxorubicin 

to induce resistance and it is known that these cells also have elevated levels of p-glycoprotein. 

Cytotoxic activity of the selected drugs was evaluated using the MTT assay [108, 236] 

following 72 hours exposure to drugs. Cytotoxicity was expressed as percent cell viability 

relative to untreated control cells (Figure 6.6). 

There were two important observations from these studies. First, all cells lines were 

more sensitive to idarubicin than doxorubicin. Second, the log fold resistance (IC50 of resistant 

cells divided by IC50 of wild type cells) of MDA435/LCC6 cells was much lower for cells 
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Figure 6.6 

Cytotoxicity of idarubicin and doxorubicin on MDA435/LCC6 wild type/MDR and P388 
wild type/ADR cell lines 

Cells were treated with varying concentrations of idarubicin (squares) and doxorubicin (circles). 
Wild type cells are represented by open symbols and resistant (ADR / MDR) sublines are 
represented by closed symbols. Cytotoxicity was evaluated by standard MTT assay as 
described in Chapter 2. Each value represents the mean from at least three independent 
experiments; bars, SD. 
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Table 6.3 

Cytotoxicity of idarubicin and doxorubicin in wild type and resistant cell lines 

IC 5o a Log-Fold 
Cell Line Drug WT ADR/MDR Resistance* 
P388 Idarubicin 2.5 nM 933.1 nM 373 

P388 Doxorubicin 13.0 nM 5.0 uM 381 

MDA435/LCC6 Idarubicin 27.9 nM 89.1 nM 3.2 

MDA435/LCC6 Doxorubicin 115.4 nM 1.4 uM 12.3 

" IC50 concentration of drug required to inhibit 50% of cell proliferation, determined in vitro 

with microculture tetrazolium (MTT) assay as described in Chapter 2. 

b Fold resistance calculated by dividing IC50 of resistance cell line by IC50 of wild type cell line. 
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treated with idarubicin than doxorubicin. No differences in log-fold resistance were observed in 

P388 cells (Table 6.3). The cytotoxicity studies demonstrated that both cell lines are sensitive to 

idarubicin and the P388 cells are approximately 10-fold more sensitive than the MDA435/LCC6 

cells, consistent with the in vivo results shown in Figures 6.4 and 6.5. It should be noted that in 

vitro cytotoxicity data indicated that by increasing the exposure of P388 wild type cells to 

idarubicin from 24 to 72 hours, the concentration of idarubicin required to achieve a 50% cell 

kill (IC50) decreased from 14.4 nM to 1.8 nM, suggesting improvements in therapeutic activity 

could be attributed to use of a formulation that extended the plasma circulation lifetime in vivo. 

In vivo efficacy studies were completed in mice bearing established MDA435/LCC6 MDR1 and 

P388 ADR tumors. Liposomal idarubicin treatment was not significantly more active than free 

idarubicin and neither drug formulation was judged to be significantly different than the saline 

treated controls (not shown). There was also no significant increase in survival times observed 

in mice bearing P388 ADR ascites tumors when treated with free or liposomal idarubicin as 

compared to controls (not shown). From these studies it was evident that the encapsulation of 

idarubicin did not provide additional therapeutic benefits in tumor models overexpressing p-

glycoprotein. 

6 . 4 . Discussion 

The intent of these studies was to assess the therapeutic potential of a liposomal 

formulation of the anti-cancer drug idarubicin. Prior to initiating studies in animals bearing 

sensitive and resistant tumors, changes in liposome composition and loading conditions were 

evaluated in an effort to achieve the highest idarubicin plasma concentrations over time. 

Importantly, previous research from this laboratory has already established that the hydrophobic 
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anthracycline idarubicin rapidly dissociates from liposomes that are prepared with cholesterol. 

Although, the role of cholesterol in governing idarubicin release from liposomes and the 

development of cholesterol-free liposomes for drug delivery are of interest, the studies 

summarized in the report were conducted to establish whether simple changes in liposome 

composition and drug loading parameters would lead to further improvements in idarubicin 

retention in these cholesterol-free liposomes and whether the resulting formulation provided an 

additional therapeutic benefit when compared to free idarubicin. The results suggest that 

substantial (150-fold) increases in plasma idarubicin AUC can be achieved through simple 

changes in the liposome formulation and that the increase in AUC can result in improved 

therapeutic activity when using drug sensitive, as opposed to drug resistant, tumors. 

Three observations in this study warrant discussion and further investigation. These will 

be discussed in turn and include: (i) development of cholesterol-free liposomes as drug carriers, 

(ii) why substantial increases in plasma AUC result in small, albeit, significant increases in 

therapeutic activity compared to free drug, and (iii) consideration of therapeutic strategies that 

incorporate liposomal idarubicin. 

When considering strategies to optimize circulating drug levels through use of liposomal 

drug carriers, two factors appear to be crucial: (i) liposome circulation lifetime and (ii) drug 

release from those circulating liposomes. It is well established that improvements in liposome 

circulation can be achieved by incorporation of cholesterol and further increased by 

incorporation of PEG-modified phospholipids. More recently, the role of cholesterol in 

stabilizing liposomes containing PEG-modified lipids has been questioned. Results from these 

studies have clearly demonstrated that in terms of circulation lifetime, cholesterol is not required 

in liposomes that incorporate PEG-modified lipids. This observation has triggered a number of 
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separate studies investigating plasma protein binding to these liposomes optimized PEG-lipid 

levels in terms of grafting density and PEG chain length, use of alternative lipids that may 

achieve similar or improved properties in cholesterol-free liposomes which do not include PEG-

modified lipids and potential therapeutic applications of these cholesterol-free liposomes. 

Regarding the latter, an excellent example includes the development of cholesterol-free DPPC 

liposomes as thermosensitive delivery systems which release contents following mild heating. 

Another less well developed application concerns the use of cholesterol-free liposomes 

to achieve improvements in drug retention as illustrated in this thesis for idarubicin, a drug that 

is not well-retained in liposomes that contain cholesterol. Since all liposome compositions 

evaluated during the course of these investigations exhibited comparable plasma elimination 

rates, the reported highlights liposome-mediated increases in idarubicin circulation lifetime and 

plasma AUC. Thus, when reviewing the data it is important to recognize that observed 

increases in idarubicin levels in the plasma can be attributed to decreases in idarubicin release 

from the circulating liposomes. 

It is reasonably well accepted that increases in membrane rigidity can increase drug 

retention in liposomes and this is exemplified by liposomal formulations utilizing SM or DSPC 

instead of EPC or DMPC as the bulk phospholipid component [16, 231, 232, 237]. In this 

context, changing the composition of the cholesterol-free liposomes by replacing DSPC (C18) 

with DAPC (C20) or DBPC (C22) did not significantly improve the circulation longevity of 

idarubicin and actually made it more difficult to manufacture and load the liposomes. It is 

acknowledged that changes in acyl chain composition did not improve the properties of 

liposomal idarubicin formulation, but increases in acyl chain length may prove to be of value for 

other drugs and it is important to recognize that these liposomes (without cholesterol) were 
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effectively stabilized (i.e., exhibited extended circulation lifetimes) by incorporation of PEG-

conjugated lipids regardless of the bulk PC used. 

It has been suggested and demonstrated that for certain drugs that surface-grafted PEG 

increases drug partitioning into the membrane interface, resulting in increased drug release [36, 

181]. This effect of PEG has been attributed to the fact that PEG moieties are most frequently 

conjugated onto diacylphosphatidylethanolamine species and, when conjugated, the resulting 

PEG-modified lipid is anionic. It has been suggested that the anionic surface charge may 

facilitate binding and subsequently release of drugs, which are primarily in a cationic form when 

encapsulated using pH gradient (interior acidic) techniques. Studies completed here 

demonstrate that changes in PEG molecular weight did not significantly impact idarubicin 

plasma circulation lifetimes, however PEG grafting density had a significant impact. 

Incorporating 10 mol% PEG resulted in a liposomal idarubicin formulation that exhibited 

significantly faster drug elimination. Since the circulation lifetime of the DSPC liposome 

formulation containing 10 mol% PEG-lipid was not affected, changes in circulating drug levels 

were due to increased drug release from liposomes in the plasma compartment. 

Consistent with this observation, reductions in PEG grafting density increased idarubicin 

circulation longevity and, in fact, for those formulations prepared with 300 mM citrate buffer 

incorporation of 2 mol% PEG provided a 2.1-fold increase in idarubicin plasma AUCo-4h when 

compared to DSPC liposomes prepared with 5 mol% PEG-modified lipids and almost a 19-fold 

increase in AUCo-4h when compared to DSPC / CH liposomes containing 5 mol% PEG-modified 

lipid (see Table 6.1). Again it should be noted that these liposomal formulations (prepared with 

2 mol% PEG-modified lipid) exhibited circulation lifetimes that were not different from 

liposomes prepared with higher PEG grafting densities [42]. Further, in the studies reported 
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here the PEG-conjugated lipids were added prior to formation of the lipid film and thus were 

incorporated into both the outer and inner monolayers of the liposome. It can be suggested that 

further increases in idarubicin circulation levels could be achieved through use of liposomes 

where PEG-lipids are incorporated by an exchange process from micelles [33, 34]. 

Other than removal of cholesterol, the most significant increase in idarubicin plasma 

levels that were achieved following administration of the liposomal drug was due to use of 

liposome prepared in iso-osmotic (150 mM) pH 4.0 citrate buffer. It was recognized that 

reductions in citrate concentration would decrease entrapped buffering capacity and that drug 

loading induced decreases in the transmembrane pH gradient in these systems may cause an 

increase in idarubicin release and an associated decrease in plasma idarubicin levels. The 

studies summarized here indicate that a 2-fold decrease in entrapped buffer concentration could 

still engender efficient idarubicin loading (when the drug was added at a 0.2 drug-to-lipid ratio) 

and the transmembrane pH gradient following drug encapsulation was comparable to that 

observed in liposomes prepared in 300 mM pH 4.0 citrate buffer (see Figure 6.2). 

When using idarubicin loaded liposomes (containing 2 mol% PEG-lipids) prepared 

using the 150 mM pH 4.0 citrate buffer, there was 2.7-fold increase in idarubicin AUCo-4h when 

compared to the same liposomal formulation prepared in 300 mM pH 4.0 citrate. These results 

suggest that the cholesterol-free liposomes may be more sensitive to transmembrane osmotic 

gradients than cholesterol-containing formulations, which are not significantly affected by 

osmotic gradients in excess of 300 mOsm/kg [234]. It is not clear why cholesterol removal 

would increase osmotic fragility, but it is known that cholesterol-free membranes display grain 

boundaries (see cryo-TEM images in Figure 6.2) and these regions may increase the fragility of 

the these liposomes, particularly in the presence of plasma proteins. 
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For assessment of antitumor activity in vitro and in vivo, murine (P388 leukemia) and 

human (MDA435/LCC6) cell lines were used. The MDA435/LCC6 WT and MDR-1 

transfected cell lines were both sensitive to idarubicin when added at nanomolar levels, 

however, the in vivo results indicate that the free drug and the liposomal drug were not 

significantly active when the maximum effective dose was defined as 1 mg/kg. Although there 

were substantial increases in idarubicin plasma concentrations at 4 hours post-injection when 

comparing plasma levels in mice dosed with the optimized liposomal formulation as opposed to 

free drug, there was < 6% of the injected dose 24 hours post-injection which may not be 

sufficient to provide adequate delivery of a drug to extravascular regions within the tumor. This 

argument makes the assumption that liposome-mediated drug delivery to tumors is critical for 

achieving improve therapy and this could be achieved by identification of other factors that may 

further increase idarubicin retention (blood levels) in the administered liposomes or possibly by 

using repeated doses. 

Perhaps disappointing, but not unexpected given the lack of activity of the liposomal 

drug in the MDA435/LCC6 WT xenograft model, the liposomal formulation exhibited even less 

activity in the multidrug resistant variant of this cell line. Clinical interest in idarubicin is due, 

in part, because multidrug resistant cells appear to be less resistant to idarubicin when compared 

to other anthracycline family members. The MDA435/LCC6 multidrug resistant cell line, for 

example, was 12-fold less sensitive to doxorubicin when compared to activity in the WT cell 

line (see Table 6.3) but was only 3-fold less sensitive to idarubicin. As suggested previously, i f 

a more effective dosing strategy can be identified using the MDA435/LCC6 WT tumor 

xenograft model, then it wil l be worth revisiting the activity of the liposomal formulation in a 

resistant cell line. 
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In vitro cytotoxicity studies with P388 cells indicated that these cells were 10-fold more 

sensitive to idarubicin than the MDA435/LCC6 cells and from these data alone one would 

predict improved activity in the P388 murine model. This was observed (see Figure 6.5) for 

both free drug and liposomal idarubicin-treated tumor bearing mice. Not unexpectedly, there 

was little activity observed in the P388 multidrug resistant variant which was 3 73-fold less 

sensitive to the drug than the WT cell line. Studies by others have indicated that idarubicin can 

achieve high intracellular concentrations in multidrug resistant cells overexpressing p-

glycoprotein, attributed to its higher passive diffusion and lipophilicity [238, 239]. However, 

P388 ADR cells that have become resistant by exposure to doxorubicin exhibit multiple forms 

of resistance including overexpression of p-glycoprotein, alterations in topoisomerase I I alpha 

and glutathione-S-transferase enzymes as well as increased onset DNA repair mechanisms [240, 

241]. Idarubicin is an inhibitor of topoisomerase I I activity and thus alterations in this enzyme 

(in multidrug resistant cell lines) would significantly reduce the drug's cytotoxic effect. 

The antitumor effects observed in the P388 WT model are encouraging and suggest that 

further optimization of this formulation is warranted. As suggested in this discussion, 

optimization wil l be achieved by following two strategies. The first wil l involve further 

characterization of the cholesterol-free liposomes and factors that may lead to even further 

improvements in idarubicin retention. The second strategy wil l concern its use in treating 

models of cancer. Optimization of dosing schedules is an obvious parameter to evaluate; further 

improvements in therapeutic activity wil l more likely be achieved after consideration of 

idarubicin's specific use in the clinic. It wil l be important to focus future efficacy studies on 

drug-sensitive AML models and perhaps additional breast and ovarian tumor models given an 

emerging interest in the use of idarubicin in advanced breast and ovarian cancers. Perhaps even 
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more importantly, it needs to be recognized that drugs like idarubicin are not used in the clinic 

as single agents. Thus, the antitumor activity of liposomal formulation of idarubicin in 

combination with liposomal gemcitabine was evaluated in the following chapter. 
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CHAPTER 7 

ACHIEVING SYNERGISTIC ANTITUMOR ACTIVITY IN VIVO: COMBINATION 
TREATMENT WITH LIPOSOMAL FORMULATIONS OF IDARUBIN AND 

GEMCITABINE 

7 . 1 . Introduction 

Cancer is considered to be a manageable chronic disease. While local disease is 

amenable to surgery and radiation, systemic disease is most often treated with a "cocktail" of 

chemotherapeutic drugs. Combination regimens can significantly reduce the emergence of 

multidrug resistance (MDR) that can either be inherent or acquired, rendering the surviving 

malignant cells insensitive to further therapeutic interventions. Combination drug treatments 

can achieve a greater therapeutic response than obtained when individual drugs are administered 

as single agents. In view of these observations, the objectives for this study were two-fold: to 

design a liposomal formulation of gemcitabine and, in turn, to evaluate the antitumor activity of 

a combination treatment consisting of liposomal gemcitabine and liposomal idarubicin. 

Gemcitabine is 2'2'-difluoro-deoxycytidine analogue, bears structural similarity to 

cytosine arabinoside [242]. The prodrug gemcitabine becomes activated following 

phosphorylation by deoxycytidine kinase. The di-phosphorylated derivative of gemcitabine, 

dFdCDP, has been shown to be a strong inhibitor of ribonucleotide reductase leading to a 

decrease of the deoxyribonucleotide pools for DNA synthesis [243, 244]. The tri-

phosphorylated derivative, dFdCTP, is incorporated into DNA during the synthesis (S) phase of 

the cell cycle, inhibiting the action of DNA polymerases (a and e) leading to a block in DNA 

synthesis [245]. Primer extension assays indicated that one nucleotide is added subsequent to 

the addition of gemcitabine into a newly synthesized DNA strand, rendering gemcitabine less 

susceptible to removal by the exonuclease function of DNA polymerases [245]. 
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Gemcitabine has antitumor activity in both haematological and solid tumor models 

[246], including leukemia [247], lung (non small cell) [248], pancreatic [249], breast [250], 

ovarian [251] and bladder [252, 253]. In comparison to cytosine arabinoside, gemcitabine is 

more cytotoxic [254, 255], has longer retention times in tumor tissue [255], higher accumulation 

within leukemia cells [254], and a higher binding affinity for deoxycytidine kinase [255]. 

Gemcitabine is relatively well-tolerated; the dose limiting toxicity is myelosuppression 

and this is short lived with no need for haematopoietic growth factors. Other transient adverse 

side effects include fever, rash and elevated liver function tests including the aspartate 

aminotransferase (AST) and alanine aminotransferase (ALT) enzymes [256, 257]. 

Gemcitabine's non-overlapping toxicities with many other drug classes make it an ideal 

candidate for combination therapy, often without the need for dose reduction. 

Gemcitabine is currently licensed as frontline therapy for the treatment of non small cell 

lung [248] and pancreatic cancers [249]. It is important to note that although gemcitabine has 

reasonable response rates when administered alone, higher response rates were observed when 

gemcitabine was combined with other classes of drugs. For example, in non small cell lung 

cancer activity a dose of 800 - 1250 mg/m2 achieved overall response rates ranging from 20% 

(when used as a single agent) [258, 259] to 50% when used in combination with cisplatin, with 

median survival times of greater than 1 year [260]. More recently, the combination of 

doxorubicin and gemcitabine for the treatment of advanced breast cancer has shown favourable 

complete response rates in clinical trials [261]. 

It is anticipated that the encapsulation of gemcitabine within liposomes wil l (i) enhance 

cytotoxic activity by prolonged drug exposure of this cell cycle specific drug, (ii) protect the 

drug from degradation by extracellular deoxycytidine deaminase enzymes, and (iii) facilitate 
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improved delivery to sites of cancer growth which would, in turn, combine to improve the 

therapeutic effect. Similar effects have already been observed for cytosine arabinoside when 

encapsulated within a liposome [15], but the use of liposome for delivery of gemcitabine 

delivery has not been exploited previously. 

Comparable to drug combinations used by oncologists, the combination of idarubicin 

and gemcitabine was selected on the basis of characteristics such as (i) non-overlapping 

toxicities, (ii) different mechanisms of elimination, (iii) distinct mechanisms for antitumor 

activity, suggesting that the combination of the two drugs may have additive or synergistic 

effects, and (iv) lack of cross resistance (gemcitabine was not sensitive to doxorubicin-resistant 

P388 cells [262]). Given the improved antitumor activity of liposomal idarubicin against P388 

leukemia (summarized in Chapter 6) and the realization that further development of this 

liposomal drug may depend on its therapeutic potential when used in combination. Using in 

vitro and in vivo anti-cancer screening assays, the therapeutic activity of free and liposomal 

forms of gemcitabine and idarubicin and combinations thereof were evaluated in a murine 

leukemia model. 

7.2. Hypothesis 

Encapsulation of gemcitabine in lipid-based carriers wil l result in a formulation that 

exhibits an improved therapeutic index when used in combination with liposomal idarubicin that 

wil l , in turn, result in additive or supra-additive antitumor activity. It is anticipated that this 

effect wil l be attributed to non-overlapping toxicities and distinct mechanisms of antitumor 

activity exhibited by idarubicin and gemcitabine. 
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7.3. Results 

7.3.1. P388 lymphocytic leukemia cytotoxicity of gemcitabine and idarubicin used alone, 

and in combination 

Cytotoxic activity was assessed by a standard MTT assay (as described in Chapter 2), 

and demonstrated that gemcitabine ( IC 5 0 = 2.6 x 10"10 M) was approximately 10-fold more 

cytotoxic than idarubicin (IC50 = 1.8 x 10"9 M) as shown in Figure 7.1 A. The IC50 

concentrations (concentration required to achieve 50% cell kill) of the individual drugs were 

used to define the fixed molar ratio for combination studies. Thus one molar ratio studied was 

set at 1:10 (GEM / IDA). In addition, 1:1 and 10:1 GEM / IDA fixed molar ratio drug 

combinations were also included to assess whether drug interactions were dependent on the drug 

molar ratio. 

Cytotoxicity curves of the fixed ratio combinations of gemcitabine and idarubicin shown 

in Figure 7.IB demonstrated a shift to the left in the cytotoxicity curves when compared to use 

of gemcitabine as a single agent. This result suggested that a lower concentration of 

gemcitabine was required to achieve the similar cell kill. This effect is more apparent in Figure 

7.2A, which summarizes the drug concentration required to achieve a 90% cell ki l l (fraction 

affected = 0.9) for the different treatments consisting of gemcitabine or idarubicin administered 

alone or in combination. For single treatment with either gemcitabine or idarubicin, the IC90 

drug concentrations were 0.9 nM and 5.7 nM, respectively. When P388 cells were treated with 

GEM / IDA at a 1:10 fixed molar ratio, less of each drug was required to achieve 90% cell kil l 

when compared to individual treatments. The fold reduction in drug concentration, also referred 

to as the dose reduction index (DRT), was 14 and 8.5 for gemcitabine and idarubicin, 

respectively. There was a moderate decreased in drug concentrations required to achieve a 
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Figure 7.1 

Cytotoxic activity of gemcitabine and idarubicin and combinations thereof 
on P388 lymphocytic leukemia cells 

Cells were treated with varying concentrations of (A) idarubicin ( • ) and gemcitabine ( • ) and 
(B) combinations thereof. Fixed molar drug ratios were chosen based on the IC50 of each 
individual treatment; and consist of GEM / IDA 1:10 molar ratio; 1:1 molar ratio, (O); 10:1 
molar ratio; (T). Cytotoxicity was evaluated by a standard MTT assay as described in Chapter 
2. Each value represents the mean ± S.D. for at least three independent experiments performed 
in triplicate. 
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fraction effect level of 0.9, when a 1:1 GEM / IDA fixed molar ratio, the DRI at this drug ratio 

was 1.8 and 11.8 for gemcitabine and idarubicin, respectively. There was a 180-fold reduction 

in idarubicin concentration when administered in 10:1 GEM / IDA fixed ratio as compared to 

single administration. 

Dose titrations of gemcitabine and idarubicin administered alone, and in combinations 

added at fixed ratios were analyzed by the median effect equation by Chou and Talalay [109] to 

determine the combination index (CI) as a function of fraction affected (represents the fraction 

of non-viable cells), as shown in Figure 7.2B. A CI value of < 1 represents synergy while a CI 

value of 1 or > 1 indicated additive effects and antagonism, respectively. A 1:10 (GEM / IDA) 

fixed molar ratio, as well as the other ratios (not shown), demonstrated moderate to very strong 

synergism, over a broad range of effective doses. This result is consistent with other reports 

suggesting that gemcitabine interacts synergistically with anthracyclines [263]. 

7.3.2. Liposome encapsulation and plasma elimination of gemcitabine 

Previous studies indicated that liposomal idarubicin improved the median survival of 

mice inoculated i.p. with P388 leukemia cells as compared to controls and free idarubicin (refer 

to Chapter 6). To this point, gemcitabine's sensitivity to P388 leukemia has been demonstrated 

in vitro. The next objective was to encapsulate gemcitabine in a lipid-based carrier to assess 

whether the drug's therapeutic activity could be improved in vivo when compared to the free 

drug administered at levels that engender comparable levels of toxicity. 

Gemcitabine was passively loaded into three different liposomal formulations; DSPC / 

DSPE-PEG2000 (95:5 mole ratio), DSPC / CH (55:45 mole ratio) and DSPC / CH / PEG (50:45:5 

mole ratio). In brief, lipid films were rehydrated with 167 mM gemcitabine (dissolved in 
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Figure 7.2 

Dose reduction index analysis at an I C 9 0 of idarubicin (IDA) and gemcitabine (GEM) used 
alone or in combination and the combination index of GEM/IDA (1:10) fixed molar ratio 

(A) The drug concentrations required to achieve 90% cell kill (IC90, fraction affected = 0.9) of 
gemcitabine (grey bars) and idarubicin (white bars) and 1:10, 1:1 and 10:1 GEM/IDA fixed 
molar ratios. Data was plotted as a function of effect by the median effect equation by Chou 
and Talalay. The cytotoxicity data obtained from dose titrations of the different drug treatments 
was evaluated by a standard MTT assay (see Chapter 2). (B) Cytotoxicity curves of IDA / GEM 
combinations were evaluated by median effect equation by Chou and Talalay and CI index (CI) 
was plotted as a function fractional affected for 1:10 GEM/IDA fixed molar ratio. A CI value of 
< 1, is synergistic, =1 is additive and > 1 is antagonistic. Strong synergism is indicated by CI 
values of 0.1 - 0.3 and values of 0.3 - 0.7 are considered to indicate strong and moderate 
synergism, respectively. Al l combinations of idarubicin and gemcitabine evaluated were 
between moderate to strong synergism. 
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HEPES buffered saline, pH 7.4) at 40°C for 60 min. The samples were extruded through 2 

stacked 100 nm polycarbonate filters to generate unilamellar liposomes. Two parameters were 

measured including liposome size by the quasielastic light scattering (QELS) technique and 

encapsulation efficiency following separation of free and encapsulated gemcitabine by size 

exclusion chromatography. For both cholesterol-containing formulations, the mean liposome 

diameter ranged between 100 and 130 nm. The mean liposome diameter (57.6 nm) and 

encapsulation efficiency (1.8%) were significantly lower for the preparations consisting of 

DSPC / DSPE-PEG2000 (95:5 mole ratio). These data have been summarized in Table 7.1. 

Under the conditions used here, final drug-to-lipid mole ratios of 0.1 were obtained for the 

cholesterol-containing formulations, however, the DSPC / CH / PEG (50:45:5 mole ratio) 

liposome formulations consistently exhibited higher levels of entrapment (~ 10% improvement). 

Since the cholesterol-free liposomal formation was not effective at encapsulating gemcitabine, 

this formulation was not studied further. 

A second criteria for choosing a liposome formulation was based on liposome-mediated 

increases in gemcitabine blood residence time. Free and liposomal gemcitabine formulations 

were administered to female Balb/c mice at a dose of 16.5 pmole gemcitabine/kg (5 mg/kg) and 

165 pmole total lipid/kg. At various time points post-drug administration, blood samples were 

taken to measure gemcitabine and liposomal lipid plasma concentrations, and these data have 

been summarized in Figure 7.3. Gemcitabine plasma concentrations were modeled using 

pharmacokinetic software, indicating a close fit with an i.v. bolus one compartment model. The 

pharmacokinetic parameters (Table 7.2) demonstrated that DSPC / CH / PEG (50:45:5 mole 

ratio) liposomes increased plasma circulation longevity of gemcitabine more than free or 

liposomal DSPC / CH (55:45 mole ratio) gemcitabine. Both mean plasma area-under-the-curve 
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Table 7.1 

Effect of lipid composition on the drug-to-lipid mole ratio and encapsulation efficiency of 
passively loaded gemcitabine 

Liposome 
Composition 

(mole ratio) 

Lipid Cone. 
(mM) 

Drug Cone. 
(mM) 

Liposomes 
size (nm)a 

Drug-to-
Lipid 
Ratio* 

Encapsulation 
Efficiency 

( % ) c 

DSPC/PEG 

(95:5) 
100 167 57.6(2.8) 0.030 1.8 

DSPC/CH 

(55:45) 
100 167 107.0(9.4) 0.096 5.7 

DSPC/CH/PEG 
(50:45:5) 

100 167 101.1 (5.7) 0.114 6.8 

" Liposome size was determined by quasielastic light scattering (QELS) technique, S.D. for 
three experiments are indicated in parentheses. The standard deviations for a given liposome 
population was between 25 - 32 nm. 

b Drug to lipid molar ratio (mol/mol) following separation of free and encapsulated gemcitabine 
on mini Sephadex G-50 columns. Gemcitabine was assayed by lysing the liposomes in OGP 
and measuring absorbance at 268 nm (see Chapter 2) and liposomal lipid was measured through 
use of 3 [H]-CHE label. 

c Encapsulation efficiency was determined as the percentage of drug-to-lipid molar ratio after 
removal divided by initial drug-to-lipid mole ratio 
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Figure 7.3 

Plasma elimination of free and liposomal gemcitabine in Balb/c mice 

Free ( • ) and liposomal gemcitabine formulations radiolabeled with tracer quantities of 3 [H] -
gemcitabine and / or 14[C]-cholesteryl hexadecyl ether were administered intravenously via the 
dorsal tail vein of female Balb/c mice. The total lipid dose administered for the liposomal 
formulations DSPC / CH ( 5 5 : 4 5 mole ratio, A ) and DSPC / CH / DSPE-PEG20oo ( 5 5 : 4 5 : 5 mole 
ratio, • ) was 1 6 5 umole/kg. The gemcitabine dose administered was 1 6 . 5 umole/kg. Blood 
was collected at 1 , 2 , 4 and 2 4 hours by cardiac puncture. An aliquot of plasma was used to 
determine liposomal lipid and gemcitabine content as described in Chapter 2 . Each data point 
represents the mean ± S.D. for 4 mice. 
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Table 7.2 

Summary of pharmacokinetic parameters of free and liposomal gemcitabine 

Sample 
AUCo-,a 

(u.mole'h'mr1) 
Tin 
(h) 

CI 
(mlh1) 

AUMC 
(pmoleV'mr1) 

MRT| a st 
(h) 

GEM 0.1* 2.1 6.12 0.3 3.1 

DSPC/CH 
(50:45:5) 4.3C 4.4 0.16 27.1 6.3 

DSPC/CH/PEG 
(50:45:5) 

15.4C 14.3 0.05 • 319.0 20.7 

" AUC was calculated using the trapezoidal rule (0-Tlast) 

b Tlast was 4 hours 

c Tlast was 24 hours 

d Al l pharmacokinetic elimination profiles were fit to iv-bolus one compartment model using 
WinNonlin Version 1.5 pharmacokinetic software. R 2, goodness of fit statistic for one 
compartment model was 0.756, 0.987 and 0.994 for free gemcitabine and liposomal gemcitabine 
formulations DSPC / CH and DSPC / CH / PEG, respectively. 
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(AUC) and plasma half-life (T 1 / 2 ) increased 135-fold (15. 4 pmole h ml"1) and 8-fold (14.3 h), 

respectively, when encapsulated in DSPC / CH / PEG (50:45:5 mole ratio) as compared to free 

gemcitabine. 

7.3.3. Antitumor activity of free and liposomal gemcitabine in P388 murine leukemia 

There are numerous benefits to encapsulation of gemcitabine in lipid carriers that may 

not be reflected in the pharmacokinetic parameters such as protection from degradation by 

cytidine deaminase, prolongation of circulation longevity in order to increase exposure to 

malignant cells, sustained drug release, and accumulation within the tumor site. To investigate 

the effect of encapsulation of gemcitabine (DSPC / CH / PEG; 55:45:5 mole ratio) on 

therapeutic activity, efficacy experiments were performed in the P388 murine leukemia model. 

Initial dose-range finding studies performed in non-tumor bearing BDF-1 mice indicated that 

the maximum tolerable dose was 500 mg/kg and 5 mg/kg of free and liposomal gemcitabine, 

respectively. These data indicated that liposome encapsulation mediated a 100-fold dose 

reduction of gemcitabine. 

At the maximum tolerable dose, 100% increase in life span (median survival time; 16 

days) was obtained in mice receiving a dose of 5 mg/kg liposomal gemcitabine shown in Figure 

7.4. A 75 % ILS (median survival time; 14 days) was obtained when mice were treated with 

free gemcitabine at its maximum tolerated dose (500 mg/kg). At the MTD, the liposomal 

gemcitabine (5 mg/kg) had a significantly longer median survival time than free gemcitabine 

(500 mg/kg) (p = 0.0015). In summary, a longer median survival time was observed for 

liposomal gemcitabine at a dose that was approximately 100-fold less than free drug, albeit at a 

dose exhibiting equivalent toxicity. 

In view of these results, assessment of the therapeutic activity free and liposomal 
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Figure 7.4 

P388 antitumor activity of a single i.v. bolus injection of free and liposomal gemcitabine 
administered at the maximum tolerated dose (MTD) 

Survival curves were derived for control (saline, • , n = 20), 500 mg/kg free gemcitabine ( A , n 
= 10) and 5 mg/kg liposomal gemcitabine (A, n = 6) groups administered to BDF-1 female 
mice inoculated i.p. with 106 P388 cells and treated 24 hours later. 
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gemcitabine in combination with liposomal idarubicin was warranted. In vitro studies 

demonstrated that combinations of gemcitabine and idarubicin engendered synergistic P388 

cytotoxicity when added at fixed ratios. However, it is not clear how best to use this 

information to characterize drug combinations in vivo. It has been argued that it wil l be 

important to define and maintain certain fixed drug ratios following administration of drug 

combinations in order to ensure that the synergistic potential of the drugs wil l be captured. It is 

anticipated that drug carriers wil l play a crucial role in maintaining fixed ratios following i.v. 

administration. However in the studies reported here, a general approach to set the initial drug-

to-drug ratio was used. Mice were treated with the combined drugs based on a ratio defined by 

66% of the individual drug's maximum tolerated dose (MTD). In this regard, dose 

combinations of free gemcitabine and free idarubicin were 334 mg/kg (1115 umole/kg) and 2 

mg/kg (3.8 umole/kg), respectively, and this fixed drug molar ratio was maintained all doses 

administered. For liposomal formulations, 3.4 mg/kg (11.4 umole/kg) and 2 mg/kg ( 3.8 mg/kg) 

of gemcitabine and idarubicin were administered, respectively, and dose titrations maintained 

the same drug ratio. The results of these studies have been summarized in Table 7.3. 

The survival of mice administered combinations of idarubicin / gemcitabine (IDA / 

GEM) and liposomal idarubicin / liposomal gemcitabine (LIDA / LGEM) are illustrated by the 

data shown in Figure 7.5. An increase in median survival times was observed for mice 

administered the liposomal drug combination, 30 days (281 % ILS), as compared to the free 

drug combination, 18 days (125 % ILS). Drug-induced weight loss was less than 5% in both of 

these treatments. The data shown in Table 7.3 indicates that free gemcitabine combined with 

LIDA (2 mg/kg) resulted in improved therapeutic effects, but effect was 50% less of that noted 

when compared with the combination of liposomal drugs. Similar conclusions can be made 
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Table 7.3 

Antitumor activity of combinations of free and liposomal idarubicin / gemcitabine 
in BDF-1 mice bearing P388 ascitic tumors 

Group Drug Dose %Weight MST" %ILS 6 Cell Kill c Survivors 
(m g/kg) Change, (days) (LOG 1 0) 

day 5 
IDA G E M 

Control - - 11.8 8.0 - N/A 0/20 
0.5 13.6 9 13 0.6 0/12 

IDA 1 2.1 12 50 2.3 0/12 
2 -1.4 17 113 5.1 1/12 

0.5 2.7 11 38 1.7 0/14 
LIDA 1 2.4" 14.5 81 3.7 0/14 

2 -1.9 20.5 156 > 6 2/14 

100 0.4 13 63 2.9 0/6 
200 3.0 14.5 81 3.7 0/6 

GEM 300 2.3 14.5 81 3.7 0/6 
400 1.8 15 88 4.0 0/6 
500 0.0 14 75 3.4 0/10 
1.0 -4.2 13 63 2.9 0/6 

LGEM 2.5 3.3 14 75 3.4 0/6 
5.0 1.9 16 100 4.6 0/6 

0.5 83.5 0.2 14 75 3.4 0/6 
IDA/GEM 1.0 167 -0.4 17 113 5.1 0/6 

2.0 334 -6.2 18 125 > 6 0/6 

0.5 83.5 -2.4 14 75 3.4 0/6 
LID A/GEM 1.0 167 -2.8 16.5 106 4.9 0/6 

2.0 334 -1.2 20.5 156 >6 1/6 

0.5 0.85 1.8 14 75 3.4 0/6 
IDA/LGEM 1.0 1.7 1.4 18 125 4.9 0/6 

2.0 3.4 0.5 19.5 144 >6 1/6 

0.5 0.85 1.7 16.5 106 4.9 0/6 
LIDA/LGEM 1.0 1.7 3.9 19 138 >6 0/6 

2.0 3.4 1.8 30 281 > 6 1/6 

" MST, median survival time 

b Percent increase in lifespan (ILS) values were determined from median survival times 
comparing treated and saline control groups 

c Log cell ki l l , represents the number of cells killed from treatment based on median survival. 
The correlation between median survival and number of inoculated cells were determined in a 
separate study. For efficacy studies mice were inoculated with 106 P388 cells, treatment 
commenced 24 hours following inoculation. Thus a log cell kil l ~ 4 indicates 102 cells 
remaining. 
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Figure 7 .5 

Antitumor activity of free and liposomal idarubicin and gemcitabine combination 
treatment 

Survival curves were derived for control (saline, • , n = 20), GEM / IDA (334/2 mg/kg, O, n = 
6) and liposomal GEM / liposomal IDA (3.4/2 mg/kg, # , n = 6) administered to BDF-1 female 
mice inoculated i.p. with 106 P388 cells and treated 24 hours later. 
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when comparing the % ILS values observed at the highest doses of free IDA / GEM 

combinations (% ILS = 125), liposomal idarubicin / free gemcitabine (% ILS = 156) and free 

idarubicin / liposomal gemcitabine (% ILS = 144). 

A study was also completed in order to gain a more quantitative understanding of the 

drug effects. In this study mice were infected with varying numbers of P388 cells and median 

survival time was recorded. The results indicated that mice injected with 106, 105, 104, 103, 102 

and 10 cells had median survival times of 8, 10.5, 11, 12, 15 and 17.5 days. By correlating 

median survival times from mice administered treatments, the log cell ki l l may be calculated 

(Table 7.3). This analysis was not of substantial value except that it demonstrated that treatment 

groups that had 1 or more long term survivors required a log cell ki l l > 6. 

7.4. Discussion 

The selection of drug combination regimens for the treatment of cancer has, for the most 

part, been derived empirically. In recent years, there has been a concerted effort to identify 

therapeutically beneficial drug combinations within the laboratory setting, well before the 

clinical trials of the approved agents have been completed. Still many of these studies are based 

on cell culture analyses. Although in vitro studies are extremely valuable, application of in vivo 

models of cancer may be better predictors of therapeutically successful combinations. The 

studies performed within this chapter demonstrated two significant achievements that warrant 

further discussion and include the encapsulation of gemcitabine in liposomes and the 

combination of liposomal gemcitabine with liposomal idarubicin in mediating synergistic 

antitumor activity. 

The pharmacokinetic analysis comparing liposomal (DSPC / CH / DSPE-PEG2000; 
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50:45:5 mole ratio) and free gemcitabine indicated that significant increases in the mean plasma 

area-under-the curve (AUC), and plasma half-life (Ti/ 2 ) , area-under-fhe-moment curve (AUMC) 

and mean residence time (MRT), while total plasma clearance (Cl) was reduced. Both mean 

plasma AUCo-24h and plasma half-life increased 154-fold and 6.8-fold, respectively upon 

encapsulation in liposomes. Antitumor activity of liposomal gemcitabine in P388 murine model 

demonstrated marginal improvements in median survival time at a 100-fold lower dose 

(compared to free drug). Similarly, Moog et al. encapsulated (33% entrapped, 67% free) 

gemcitabine in vesicular phospholipid gels (VPG) and reported a dose reduction (40 to 60-fold) 

as compared to free drug [264]. Dose reductions may often be attributed to increased toxicity, 

however, the results indicate that liposomal gemcitabine, administered at a 100-fold lower dose 

than free gemcitabine, did not significantly increase weight loss or compromise therapeutic 

activity, and resulted in an increase in median survival time as compared to free drug. Reasons 

for such a significant increase in dose sensitivity may be attributed to the protection of the 

encapsulated agent from degradation by cytidine deaminase or may be due to alterations in 

biodistribution. The promising antitumor activity demonstrated by liposomal gemcitabine 

warranted the further evaluation of combinations with liposomal idarubicin. 

The studies summarized here provide at least one approach to evaluate drug 

combinations in vivo. The approach chosen resembled the process used by clinicians, in which 

drug combination regimens are chosen based on non-overlapping toxicities, complementary 

mechanisms of action, and proven efficacy. The initial validation of drug sensitivity was 

demonstrated by a standard MTT cytotoxicity study. Following validation, drug interactions 

were assessed using fixed drug ratios, as required by the Chou and Talalay median effect 

equation [109]. Dose titrations of single agents and fixed drug ratios were analyzed and the 
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results demonstrated that the simultaneous administration of idarubicin and gemcitabine 

exhibited synergistic interactions as judged by measured combination index (CI) values of less 

than 1 for a broad range of effective doses and over a broad range of fixed drug ratios. 

Dose range finding studies were performed in mice lacking tumors, to identify the 

maximum tolerable dose in which 66% of the MTD was chosen as the treatment dose and was 

combined with dose titrations. At the highest doses, the ratio was 2 mg/kg (3.8 pmole/kg) 

idarubicin and 334 mg/kg (1115 pmole/kg) gemcitabine or 2 mg/kg (3.8 pmole/kg) liposomal 

idarubicin and 3.4 mg/kg (6.4 pmole/kg) liposomal gemcitabine. Thus the fixed dose ratio of 

GEM / EDA was 167:1 wt/wt ratio and 298:1 mol/mol ratio. In turn, the fixed dose ratio of 

LGEM / LIDA was 1.7:1 wt/wt ratio and 3.0:1 mol/mol ratio. 

It is important to consider how a drug ratio is defined in the context of the experiments 

described here. Of course, a focus on the drug ratio is predicted by a belief that drug 

interactions which lead to optimal therapeutic results are dependent on the ratio of the drugs 

used, as well as the effect of levels measured. This belief is consistent with the methods 

developed of Chou and Talalay, which stress the importance of both effect level and drug ratio 

when using two or more drugs in combination. The importance of those factors is emphasized 

by a number of publications that provide data demonstrating that the observed degree of 

synergism (or antagonism) is dependent on the drug-to-drug ratio [265]. This is less apparent in 

studies summarized here, where synergistic interactions were observed over a broad range of 

drug ratios. 

Using a method based on 66% of the MTD, the ratio of free-to-liposomal drug would be 

different than the ratio of free-to-free drug or liposomal-to-liposomal drug. It can be argued that 

the most relevant ratio to consider in the development of drug combinations is that which is 
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delivered to the tumor cells, and this was not measured in the study. It can also be argued, 

however, that drug delivery vehicles, such as liposomes, can provide an ideal way in which to 

control the delivery of two or more agents. Due to the inability to control the pharmacokinetics 

and biodistribution of two drugs administered in free form, it can be anticipated that the extent 

of drug delivery to the tumor cell wil l be dependent on plasma drug levels, distribution, 

metabolism and excretion of each individual agent. This, in turn, would suggest that following 

administration of free drugs in combination, all possible ratios are achievable. 

It has been proposed that one way to better control the drug ratio would be through use 

of liposomal formulations of the two drugs, as described in this chapter. In this case, the 

liposomal carrier, the rate of drug release from the carrier, as well as the rate and extent of a 

liposome accumulation in the site of disease development wil l dictate the pharmacokinetics. In 

this regard, it's worth noting that the two liposomal formulations used here exhibit comparable 

lipid plasma elimination behaviour (~ 20% of the injected lipid dose remained 24 hours after 

administration), however, the rate of GEM release from DSPC / CH / PEG formulation was 

slower (~ 50% of the injected drug dose was released over 24 hours) than observed for the 

optimized liposomal idarubicin formulation developed in this thesis (where > 95% of the 

injected drug dose was released over 24 hours). Investigating alternative loading 

methodologies, such as metal complexation [266], may allow the co-encapsulation of 

gemcitabine and idarubicin in a single liposome formulation. 

Based on these studies, it was demonstrated that gemcitabine may be useful as a 

treatment for leukemia, but the observations need to be expanded to a number of other models. 

Further, given the considerable interest to optimize multiple dosing schedules of idarubicin and 
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gemcitabine combination therapy for treatment of solid tumors including lung, pancreatic, breast 

and ovarian cancers, it may be interesting to consider the combination of the liposomal 

gemcitabine and liposomal idarubicin, formulations that appear to provide significantly 

increased therapeutic activity and, perhaps, better control over the biodistribution of the 

combined drugs. 
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CHAPTER 8 

SUMMARIZING DISCUSSION 

The work presented in this thesis tested the hypothesis that liposomes prepared without 

cholesterol could be of value as intravenous drug carriers. These formulations proved to be 

biologically stable upon the incorporation of PEG-lipids and, in turn, these formulations 

improved the retention of idarubicin, a hydrophobic anthracycline antibiotic, over that found for 

a cholesterol-containing formulation. Several aspects of cholesterol-free liposomes and 

liposomal idarubicin were discerned throughout the course of the thesis and are reviewed here, 

with a particular focus on future directions. 

The major findings of the thesis are addressed below. It was determined that 

cholesterol-free liposomes composed of DSPC and < 5 mol% PEG-lipids could form large 

unilamellar liposomes with narrow size distributions. The liposomal lipid had long circulation 

lifetimes that were strongly dependent on the presence of PEG-lipids in the formulation. It was 

established that PEG-lipids played a role in preventing liposome - liposome aggregation and did 

not reduce plasma protein binding. Idarubicin was encapsulated in DSPC / DSPE-PEG2000 

liposomes by the remote loading procedure, and studies indicated that idarubicin was present 

both as a precipitate in the aqueous core of the liposome and partitioned in the lipid bilayer. 

Idarubicin was encapsulated in liposomes at incubation temperatures below the phase transition, 

but was quickly released from the liposomes at temperatures above the phase transition 

temperature. Less hydrophobic drugs, such as doxorubicin, could not be loaded at temperatures 

below the phase transition temperature of the liposome and thus ethanol was added as a 

permeability enhancer to increase drug loading rates. By this method, 100% encapsulation 

efficiency was achieved within a 1 hour incubation time. 
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Idarubicin was better retained in cholesterol-free liposomes than in cholesterol-

containing liposomes as judged by pharmacokinetic analyses. The plasma elimination half-life 

was 1.44 h. The liposome formulation was optimized by altering lipid composition and drug 

loading parameters. In the optimized lipid formulation, PEG content was reduced to 2 mol% 

and the internal citrate concentration was reduced to 150 mM, a concentration that was iso-

osmotic with the external buffer. The latter observation demonstrated that cholesterol-free 

liposomes are osmotically sensitive. The plasma elimination half-life of idarubicin in the 

optimized formulation, DSPC / DSPE-PEG2000 (98:2 mole ratio) increased 4-fold (5.9 h). 

Efficacy studies in i.p. P388 murine leukemia demonstrated that extending the blood circulation 

lifetime of idarubicin by encapsulation within liposomes facilitated an increase in therapeutic 

activity as compared to free drug administered at equivalent doses. Further improvements in 

therapeutic activity were observed when liposomal idarubicin was combined with liposomal 

gemcitabine. Both drugs have not been previously formulated in a liposome. A supra-additive 

therapeutic effect was observed when liposomal formulations of idarubicin and gemcitabine 

were combined, this result was not obtained when free idarubicin and free gemcitabine were 

used in combination. 

These results raise a number of important issues concerning our current understanding of 

liposomal drug delivery systems, the use of PEG as a stabilizing lipid, as well as the 

identification of new areas of research that may result in improved anti-cancer therapeutics that 

would be enabled by the use of a liposomes. 

The first objective of the thesis was to develop a liposomal preparation, without 

cholesterol, consisting of 1,2-distearoyl-sn-phosphatidylcholine (DSPC) and PEG-conjugated 

lipids. It is known that the addition of cholesterol to a lipid matrix of gel phase lipids 
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(phospholipids with > C18 fatty acid chains) increases the permeability of lipid membranes 

below the Jc of the bulk phospholipids species used, and thus it is predicted that cholesterol-free 

formulations would retain encapsulated contents in vivo. From studies performed in Chapter 3 

and 4, the biological stability of cholesterol-free liposomes was shown to be dependent on the 

presence of PEG-lipids, but it is worth asking the question as to what role PEG played with an 

eye to the selection of other materials that may also engender stability of these formulations. 

PEG's role in surface stabilization and prevention of surface-surface interactions, including 

prevention of plasma protein adsorption at grain boundaries and aggregation of liposomes, is 

essential for cholesterol-free liposomes. However, it is important to recognize that PEG-lipids 

had a significant impact on liposome structure; large unilamellar vesicles (LUVs) were formed 

when 0.5 to 5 mol% PEG-lipids were incorporated into a lipid matrix consisting of DSPC. At 

concentrations > 10 mol% PEG-lipids, mixed micelles and bilayer disks were formed as 

evidenced by cryo-transmission electron microscopy studies (Chapter 4). Although these 

structures were not investigated further, it is possible that mixed micelles may serve as drug 

delivery vehicles for hydrophobic or amphipathic molecules. It could be argued that the 

detergent-like effects of PEG-lipids may be due to the large area occupied by the hydrophilic 

head group compared to the area occupied by the acyl chains. It would be interesting to know 

whether increases in acyl chain area would allow increased incorporation levels without micelle 

or disk formation. 

In Chapter 4, the role of PEG-lipids in liposomes was revisited in cholesterol-free 

liposomes. To date the role of PEG-lipids has not been fully elucidated. Although many studies 

cite PEG's role in surface stabilization by inhibiting plasma protein adsorption, growing 

evidence has indicated that PEG may not reduce plasma protein adsorption. There is conclusive 
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evidence that PEG engrafted on solid surfaces (such as artificial organs, prosthetic limbs, and 

contact lenses), reduces protein binding, however, the kinetic behaviour of PEG grafted in 

liquid-crystalline and gel phase lipids may be different. One of the main problems encountered 

when trying to identify liposome-associated plasma proteins is related to the separation 

technique. In the studies performed within the thesis, size exclusion chromatography was used, 

which subjected the liposomes to non-equilibrium conditions and thus it is believed that only 

tightly adsorbed proteins remain bound following separation. Clearly novel equilibrium 

techniques need to be employed to investigate both tightly and loosely bound plasma proteins to 

the liposome surface. In addition, novel methods to clearly identify proteins, such as MALDI-

TOF spectroscopy and protein microarrays, should be utilized. It is still very important to 

develop improved methods for characterizing liposome-associated plasma proteins. Two 

specific roles of this methodology would include (i) assessments of inter-species differences in 

plasma protein binding and (ii) identification of proteins that serve to enhance the biological 

stability of liposomes. The former would help to clarify why observations made in some 

animals, such as rats, are not seen in others. The latter may help resolve the role of putative 

dysopsonins. Regardless of the broader implications of protein-liposome interactions, results 

presented here clearly add to the growing body of literature which argues that the surface-

grafted PEGs do not prevent protein binding to the extent previously thought. 

The studies within the thesis clearly demonstrated that idarubicin was better retained in 

cholesterol-free liposomes compared to cholesterol-containing liposomes. The reasons for the 

difference in retention for the various lipid compositions are not clearly understood. It was 

evident that upon encapsulation of idarubicin by remote loading, a precipitate was formed 

(Chapter 3) and yet, a significant proportion of the drug had also partitioned into the lipid 
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bilayer (Chapter 5) of cholesterol-free liposomes. The latter parameter may also explain why a 

significant proportion of idarubicin was released when the incubation temperature was 65°C, a 

temperature higher than the phase transition temperature of cholesterol-free liposomes. Clearly 

the effect of drug release on drug distribution within the liposome, including drug partitioned 

within the lipid bilayer and precipitated within the aqueous core, needs further examination. It 

would be interesting to determine whether drug partitioning into the membrane affects drug 

release attributes in a manner that would increase or decrease permeability. 

Results provided in this thesis suggest that both drug uptake and release were dependent 

on the relative hydrophobicity of each drug. For example idarubicin, the most hydrophobic of 

the anthracyclines tested, had a faster loading rate but was also more quickly released from the 

liposomes in vivo. Conversely, doxorubicin (the least hydrophobic of the anthracyclines tested), 

had a slower loading rate and was slowly released from lipid carriers. With this in mind, studies 

presented in chapter 5 used ethanol, as a permeability enhancer, to increase doxorubicin loading 

rates. Ethanol was removed prior to administration, and therefore did not affect the release rate 

of doxorubicin in vivo. Ethanol-enhanced drug loading rates could be utilized for loading drugs 

into cholesterol-free liposomes composed of phospholipids containing longer acyl chains such 

as DAPC (Tc = 65°C) and DBPC (Tc = 74°C). Alternatively, it is conceivable that the addition 

of biological compounds could be pursued, following loading of hydrophobic agents in order to 

reduce membrane permeability and, in turn, to improve drug retention. 

There are currently only three anthracyclines approved for human use: a daunorubicin 

formulation (DaunoXome®) and two doxorubicin formulations (Doxil®, Myocet®). It has been 

suggested that this is due to the fact that liposome encapsulation moderates the cardiac toxicity 

of these drugs. Idarubicin, however, is less cardiotoxic and thus improvements in the overall 
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therapeutic activity would have to rely on the ability of lipid-based carriers to facilitate 

improvements in antitumor efficacy, which could arise due to localized delivery of the carrier-

associated drug to the tumor site. The antitumor studies of liposomal idarubicin performed in 

Chapters 6 and 7, demonstrated that increased circulation longevity of the drug yielded small, 

albeit, significant improvements in median survival time in ascitic P388 WT leukemia model as 

compared to free drug. The value of the formulation developed during the course of these 

investigations was more fully realized by use in combination with a second complementary 

agent, gemcitabine. 

Improved therapeutic activity of liposomal idarubicin was observed when it was used in 

combination with liposomal gemcitabine in the treatment of ascitic P388 (Chapter 7). Three 

lipid compositions were chosen to entrap gemcitabine, among them, passive loading into DSPC 

/ CH / DSPE-PEG2000 (50:45:5 mole ratio) yielded the highest encapsulation efficiency and 

resulted in a simple formulation that achieved significant improvements in drug blood residence 

time. For the passive loading technique, the encapsulation efficiency was low (approximately 

10%) and a large portion of the drug needed to be removed. The combination of gemcitabine 

and idarubicin demonstrated the greatest improvements in median survival times in ascitic P388 

leukemia when encapsulated in liposomes. Although additional pharmacokinetic studies 

assessing biodistribution and metabolism should be performed to understand the specific 

mechanism by which liposome encapsulation mediated improvements in therapeutic activity, it 

is clear from the in vitro studies that simultaneous addition of idarubicin and gemcitabine to 

cancer cells can result in therapeutic effects far better than anticipated based on additive activity. 

Future studies should examine the combination of liposomal formulations of gemcitabine and 

idarubicin in other cancers including breast, pancreatic, lung and ovarian. 
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Cytotoxicity studies in multidrug resistance cells indicated that idarubicin enhanced cell 

kil l in MDR1 transfected MDA435/LCC6 breast cancer cells (as compared to doxorubicin), 

while no difference was observed in P388 cells that were selected in media with low levels of 

doxorubicin (ADR) and exhibited multiple mechanisms of drug resistance. Previous studies 

have shown that due to idarubicin's hydrophobicity, it can permeate cell membranes more 

efficiently than other less hydrophobic anthracyclines and allow for higher accumulation within 

malignant cells, even those expressing p-glycoprotein. However, idarubicin's enhanced 

cytotoxicity against MDA435/LCC6 MDR1 breast cancer cells did not translate to a 

substantially improve the therapeutic response in this model (Chapter 6). These results may be 

improved by selecting a different dosing schedule and may improve when using a multiple 

dosing schedule. Further investigation of liposomal idarubicin treatment in a variety of other 

solid and haematological tumor models should be assessed. 

Although many achievements were discovered throughout the course of this thesis work, 

clearly there are many controversial issues that were addressed. Cholesterol is often included in 

liposome formulations to increase retention of encapsulated contents. The addition of 

cholesterol to lipid formulations composed of gel phase lipids (such as DSPC) can actually 

cause significant increases in membrane permeability, depending on the drug used. Within the 

literature most references stating that cholesterol is an essential component of liposome 

formulations incorporate liquid-crystalline phospholipids such as egg PC or DMPC, and thus the 

role of cholesterol in governing membrane stability in vivo may be more important for these 

lipid compositions. It is now possible, when desired, to use of PEG-lipids to aid in the design of 

the lipid formulations that do not contain cholesterol. Thus, cholesterol is no longer an essential 

requirement in all lipid formulations. 
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Clearly the role of PEG-lipids in liposome formulations is open to interpretation. It was 

demonstrated that the addition of PEG-lipids to DSPC liposomes prevents aggregation which 

may, in turn, prolong circulation lifetimes. However, direct evidence for liposome aggregation 

in serum and subsequent elimination was not obtained, and may in fact be difficult to 

demonstrate. It is plausible that the aggregates are readily removed by the body or that the shear 

forces within the blood vessels may break apart the aggregates, but if this were true then one 

may anticipate that PEG's effects may be more important in liposome stability in solution prior 

to i.v. administration. As there has been little direct evidence of in these studies of inhibition of 

plasma protein binding by PEG-lipids, either based on charge or hydrophilicity, the direct role 

of PEG-lipids in extending blood circulation lifetimes must be revisited. 

Doxorubicin was loaded into cholesterol-free liposomes at temperatures below the Tc by 

addition of small amounts of ethanol. The optimal amount of ethanol did not interfere with the 

liposome size, structure, permeability or the imposed pH gradient; however, it did facilitate the 

permeation of doxorubicin through the lipid bilayer such that 100% encapsulation efficiency 

could be obtained after incubation at 40°C for 60 min. The asymmetric distribution theory, 

which suggested that ethanol at the concentrations used was distributed in the lipid bilayer 

asymmetrically, is speculative. This concept can only be proven if it is known that ethanol is 

present on the inside ofthe liposome-something that is difficult to demonstrate. 

The general idea that liposomal agents reduce toxicity is best exemplified by liposomal 

doxorubicin, and has not been observed for many other drugs. Studies from this thesis on the 

encapsulation idarubicin and gemcitabine in liposomes, demonstrated life-limiting toxicities at 

doses equal to or less than observed for the free drug. Importantly, new toxicities were not 

observed, and the liposomal drugs were more efficacious than the free drugs. This is clear 
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evidence in support of the observation that the liposomal drug exhibited an increased therapeutic 

index. 

In conclusion, lipid-based carrier technology has been shown to improve the 

pharmacological attributes of chemotherapeutic agents. The versatility of liposomes, in 

particular, to provide a vehicle for delivery of co-encapsulated agents is currently being 

explored. Our increasing knowledge of tumor biology has translated into the approval of 

several rational and biologically targeted therapies that include small molecule inhibitors, 

monoclonal antibodies, proteins, peptides and cytokines, all of which are anticipated to greatly 

benefit from lipid-based carrier technology. 
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