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ABSTRACT

The enhanced permeability and retention (EPR) effect describes the selective 
passive tumour accumulation observed when polymer-drug conjugates and liposomal 
formulations are administered intravenously (i.v.). This effect is attributed to the 
increased vascular permeability of the angiogenic tumour blood vessels and poor 
lymphatic drainage within solid tumour tissue. The magnitude of tumour uptake of 
these polymer conjugates by the EPR effect will be vital in determining the clinical 
success of these approaches. Initially this study sought to characterise systematically 
the effect of tumour size and tumour type on the EPR effect in a number of murine and 
human tumour xenograft models. Two probes were used, the dye Evans blue and a N- 
(2-hydroxypropyl)methacrylamide (HPMA) copolymer-doxorubicin conjugate (PKl). 
Approximately 50% of tumour models studied showed tumour size-dependent 
targeting, i.e. small tumours (<200 mg) displayed higher uptake when compared to 
larger tumours (>0.6 g), whilst the other models displayed size-independent targeting. 
Comparison of PKl levels after 1 h in a variety of tumour models of standardised size 
showed values in the range 2-18% dose/g tumour, a 10-fold variation. PKl contains a 
Gly-Phe-Leu-Gly spacer linking doxorubicin (DOX) to the polymer designed for 
intracellular cleavage by lysosomal cysteine proteases. In the same tumour models, the 
rate of PKl degradation at 1 h varied approximately 200-fold. When the tumour 
uptake of three DOX-carriers was compared in a standardised B16F10 murine 
melanoma model, highest accumulation was observed for Doxil (up to 13.2% dose/g 
tumour), > PKl (7.8% dose/g tumour) > a PAMAM dendrimer-DOX conjugate (2% 
dose/g tumour). Tumour levels showed a direct correlation with the plasma half-life of 
each carrier. To try and prolong the plasma half-life of PKl and thus improve the EPR 
mediated targeting, self-assembled PKl nanoparticles were prepared. However, 
preliminary experiments showed that these nanoparticles were not yet sufficiently 
stable to allow in vivo testing.
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Chapter 1: General Introduction

1 .1  Introduction
As we enter the new millennium, cancer is leading the cause of death in UK 

(Mason, 1998). Although the survival rate for many types of cancer has dramatically 
increased over the past decades, cancer still accounts for almost 25% of all deaths. 
Globally, the World Health Organisation estimates that cancer kills approximately six 
million people annually (Rennie and Rusting, 1996). In United Kingdom alone, more 
than 150 000 people died from cancer in 1996 (CRC Scientific Yearbook, 1996).

Therefore, there is an urgent need to discover and develop better treatments for 
cancer. It has become well established that novel delivery systems, such as polymer-drug 
conjugates, polymer-protein conjugates and liposomes, target drugs to tumour tissue due 
to the defective vascular architecture of angiogenic tumours. This study sought to 
characterise better this phenomenon, which has been termed the “enhanced permeability 
and retention” (EPR) effect by Matsumura and Maeda (1986).

To introduce this topic, the current understanding of tumour targeting by both 
active and passive processes will first be described. In addition, the pathology of tumour 
vasculature, the pathways involved in extravasation of macromolecular drug delivery 
systems, and the rationale behind the development of drug delivery systems containing 
doxorubicin (DOX) are discussed. Firstly, it is important to define “cancer”, to summarise 
the treatments currently used for cancer and discuss why they are failing so often.

1 .2  Cancer, the disease and current treatments
Cancer is a devastating disease characterised by the abnormal and excessive 

growth of cells in an uncontrolled way. This uncontrolled cell growth is now known to be 
due to defects at the genetic level. For example, the loss of p53, a tumour suppressor 
gene, is associated with a wide variety of cancers (Weinberg, 1996). There are two types 
of tumour: (1) benign and (2) malignant. A benign tumour is typically a localised, 
encapsulated, solitary mass of cells and it is usually curable. In contrast, a malignant 
tumour is often much more difficult to treat. Malignant disease is distinguished by the 
invasion of surrounding normal tissue by the rapidly growing cells (indistinct border) and 
the ability of these cells to metastasise. Metastasis is the formation of secondary tumours 
at distant parts of the body due to the migration of malignant cells from the site of origin 
(the primary tumour) via the bloodstream or the lymphatic channels (MacDonald and 
Steeg, 1993; Fidler, 1991). For example, lymph node métastasés often arise from a
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primary breast cancer and liver métastasés are typically associated with colorectal cancer. 
Clinically, malignant tumours are often a threat to life.

Cancer is routinely treated by surgery, radiotherapy and chemotherapeutic agents, 
or a combination of each approach. Surgery and radiotherapy are most effective in the 
treatment of solid, localised tumours (Rosenberg, 1993). For example, breast and colon 
cancer that has not yet invaded the surrounding area can often be cured by surgery or by 
local radiation. However, surgery is not an option if the tumour has invaded the 
surrounding normal tissue or it has metastasised. In this case, it is impossible to surgically 
remove a large area of tissue. Whole body radiation can also be used to eliminate all 
tumour cells before following up with bone marrow transplantation (Heilman, 1993). 
This technique is predominantly employed for the treatment of blood-borne cancers such 
as leukaemia which arise from uncontrolled growth of the bone marrow precursor cells 
but it is associated with serious side-effects such as loss of a functioning immune system.

Chemotherapeutic drugs, have the advantage that they can travel throughout the 
body and thus have the potential to treat the metastatic tumour as well as the primary 
tumour. Chemotherapy has been widely used for the treatment of cancer since 1940s, and 
today several different classes of drug with different modes of action are routinely used in 
cancer therapy. These include the antitumour antibiotics, e.g. DOX; alkylating agents, 
e.g. melphalan; antimicrotubule agents, e.g. taxol; and antimetabolites, e.g. 5-fluorouracil 
(Chabner et al., 1996). In general, the cytotoxic drugs interact with tumour cell’s 
deoxyribonucleic acid (DNA) or disrupt normal metabolic pathways preventing DNA 
replication. Additionally they may induce apoptosis, ultimately leading to tumour cell 
death. Furthermore, new generations of anticancer agents with novel mechanisms of 
action have been developed and are in routine clinical use as a combination with the more 
conventional cytotoxic drugs. They include antitumour enzymes, L-asparaginase;

hormones analogue such as leuprolide; immuno-stimulators, such as interferon-a and

interleukin-2; and cancer vaccines (Chabner et al., 1996).

As mentioned previously, chemotherapeutic agents given by intravenous (i.v.) 
injection offer the advantage of being able to travel throughout the body and thus they can 
be used to treat metastatic cancer as well as the primary tumour. However, the cytotoxic 
action of these drugs is often non-specific. Although they kill malignant cells, they also 
attack rapidly dividing normal cells such as the cells lining the gastro-intestinal tract, cells
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present in the hair follicles and also the rapidly dividing stem cells in the bone marrow. 
Non-specific cell toxicity is one of the most important factors limiting successful use of 
cancer chemotherapeutic agents, but these drugs also display other additional drawbacks 
which limit effective treatment. These include a short circulation half-life and low selective 
tumour tissue accumulation. Most cytotoxic drugs are low molecular weight moieties. 
They leave the systemic circulation within minutes of i.v. administration, showing highest 
levels in the major organs, especially in the liver. In addition, tumour cells often display 
resistance to chemotherapy. This can be an intrinsic resistance or may be acquired after 
repeated exposure to the drug (DeVita, 1993). Frequently the resistance acquired to one 
agent causes cross-resistance to develop against many other drugs and this phenomenon 
has been termed multi drug resistance (MDR). MDR is attributed to the increase in the 
production of efflux proteins e.g. p-glycoprotein, a membrane efflux pump (Endicott and 
Ling, 1989) and it is commonly observed when treating patients with natural product 
cytotoxic drugs such as the anthracycline antibiotics, paclitaxel and vinblastine (Morrow 
and Cowan, 1993).

One potential method to overcome some of the limitations associated with 
conventional chemotherapy is the utilisation of combination chemotherapy. In principle, 
using a combination of drugs with different mechanisms of action enables these agents to: 
(1) improve tumour cells kill at their maximal tolerated dose (MTD); (2) kill a broad range 
of heterogeneous tumour cells; and (3) overcome the development of resistance (DeVita, 
1993).

However, the current chemotherapy available is still ineffective for the treatment of 
most solid tumours such as breast, lung and colon cancer; and particularly, after 
métastasés have begun to form. Thus, there is an urgent need to develop new approaches 
that offer better selectivity towards malignant cells with reduced normal cell toxicity. 
Hence, the concept of improved tumour targeting has always been attractive.

1 .3  Tumour targeting
Two approaches to tumour targeting have been proposed (Figure 1.1). These are: 

(1) site-specific activity: in this case, the anticancer agent is only effective at the target site; 
and (2) site-specific delivery: in this case, the anticancer agent is targeted by a delivery 
system to the tumour tissue in sufficient concentration to mediate pharmacological activity 
(Tomlinson, 1986).
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The first approach is typically dependent on the concept of anticancer pro-drugs 
which are only activated within the tumour tissue (the target site). The second approach 
utilises drug-carrier systems to more selectively deliver the cytotoxic drugs to the tumour 
tissue. The rationale for the development of these concepts is discussed in detail below.

1 . 3 .1  Novel anticancer drugs displaying site-specific activity
Improvement in the understanding of the molecular basis of cancer has led to an 

increased awareness of the physiological differences between normal and malignant 
tissues (Weinberg, 1996). These differences at the microenvironmental level provide a 
unique and selective target for cancer treatment and for exploitation for drug targeting 
(Oliff et al., 1996). For example, drugs that selectively induce vascular damage within 
tumours are emerging as a novel approach to cancer treatment. Combrestatin A-4 (Tozer et 
al., 1999) is such an agent and it has been selected for clinical investigation as it 
selectively targets and destroys the blood vessels supporting tumour growth.

Genes known to be overexpresssed in certain tumours have also been used as a 
target for cancer treatment. For example, overexpression of bcl-2, a gene product 
common in non-Hodgkin lymphoma induces resistance to apoptosis (programmed cell 
death). A recent Phase 1/11 clinical trial using an anti sense oligonucleotide to bcl-2 has 
demonstrated promising results with specific down-regulation of bcl-2 expression in some 
patients and also with an improvement of symptoms (Webb et al., 1997).

Pro-drugs approaches
Although detailed discussion is beyond the scope of this thesis, it is important to 

note that pro-drug strategies have been widely investigated as a potential means to 
improve tumour selectivity and hence improve cancer treatment. In the context of 
chemotherapy, the term “pro-drug” implies the utilisation of a low molecular weight latent 
parent compound, designed for activation by tumour-specific enzyme to liberate the 
pharmacologically active drug (reviewed by Knox and Connors, 1997; Sinhababu and 
Thakker, 1996; Connors 1995). Although pro-drug strategies have never yet been 
particularly successful in improving cancer treatment in the clinic, this fundamental idea 
has recently been developed in the form of new generation of pro-drugs using two-step 
systems, such as antibody-directed enzyme pro-drug therapy (ADEPT) and viral/gene- 
directed enzyme pro-drug therapy (V/GDEPT). The rationale behind the development of 
these approaches has been extensively reviewed elsewhere (Denny and Wilson, 1998; 
Knox and Connors, 1997; Connors, 1995) and shall not be discussed in detail here. The
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polymer-drug conjugates (reviewed by Duncan, 1992) used in this study are also an 
example of a macromolecular pro-drug designed for activation intracellularly and 
hopefully, more specifically intratumourally. They will be described in more detail in the 
next section.

1 . 3 .2  Drug-carrier systems for site-specific delivery
Over the past 30 years, several types of drug delivery system have been employed 

to improve the delivery of existing compounds into tumour tissue. Cytotoxic drugs can be 
delivered: (1) locally and regionally using a depot system; or (2) systemically using 
soluble drug-carrier systems. The use of drug delivery systems to carry existing 
compounds is highly attractive (reviewed by Langer, 1998; Duncan and Spreafico, 1994; 
Maeda et al., 1992, Duncan, 1992) as it has the potential for:

1. Targeting tumours (site of action).
2. Reducing accumulation in normal tissue (site of toxicity) leading to a 

reduction in undesired toxic side-effects.
3. Improving the drug’s bioavailability by preventing drug loss due to 

premature metabolism, inactivation or excretion.
4. Reducing the frequency of administration and total dose administered.
5. Changing the route of cellular uptake and thus bypassing p-glycoprotein and 

the other efflux pumps that cause resistance.

Thus, the use of drug delivery systems in cancer therapy has, in principle, the 
potential for improvement in the anticancer drug’s therapeutic index and efficacy 
significantly.

Local delivery
The use of implanted polymeric depot systems offers the advantage of delivering a 

high dose of cytotoxic drug locally leading to effective kill of the tumour cells. In 
addition, there is potential for lower systemic toxicity if the drug is metabolised locally. 
The biodegradable polyanhydride polymer matrix, Gliadel® is an example of a depot 
system and has been used to incorporate anticancer drug carmustine for treatment for 
malignant glioma (Vattonen et a l, 1997; Weingart and Brem, 1996).

Other methods that have been used to deliver cytotoxic drugs locally include direct 
administration into body cavities such as intraperitoneal (i.p.) administration of drugs to
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treat ovarian cancer (Young et at., 1993) and hepatic artery infusion to treat hepatoma or 
hepatic métastasés (Niederhuber and Ensminger, 1993).

Systemic delivery
Systemic administration offers the advantage that it may be possible to target 

secondary micrometastases via this route. Obviously local drug targeting requires prior 
diagnosis of location of the tumour and this is only possible with large tumour deposits 
which are often too difficult to treat. Many carrier systems have been proposed for 
systemic delivery of anticancer agents. These include antibodies (reviewed by Buske et 
al., 1999; Chari, 1998), serum proteins such as albumin (reviewed by Kratz and Beyer, 
1998), liposomes (reviewed by Gregoriadis, 1995; Gabizon, 1994; 1995), natural 
polymers (reviewed by Sezaki et al., 1989), soluble synthetic polymers (Duncan, 1999; 
reviewed by Duncan, 1992; Duncan et al., 1996) and particulate systems including 
microspheres (reviewed by Gumming, 1998), polymeric micelles (reviewed by Kabanov 
and Alakhov, 1997; Kataoka, 1997) and nanoparticles (Kreuter, 1994; 1995; reviewed by 
Allémann et al., 1993; Couvreur gf a/., 1995; Brannon-Peppas, 1995).

The concept of drug targeting was first proposed by Ehrlich at the beginning of 
this century (reviewed by Kataoka, 1997). He suggested that a targeting compound 
(haptophore) might be used as a “magic bullet” to direct a toxic compound (toxophore) 
more selectively to its site of action. The concept of Ehrlich embodies the idea of “active” 
targeting, but it now known that tumour targeting can be achieved either actively (using 
targeting moieties) or via the mechanism called “passive” targeting. Both of these 
mechanisms of tumour targeting are discussed below.

Active tumour targeting
Recently, much research has been focused on the use of targeting moieties 

conjugated to anticancer drugs to improve the delivery of the drug to tumour site. In 
principle, active targeting can be described at three levels (Duncan, 1992): (1) first order 
(organ-specific); (2) second order (cell-specific); and (3) third order (organelle-specific).

A variety of targeting moieties have been proposed as a “guide” to deliver 
anticancer drugs to tumour tissue. These include antibodies such as anti-CEA antibody 
directed to human colon cancer (McIntosh et al., 1997; Pedley et al., 1994); hormones 
such as melanocyte-stimulating hormone (O’Hare et al., 1993), carbohydrates e.g. 
galactose and galactosamine for hepatocytes targeting (reviewed by Duncan et al., 1996;
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Duncan, 1992) and growth factors e.g. vascular endothelial growth factor/vascular 
permeability factor, VEGF/VPF (Ke-Lin et at., 1996; reviewed by Thorpe and 
Derbyshire, 1997). PK2, a N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer- 
DOX conjugate containing galactosamine as targeting moiety designed for first/second 
order targeting (asialoglycoprotein receptors are present on normal hepatocytes as well as 
hepatomas) is undergoing Phase I/E clinical trial (Julyan et al., 1999).

In theory, active tumour targeting utilising the above-mentioned ligands will alter 
the natural disposition of cytotoxic drugs promoting more specific delivery to tumour 
tissue or a target organ (like the liver in the case of PK2), and decrease non-specific 
accumulation in organs and tissues where toxicity may be induced. However, in practice, 
it is still a challenge to design a specific and effective tumour targeting system. The 
efficiency of active tumour targeting is influenced by: (1) the affinity of the ligand or 
antibody for their receptor/antigen; (2) the accessibility and density of the target 
receptor/antigen; (3) the homogeneity of receptor/antigen expression within a tumour; (4) 
the possibility of down-regulation of the target receptor/antigen following exposure to the 
targeting ligand; and (5) the level of expression of the receptor/antigen in normal tissue 
(reviewed by Rihova, 1998; Chari, 1998). In addition, the use of antibodies for tumour 
targeting can give rise to other problems such as immunological reactions, slow 
elimination from blood circulation (this is a particular problem with ADEPT where a 
follow-up administration of pro-drug required), premature degradation in circulation prior 
arrival at target site and also low or heterogeneous tumour uptake (Reilly et al., 1995).

The limitations associated with the active targeting pathway have lead to interest in 
the development of new approaches for tumour targeting that can more consistently 
deliver cytotoxic drugs to the tumour tissue. In contrast to active targeting, passive 
targeting depends on the natural (passive) distribution pattern of the drug-carriers in vivo 
to deliver the active drug into target tissue or organs (Ilium and Davis, 1985). The passive 
targeting pathways and the rationale behind the design of drug-canier systems that target 
tumours passively are discussed below.

Passive tumour targeting
Colloidal and macromolecular drug-carrier systems such as liposomes and 

polymer-drug conjugates have been proposed for the passive tumour targeting of 
anticancer agents by the EPR effect (reviewed by Gabizon 1994; Duncan, 1992; Maeda, 
1991). The use of these drug-carrier systems in oncology is attractive as they alter the
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natural biodistribution, elimination and metabolism of the low molecular weight cytotoxic 
agents, resulting in a prolonged half-life and passive accumulation into solid tumours. 
There are two primary factors that can influence the EPR-mediated tumour targeting:

1. Physicochemical properties of the carrier.
2. Pathophysiological characteristics of the solid tumour.

The size of the carrier can profoundly influence the biodistribution of the drug- 
carrier system. Generally, immediately after i.v. administration, particles larger than 7 pm 
in diameter are filtered out and retained in the lung capillary bed (Davis and Ilium, 1986), 
while those smaller than 7 pm usually display higher uptake in the liver and the spleen. 
By reducing the particle size to 100-200 nm, colloidal and macromolecular drug-carriers 
escape the liver and spleen, and circulate longer in the systemic circulation with prolonged 
plasma half-life (reviewed by Brannon-Peppas, 1995). However, further decrease in size 
to less than 6 nm or 50 000 Da (renal threshold) results in rapid clearance by the renal 
glomerular filtration (Seymour et a l, 1995; reviewed by Takakura and Rashida, 1996).

The surface charge of the carriers can influence their biodistribution, where 
positively charged (cationic) macromolecules such as polycations are normally taken up 
by the liver cells or excreted through kidneys immediately after i.v. administration 
(Nishida e ta l,  1991), while neutral and negatively charged (anionic) molecules remained 
longer in the circulation (reviewed by Monfardini and Veronese, 1998; Takakura and 
Rashida, 1996). The hydrophilic/lipophilic balance (RLB), an index of water solubility, 
of the carrier system can profoundly influence its biodistribution, where hydrophobic 
(low RLB) particles will be removed from circulation more rapidly compared to those 
with high RLB (hydrophilic) which remain longer in circulation (reviewed by Takakura 
and Rashida, 1996).

The pathophysiology of solid tumours, especially the tumour vasculature differs 
from that of normal tissue and it is these unique differences that are being exploited for 
tumour targeting by the EPR effect. This process is described in detail in Section 1.5. 
First, the classification of normal capillaries and the mechanism of macromolecular 
transport out of capillaries is described.
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1 .4  Classification of normal capillaries and extravasation pathways o f  
macromolecules
In order to reach target organs or tissues, blood-borne colloidal and 

macromolecular drug-carrier systems must first extravasate into the interstitial space. The 
capillary endothelium (Figure 1.2) is composed of a single layer of endothelial cells 
resting on a delicate basement membrane and adjacent to an occasional pericyte (Caro et 
al., 1978). The endothelial cell is extremely thin in the periphery (0.1-0.3 pm) and it is 
thickened in the region of the nucleus (2-3 pm). The negatively charged basement 
membrane is 10-50 nm thick (Van Hinsbergh, 1992; Majno, 1965). The average diameter 
of a capillary is 8 pm (Martini, 1992) and capillaries have been broadly classified into 
three main types: continuous, fenestrated and discontinuous capillaries. The type of the 
capillary influences the extent and the rate of macromolecular extravasation into interstitial 
space; and also the nature of the exchange pathways that are involved in transfer 
(reviewed by Jain, 1997).

1. Continuous capillaries are the most common type of capillary found in the 
body. They are present in the skin, muscle, connective tissue and also in the 
central nervous systems. In this type of capillary, the endothelial cells are 
connected by intercellular tight junctions; and both the endothelial cells and the 
basement membrane formed a continuous barrier. This barrier effectively blocks 
the transport of serum albumin, macromolecules and particles of more than 6.7-8 
nm in diameter, resulting in negligible extravasation. The main transport pathways 
allowing extravasation from continuous capillaries include vesicular-mediated 
transcytosis, receptor- or carrier-mediated transport, transendothelial channels and 
passage through endothelial tight junctions (Figure 1.3; reviewed by Takakura et 
a l, 1998; Jain, 1987a; Van Hinsbergh, 1992).

2. Fenestrated capillaries are in many ways similar to the continuous capillaries, 
except that: (1) the endothelial cells are thinner (20-40 nm); and (2) rounded 
fenestrae are observed (Majno, 1965). Fenestrae are circular transendothelial 
openings in the endothelial cell membrane (40-80 nm diameter, 25 nm thick) that 
may be either open or closed over by a diaphragm. This type of capillary is found 
mostly in the intestinal mucosa, pancreas and kidneys. Macromolecules are 
transported across this endothelial barrier as described above for the transport 
pathways in continuous capillaries. Additionally, hydrophilic macromolecules up

28



single endothelial 
cell surrounding 

the capillary

basement membrane

cell
membrane

Nucleus

o
red blood 

cells w ith in  
the capillary  

lumen intercellu lar junction

Figure 1.2 Schematic representation o f the cross section o f the capillary.

29



Lumen
Exchange pathways of 

continuous endothelium
_________ I_________

1 r

Filtration and diffusion 

___________ I___________

OJ
o

passage through  

narrow slits o f  

endothelial tight 
junctions

vesicular
mediated

transcytosis

receptor/
carrier

mediated
transport

transendothelial
channels

(fused vesicles)

extracellular 

exchange via 
intercellular gaps

o f discontinuous 

capillary

k )
    . .

extracellular 

exchange through 
fenestrae

(open or close 
diaphragm )

simple diffusion
across cell 

membranes and 
cytoplasm  

(fo r small solutes 
only)

▲

Interstitial space

Figure 1 3  Routes and mechanism fo r transport o f  drugs and delivery vehicles across the capillary endothelium  (adapted from  Jain, 1987a and 

Van  Hinsbergh, 1992).



Chapter 1: General Introduction

to 11 nm can pass across via the fenestrae (Figure 1.3; reviewed by Takakura et 
a l,  1998; Jain, 1987a; Van Hinsbergh, 1992).

3. Discontinuous capillaries or sinusoids are specialised fenestrated capillaries 
normally found in the liver and bone marrow. They are characterised by the 
presence of irregularly shaped, intercellular gaps of 100-1000 nm in diameter with 
a discontinuous or an absent basement membrane (Majno, 1965; Jain, 1987a; 
Takakura and Hashida, 1996) allowing the free passage of macromolecules and 
large particles across (Figure 1.3). The microvasculature of solid tumours is an 
example of discontinuous capillary with the absence of a basement membrane.

1 .5  The tumour vasculature as target for anticancer therapy
The vasculature of the solid tumour is significantly different from that of the 

normal tissue. These differences are currently being exploited as new targets for 
anticancer therapy (Table 1.1, reviewed by Brown and Giaccia, 1998).

The architecture and spatial organisation of the solid tumour microvasculature has 
been extensively studied and characterised using scanning electron microscopy of tumour 
microvascular corrosion casts (Skinner et al., 1990; Kuruppu et al., 1997; Konerding et 
al., 1992; 1998; 1999). When compared to the relatively uniform and well-ordered normal 
capillary, the solid tumour’s micro vasculature network is: (1) extremely chaotic and 
disordered with the existence of blind ends to some vascular branches; (2) a high density 
of tumour vessels; (3) tortuous and dilated vessels with large, distended capillaries up to 
5-100 pm diameter; (4) a high degree of vessel interconnectivity i.e. high density of 
arterio-venous shunts with formation of anastomoses; and (5) often the absence of a 
basement membrane (shown schematically in Figure 1.4). Additionally, solid tumours 
vasculature is angiogenic with an unusually “leaky” vasculature (Dvorak et al., 1988). 
These unique features are discussed further, especially in relation to anticancer therapy.

1 . 5 . 1  Tumour angiogenesis and antiangiogenic therapy
Angiogenesis refers to the formation of new capillaries that sprout from existing 

blood vessels (reviewed by Folkman and D’Amore, 1996; Hanahan and Folkman, 1996). 
Angiogenesis is ongoing with high frequency during embryogenesis and it normally 
ceases in adulthood, except during menstruation in women where angiogenesis continues 
in a highly cycle-regulated manner (Neeman et al., 1998). Additionally, the process of 
angiogenesis is crucial for wound healing (Hlatky et al., 1996) and is involved in certain
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Table 1.1 Physiological characteristics of malignant tissue that can potentially be exploited for cancer therapy (adapted from Brown and 
Giaccia, 1998)

K)

Characteristics Normal tissue Tumour tissue Detrimental aspects for 
therapy

Method of exploiting for 
therapy

Microvasculature Developed with ordered, 
regulated flow

Constant new vessel growth, 
the vessels are leaky, 
tortuous, and the flow are 
often sluggish and irregular

Poor delivery of some 
therapeutic agents due to 
irregular flow and high 
interstitial pressure

Antiangiogenic agents, 
drug deliver systems that 
target tumours by the 
EPR effect (Stealth® 
liposomes, hydrophilic 
polymer-drug conjugates, 
polymer-protein 
conjugates)

Oxygenation Heterogeneous, but rarely 
hypoxic regions

H ighly heterogeneous 
commonly with hypoxic 
regions

Reduces tumour selectivity to 
radiation and anticancer 
drugs; predisposes to 
increased malignancy (e.g. 
metastasis)

Selective cytotoxins; gene 
therapy targeted by 
hypoxia

Necrosis Not present Present Not known, if any Gene therapy targeted to 
necrosis
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pathological conditions such as retino-diabetes and rheumatoid arthritis (reviewed by 
Hanahan and Folkman, 1996). The process of tumour angiogenesis is recognised to be 
essential for the growth and development of solid tumours (Folkman, 1975; 1990). New 
vessels sprout towards the solid tumour (Blood and Zetter, 1990) and they are formed by: 
(1) recmitment of pre-existing vessels (normal blood network); or (2) the formation of 
new blood vessels (neovasculature).

Folkman first proposed the hypothesis that the development of a specific tumour 
vascular network is vital for a solid tumour to grow and develop, both at the primary site 
and also at the site of metastasis (Figure 1.5; reviewed by Hanahan and Folkman, 1996; 
Folkman, 1995; 1975). An early carcinoma or the islets of tumour cells formed by 
metastasis obtain their supply of nutrients and oxygen from the surrounding normal tissue 
blood vessels. In the absence of angiogenesis, tumour growth is restricted to the 
formation of small spheroids of 1 mm^ in diameter (Folkman, 1990; 1986) or to the 
formation of a thin cylindrical configuration of cells (less than 200 pm radius) 
surrounding an existing capillary bed (Folkman 1975). However, in order to grow larger 
than 2-3 mm, the solid tumour must induce angiogenesis. Tumour angiogenesis is also 
responsible for solid tumour invasiveness and aggressiveness (Weidner, 1998a), and 
metastasis (Barnhill et al., 1998; Weidner et al., 1991), both processes which result in 
poor prognosis and decreased in patients’ survival.

The process of tumour angiogenesis is a highly complex, regulated cascade of 
events (Folkman, 1995). It is mediated by an increase in the production of positive 
regulators (Table 1.2; Figure 1.6; Folkman, 1995; Li et al., 1998) and a decrease in the 
level of angiogenic inhibitors such as cartilage derived inhibitor CDI (Moses et al., 1990) 
and trombospondin (Good et al., 1990; Taraboletti et al., 1990; Kazuno et al., 1999).

Antiangiogenic agents are currently under clinical development as an anticancer 
approach. Usually these agents are suggested to inhibit tumour angiogenesis directly 
(Figure 1.6, Folkman, 1996a) and drugs in preclinical and clinical studies include TNP- 
470 (Folkman 1996b), endostatin (Boehm et al., 1997; O’Reilly et al., 1997), angiostatin 
(O’Reilly et al., 1996) and thalidomide (Cao, et al., 1999; D’Amato et al., 1994).

1 . 5 . 2  Tumour hypoxia as potential target for anticancer therapy
Hypoxia is a common feature of solid tumours, present in both human tumours 

(Hockel et al., 1998) and experimental animal tumour models (reviewed by Vaupel et al..
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Table 1.2 Tumour angiogenic factors (adapted from Folkman, 1995, Li 
et al, 1998)

Growth factor Molecular
weight
(Da)

Endothelial 
mitogen 
in vitro

Fibroblast growth factors (FGF)

basic (bFGF) 18 000 +

acidic (aFGF) 16 400 +

Angiogenin 14 100 0

Transforming growth factor a 5 500 4-

(TGF-a)

Transforming growth factor P 25 000 -

(TGF-P) *

Tumour necrosis factor a 17 000 -

(TNF-a)

Vascular permeability factor/ 45 000 +

vascular endothelial growth 

factor (VPF/VEGF)

Platelet-derived endothelial cell 45 000 DNA

growth factor (PD-ECGF) synthesis

Granulocyte colony-stimulating 17 000 +

factor (G-CSF)

Placental growth factor 25 000 +

Interleukin 8 (IL-8) 40 000 +

Hepatocyte growth factor (HGF)/ 92 000 +

scatter factor (SF)

Pleiotrophin (PTN) n.a. n.a.

Proliferin n.a. n.a.

Follistatin n.a. n.a.

Midkine n.a. n.a.

* TFG-P inhibits endothelial proliferation in vitro, but a focal injection in 
vivo stimulates angiogenesis, possibly by recruiting active macrophages 
and possibly by mobilising VPF/VEGF from extracellular matrix.

n.a. : data not available
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1997). In a normal well perfused tissue, the cells lie in close proximity to capillaries, 
usually within 125 p-m from a blood vessel. This enables effective and rapid exchange of 
nutrients, fluids, oxygen and also allows the elimination of metabolic waste. However, in 
solid tumours, the irregular network of tumour capillaries, unrestrained tumour cells 
growth and inefficient tumour blood supply results in the formation of hypoxic regions as 
well as acidic and nutrient-starved regions (reviewed by Dachs and Stratford, 1996; 
Gullino, 1975).The low levels of oxygen result in formation of an hypoxia area and this is 
a major cause of neoplastic cell necrosis, especially in the solid tumour core. Studies have 
shown that in a solid tumour larger than 150 pm in diameter or 70-80 pm distance away 
from the nearest vessel wall, the oxygen pressure drops to less than 5 mmHg (Helmlinger 
et al., 1997), when compared to the oxygen pressure of 24-66 mmHg in normal tissue. A 
necrotic core is usually formed when the diameter of the solid tumour is more than 400 
pm and the thickness of the surrounding tumour cells never exceeds 180 pm regardless of 
the radius of the necrotic center (Gullino, 1975).

Hypoxic tumour cells are resistance to some chemotherapeutic drugs due to 
repeated low levels of exposure to these drugs. This is because immediately after i.v. 
administration, cytotoxic drugs are only delivered to the well-perfused regions of the solid 
tumours (reviewed by Jain, 1997; Jain, 1989). However, this unique hypoxic feature can 
be exploited as a potential target for anticancer therapy. For example the development of 
hypoxia-activated cytotoxic drugs e.g. tirapazamine; hypoxia-selective cytotoxins and 
gene therapy targeted by hypoxia (reviewed by Brown and Giaccia, 1998; Dachs and 
Stratford, 1996; Sinhababu and Thakker, 1996; Wilson and Pruijn, 1995).

1 . 5 . 3  Permeability of tumour microvasculature (the EPR effect) as a
means of drug targeting
The pathophysiology of the tumour tissue, especially the enhanced permeability of 

the microvasculature offers an opportunity for passive site-specific delivery of anticancer 
agents. The presence of large open gaps or pores of 380-780 nm in diameter in the 
capillary wall (Hobbs et al., 1998) and also the presence of vesiculo-vacuolar organelles 
(clusters of fused caveolae) in the tumour endothelial cells (Qu-Hong et al., 1995) both 
contribute to the increased tumour vascular permeability observed in the microvasculature 
of solid tumours (reviewed by Kubitza et al., 1999).

Long-circulating blood-borne macromolecular and particular carrier systems can 
selectively extravasate through these “leaky” tumour vessels, whilst demonstrating
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reduced extravasation through the tighter endothelial barrier of vessels in normal tissue. 
For example, the tissue uptake index (ml plasma/100 g tissue-h) of albumin in rat W256 
tumours was determined to be 10.05, an almost 6-fold and 20-fold increased compared to 
skin (1.59) and muscle (0.52) respectively (reviewed by Jain, 1987a). Additionally, 
contrary to the vesicular- and carrier-mediated transport through normal capillary 
endothelial cells, the main transport pathway of these macromolecular and particulate drug 
delivery systems seems to be mainly by diffusion and convection through large pores or 
gaps presence in the tumour vasculature as well as subsequent transport through the 
tumour interstitium (reviewed by Jain, 1997; 1987a, 1987b). The process of diffusion 
depends on the concentration gradient of solutes in circulation and interstitial space, and 
the higher the blood concentration of a macromolecules, the greater its diffusion into the 
tumour interstitium. In contrast, convective transport depends primarily on the interstitial 
fluid movement caused by the pressure gradients produced in the vessels (approximately 
20-25 mmHg depending on blood pressure) and the tumour interstitial fluid pressure 
(TIFF). Lower TIFF (2-3 mmHg) in the periphery of solid tumour promotes both fluid 
and macromolecular extravasation by convection (Jain and Baxter, 1988; reviewed by Jain 
1987b). Diffusion has been suggested to be the dominant mechanism for movement of 
macromolecules toward the center of the solid tumour while convection carries the 
macromolecules into surrounding normal tissue (reviewed by Jain, 1987b; 1997).

Absence of effective tumour lymphatic system and high tumour interstitial 
fluid pressure (TIFF)

The primary functions of the lymphatic system is the production, maintenance and 
distribution of lymphocytes. In addition, it maintains normal blood volume by draining 
the interstitial fluids back to the systemic circulation (Martini, 1992). However, (I) the 
lack of functioning tumour lymphatic drainage; (2) relative high permeability and 
hydraulic conductivity of tumour vasculature; and (3) increased vascular resistance to 
blood flow in the growing solid tumour all contribute to the increase in observed TIFF (up 
to 30 mmHg) compared to the negligible interstitial fluid pressure in the surrounding skin 
and normal tissue (Gullino, 1975; reviewed by Jain, 1987b). Depending on the structure 
of the macromolecules, this observed high TIFF limits the driving force for the convection 
of macromolecules across the vessel wall and also causes a radially outward fluid flow, 
which might be expected to transport macromolecules back into the surrounding normal 
tissue, leading to decreased in the delivery of macromolecules into solid tumours 
(reviewed by Jain, 1997).
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1 .6  The EPR effect as a means of passive targeting to solid tumours
This phenomenon of passive diffusion and localisation into the solid tumour 

interstitium of macromolecular and particulate drug delivery systems was first noted by 
Maeda and colleague in the mid 80s, and has been termed the “enhanced permeability and 
retention” (EPR) effect (Matsumura and Maeda, 1986). This phenomenon was proposed 
to explain the observed higher accumulation of these drug-carriers in solid tumours 
compared to the drug alone.

1 .6 .1  The concept of the EPR effect
The concept of the EPR effect can be explained as the preferential solid tumour 

accumulation of large macromolecules compared to the low molecular weight compounds. 
Due to their low molecular weight, conventional anticancer drugs display random 
extravasation (mainly by diffusion pathway) through normal and leaky tumour vessels 
alike, leading to high organ and normal tissue accumulation with relatively little tumour 
targeting (shown schematically in Figure 1.7a). However, as macromolecular anticancer 
agents can only enter cells by endocytosis, they tend to be long circulating and their 
extravasation is more effective in the “leaky” microvasculature of the solid tumour tissue 
(by extracellular exchange via intercellular gaps). The intact epithelium and basement 
membrane in normal capillaries largely prevents extravasation of these large molecules 
into normal organs and tissues (Figure 1.7b).

Jain (1987a) reviewed several studies on the normal and tumour tissue 
microvascular permeability of solutes of different size. In a frog mesentery microvascular 
(a model for normal vessel) permeability study, low molecular weight solutes (such as 
potassium salt, sodium chloride and sucrose molecules) are 10 to l(X)0-fold more 
permeable than the higher molecular weight solutes (Evans blue-albumin complex, FITC- 
dextran and albumin). Additionally, Gerlowski and Jain (1986) compared the 
microvascular permeability of FTTC-dextran (Mw 150 kDa) in mature granulation tissue 
and VX2 carcinoma. They reported an 8-fold increased in permeability of the FITC- 
dextran in the VX2 carcinoma when compared to the granulation tissue. Furthermore, 
using ‘̂ ^I-labelled HPMA copolymers of different molecular weights (Mw 4.5-800 kDa), 
Seymour et ah, (1995) and Noguchi et al., (1998) both showed that all HPMA copolymer 
fractions accumulated effectively in Sarcoma-180 and B16F10 murine melanoma during 
the first 10 min after i.v. administration. However, with time, the long circulating 
copolymers (Mw > 50 kDa) displayed progressive and significantly higher tumour
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accumulation, while the copolymer fractions below Mw < 50 kDa were excreted more 
rapidly via the kidneys.

Solid tumour displays higher uptake of macromolecules and particles compared to 
the normal tissue, and the extent of uptake is influenced by their blood retention time. This 
enhanced accumulation of macromolecules into solid tumours (Maeda, 1994; Maeda and 
Konno, 1997) has been attributed to:

1. Hypervasculature as a result of extensive tumour angiogenesis.
2. Defective tumour microvascular architecture.
3. Suppressed lymphatic clearance from tumour tissue.
4. Enhanced tumour cells production of various vascular signals or mediators 

of vascular permeability.

The first three factors were discussed in Section 1.4. Several researchers have 
examined the mediators of the EPR effect to improve tumour uptake of the targeted drug 
delivery system, and this is discussed below.

1 . 6 .2  Mediators of the EPR effect: promoter of tumour targeting
Several cytokines and permeability-enhancing factors such as bradykinin, vascular 

permeability factor/vascular endothelial growth factor (VPF/VEGF) and nitric oxide 
(NO) are believed to be involved as the mediators of the EPR effect. These compounds 
affect the permeability of the tumour microvasculature, and can be used to enhance the 
passive deposition of macromolecular drugs into solid tumours by the EPR effect.

Bradykinin is a potent vascular permeability and pain-inducing factor and is 
thought to be involved in the enhancement of macromolecular uptake into solid tumour by 
the EPR effect (reviewed by Maeda, 1991). Kininase inhibitor (inhibits kinin breakdown 
in vivo) and bradykinin receptor inhibitor have been proposed as a combination therapy to 
be used together with macromolecular therapeutics in order to enhance their delivery to 
solid tumour. Examples of kininase inhibitors include angiotensin-converting enzyme 
inhibitors such as captopril and enalapril (reviewed by Maeda, 1991).

Tumour VPF/VEGF is a protein of 38 kDa (Dvorak et al., 1988) expressed by 
many types of experimental solid tumours (Ke-Lin et al., 1996; Westphal et al., 1997; 
Melder et al., 1996) and in human tumours, including pancreatic cancers (Fujimoto et al.,
1998), gastrointestinal cancer (Tanigawa et al., 1997; Hyodo et al., 1998), neuroblastoma
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(Meister et al., 1999), cervical cancer (Fujimoto et al., 1999; Kodama et al., 1999) and 
non-small cell lung carcinoma (Fontanini et al., 1998). VPF/VEGF is known to be an 
important regulator of tumour angiogenesis in vivo. By binding to the VPF/VEGF 
receptors expressed on endothelial cells surface termed ! KDR/Flk-1 and Flt-1 (Detmar et 
al., 1998, Dellian et al., 1996); VPF/VEGF is involved in tumour growth (Grunstein et 
al., 1999) and modulation of tumour vascular permeability (reviewed by Thomas, 1996; 
Hlaky et al., 1996). Upregulating the number of receptors or increasing their binding- 
efficiency by local delivery of VEGF results in increased vascular permeability and this is 
one approach that might enhance the EPR-mediated targeting of macromolecular 
anticancer agents (reviewed by Baban and Seymour, 1998).

NO is a potent vasodilator and vascular permeability enhancer. It is an endogenous 
free radical and biological mediator that is released from a wide range of cell types, 
including endothelial cells (Hatjikondi et al., 1996). NO is synthesised from L-arginine by 
the enzyme NO synthase. Administration of NO scavengers such as 2-phenyl-4,4,5,5,- 
tetramethylimidozoline-l-oxyl-3-oxide derivatives into ddY mice bearing Sarcoma-180 
tumours led to a significant decrease in the passive accumulation of the Evans blue- 
albumin complex by Sarcoma-180 tumours (Wu et al., 1998).

1 . 6 . 3  The probes used for studying the EPR effect
In this study, two probes were used to examine and quantitate the EPR effect: 

Evans blue and HPMA copolymer-DOX conjugate (PKl).

Evans blue (Figure 1.8a) is a low molecular weight (960 Da) dye routinely used 
for the study of vascular permeability. When introduced into the systemic circulation, it 
immediately binds to serum albumin by electrostatic interaction (Classen et al., 1970). The 
resultant complex of approximately 68 kDa exhibits prolonged plasma residence time with 
minimal extravasation through normal (continuous) capillaries. In contrast, the 
macromolecular complex displayed preferential extravasation through the leaky tumour 
vessels by the EPR effect (Matsumura and Maeda, 1986). Maeda first used this system to 
show visually the selectivity of EPR targeting, publishing photos of a bright blue tumour 
adjacent to a white muscle bed in a Sarcoma-180 tumour model.

PKl is a HPMA copolymer covalently bound to DOX via a Gly-Phe-Leu-Gly 
peptide linker (Figure 1.8b) that is currently undergoing Phase II clinical trial. Preclinical 
studies with PKl showed that it displays improved solid tumour accumulation by the EPR
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effect when compared to the unconjugated free DOX (Seymour et al., 1994). In this 
study, PKl was used as probe to quantitate both the EPR effect in different tumour types 
and also the levels of lysosomal cysteine protease enzymes which are know to liberate 
DOX from this macromolecular prodrug (reviewed by Duncan, 1992). PKl and its 
clinical profile are discussed further in Section 1.7.2.2.

1 .7  Doxorubicin (DOX), and anthracycline drug delivery systems
Recently, a wide variety of drug delivery systems designed to exploit the EPR- 

mediated tumour targeting have been developed for anticancer therapy. These include 
liposomal formulations and the above mentioned soluble polymer-drug conjugates. More 
recently, novel carriers such as dendrimers (Malik et al., 1999) and amphiphilic micellar 
systems (Kabanov and Alakhov, 1997; Kataoka, 1997) have also been proposed. Here, 
the advantages and disadvantages of each system as carrier of anticancer agent DOX and 
the recent clinical findings will be discussed. First, it is necessary to summarise the role of 
DOX in cancer therapy and also highlight its limitations.

1 .7 .1  Doxorubicin (DOX)
DOX (Figure 1.9) belongs to the family of compounds known as anthracycline 

antibiotics which also include daunorubicin, epirubicin and idarubicin. These drugs are 
still among the most important anticancer agents used in the clinic today for the treatment 
of solid tumours (Chabner and Myers, 1993). DOX is obtained from aerobic fermentation 
of the fungus Streptomyces peucetius var. caesius, and it is a potent cytotoxic agent, 
normally given to patients at a dose of 60-75 mg/m^ every 21 days (Chabner et al., 1996). 
A strong association has been shown between the dose of DOX and its antitumour 
response.

At least three mechanisms of antitumour activity of DOX and other anthracycline 
antibiotics have been proposed (Chabner and Myers, 1993):

1. Intercalation of the planar anthraquinone structure with DNA, resulting in 
Topoisomerase II enzyme dependent single- and double strand breaks.

2. Formation of oxygen radicals which attack DNA and membrane lipids and 
leads to cell deaths.

3. Chelation with metal ions, such as copper and iron, resulting in drug-metal 
complexes that are destructive to mammalian cells.
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As with other cytotoxic drugs, DOX is nonselective cytotoxic agent and its clinical 
use is often limited by reversible myelosuppression, stomatitis, gastrointestinal 
disturbances and alopecia. Furthermore, repeated administration of DOX is drastically 
limited by a cumulative non-reversible cardiac damage (Chabner et al., 1996). Serious 
cardiomyopathy is observed in 1-10% of patients treated with a total doses of below 450 
mg/m^ and the maximum clinical accumulated dose that can be administered is 550 mg/m^ 
(Chabner et at., 1996). Furthermore, anthracyclines are subject to MDR after repeated 
dose, and also resistance due to mutation or decreased activity of Topoisomerase II 
enzyme has been described (DeVita, 1993).

Therefore the recognised antitumour activity of DOX with its dose limiting toxicity 
problems make this drug an ideal candidate for incorporation into drug delivery systems 
that might target the agent more specifically to solid tumour tissue, sparing normal tissue 
and also possibly circumventing MDR. In this study, tumour uptake of three carrier 
systems of DOX with different vehicle architecture; liposome formulation, polymer 
conjugate and a dendrimer conjugate was investigated and compared. These carrier 
systems are described in the next section.

1 . 7 . 2  Anthracycline drug carrier systems
These carrier systems are designed to improve the DOX therapeutic index by: (I) 

maintaining a continuous level of DOX in the tumour within the therapeutic range; (2) 
reducing non-specific toxicities; and (3) targeting high concentration of DOX into solid 
tumour tissue by the EPR effect.

The ideal drug delivery system should fulfil the following criteria (reviewed by 
Duncan et al., 1996):

1. Biocompatible, i.e. nontoxic and non-immunogenic.
2. Biodegradable or readily excretable to prevent systemic accumulation.
3. Adequate drug carrying capacity and ability to accumulate in the tumour but 

not in sites of potential toxicity.
4. Cost effective to produce and amenable to scale-up production as well as 

being pharmaceutically acceptable and stable on storage.

1 . 7 . 2 . 1  Liposomal anthracyclines
Liposomes were first proposed as a drug-carriers for cancer chemotherapy more 

than a quarter of century ago (reviewed by Gregoriadis, 1995). The idea of using
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liposomes as drug-carriers was attractive due to: (1) the similarity of the physical 
characteristics of the lipid bilayer to biological membranes; (2) the fact that liposomes are 
composed of non-toxic, non-immunogenic, biodegradable lipids; (3) the high 
encapsulation capacity of liposome for both hydrophilic and lipophilic drugs; and (4) the 
versatility of lipid composition and liposome structure, leading to the possibility of 
engineering systems with a wide range of physical sizes and with different drug-release 
rates.

However, early in vivo studies were disappointing, as the liposomes were 
immediately recognised by the phagocytic cells of the reticuloendothelial system (RES) in 
vivo leading to rapid clearance from the circulation and high liver and spleen 
accumulation. This led to low tumour tissue uptake (reviewed by Gregoriadis, 1989; 
Yokoyama and Okano, 1996). But in the late 1980s, potential use of liposomes as drug 
delivery vehicles dramatically changed with the development of sterically stabilised. 
Stealth® liposomes. Stealth® liposomes are RES avoiding polyethylene glycol-coated 
(PEGylated) liposomes with a rigid bilayer (reviewed by Gabizon et al.y 1998). 
Anticancer drugs can be entrapped in the Stealth® liposome core (Figure 1.10a) or within 
the lipid bilayer (Figure 1.10b). In contrast to the conventional liposomes, these long 
circulating Stealth® liposome displayed (reviewed by Gabizon, 1994; 1995) :

1. A prolonged blood residence time.
2. Decreased rate and extent of uptake into the RES with reduced chance of 

liver-related adverse effects.
3. Dose-independent pharmacokinetics in animals and humans.
4. Increased uptake into solid tumours.

Several liposomal anthracyclines are currently in routine clinical use or in clinical 
trials, including Stealth® liposome-entrapped DOX (Doxil/Caelyx in Europe, Sequus 
Pharmaceuticals); DSPC liposome-entrapped daunorubicin (DaunoXome, NeXstar 
Pharmaceuticals) and EPC liposome-entrapped DOX (Evacet, previously TLC D-99, The 
Liposome Company). Both Doxil and DaunoXome are approved by regulatory authorities 
for the treatment of AIDS related Kaposi’s sarcoma and Evacet is undergoing Phase n /m  
clinical trials for the treatment of metastatic breast cancer (Shapiro et al., 1999). In

patients, Doxil displayed prolonged plasma half-lives (t̂ /2 (% of 3.2 h and t̂ /̂ p of 45.2 h) 

when compared to free DOX {iiriç̂  of 0.07 h and t̂ /̂ p of 8.7 h) and thus can be dosed at
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20 mg/m^ equivalent DOX every 3 weeks (reviewed by Coukell and Spencer, 1997). 
Doxil is stable in blood with at least 90% of the DOX remaining liposome-encapsulated 
and it has shown increased accumulation in experimental tumour models (Gabizon et al., 
1996; Gabizon and Martin, 1997) as well as human malignant pleural effusions and 
métastasés (Gabizon et al., 1994; Symon et al., 1999). However, one major complication 
relating to the repeated use of Doxil is the development of palmar-plantar 
erythrodysaesthesia, characterised by swelling, pain and inflammation of the skin on the 
hands and the feet (also called “Hand and Foot Syndrome”). In the case of Doxil, this 
toxicity was dose limiting (reviewed by Coukell and Spencer, 1997).

1 .7 .2 .2PoIym er-D O X  conjugates, including P K l (FCE 28068)
Polymer drug conjugates (polymer therapeutics) are emerging as novel class of 

anticancer agents that target solid tumour by the EFR effect (reviewed by Duncan, 1992; 
Duncan et al., 1996). The idea of attaching a cytotoxic drug to soluble polymer was first 
proposed by Ringsdorf in the mid-1970s (Figure 1.11, Ringsdorf, 1975). He suggested 
the use of a water soluble polymer as a carrier for the cytotoxic drug. The drug is attached 
to the polymer backbone by a biodegradable linker to facilitate controlled release of the 
active moiety at site of action. In addition, a targeting ligand can be attached to facilitate 
receptor-mediated targeting. To be eligible as drug-carriers, the polymer must be water 
soluble, non-toxic and must not induce an immune response. In addition, the main 
polymer chain should preferably be able to degrade in the body or have a molecular 
weight below the renal threshold to avoid progressive accumulation. The carrier should 
also have sufficient functionality to allow for conjugation to the drug via a degradable 
hnkage and have sufficient drug-carrying capacity for the compound (depending on its 
potency) to be delivered.

Several HPMA copolymer-based anticancer conjugates are currently undergoing 
clinical trials. They include HPMA copolymer-DOX (PKl, FCE 28068; Vasey et al.,
1999), HPMA copolymer-DOX with galactosamine as targeting moiety (PK2; Duncan et 
al., 1986; Julyan et al., 1999) and an HPMA copolymer-Taxol conjugate (Bokkel 
Huinink et al., 1998).

As mentioned previously, PKl is a HPMA copolymer (Mw -30 000 Da) 
covalently bound to DOX designed for cleavage by lysosomal cysteine proteases 
following cellular uptake (Figure 1.8b). The HPMA copolymer is a neutral, non- 
biodegradable polymer that forms a loose helical coil in solution. Each molecule contains
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approximately 4 DOX molecules arranged as an intramolecular micelle. The conjugate has 
no natural affinity for plasma membranes and is therefore captured by all cells via fluid- 
phase pinocytosis (Section 1.7.3). In Phase I clinical trial, PKl demonstrated antitumour 
activity in refractory cancers, no polymer-related toxicity at dose up to a DOX-equivalent 
dose of 320 mg/m^ and displayed prolonged plasma retention time compared to DOX with

^ma of 18 h and t„2 pof 93 h (Vasey et al., 1999). Additionally, imaging studies using a

^^T-labelled PKl imaging analogue suggest that PKl is taken up selectively by some solid 
human tumours (e.g. head and neck cancer). Phase II studies are ongoing in colorectal, 
non-small cell lung carcinoma and breast cancers patients at a DOX-equivalent dose of 
280 mg/m^ every 3 weeks. This is more than three times higher than the MID of DOX 
(Vasey etal., 1999).

1 . 7 . 2 . 3  Nanoparticulate-DOX delivery systems, including dendrimers
Nano-sized particles have also been explored as drug-carriers for DOX. They can 

be designed to have long circulation times and also display the ability to target solid 
tumours by the EPR effect (reviewed by Monfardini and Veronese, 1998; Kataoka, 1997; 
Kreuter, 1994; Allémann et al., 1993). Recently, self-assembled polymeric micelles 
(Figure 1.12) which form spontaneously in aqueous media due to the hydrophilic and 
hydrophobic interaction of amphiphilic block copolymers have been proposed as drug 
delivery systems for DOX. Yokoyama et al., (1998) have developed a poly(ethylene 
glycol-aspartate) and poly(ethylene oxide-aspartate) block copolymer-DOX conjugate that 
spontaneously formed micelles of 20-60 nm in diameter in aqueous environment with 
DOX covalently attached and freely entrapped in the core. These micellar aggregates 
display prolonged circulation times, tumour targeting by the EPR effect and impressive 
antitumour activity in experimental solid tumour models. This system is also in pre- 
clinical development in Japan (Yokoyama et al., 1993; Kwon et al., 1994; Yokoyama et 
a l,  1998).

The use of dendrimers as drug delivery systems is still in its infancy. Recently, 
Malik et a l,  (1999) described a dendrimer-platinate conjugate which showed higher 
accumulation in a subcutaneous (s.c.) B16F10 tumour (by the EPR effect) compared to 
cisplatin alone and anti tumour activity in this model which is not sensitive to cisplatin.

Dendrimers are spherical, nanoscale in size, synthetic macromolecules; with a 
highly branched structure of high molecular weight. The repeating branch units radiate
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from the core and produce a number of terminal groups at the surface depending on the 
dendrimer “generation” (reviewed by Tomalia, 1994; Figure 1.13). Furthermore, they 
differ from linear polymers in that they are discrete spherical macromolecules of uniform 
size (monodisperse). Theoretically, cytotoxic drugs can either be: (1) entrapped within the 
dendrimer core (Figure 1.14a); or (2) conjugated to the dendrimer's surface (Figure 
1.14b). A number of families of dendrimer have been synthesised with different repeating 
units in the interior (Tomalia and Esfand, 1997) but in this study, a poly(amidoamine) 
(PAMAM) dendrimer of generation (gen.) 3.5 with a carboxylate surface conjugated to 
DOX was studied (Figure 1.15).

1 . 7 .3  Intratumoural fate and lysosomal delivery
Once liposomes, polymer conjugates and other nanoparticulate drug delivery 

systems extravasate into solid tumour tissue, they cannot diffuse across cell membrane 
and their uptake into cells is limited to endocytic pathway (Figure 1.16). The use of drug 
carrier systems to deliver drug selectively to cells via release intracellularly in lysosomes 
has been termed lysosomotropic drug delivery (DeDuve, et at., 1974). The advantages of 
lysosomotropic delivery include: (1) restriction of drug uptake to endocytosis thus 
preventing ubiquitous body distribution that often causes non-specific toxicity; (2) 
controlled rate of liberation of the bioactive species intracellularly by the design of an 
appropriate covalent polymer-drug linkage maximising pharmacological activity; (3) 
generation of long circulating systems that allow either passive targeting by the EPR effect 
or receptor-mediated targeting after conjugate modification to include additionally a cell- 
specific localising ligand; and (4) the opportunity to circumvent resistance mechanisms 
(e.g. MDR) by delivery of drugs via an intracellular compartment rather than by 
transmembrane passage (reviewed by Duncan, 1992).

There are two main pathways of intracellular trafficking of the macromolecules 
(reviewed by Duncan, 1992):

1. Phagocytosis or ‘cell eating’ pathway. This is the main pathway for the
internalisation of large particulate matter ( >0.5 jxm in diameter) and is the
major pathway for the RES system (typically uptake of large liposomes).

2. Pinocytosis or ‘cell drinking’ pathway. This is the main pathway for the
cellular entry of soluble material and particles of <0.2 p,m in diameter
(typically uptake of PKl).
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shows: (a) the core; (b ) the branching points; (c ) the 
surface groups; and (d ) the dendron (adapted fro m  

Tom alia , 1994).

F ig u re  1.14 D endrim ers as potential carrier system fo r cyto toxic  drugs.
D rugs can be (a ) entrapped drugs in the core, or (b )  
conjugated to the dendrim er’ s surface.
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1992).
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There are three type of pinocytosis: (1) fluid-phase; (2) receptor mediated; and (3) 
caveolae-mediated (reviewed by Duncan, 1992). Fluid-phase pinocytosis is the main 
pathway for the uptake of soluble neutral macromolecules (e.g. HPMA copolymers) via 
invagination of the cell membrane. The rate of uptake is dependent on the extracellular 
concentration of any given macromolecule. In contrast, macromolecular carriers designed 
for active targeting are internalised via receptor-mediated pinocytic pathways (reviewed by 
Takakura and Hashida, 1996; Rihova, 1998).

1 .8  Aims of this thesis
As liposomal formulations and polymer conjugates look promising as new 

anticancer agents in early clinical trials, it was considered important to study more 
systematically the factors that govern their tumour targeting by the EPR effect.

Initially, B16F10 s.c. model was selected as a screening model because it had 
been used previously to demonstrate the EPR effect of PKl (Seymour et al., 1994). In 
addition, L1210 was chosen as an “atypical” s.c. tumour (this is usually maintained as an 
ascitic leukaemia model). Quantitative assays were set up using Evans blue and PKl, and 
these probes were first used to study the effect of tumour size on tumour accumulation at 
1 h (Chapter 3). This study also provide the opportunity to compare the extent of tumour 
targeting observed using two chemically different probes and also to compare the levels of 
tumour uptake in the B16F10 and L1210 models.

To determine whether PKl would equally target to all tumour types by the EPR 
effect, experiments were then undertaken to determine PKl accumulation in a panel of 
mouse and human xenograft tumours (Chapter 4). As tumour size emerged as an 
important factor in determining the extent of the EPR effect, the effect of tumour size was 
also studied in each model. PKl antitumour activity is governed by the ability to liberate 
DOX, so the release rate of DOX from PKl was also determined in these tumour models.

In designing carrier systems for improved cancer chemotherapy, it is important to 
understand the factors that might influence the tumour uptake by the EPR effect. In 
Chapter 5, the influence of vehicle architecture on B16F10 tumour accumulation of DOX- 
containing drug delivery systems was studied. Here, the time-dependent tumour uptake of 
Doxil (a liposomal formulation), PKl (polymer-drug conjugate) and a PAMAM 
dendiimer-DOX conjugate were quantitated and compared to the tumour levels observed 
for free DOX.
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EPR-mediated targeting to solid tumours is a passive process, driven largely by 
the carriers’ blood concentration gradient (Seymour et aL, 1995). Therefore, attempts 
were made (Chapter 6 ) to develop self-assembled HPMA copolymer-DOX nanoparticles 
that might increase plasma circulation time and thus improve tumour uptake by the EPR 
effect.

To further understand the intra- and inter-tumoural differences in the tumour 
uptake of PKl seen in Chapters 3 and 4, it was felt important to study the vascular 
distribution and density in solid tumours of various stages of development, and to 
correlate these parameters with the extent of PKl uptake. First, it was necessary to 
develop a method for the visualisation of the tumour microvessels using 
immunocytochemistry and investigation of tumour histology and presence of necrotic 
areas using the more conventional haematoxylin and eosin (H&E) method (Chapter 7).
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2 .1  Materials 
Specialised materials

FCE 28068 HPMA copolymer-Gly-Phe-Leu-Gly-DOX (PKl) was supplied by 
Pharmacia and Upjohn, Milan, Italy/Cancer Research Campaign. PKl was synthesised 
as previously described by Rihova, et al. (1989). The batches used in this study had the 
following characteristics: Mw ~30 000 Da; Mw/Mn = 1 .3  and 6 - 8 % (w/w) bound DOX 
and PKl was supplied as a freeze-dried lyophilised powder. In each batch, less than 1% 
(w/w) of the total DOX conjugated was in the free form.

The PEGylated liposome preparation (Stealth® liposome) containing DOX and 
referred to as Doxil was kindly donated by Sequus Pharmaceuticals Inc., Menlo Park, 
California, USA. Doxil had the following lipid composition: fully hydrogenated soy 
phosphatidylcholine (HSPC) (9.58 mg/ml); cholesterol (3.19 mg/ml) and polyethylene- 
glycol (M  ̂ 1900) derivatised distearoyl-phosphatidylethanolamine (PEG-DSPE) (3.19 
mg/ml). DOX was encapsulated in the liposomal internal aqueous space at a concentration 
of 2 mg/ml at pH of 6.5. Each vial also contains ammonium sulfate (approximately 2 
mg/ml); histidine as a buffer; hydrochloric acid or sodium hydroxide for pH control; 
and sucrose to maintain isotonicity. Greater than 90% of the DOX in Doxil is in the 
encapsulated form.

Evan blue and DOX were purchased from Sigma Chemical Co., Dorset, UK.

Daunomycin was kindly donated by Rhône-Poulenc, Paris, France. Starburst™

(PAMAM) dendrimer generation (gen.) 3.5 was purchased from Aldrich Chemical Co., 
Dorset, UK.

General materials
All chemicals were of the highest analytical grade, unless otherwise specified. 

Phosphate buffered saline (PBS) “Dulbecco A” tablets was from Oxoid Ltd, Hants, UK.

l(3-dimethylaminopropyl)-3-ethyl-carbodiimide*HCl (EDC) was from Lancaster

Synthesis, Morecambe, UK. Sulfo-NHS was from Pierce & Warriner (UK) Ltd., 
Cheshire, UK. Sodium sulfate was purchased from Aldrich Chemical Co., Dorset, UK. 
Hydrochloric acid (HCl) sp. gr. 1.18, sodium hydroxide (NaOH) pellets, 
orthophosphoric acid, acetone and all general purpose grade solvents were from BDH 
Laboratory Supplies, Lutterworth UK. Ammonium formate and all general high 
performance liquid chromatography grade (HPLC) solvents were from Fisher Scientific,
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Leicestershire, UK. Polyethylene glycol (PEG) was purchased from Avocado Research 
Chemical Co., UK and polysorbate 80 (Tween 80) was purchased from Lancaster 
Chemical Co., Morecambe, UK.

Anim als
C57 black, DBA^, Balb-c and nu/nu mice were supplied by Bantin and Kingman 

Ltd., Hull, UK. All animal experiments were performed in accordance to the United 
Kingdom Co-ordinating Committee on Cancer Research (UKCCCR) guidelines for the 
welfare of animals in experimental neoplasia (1998) and to the Home Office guidelines.

Cells
B16F10 cells were kindly donated by Prof. Ian Hart, St. Thomas’s Hospital, 

London, UK. L I210 cells were supplied by Imperial Laboratories Ltd., Hampshire, UK. 
Meta 7 and COR L23 cells were purchased from European Collection of Cell Cultures 
(ECACC), Wiltshire, UK.

Cells culture media and related materials
All media, buffers, solutions and disposable items used in cell culture were

purchased pre-sterilised, sterilised by autoclaving or membrane-filtration (Acrodisc® 0.22

|xm filter) or by UV irradiation for 30 min. Cell culture media (RPMI 1640 and DMEM); 
foetal bovine serum (FBS) and trypsin-ethylenediaminetetraacetate (EDTA) (Ix) were 
supplied by Gibco BRL, Paisley, UK. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tétrazolium bromide (MTT), trypan blue and dimethlysulfoxide (DMSO) were purchased 
from Sigma Chemical Co., Dorset, UK.

Histology and immunocytochemistry
Anti-human von Willebrand factor (IgG fraction of antiserum developed in rabbit), 

porcine trypsin type II (1 mg with buffer salts), hydrogen peroxide (ACS reagent) and

[Tris(hydroxymethyl) aminometane] (Trizma® Base) were purchased from Sigma

Chemical Co., Dorset, UK. Swine serum, biotinylated swine anti-rabbit 
immunoglobulins (IgG), streptavidin and biotinylated horseradish peroxidase reagents 
(StreptABComplex/HRP) and 3,3’ diaminobenzidine tetrahydrochloiide (DAB 
chromogen) were from DAKO, Bucks, UK. BDH Laboratory Supplies, Lutterworth, UK 
supplied the xylene, Meyer’s haematoxylin, eosin and formalin.
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2 .2  Equipment 
General equipment

The UV-vis spectrophotometer (UV-1601) was from Shimadzu, Germany. The 
centrifuge (3.0RS) was from Varifuge, UK. The particle-sizer Photon Correlation 
Spectrometer (PCS) was from Malvern, UK.

Cell culture equipment
Class II laminar flow cabinet (Gelaire BSB ICN Flow BS 5726 Class II MCS)

and microtitre plate reader (Titertek Multi scan® plus) were purchased from Flow

Laboratories, Hertfordshire, UK. Incubator (37®C, 5% CO^) was from Heraeus 
Instrument, Essex, UK.

H PLC

Chromatography reversed phase column (C,, pBondapak™, 3.9 x 150 mm)

attached to Sentry™ guard column (Ĉ g pBondapak™, 125 Â, 10 pm, 3.9 x 20 mm) and

717plus Autosampler were purchased from Waters Ltd., Watford, UK. The 
chromatography pump (Jusco PU-980 intelligent HPLC pump) and the fluorescence

detector (FluoroMonitor™ IB, fitted with interference filters at 480 nm for excitation and

560 nm for emission) were from LDC/Milton Roy, Staffs, UK. All data from high 
performance liquid chromatography experiments were collected and analysed using a 
PowerChrom integrator and software programme (PowerChrom v 2.0.7) supplied by AD 
Instruments, UK and attached to a PowerPC 4200/200 (Macintosh, UK). Sample 
concentrator was from Techne Ltd., Cambridge, UK.

2 .3  Methods
2 .3 .1  Cell culture: general maintenance of cells

Cells in culture need to be passaged regularly to sustain growth in vitro. All cell 
manipulations were carried out in a Class II laminar flow cabinet using aseptic techniques. 
Cells were grown in a cell culture flasks (75 cm^) with appropriate media containing 10% 
FBS (Table 2.1) and maintained in humidified CO2  culture incubator (5% (v/v) CO2 , 
37°C). All media and the solutions added to cell culture were warmed to 37°C prior use. 
Media was changed regularly to maintain growth and the cells were passaged according to 
the prescribed split ratio when confluent (Table 2.1).
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Table 2.1 Cell lines and culture conditions

Cell line Description Monolayer Split ratio Culture media Source

B16F10 Murine malignant melanoma Yes 1:10 RPMI 1640, 25 mM HEPES, 

5 mM L-glutamine, 

10%(v/v) FBS

Prof. I. Hart,

St. T hom as’ s H ospita l, 

London, UK.

L1210 Murine lymphocytic leukaemia No 1:10 RPMI 1640, 25 mM HEPES, 

5 mM L-glutamine, 

10%(v/v) FBS

Imperial Laboratories Ltd., 

Hampshire, UK.

Meta 7 Murine metastatic lung 

carcinoma

Yes 1:5 DMEM + 10%(v/v) FBS ECACC, Wiltshire, UK.

CORL23 Human non-small cell lung 

carcinoma

Yes 1:6 RPMI 1640, 25 mM HEPES, 

5 mM L-glutamine, 

10%(v/v) FBS

ECACC, Wiltshire, UK.
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For cells grown as a monolayer, the media was removed by aspiration and the 
cells were washed twice with PBS (10 ml) prior to addition of Ix trypsin-EDTA (1ml). 
After incubation (5 min), the cells were gently agitated to detach the monolayer. Once the 
cells were in suspension (examined under anjin verted light microscope, xlOO), PBS (9 ml) 
was added to dilute the trypsin and cells were disaggregated using a sterile 2 0  ml syringe 
attached to a sterile 21-gauge needle. Care was taken to avoid over exposure of the cells to 
shear stress. Using the prescribed split ratio (Table 2.1), aliquots of the cell suspension 
were seeded into further flasks and appropriate volume of fresh media was added to 
maintain growth.

For cells grown as suspension, the media containing cells was transferred to a 
sterile 50 ml polypropylene centrifuge tube. The tube was then subjected to centrifugation 
(500 X g, 10 min, 20°C) to precipitate the cells. The supernatant (media) was then 
discarded and the cells were resuspended in PBS (10 ml). Again, using the prescribed 
split ratio (Table 2.1), aliquots of the cell suspension were seeded into further flasks and 
appropriate volume of fresh media was added to maintain growth.

2 .3 .2  Cell culture: freezing and recovery from the cell bank
In order to guard against contamination or spontaneous transformation, stocks of 

cells were regularly preserved by freezing (every 6-12 months) and stored at -80°C. For 
monolayer cultures, cells were first trypsinised according to the method outlined in 
Section 2.3.1. The cells in suspension (detached monolayer or suspension culture) were 
pooled and pelleted by centrifugation (500 x g, 10 min, 20°C). The supernatant was 
discarded and the cells pellets were resuspended in freezing medium (10% (v/v) DMSO in 
FBS, filtered sterile) at cell density of 5x10^ cells/ml. Aliquots of cell suspension (1 ml) 
were then transferred to sterile cryogenic vials and the vials containing cells were then 
cooled to -20°C for 1 h prior to storage in -80°C freezer for up to 6  months or in liquid 
nitrogen for longer periods (years).

To recover frozen cells, the vial containing frozen cells was thawed at 37°C 
(approximately 10 min). The thawed cell suspension was then seeded into a culture flask 
containing the appropriate culture media (10 ml. Table 2.1).
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2 .3 .3  Cell culture: evaluation of cell viability/density using Trypan blue
exclusion assay
The Trypan blue exclusion assay was used routinely to assess cell viability for in 

vivo and in vitro studies. Cells grown as a monolayer were first trypsinised to detached 
the cells as outlined in Section 2.3.1 and the resultant cell suspensions were pooled. 
Those cells grown in suspension were simply pooled. In both cases, the cell suspension 
(20 |il) was then placed in a sterile bijou and an equal volume of Trypan blue solution 
(0.4% w/v in PBS) was added and gently mixed. The mixture (20 pi) was then placed on 
the Neurenbrow haemocytometer slide and a glass coverslip added before viewing under 
the light microscope. Cell density was assessed by counting the number of viable cells 
within the counting area. After exposure to Trypan blue, viable cells appear colourless 
while non-viable cells are stained deep blue. The cell density (number of cells per ml) was 
determined by multiplying by a factor of 2 x 10"̂ . The percentage viability was calculated 
and all cultures used for studies were >98% viable.

2 .3 .4  Cell culture: determination of cell growth curve using MTT assay
The MTT assay is a rapid colorimetric assay for assessing cell viability. Estimation 

of cell density by MTT assay also allows determination of a cell growth curve. The MTT 
assay is based on the ability of live cells to reduce a water soluble tetrazohum dye MTT to 
a water-insoluble coloured formazan product (Mosmann 1983). The MTT basis of the 
assay is shown in Figure 2.1.

Cells grown in monolayer were first trypsinised as described in Section 2.3.2. 
Cells in suspension ( 1  x lO'̂  cells/ml, 100 pi) were plated into sterile 96-well micro-titre 
cell culture plate (flat bottomed for monolayer culture or v-bottomed for suspension 
culture). At a given incubation time, MTT solution (5 mg/ml in PBS, 20 pi) was added to 
each well using a 5-50 pi multi-channel pipette. The microtitre plate was returned to the 
CO2  incubator for 5 h, then the media containing MTT was carefully removed to avoid 
disturbing the layer of formazan crystals that had formed. For suspension cultures, the 
plates were centrifuged (500 x g, 10 min, 20°C) prior to media removal. The formazan 
crystals were dissolved in spectroscopic grade DMSO (100 pi) and the absorbance was 
assessed spectrophotometrically (550 nm) using the micro-titre plate reader. For 
background correction, the plate reader was blanked against DMSO (100 pi per well).

A cell growth curve was constructed for each cell line by plotting the intensity of 
the absorbance against time (days). Cell doubling time was determined by calculating the
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cleaved by all living, metabolically active cells, but not by 
dead cells to produce a dark blue formazan product.
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time required for the absorbance to increase by a factor of 2  on the linear part of the curve. 
The growth curves for all the cell lines used in this study are shown in Figure 2.2 - 2.5. 
Cell growth curves and cell doubling times were determined to ensure that cells in each 
studies were confined to an exponential phase of cell growth.

2 .3 .5  Cell cultures: cell preparation for s.c. inoculation
Cells for s.c. inoculation must first be prepared to remove media and serum. 

Briefly, cells grown in monolayer were first trypsinised to detach the monolayer and the 
resultant cell suspensions were pooled. Those cells grown in suspension culture were 
simply pooled without the trypsinization. In both cases, the pooled cell suspensions were 
transferred to a sterile 50 ml polypropylene centrifuge tube and subjected to centrifugation 
(500 X g, 10 min, 20°C) to precipitate the cells. The supernatant (media and serum) was 
then discarded and the cells were resuspended in sterile normal saline (0.9% w/w). The 
number of viable cells was then determined using the Trypan blue exclusion assay as 
outlined in Section 2.3.3. Cells were diluted to the appropriate density (Table 2.2) using 
sterile normal saline (0.9% w/v) and transferred to sterile 50 ml polypropylene tube prior 
to s.c. inoculation.

2 .3 .6  In vivo experim ents
These experiments were performed according to UKCCCR and Home Office 

guidelines. All experimental animals were 6 - 8  weeks old males and were allowed free 
access to water and food throughout the course of the study.

The tumour models used were DBA.2 mice bearing L1210 murine lymphocytic 
leukaemia, C57/BL mice bearing B16F10 murine malignant melanoma, Balb/c mice 
bearing Meta 7 murine metastatic lung carcinoma and nu/nu mice bearing COR L23 
human non-small cell lung carcinoma (Table 2.2). Viable tumour cells in saline (0.1 ml) 
were prepared as outlined in Section 2.3.5 and injected via s.c. route into the posterior 
right flank of mice under general anaesthesia (isofluorane 2% (v/v), oxygen 5% (v/v)). 
Studies were initiated when tumours reached the required sizes (product of two measured 
orthogonal diameters).

Substrates were prepared at the appropriate concentration and administered i.v. via 
tail vein. After 1 h or at appropriate time intervals, the mice were humanely killed (under 
raising concentration of CO^ gas) and tumour tissue and major organs (as required) were 
carefully removed, washed, weighed and stored in -20°C freezer prior to analysis.
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B16F10 murine malignant melanoma’s growth curve. The 
cells doubling time was estimated to be 40 h (symbol 
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L1210 murine lymphocytic leukaemia’s growth curve. 
The cells doubling time was estimated to be 20 h 
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intraexperimental variation ).
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70



Table 2.2 Tumour models and in vivo conditions

Cell line Description Origin Mouse model In vitro 

doubling 

time 

(h)*

No. of 

inoculated 

cells/mouse

In vivo 

growth rate 

(days)

B16F10 Malignant melanoma murine C57/black 40 1 X 10  ̂ in 100 pi 

saline

10

L1210 Lymphocytic leukaemia murine DBA.2 20 1 X 10  ̂in 100 pi 

saline

7

M eta? Metastatic lung carcinoma murine Balb/c 35 1 X 10  ̂in 100 pi 

saline

10

COR L23 N o n -sm a ll c e l l  lun g  

carcinoma

human nu/nu 65 I X 10  ̂in 100 pi 

saline

12

* determined from cell growth curve using MTT assay
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2 .3 .7  Spectrophotometric analysis of Evans blue accumulating in tumour 
tissue

In order to quantitate Evans blue dye accumulation, the dye must first be extracted 
from the biological tissues. Evans blue dye was extracted from the tissue samples using a 
method adapted from Harada et. at. (1971; Figure 2.6). Briefly, the tissue samples were 
blade homogenised in 2 ml of PBS. The homogenates (1900 pi) were mixed with 
aqueous sodium sulfate solution (0.5% w/v, 3 ml) and acetone (7 ml) in polypropylene 
tubes. The samples were then incubated at room temperature (20°C) overnight. The 
preparation was then centrifuged (1000 x g, 30 min, 20°C) to precipitate the tissue and 
biological material. The amount of Evans blue in the supernatant was determined by 
measuring the absorbance spectrophotometrically (590 nm) with the UV-vis 
spectrophotometer.

A standard curve was prepared and extracted in parallel for each study. The 
standards were prepared by spiking FBS samples with known amounts of Evans blue. 
Figure 2.7 shows a typical spectra of extracted Evans blue and Figure 2.8 shows the 
calibration curve of extracted Evans blue standards from FBS.

2 .3 .8  HPLC determination of the levels of free DOX and released DOX 
from PK l accumulating in tissue samples

The DOX in the tissue samples must first be extracted and concentrated prior to 
chromatographic analysis to increase sensitivy and exclude contaminating biological 
material. The tissue levels of DOX were analysed by HPLC using a method described by 
Wedge (1991). Figure 2.9 shows schematically the extraction method used. Since 
anthracylines are light, and heat sensitive, all samples were wrapped in aluminium foil to 
exclude daylight and maintained at 4°C (on ice or in a refrigerator) throughout the 
extraction procedure. In addition, polypropylene sample tubes and HPLC inserts were 
used to minimise adsorption of anthracycline to container walls.

Briefly, homogenates of tissue samples in PBS (900 pi) were placed in 
polypropylene tubes. A daunomycin standard (100 ng, 100 pi) in PBS was added to the 
sample as an internal standard. To a total volume of 1.0 ml sample, 1 M ammonium 
formate buffer (pH 8.5,100 pi) and chloroform:propan-2-ol (4:1 v/v, 5 ml) were added. 
The alkaline buffer was added to raise the pH of the aqueous layer to facilitate extraction 
while the organic mixture was added to rupture the biological membranes and provide a 
phase into which DOX can be extracted. The resultant mixture was thoroughly vortex-
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Sodium sulfate
(0.5 %v/v, 3 ml)

Acetone (7 ml)

Discard tissue pellet

vortex-mixed (30 sec)

incubation (RTF, overnight)

Measure supernatant's absorbance 
(590 nm wavelength)

centrifugation 
(1000 X g, 60 min, 20°C)

(to precipitate biological material)

tumour homogenate (1900 pi) 
(in polypropylene centrifuge tube)

Figure 2.6 The method used for the determination of Evans blue
uptake (adapted from Harada et al,  1971).
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vortex-mixed 
(3 X 20 sec, within 0.5 h)

centrifugation 
(1000 X g, 30 min, 10°C)

Daunomycin (100 ng, 100 pil) 
(added as internal standard)

IM  Ammonium formate buffer
(pH 8.5, 100 pi)

evaporation o f solvent phase 
(nitrogen apparatus, RTP, 20 min)

chloroform : propan-2-ol (4:1, 5ml) 
(as solvent phase)

analysis by HPLC 
(resuspend in methanol, 100 p) 

(inject onto column (20 pi)

aspiration
(to discard aqueous layer and biological tissue)

tumour homogenate (900 pi) 
(i) in polypropylene centrifuge tube 

(ii) in darkness, at 4°C

Figure 2.9 The method used for the quantitation of free DOX and
released DOX content (from Wedge, 1991).
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mixed (3 x 10 sec; within 30 min) prior to subjection to centrifugation (1000 x g, 30 min, 
10°C). The upper aqueous layer and tissue pellet were then carefully removed. The 
remaining organic phase containing extracted DOX was evaporated to dryness using a 
sample concentrator under constant nitrogen gas (N^) flow ( 2 0  min).

The samples were redissolved in HPLC grade methanol (100 pi) by vortex mixing 
(30 sec) and subjected to centrifugation (1000 x g, 10 min, 10°C) to remove any 
remaining biological material. The samples (100 pi) were transferred to polypropylene 
autosampler inserts and auto-injected (20 pi) via the 717plus Autosampler into the HPLC

column (Ci8  pBondapak™). The sample in the column was eluted using a freshly

prepared mobile phase of propan-2-ol in water (29% v/v) adjusted to pH 3.2 with 
orthophosphoric acid. Prior to use, the mobile phase was filtered (0.5 pM PTFE filter, 
Millipore filtration system) and degassed by sonication (15 min). The level of DOX was 
detected with fluorometric detection (excitation 480nm, emission 560nm) and all data 
from HPLC experiments were collected and analysed using a PowerChrom integrator and 
software programme (PowerChrom v 2.0.7).

In each experiment, DOX standard curves were prepared and extracted in parallel 
with the experimental samples. The standards consisted of a known amount of DOX 
dissolved in PBS and daunomycin was added as internal standard. Figure 2.10 shows 
chromatographic traces of DOX and daunomycin and Figures 2.11 shows the calibration 
curve of DOX standards spiked with rat liver homogenate.

2 .3 .9  HPLC determination of the levels of total PK l (bound and free
DOX) accumulating in tissue samples
Due to its water-solubility, PKl does not extract directly into the organic solvent 

during the isolation of free DOX. The protocol described above must be modified to 
enable the quantification of total PKl (bound and free DOX). Release of polymer-bound 
DOX is achieved by acid hydrolysis to liberate the aglycone form as described by Wedge 
(1991). Figure 2.12 schematically summarises the method used to estimate PKl (bound 
and free DOX) content of tissue samples.

As for the analysis of free DOX (Section 2.3.6), the tissue samples were first 
homogenised in PBS (2000 pi). A daunomycin standard (500 ng, 100 pi) in PBS was 
added to samples (900 pi) as an internal standard. To a total volume of 1.0 ml sample.
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Retention time (min)

Figure 2.10 A typical chromatographic separation o f free DOX and 
daunomycin. Estimated retention time o f free DOX and 
daunomycin were 2.6 min and 3.9 min respectively.
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Figure 2.11 Calibration curve of free DOX standards (symbol
represent mean ± SD, n=3).
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centrifugation 
(1000 X g, 30 min, lŒC)

vortex-mixed 
(3 X 20 sec, within 0.5 h)

evaporation of solvent phase 
(nitrogen apparatus, 2 0  min)

Daunomycin (500 ng, 100 pi) 
(added as internal standard)

analysis by HPLC 
(resuspend in methanol, 1 0 0  p) 

(inject onto column ( 2 0  pi)

chloroform : propan-2-oI
(4:1, 5ml)

(as solvent phase)

aspiration 
(to discard aqueous layer and 

biological tissue)

2 M HCI (1 ml, 80°C, 20 min) 
(acid hydrolysis to release 

aglycone DOX)

tumour homogenate (900 pi) 
(i) in polypropylene 

centrifuge tube 
(ii) in darkness, at 4°C

1 M Ammonium formate
(pH 8.5,1.5 ml)

2 M NaOH (1 ml) 
(buffer and neutralisation)

Figure 2.12 The method used for the determination of total PKl
(bound and released DOX) uptake (from Wedge, 1991).
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HCI (2 M, 1 ml) was added and the mixture was subjected to heat (80°C) for 20 min to 
liberate the bound DOX. The sample was then buffered with IM ammonium formate 
buffer (pH 8.5, 1.5 ml) and neutralised with NaOH (2 M, 1 ml) prior to extraction into 
the organic phase, chloroform:propan-2-ol (4:1 v/v, 5 ml). The hydrolysed samples were 
then subjected to the extraction processes and HPLC analysis exactly as outhne in Section 
2.3.6.

Similarly, PKl standards were prepared and extracted in parallel with the 
experimental samples. Figure 2.13 shows chromatographic traces of PKl (DOX 
aglycone) and Figures 2.14 shows PKl standards spiked with rat liver homogenate.

2 .3 .1 0  HPLC determination of the levels of DOX entrapped within
Doxil (total DOX) in tissue samples
The levels of DOX from Doxil in tissue samples were determined using the HPLC 

procedure described for measurement of PKl as described in Section 2.3.9. The method 
used is only able to measure the total DOX (entrapped and free) present in the tissue 
sample. In this case, it was not possible to distinguish the free and entrapped DOX.

Similarly, Doxil standards were prepared and extracted in parallel with the 
experimental samples. Figure 2.15 and 2.16 show chromatographic traces of Doxil (DOX 
aglycone) and Doxil standards spiked with rat liver homogenate respectively.

2 .3 .1 1  HPLC determination of the levels of total and released DOX from
PAMAM gen.3.5 dendrimer-DOX conjugate accumulating in tissue
samples

The levels of PAMAM gen.3.5 dendrimer-DOX conjugate in tissue sample were 
determined using the procedure described for PKl extraction and analysis as described in 
Section 2.3.9. The level of released DOX from accumulated conjugate was determined 
following the procedure outlined in Section 2.3.8.

Similarly, the conjugate standards were prepared and extracted in parallel with the 
experimental samples. Figure 2.17 and 2.18 show chromatographic traces of the 
conjugate (DOX aglycone) and the standards spiked with rat liver homogenate 
respectively.
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(aglycone)

Daunomycin
(aglycone)

Retention time (min)

Figure 2.13 A typical chromatographic separation of aglycone DOX 
(from PKl) and daunomycin. Estimated retention time 
of aglycone DOX and daunomycin were 4.7 min and 7.8 
min respectively.

Ig
I

2.0

1.0

0.5

y = 8.3323e-2 + 1.4345e-3x

0.0
800 1000 12000 200 400 600

Amount of standards (ng)

Figure 2.14 Calibration curve of PKl (equivalent DOX) standards
(symbol represent mean ± SD, n=3).
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Figure 2.15 A typical chromatographic separation of aglycone DOX
(from Doxil) and daunomycin. Estimated retention time of 
aglycone DOX and daunomycin were 6.7 min and 12.1 
min respectively.
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Figure 2.16 Calibration curve of Doxil (equivalent DOX) standards
(symbol represent mean ± SD, n=3).
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Daunomycin
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Figure 2.17 A typical chromatographic separation of aglycone DOX 
(from dendrimer-DOX conjugate) and daunomycin. 
Estimated retention time of aglycone DOX and 
daunomycin were 4.7 min and 7.8 min respectively.
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Figure 2.18 Calibration curve of dendrimer-DOX conjugated
(equivalent DOX) standards (symbol represent mean ±
SD, n=3).
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2 .3 .1 2 Conjugation of DOX to PAMAM gen.3.5 dendrimer
As PAMAM gen.3.5 dendrimer-DOX conjugate was not available commercially, it 

was synthesised and purified prior to the in vivo study.

The PAMAM gen.3.5 dendrimer was supplied in a methanol solution (10% w/w). 
First, the dendrimer sample (50 mg) was subjected to constant flow of N 2  gas to 
evaporate excess methanol. The sample was then resuspended in double deionised water 
(DDW, 1 ml) and the pH of the solution was adjusted to pH 7.4 with aqueous HCI (0.2 
M). It was important to maintain the reaction sample at approximately pH 7.4 where 
highest concentration of both the hydroxyl group and the deprotonated amino groups are 
available for the aminolysis reaction. An excess of EDC in DDW (20 mg, 200 pi) added 
under stirring condition to initiate the reaction. An excess of Sulfo-NHS (1.5 mg, 150 pi) 
was added to the reaction mixture to improve the reaction efficiency and the mixture was 
allowed to react under stirring condition for 20 min. After 20 min, DOX (6.2 mg, 6.2 ml) 
was added drop-wise to the reaction mixture under stirring condition. The reaction 
mixture was then allowed to react at room temperature (20°C) overnight and in the dark 
(wrapped in aluminium foil). The reaction process was followed with thin layer 
chromatography (TLC) using aluminium backed silica TLC plates and solvent mixture of 
chloroform/ ethanol (95%)/ trifluoroacetic acid (75:20:5) as described by Vigevani and 
Williamson (1980).

The reaction mixture was purified by eluting down a G25-fine column (2.5 x 25 
cm). The purified conjugate was then freeze-dried and stored at -20°C freezer. The DOX 
loading of the conjugate was determined by HPLC and was found to be 5.6% (w/w). 
Less than 1% (w/w) of total DOX conjugated was present in the free form.

2 .3 .1 3  H&Ë staining
The tumour samples analysed were B16F10 murine malignant melanoma and 

L1210 murine lymphocytic leukaemia. Immediately after dissection, tumour tissues were 
immersed in formalin solution and left to fix for 10 days at room temperature. The 
samples were then paraffin-embedded into blocks (by Institute of Pathology, London 
Royal Hospital). The blocks were then cut into 5 pm thick sections and stained with H&E 
in house or by the Institute of Pathology, London Royal Hospital, following the protocol 
shown schematically in Figure 2.19.
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Tissue sections

Remove paraffin
(for paraffin embedded 

samples only)

Hydrate

Wash

Stain nucleus

“Bluing”

Stain cytoplasm

Wash

Dehydrate

Mount

Eosin (1% w/v) 
( 5 min)

Running tap water
( 5 sec)

Running tap water
( 15 min )

Xylene
( 30 min )

Mayer’s haematoxylin
( 1 0 - 2 0  sec )

Xylene
( 2  min x 2  )

Running tap water
( 1 0  min )

Methanol
( 50%, 2 min x 2 ) 
( 70%, 2 min x 2 ) 
( 1 0 0 %, 2  min x 2  )

Methanol
( 1 0 0 %, 2  min x 2  ) 
( 70%, 2 min x 2 ) 
( 500%, 2 min x 2 )

Figure 2.19 H&E staining method for paraffin embedded and frozen 
tumour tissue.
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2 .3 .1 4  Immunocytochemistry
Immunocytochemistry is a technique used to stain tissue sections using antibodies 

which specifically bind to a particular cell protein. Here, anti-von Willebrand factor and 
anti-CD31 antibodies were used to stain tumour endothelial cells to study the distribution 
of microvasculature in tumour tissues. The tumour models used in this study were s.c. 
B16F10 murine melanoma and L1210 murine lymphocytic leukaemia.

AntUvon Willebrand staining on paraffin embedded tumour tissue
Tumour tissue embedded in paraffin blocks were cut into 5 p,m thick sections and 

stained with anti-von Willebrand factor following the procedure shown schematically in 
Figure 2.20.

Briefly, the tissue sections were dewaxed by immersing into 2 changes xylene (30 
min). The sections were then rinsed with absolute methanol prior to incubation in a 
solution of hydrogen peroxide/methanol (0.5% v/v, 30 min) to block any endogenous 
peroxidase that may present in the tissue. After incubation, the sections were rinsed in 
running tap water for 15 min followed by incubation in trypsin solution for 15 min at 
37°C to enhance the histochemical staining. The sections were then rinsed 3 times with 
Tris saline buffer pH 7.6 (TSB) for 5 min each. The slides were incubated with normal 
swine serum (20% in TSB, 15 min) to prevent background staining prior to overnight 
incubation at 4°C with primary antibody (anti von Willebrand factor) diluted at 1:1000 
with 20% swine serum. After overnight incubation, the slides were washed with TSB (3 
X 5 min), followed by incubation with diluted second antibody, biotinylated swine anti
rabbit IgG (1:100, 30 min). The slides were again rinsed with TSB (3 x 5  min) to remove 
excess second antibody followed by incubation with a solution of StreptABComplex/HRP 
for 30 min. After 30 min, the slides were again rinsed with TSB ( 3 x 5  min) and 
incubated with filtered DAB solution (5 min). After incubation with DAB, the slides were 
again rinsed to remove excess DAB. The slides were counterstained with Meyer’s 
haematoxylin (10-20 sec) and ‘blued’ by immersing in running tap water (5 min). The 
slides were then dehydrated by taking them through increasing concentration of methanol 
(50, 70 and 100% (v/v)) and xylene and finally mounted with glass coverslips.

Anti-CD31 staining on fresh- frozen tumour tissue
Fresh-frozen tumour tissues were sectioned by Ms. J. Woodvine, Histology Lab., 

Glaxo-Wellcome, Ware and stained with anti-CD31 following the protocol shown 
schematically in Figure 2.21.
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Tissue sections

Remove paraffin

Block endogenous 
peroxidase

Wash

Protease antigen 
retrieval

Buffer rinse

Block background 
staining

Primary antibody 
incubation

Buffer rinse

Second antibody 
incubation

Normal swine serum
( 20%, 15 min )

Trypsin solution
( 37°C, 10 min )

TSB
( 5 min x 3 )

Running tap water
( 15 min )

anti-von Willebrand (1:1000)
( 4°C, overnight)

TSB
( 5 min x 3 )

Xylene
( 30 min )

Hydrogen peroxide/metbanol
( 0.5%, 30 min )

Methanol
( 1 0 0 %, 2  min )

Biotinylated swine anti-rabbit IgG
( 1:100, 30min)

Figure 2.20 The method used for the inununostaining of tumour vasculature 
using antibody to von Willebrand factor in paraffin embedded 
tumour tissue (cont.).
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( 5 min )
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Figure 2.20 cont.
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Tissue sections
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Block endogenous 
peroxidase

Wash

BuHer rinse

Block background 
staining

Primary antibody 
incubation

Buffer rinse

Second antibody 
incubation

Buffer rinse
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( 1:400, 1 h )
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( 7 min )
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( 5 min )
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Running tap water
( 5 min )

Hydrogen peroxide/metbanol
( 0.5%, 30 min )

TSB
( 7 min )

TSB
( 7 min )

Rat linked for mouse tissue
( 1:100, 30min)

Figure 2.21 The method used for the inununostaining of tumour vasculature 
using antibody to CD31 in frozen tumour tissue (cont.).
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Figure 2.21 cont.
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2 .4  Expression of data and statistical analysis
All in vivo tumour and tissue levels of substrates are expressed in terms of 

percentage of administered dose per g of tumour or normal tissue (% dose/g tumour or 
tissue). All error bars shown in in vitro studies are standard deviations (SD) while error 
bars shown in in vivo studies represent the standard error of the mean (SE). Statistical 
significance were calculated using a Student’s t-iest (two tailed). Statistical differences of 
at least p<0.05 were considered statistical significant. All calculations were performed by 
Microsoft Excel version 5.0.
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Chapter 3

EFFECT OF TUMOUR SIZE ON EPR-MEDIATED
TARGETING
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3 .1  Introduction
Historically murine tumour models have been routinely used in oncology 

research for screening and development of new anticancer agents. A large-scale 
anticancer drug-screening programme was started in 1950s by the National Cancer 
Institute (NCI), USA for the preclinical evaluation of new cytotoxic entities. Three 
murine tumour models were used: Sarcoma-180, LI 210 leukaemia and carcinoma 755 
(reviewed by Bibby, 1999). This screening programme established: (I) the therapeutic 
index; (2) the MTD i.e. the maximum dose that can be administered without toxicity 
being observed; (3) normal tissue toxicity at the active dose; as well as (4) the in vivo 
antitumour activity or efficacy. Many new anticancer compounds were routinely tested 
using this screening method and a number of interesting candidates were selected for 
further development into Phase I clinical trials. Since the 1980s, this screening 
programme was replaced by in vitro testing with human tumour cells followed by in 
vivo testing of selected candidate drugs using human tumour xenograft tumours 
(reviewed by Bibby, 1999). Human tumour cells were felt to be more relevant to the 
clinical target.

With the advent of novel macromolecular anticancer drugs, it has been realised 
that conventional in vitro screening methods are not appropriate to select the best 
candidate for clinical testing. As mentioned previously (Section 1.7.3), 
macromolecular anticancer agents are only able to enter cells by the mechanism of 
endocytosis, and this slow rate of capture coupled with the relatively slow rate of drug 
release makes in vitro testing inappropriate. A key factor is whether macromolecular 
drugs have the ability to target solid tumours by the EFR effect. Although the 
hyperpermeability of tumour vasculature has been described in different tumour types 
(reviewed by Maeda, 1991; Maeda, 1994), at the beginning of this study, there had 
been no attempt to study systematically the extent of EPR-mediated targeting in a large 
panel of mouse and human xenograft tumours.

It is obvious that several factors may influence the extent of vascular 
permeability (the EPR effect) seen in different tumour models:

1. The type of tumour (cells of origin).
2. The stage of the tumour development, i.e. small, developing tumour, or 

large established tumour.
3. Mouse tumour model or human tumour xenograft.
4. Primary or metastatic tumour model.
5. S.c. tumour model or orthotopic model.
6 . The site of tumour growth.
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1. The presence or absence of mediators of vascular permeability (described 
in Section 1.6.2).

A number of rodent tumour models have been employed to study the tumour 
uptake of macromolecules by the EPR effect (Table 3.1). In this study, two s.c. 
implanted tumour models were selected: the B16F10 murine melanoma as a model of a 
typical solid tumour model and the L1210 as an atypical solid tumour model. The s.c. 
implanted B16F10 tumour was used before to study the EPR-mediated targeting of 
PKl (Seymour et a l,  1994) and also the effect of molecular weight on HPMA 
copolymer uptake (Seymour et al., 1995). L1210 is a murine lymphocytic leukaemia 
and is normally grown as a i.p. tumour model. Here, it was implanted s.c. as an 
atypical solid tumour to compare the efficiency of macromolecule capture with the 
B16F10 model.

It was necessary to choose suitable probes to allow quantitation of the EPR 
effect. Historically, dyes such as Evans blue (Maeda and Matsumura, 1986) and 
Lissamine green; radio- and fluorescence-labelled serum albumin (Maeda and 
Matsumura, 1986; Yuan et al., 1995); and FITC-dextran of different molecular weight 
(Gerlowski and Jain, 1986) have been used to study vascular permeability. Evans blue 
was employed by Maeda and colleagues in their first study describing the EPR effect 
to visualise and quantitate the dye-complex uptake by a murine Sarcoma-180 model 
(Matsumura and Maeda, 1986), so here Evans blue initially was used to determine the 
effect of B16F10 and L1210 tumour size on uptake. EPR-mediated capture of this 
dye-complex was then compared with the more clinically relevant HPMA-copolymer- 
DOX conjugate, PKl. Cassidy et al. (1989) were the first to show that an HPMA 
copolymer-daunomycin conjugate could display tumour targeting by the EPR effect. 
They used a Walker sarcoma model, which does not respond to free anthracyclines. 
The increased conjugate uptake (compared to free daunomycin) led to an increase in 
the free daunomycin concentration seen in tumour tissue and tumour “cures” in this 
normally resistant model. Later, Seymour et al. (1994) used C57/B1 mice bearing s.c. 
B16F10 as a model to study in more detail the EPR-mediated targeting of PKl.

To allow comparison of the extent of tumour localisation of Evans blue and 
PKl, a time point of 1 h after i.v. administration was chosen as it had been shown for 
PKl to give maximum accumulation (6.5% dose/g tumour) in the B16F10 melanoma 
model (Seymour et al., 1994). The longer circulating Evans blue-albumin complex is 
known to continue to accumulate with time and therefore shows greatest tumour 
accumulation of 32% dose/g tumour at 48 h in the Sarcoma-180 model (Matsumura 
and Maeda, 1986). However, the extent of accumulation of the Evans blue-albumin
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Table 3.1 List of murine tumour models used for studying the tumour 
uptake of polymer therapeutics by the EPR effect

Tumour model Host
animal

Compound tested Reference

B16F10 melanoma C57B1
mice

HPMA“ copolymer- 
DOX conjugate 
(PKl)

Seymour et al., 
1994

Sarcoma-180 ddY mice SMANCS b Matsumura and 
Maeda, 1986

MAC15A 
adenocarcinoma of 
colon

NMRl
mice

HPMA copolymer- 
DOX conjugate 
(PKl)

Span 60-niosomes- 
DOX 

Nanoparticle- 
ZnPcF16PEG- 
nanoparticle- 
ZnPcF16

Loadman et al, 
1999

Uchegbu et al, 
1996 

Uchegbu et al, 
1996

MAC26
adenocarcinoma of 
colon

NMRl
mice

HPMA copolymer- 
DOX conjugate 
(PKl)

Loadman et al, 
1999

Walker sarcoma Wistar rat i25i-iabelled HPMA 
copolymer- 
melphalan conjugate

Duncan et al, 
1991

M-109 carcinoma Balb/c
mice

Stealth liposome 
entrapped DOX 
(Doxil)

Gabizon et al, 
1996

MA16 C mammary 
adenocarcinoma

C3H mice Liposome entrapped 
daunomycin 
(DaunoXome)

Forssen et al, 
1992

C26 murine model CDFl i^C-labelled-PEO-
PAsp(ADR)‘*
conjugate

Kwon et al, 
1994

 ̂ HPMA, N-(2-hydroxypropyl)methacrylamide 
 ̂ SMANCS, poly(styrene-co-maleic acid)-neocarzinostatin 
ZnPcF 16PEG-nanoparticle-ZnPcF 16,

 ̂ PEO-PAsp(ADR), poly(ethylene oxide-aspartate) block copolymer-adriamycin
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complex at 1  h is sufficient uptake for quantitative comparison and also such short 
times (e.g. 30 min) have been used by others to study vascular permeability (Schiller 
et al., 1999).

In this study the effect of B16F10 and L1210 tumour size on uptake of PKl (5 
mg/kg) and Evans blue (10 mg/kg) was determined at 1 h. Additionally, tumour levels 
of free DOX (5 mg/kg) after 1 h were determined for comparison.

3 .2  Materials and methods
The probes used were Evans blue (0.2% w/v) dissolved in sterile saline and 

PKl (0.1% w/v DOX equivalent) and free DOX (0.1% w/v) in sterile PBS. Cells for 
injection were prepared as described in Section 2.3.5 and implanted s.c. into the 
posterior right flank of mice following the procedure described in Section 2.3.6. The 
studies were initiated when tumour reached between size of 25 mm^ - 289 mm  ̂
(product of two diagonal width). When the tumours reached the appropriate size, the 
probes were injected i.v. via tail vein based at the dose given in Table 3.2. One hour 
after the administration, the animals were humanely killed and the tumour tissue was 
carefully removed, washed with PBS, weighed and stored at -20°C prior to analysis.

This study was conducted according to the 2nd edition of the UKCCCR 
guidelines for the welfare of animals in experimental neoplasia which stated the 
maximum tumour burden should not exceed 1 0 % of the host animal’s normal body 
weight or 2.5 g (UKCCCR, 1998). However, the initial study of the tumour uptake of 
Evans blue in L1210 tumour models was conducted prior to the change in the 
UKCCCR (2nd edition) guidelines, and thus the weight of the tumour samples studied 
exceed 2.5g.

The tumour accumulation of Evans blue-albumin complex was analysed 
spectrophotometrically using the procedure described in Section 2.3.7, while the 
tumour uptake of PKl and free DOX were analysed by HPLC as described in 
Sections 2.3.9 and 2.3.8 respectively. Data were always expressed as the percentage 
of administered dose per gram of wet tumour tissue (% dose/g tumour). For PKl 
studies, all doses administered and results calculated were in terms of DOX- 
equivalent.

AU mean data shown are described by the SE. Statistical significance was 
calculated using Student’s t-test for comparison of the means of two small samples. 
Statistical differences of at least p<0.05 were considered statistical significant. AU 
calculations were performed by Microsoft Excel v5.0. To allow comparison between
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Table 3.2 Probe characteristics and the doses administered

Os

Probes Molecular weight 

(Da)

Substrate concentration Dose

(mg/kg)

Evans blue^ 6 8  0 0 0 2 mg/ml in 0.9% NaCl 1 0

PKl (HPMA-copolymer 

DOX conjugate)

-30 000 1  mg/ml in PBS* 5*

Free DOX 580 1 mg/ml in PBS 5

 ̂Evans blue (Mw 960 Da) formed macromolecule of 6 8  kDa when complex with albumin in vivo. 

* equivalent DOX concentration.
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“small” and “large” tumours, the 3 smallest and 3 largest tumours available were 
grouped.

3 .3  Results
3 . 3 . 1  Tumour accumulation of Evans blue-albumin complex in s . c .  

B16F10 tumours
Figure 3.1 shows the percentage of administered dose of Evans blue-albumin 

complex accumulated in s.c. implanted B16F10 tumours of different sizes (48 mg -
1.1 g) at 1 h. It can be seen that the amount accumulated per tumour increased with 
increasing tumour size. However, when the extent of tumour uptake was expressed in 
terms of percentage of administered dose per gram tumour, the tumour accumulation 
of the Evans blue-albumin complex decreased as the tumour size increased (Figure 
3.2). The highest tumour accumulation (7.5-22.4% dose/g tumour) was observed 
when the s.c. B16F10 tumours were smallest (48-81 mg). As the tumours increased 
in size (0.6-1.1 g), accumulation decreased (2-3.7% dose/g).

3 . 3 . 2  Tumour accumulation of Evans blue-albumin complex in s . c .  
L1210 tumours
The percent of administered Evans blue taken up in s.c. L1210 tumours is 

shown in Figure 3.3. Similarly, the amount of Evans blue per tumour increased with 
increasing tumour sizes (103 mg - 3 g). Furthermore, when the tumour uptake was 
expressed as percentage dose per gram tumour; a similar trend, with a reduction in 
accumulation in tumours of larger size was observed in this “atypical” s.c. murine 
model (Figure 3.4). The weight of the tumours used in this study ranged from 103 mg 
(the smallest tumour) to 3 g (the largest tumour). The observed size-dependence of 
accumulation was less marked in the L1210 model than seen for the B16F10 model. 
Small s.c. L1210 tumours (103-190 mg) displayed higher uptake of the dye-complex 
(6.8-12.4% dose/g tumour) than the larger tumours (2.2-3 g, 4.3-5.7% dose/g 
tumour).

3 . 3 . 3  Tumour accumulation of PK l in s.c. B16F10 tumours
When using PKl as a probe in the B16F10 tumour model, a similar pattern of 

tumour accumulation was observed to that seen for the Evans blue-albumin complex. 
An increase in the amount (% dose) of PKl accumulated per tumour was observed 
with increasing tumour size (Figure 3.5). Figure 3.6 shows the uptake of PKl (% 
dose per gram tumour) in B16F10 tumours of various sizes (18 mg - 1 g). Again, 
highest accumulation (9.8-18.5% dose/g tumour) was observed in the small B16F10 
tumours (18-30 mg), compared to lower accumulation (0.4-3.7% dose/g tumour) in 
large tumours (0.9-1 g). An almost three-fold higher tumour uptake of PKl was
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Figure 3.1 Accumulation of Evans blue in B16F10 tumours of 
different size. The results are expressed as uptake % dose 
per tumour.
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Figure 3.2 Tumour accumulation of Evans blue (measured in 
dose/g tumour) in B16F10 tumours of different sizes.
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observed in the smaller B16F10 tumours when compared to that seen in the larger 
tumours.

3 . 3 . 4  Tumour accumulation of free DOX in s.c. B16F10 tumours
The accumulation of free DOX in B16F10 tumours is shown in Figure 3.7. 

Similarly the tumour DOX level (% dose) increased with increasing tumour size. 
However, DOX accumulation per gram of tumour was independent of the tumour size 
(Figure 3.8). The observed tumour levels of DOX were always between 1.1-2.5% 
dose/g tumour for small (53-100 mg) and large (0.4-0.5 g) B16F10 tumours.

3 . 3 . 5  Comparing the effect of tumour size on the tumour uptake by the 
EPR effect

Figure 3.9 summarises the effect of tumour size and type on the uptake of the 
probes used at 1 h. In each case, the mean uptake from three smallest available 
tumours was compared to that of the three largest available tumours. In all the 
experiments, PKl and Evans blue very clearly showed higher uptake in smaller 
tumours. The smaller B16F10 tumours displayed highest uptake for both the PKl 
(13.8 ± 2.5% dose/g tumour) and Evans blue-albumin complex (12.6 ± 4.9% dose/g 
tumour) when compared to the larger B16F10 tumours (1.6 ± 1.1% dose/g tumour; 
2.7 ± 0.5% dose/g tumour respectively). The levels of the dye-albumin complex in the 
small and large L1210 tumours were 9.0 ± 1.7% dose/g tumour and 5.0 ± 0.4% 
dose/g tumour respectively. In contrast, the level of DOX detected was independent of 
tumour size; 1.9 ± 0.3% dose/g tumour in small B16F10 tumours and 1.4 ± 0.2% 
dose/g tumour in the larger tumours.

3 . 3 . 6  Comparing the effect of tumour type on the tumour uptake by the 
EPR effect

It was considered of interest to examine whether the different tumour models 
used display significantly different degrees of tumour uptake by the EPR effect. Using 
Evans blue-albumin dye as a probe, uptake in the B16F10 model was compared with 
that seen in the L1210 model using tumours of similar size (Figure 3.10). No 
significant difference in Evans blue accumulation was observed in the small (less than 
200 mg) tumours; 10.5 ± 4.1% dose/g tumour for B16F10 and 7.2 ± 1.1% dose/g 
tumour for L1210. However, when the larger (0.6-1.1 g) tumours were compared, 
uptake by L1210 tumours (7.0 ± 0.6% dose/g tumour) was significantly higher 
(p<0.01) when compared to that seen in the B16F10 tumours (2.7 ± 0.5% dose/g 
tumour).

101



0.8

I
&

0 .6 -

I ■
I -

*o

!
0.0

0.2 0.40.0 0.1 0.3 0.5
Tumour weight (g)

Figure 3.7 Accumulation of free DOX in B16F10 tumours of 
different size. The results are expressed as % dose per 
tumour.

Q

Î 15-
I
I  10-I ■r:

A A

0.2 0.3 0.4 0.50.0 0.1

Tumour weight (g)

Figure 3.8 Tumour accumulation of free DOX (measured in % 
dose/g tumour) in B16F10 tumours of different sizes.

102



o
E
B

OT3

§
E
H

i
Evans blue 

in
B 16F 10

Evans blue 
in 

L 1 2 1 0 B 1 6 F 1 0

free D O X  
in

B 1 6 F 1 0

Tum our models

Figure 3.9 C om parison o f the e ffect o f  tu m o ur size (sm allest and 

largest) on the uptake o f the probes used (mean ±  SE, n=3).

K ey : □  small tumours large tumours

Statistical significance: * *  p<0.02
n.s. : not significantly d ifferent

103



(n=6) n.s.
***

< 200 mg 0.6-1.1 g

Tumour weight

Figure 3.10 Comparison of Evans blue uptake in the two tumour 
models (B16F10 and L i210), in small (less than 200 mg) 
and large (0.6-1.1 g) tumours (mean ± SE).

Key : B16F10 model O  L1210 model

Statistical significance: *** p<0.01
n.s. : not significantly different

104



Chapter 3: Effect o f Tumour Size

3 . 3 . 7  Comparing the effect of the probe used on tumour uptake by the 
EPR effect

To determine whether PKl and Evans blue displayed different degrees of 
tumour targeting, levels of accumulation were compared in the B16F10 tumours of 
standardised size (Figure 3.11). Both probes showed high uptake in tumours of less 
than 100 mg weight. The levels being 12.6 ± 4.9% dose/g tumour for the dye-albumin 
complex, and 12.5 ± 2.2% dose/g tumour for PKl. Not surprising these values were 
not significantly different. In the larger B16F10 tumours (0.6-1.1 g) uptake decreased 
to 2.7 ± 0.5% dose/g tumour for the dye-albumin complex and 3.8 ± 0.5% dose/g 
tumour for PKl but these values were also not significantly different.

3 . 3 . 8  Comparing the tumour uptake of PK l with free DOX
Figure 3.12 compares the B16F10 tumour uptake (tumours of similar size) 

seen for PKl with that of free DOX. Levels of accumulation at 1 h were 10.0 ±1.7%  
dose/g tumour and 1.9 ± 0.2% dose/g tumour respectively in tumours weighing less 
than 200 mg and 5.8 ± 0.5% dose/g tumour (PKl) and 1.4 ± 0.2% dose/g (free 
DOX) in larger (0.3-0.5 g) tumours. In both the smaller and larger B16F10 tumours, 
the uptake of PKl and free DOX were significantly different (p<0.02).

3 .4  D iscussion
Evans blue dye has been routinely used to study tumour vascular permeability. 

Immediately after i.v. administration, the dye binds to serum albumin by electrostatic 
interaction between the sulfonic group of the dye and terminal cationic nitrogens of the 
lysine residue in the albumin (Clasen et al., 1970). This interaction results in the 
formation of a macromolecular complex of 6 8  000 Da which accumulates in solid 
tumours by the EPR effect (Matsumura and Maeda, 1986). The highest tumour uptake 
of Evans blue-albumin measured at 1 h in this study was 10.5 ±4.1%  dose/g in small 
B16F10 tumours (< 200 mg) and the lowest accumulation was 2.7 ± 0.5 % dose/g in 
larger L1210 tumours (0.6-1.1 g). The measured tumour uptake range measured in 
this study is comparable with the values previously documented in the literature; a 
range from 3 to 10.8% dose/g (Table 3.3).

Influence of tumour size on EPR-mediated uptake of probes
This is the first study that has systematically examined the effect of tumour size 

on targeting by the EPR effect. It was clearly demonstrated that tumour uptake of both 
Evans blue and PKl is dependent on tumour size in the L1210 and B16F10 models 
(Figures 3.2, 3.4 and 3.6). Although the percentage of administered dose (% dose) 
increased with increasing tumour size, the concentration present in tumour tissue 
(measured as percentage dose/g tissue) decreased in both models. Recently,
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Table 3.2a Correlation analysis o f tumour uptake o f probes in B16F10 and L1210 tumours at 1 h

8
fa

Probes Tumour model Number of 
samples (n)

Linear equation Pearson’s correlation 
coefficient (r)

Correlation at 5% 
significance

(tumour untake measured as % dose)

Evans blue B16F10 20 y = 0.9734 + 1.9803X 0.5806 yes

Evans blue L1210 35 y = 0.8521 + 5.6851x 0.9120 yes

PKl B16F10 46 y = 0.8669 + 2.7435x 0.5932 yes

DOX B16F10 12 y = 0.0808 + 1.2169X 0.8966 yes

(tumour uptake measured as % dose ner e tumour)

Evans blue B16F10 20 y = 2.7462 + 0.6594/x 0.8006 yes

Evans blue L1210 35 y = 6.8065 + 0 .2 2 15/x 0.1993 no

PKl B16F10 46 y = 4.4164 + 0.2303/X 0.7741 yes

DOX B16F10 12 y = 1.5079 + 0.0239/x 0.3201 no



Table 3.3 Comparison of tumour uptake of albumin

Albumin Tumour model 
studied

Time
point
(h)

Tumour 
uptake 

(% dose/g 
tumour)

Reference

Bovine serum 
albumin

Sarcoma 180 
in Wistar rat

? 1 0 . 8 Takakura et al, 
1990

[5iCr]-labelled Sarcoma-180 1 3 Matsumura and
bovine serum 
albumin

in ddY mice Maeda, 1986

Evans blue-albumin Sarcoma-180 
in ddY mice

1
8 . Matsumura and 

Maeda, 1986

[^^Cr]-labelled 
mouse serum 
albumin

Sarcoma-180 
in ddY mice

1 3.5 Matsumura and 
Maeda, 1986

Evans blue-albumin RXF 1220 in 
NCr nu/nu 

mine

0.5 8.64 Schuler et al, 
1999

Evans blue-albumin B16F10 
murine 

melanoma in 
C57/B1 mice

1 10.5 
( < 2 0 0  mg)

7
(0 .6 -l . lg)

determined in 
this study

Evans blue-albumin L1210 murine 
lymphocytic 
leukaemia in 
DBA.2 mice

1 7.2 
( < 2 0 0  mg)

2.7
(0 .6 - 1 . 1  g)

determined in 
this study
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Harrington et al. (1998) reported similar findings using "^In-DTPA-labelled Stealth® 
liposomes in a KB human head and neck squamous cell xenografts. An inverse 
correlation between tumour weight and liposome uptake was reported with highest 
liposome uptake (15.1±10.8% dose/g) in tumours of less than 0.1 g, and lowest 
uptake (3.0±1.3% dose/g) in tumours of more than 1 g.

The higher levels of PKl and Evans blue detected in the smaller solid tumours 
could be due to:

1. Greater angiogenic activity in smaller tumours. It is known that induction 
of angiogenesis is essential for a solid tumour to grow and develop 
beyond 1-2 mm (Folkman, 1996b; 1995).

2. A decrease in vascular permeability in the larger tumours due to the 
reduced or absent tumour blood supply in hypoxic and necrotic tumour 
core (Gullino, 1975).

3. An increase in TIFF as the tumour increases in size. Wiig et al., (1982) 
measured the TIFF in small and large DMBA-induced rat mammaiy 
tumours, and found that central TIFF was 16.0 ± 4.8 in large (>5.5 g) 
tumours and 9.6 ± 3.5 mmHg in small (<2.5 g) tumours respectively.

It is also possible that a combination of these factors was responsible. 
Whatever the mechanism, this is a very important observation as, if true in the clinical 
setting, it would suggest that FKl might be targeting more effectively to smaller 
micrometastases. We know that these tumours are often the most difficult to treat.

The observed changes in uptake with increasing size are also very important in 
terms of standardisation of the screening models being used for in vivo 
pharmacokinetic and pharmacological studies. For the first time, it become apparent 
that, at least for B16F10 and L1210, tumour size must be very carefully defined at the 
time of polymer conjugate administration in order to ensure reproducible results.

Influence of tumour type on the EPR-mediated uptake of Evans blue- 
albumin

As mentioned earlier, L1210 is a mouse leukaemia and thus would in normal 
circumstances be studied as an i.v. blood borne cancer or as an i.p. ascitic tumour 
model. Here, the cells were injected s.c. with the aim of forming an “atypical” solid 
tumour mass that might have been expected to display an unusual pattern of FFR- 
mediated targeting. Surprisingly, the L1210 models displayed similar trends in terms 
of vascular permeability (using the Evans blue-albumin complex as a probe) to the 
B16F10 model. Tumour uptake of the Evans blue-albumin complex in L1210 and
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B16F10 at 1 h was not significantly different when tumours were less than 200 mg in 
size. However, an almost 3-fold increased in the tumour uptake of Evans blue- 
albumin complex in larger L1210 tumours (0.6-1.1 g) was observed when compared 
to the B16F10 tumours of similar sizes (Figure 3.10).

Influence of the probe used on the EPR-mediated targeting observed at 
1 h

Transvascular extravasation of macromolecules occurs via gaps and pores 
present in the tumour microvasculature. Evans blue dye carried by albumin has a 
diameter of ~7 nm and PKl, a diameter of 8 nm, so it is not surprising that both were 
taken up to a similar extent by small (<100 mg) or large (0.6-1.1 g) B16F10 tumours 
at 1 h. It would appear that the early phase tumour uptake of the two macromolecules 
of similar size is independent of their different architecture. Hobbs et al. (1998) also 
demonstrated that vascular permeability is independent of the pore cut-off size 
providing the diameter of the macromolecule is smaller than the pore size. Therefore, 
in this case, the plasma concentration of the probes influences the extent of their 
tumour uptake but this only becomes apparent at later times after administration.

The significant (p<0.05) difference observed in the uptake of PKl and free 
DOX in small (< 200 mg) and large (0.3-0.5 g) B16F10 tumours simply confirms 
their known differences in pharmacokinetics of DOX and the previously reported 
selective tumour targeting of PKl by the EPR effect.

Thus in conclusion, the data presented here showed that PKl and Evans blue 
demonstrate equivalent tumour uptake at 1 h. Their capture was, however, dependent 
on tumour size in both the B16F10 and L1210 models. It was considered important to 
study this phenomenon further in a panel of mouse and human tumour models using 
PKl as a probe and the results obtained are described in Chapter 4.
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Chapter 4

EFFECT OF TUMOUR TYPE ON EPR-MEDIATED
TARGETING
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4 .1  Introduction
As mentioned in Section 3.1, the NCI began screening potential antitumour 

compounds using human tumour cells in vitro and in vivo in the 1980s (reviewed by 
Bibby, 1999). It has been suggested that these human xenograft models used often 
reflect better the diverse nature of human cancer and retain some of the characteristics 
of the original malignancy. Thus they provide a better model of the clinical situation. 
However, none of the xenograft models used had been characterised in respect of their 
ability to capture macromolecular anticancer agents by the EPR effect. This limited 
their usefulness for screening pharmacokinetics and anti tumour activity of new 
macromolecular drugs. Therefore, it was considered important to quantitate the EPR 
effect in a variety of human tumour xenografts and murine tumour models to provide 
fully standardised screening models that could aid the selection of the best polymer- 
drugs (and other macromolecular systems) as candidates for clinical testing. In 
Chapter 3 it was shown that the extent of EPR-mediated targeting of PKl and Evans 
blue was governed by the size of s.c. B16F10 and L1210 tumours. Thus, it was also 
of interest to investigate whether this size-dependent phenomenon is common in other 
murine and human xenograft models.

The data presented in Chapter 3 showed good correlation between the extent of 
tumour uptake of PKl and Evans blue dye in the B16F10 model. As the HPLC 
method used for measuring PKl uptake is very sensitive (in ng range) and PKl is 
currently undergoing Phase II clinical evaluation, it was selected as probe for this 
studies. Furthermore, use of PKl for these studies also offered the opportunity to 
measure the rate of DOX release from PKl in the different tumour types under study.

In PKl, DOX is linked to the HPMA copolymer backbone via a biodegradable 
peptide spacer, Gly-Phe-Leu-Gly (Figure 4.1a), designed to be cleavaged by cysteine- 
proteases present in the lysosomal compartment of the cell (Duncan, 1992; Figure 
4.1b). Although cysteine-proteases are present in the lysosomes of all cells, elevated 
levels of cathepsins B, H and L have been documented in human tumours and it is 
postulated that these enzymes degrade extracellular matrix components during tumour 
invasion and metastasis (reviewed by Elliott and Sloane, 1996; Michaoud and Gour, 
1998). Additionally, high level of cathepsin B has been correlated with the metastasis 
of several human tumours, including bladder, brain, breast, lung, pancreas, prostate, 
stomach and thyroid. Inhibitors of cathepsin B have been proposed as potential anti
metastatic agents (reviewed by Michaoud and Gour, 1998).

Although it has been shown (Chapter 3) that PKl displays significant tumour 
targeting (by the EPR effect) when compared to free DOX, the antitumour activity of
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PKl in any tumour type will also be determined by the intratumoural rate DOX 
liberation.

In this study, the effect of tumour type (and size) on PKl uptake at 1 h was 
investigated using 3 different s.c. murine tumour models and 9 s.c. human tumour 
xenograft models. Additionally, the rate of DOX liberation from PKl was determined 
in each tumour model.

4 .2  Materials and methods
Tumour models used in this study were either established within the Centre for 

Polymer Therapeutics, The School of Pharmacy or were made available within 
collaborating laboratories: the Clinical Oncology Unit, University of Bradford; 
Institute of Child Health, University College London; and the Tumour Biology 
Center, University of Freiburg, Germany. The details of the tumour models studied 
are listed in Tables 4.1 and 4.2. All the solid tumours studied were s.c. models. When 
the tumours reached the appropriate size, PKl (5 mg/kg equivalent DOX) was 
administered i.v. via tail vein, except in the case of NMRI mice bearing murine 
adenocarcinomas, MAC 15A and MAC 26 which received a higher dose of PKl (40 
mg/kg equivalent DOX). One hour after PKl administration, the animals were 
humanely killed and the tumour tissue was carefully removed, washed with PBS, 
snap-frozen in liquid nitrogen before extraction and HPLC analysis.

The tumour uptake of total PKl (i.e. bound and free DOX) was analysed by 
HPLC as described in Section 2.3.9. The data were expressed as percentage of 
administered dose per g of wet tumour tissue (% dose/g tumour). The amount of free 
DOX released from the accumulated PKl at 1 h was determined by HPLC as 
described in Section 2.3.8. Data were expressed as follows:

DOX released = free DOX fpgl__________  x 100 (%)
total DOX (bound and free)(pg)

DOX release rate (%/h) = percent DOX released (%/h)
duration of study ( 1  h)

All errors bars shown are the SE. Statistical significance was calculated using 
Student’s t-test for comparison of means of two small samples. Statistical differences 
of at least p<0.05 were considered statistically significant. All calculations were 
performed by Microsoft Excel v5.0.
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Table 4.1 PKl doses used and the details of the murine tumours studied

Tumour designation Mouse model Dose of PKl 
mg/kg 

(DOX equivalent)

No. of samples 
analysed

Source

Murine lung tumour 
Meta?

Balb/c 5 1 0 Centre for Polymer 
Therapeutics

Murine adenocarcinoma 
MAC 15A

NMRI 40 1 1 Clinical Oncology Unit, 
University of Bradford

Murine adenocarcinoma 
MAC 26

NMRI 40 1 1 Clinical Oncology Unit, 
University of Bradford



Table 4.2 PKl doses used and the details of the human tumour xenografts studied (cont.)

On

Tumour designation Mouse model Dose of PKl 
mg/kg 

(DOX equivalent)

No. of samples 
analysed

Source

Human non-small cell lung 
carcinoma COR L23

nu/nu 5 24 Centre for Polymer 
Therapeutics

Neuroblastoma
SK-N-SH

SCID^ 5 5 Institute of Child Health, 
University College London

Neuroblastoma
SK-N-DZ

SCID 5 2 Institute of Child Health 
University College London

Neuroblastoma
IMR32

sen ) 5 13 Institute of Child Health 
University College London

*SCID - severe combined immunodeficiency disease



Table 4.2 (cont.) PKl doses used and the details of the human tumour xenografts studied

Tumour designation Mouse model Dose of PKl 
mg/kg 

(DOX equivalent)

No. of samples 
analysed

Source

Renal cell carcinoma 
RXF 1220 
RXF 486

nu/nu
nu/nu

5
5

1 2

1 1

Tumour Biology Center, 
University of Freiburg

Mammary carcinoma 
MAXF449 nu/nu 5 1 2 Tumour Biology Center, 

University of Freiburg

Melanoma
MEXF276 nu/nu 5 1 0 Tumour Biology Center, 

University of Freiburg

Pancreas carcinoma 
PAXF546 nu/nu 5 1 2 Tumour Biology Center, 

University of Freiburg
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4 .3  Results
4 .3 .1  Tumour accumulation of total PK l (bound and free DOX) in

MAC 15A, MAC 26 and Meta 7 murine tumour models at 1 h
Figures 4.2, 4.3 and 4.4 show the levels of total PKl detected in the MAC 

15 A, MAC 26 and Meta 7 tumours. Tumour size-independent uptake was observed all 
models. The total PKl levels measured in the MAC 15A model were between 8.2- 
9.2% dose/g in small tumours (<470 mg) and 9.5-12.6% dose/g in larger tumours 
(0.9-1.1 g). Tumour levels of total PKl in the MAC 26 model were 6.9-8.8 % dose/g 
and 8.8-10.8% dose/g in small (<480 mg) and large (1-1.3 g) tumours respectively. 
The tumour uptake of total PKl in Meta 7 was between 3.5-4.7% dose/g and 1.6- 
3.7% dose/g in small (<150 mg) and larger (0.3-0.5 g) tumours respectively.

Throughout this series of experiments, no statistically significant differences 
were observed in the total PKl levels in the small and large tumours (Figure 4.5).

4 . 3 . 2  Tumour accumulation of total PK l (bound and free DOX) in
human tumour xenografts at 1 h
When similar studies were carried out using s.c. human tumour xenograft 

models, it can be seen that the MEXF 276 a nonmelanotic melanoma (Figure 4.6), 
MAXF 449 mammary carcinoma (Figure 4.7), PAXF 546 pancreatic carcinoma 
(Figure 4.8) and RXF 486 renal cell carcinoma (Figure 4.9) all displayed tumour size- 
dependant uptake of total PKl (bound and free DOX). In contrast, the RXF 1220 
renal cell carcinoma (Figure 4.10), COR L23 non-small cell lung carcinoma (Figure 
4.11), the neuroblastomas IMR 32 (Figure 4.12), SK-N-SH (Figure 4.13) and SK- 
N-DZ (Figure 4.14) all displayed size-independent PKl uptake. Although the number 
of samples of SK-N-DZ models presented in this study is very small (n=2) and is 
statistically insignificant, they were included for completeness.

Uptake of PKl in the xenograft models is compared in Figure 4.15. The 
highest uptake was seen in the non-small cell lung cancer COR L23 (4.7-12.2% 
dose/g). In this model, PKl accumulation was not dependent on tumour size; average 
uptake of 8.5 ± 1.9% dose/g for <100 mg tumours and 8.0 ± 1.9% dose/g for 0.4-0.5 
g tumours. The lowest PKl uptake was observed in the larger (0.2-0.4 g) MAXF 449 
tumours and this was 1.0 ±0.1%  dose/g. Overall, the maximum difference in PKl 
uptake seen in the xenograft tumours studied at 1  h was 1 2 -fold.

It is interesting to note that although the PAXF 546 pancreatic carcinoma 
seemed to display tumour size-dependent uptake (Figure 4.8), analysis of the data by
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Figure 4.2 PKl (total DOX) levels detected in MAC 15A tumours of 
different sizes.
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Figure 4.3 PKl (total DOX) levels detected in MAC 26 tumours of
different sizes.
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Figure 4.4 PKl (total DOX) levels detected in Meta 7 tumours of 
different sizes.
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Figure 4.6 PKl (total DOX) levels detected in MEXF 276 tumours of 
different sizes.
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Figure 4.7 PKl (total DOX) levels detected in MAXF 449 tumours of
different sizes.
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Figure 4.9 PKl (total DOX) levels detected in RXF 486 tumours of
different sizes.
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Figure 4.11 PKl (total DOX) levels detected in COR L23 tumours of
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Table 4.2a Correlation analysis o f tumour uptake o f PKl in murine tumours and human tumour xenografts at 1 h

Tumour model Number of 
samples (n)

Linear equation Pearson’s correlation 
coefficient (r)

Correlation at 5% 
significance

MAC 15A 11 y = 11.5453-0.9453/x -0.4649 no

MAC 26 11 y = 11.1307- 1.0388/x -0.5585 no

Meta 7 10 y = 2 .1739+ 0.1815/X 0.6084 no

SK-N-SH 5 y = 6.7721+0.9215/X 0.3268 no

IMR 32 13 y = 2.4375 - 0.3085/x -0.3806 no

COR L23 21 y = 6.9363 + 0.0488/x 0.4975 yes

MEXF 276 10 y = 0.9192 + 0.0809/x 0.9467 yes

MAXF 449 12 y = 0.2361 + 0 .1 144/x 0.9823 yes

PAXF 546 12 y = 1.5796 + 0.0802/x 0.9426 yes

RXF 1220 12 y = 2 .8156+ 0.0639/X 0.7475 yes

RXF 486 11 y = 1.4625 + 0.0850/x 0.9643 yes
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Student’s t-test to compare the 3 smallest and the 3 largest tumours showed that the 
differences observed were not statistically significant (Figure 4.15).

4 . 3 . 3  The rate of DOX release from PK l in MAC ISA, MAC 26 and
Meta 7 murine tumour models
The rate of DOX release (%/h) in the MAC 15 A, MAC 26 and Meta 7 tumour 

models is shown in Figures 4.16, 4,17 and 4.18 and summarised in Figure 4.19. It 
can be seen from Figure 4.19 that both murine adenocarcinomas (MAC 15 A and MAC 
26) displayed tumour size-dependent DOX release. A faster rate of DOX release was 
observed in small (< 50 mg) MAC 15A tumours (0.22 ± 0.03 %/h) compared-to the 
release rate of 0.08 ± 0.01 %/h observed in the larger tumours (0.9-1.1 g). Similarly, 
small MAC 26 tumours (< 50 mg) displayed a faster DOX release rate (0.14 ± 0.01 
%/h) compared to that observed in the larger tumours (0.06 ± 0.01 %/h; 1-1.3 g 
tumours). In contrast, the Meta 7 murine lung tumour displayed size-independent 
DOX release, the release rates measured in small tumours (16.6 ± 2.0 %/h; < 120 mg 
tumour) and larger tumours (9.7 ±1.8  %/h; 0.3-0.5 g tumour) were not significantly 
different. ’

Additionally, DOX release rates were measured in the B16F10 and L I210 
models described in Chapter 3. From Figure 4.19, it can be seen that fastest DOX 
release was observed in the B16F10 tumours (22.9 ± 1 .2  %/h) and slowest rate was 
observed in larger MAC 26 tumours (0.06 ± 0.01 %/h). Overall, more than 200-fold 
difference in DOX release rate was observed in the murine tumour models studied.

4 . 3 . 4  The rate of DOX release from PK l in human tumour xenografts
The DOX release rate observed in the human tumour xenografts models is 

shown in Figures 4.20-4.28 and summarised in Figure 4.29. Here, with the exception 
of COR L23 tumours, all the xenograft models studied showed tumour size- 
independent DOX release rate. In contrast, the small COR L23 tumours (< 100 mg) 
displayed a significantly faster DOX release rate (30.1 ±5.3 %/h) than the larger COR 
L23 tumours (4.9 ± 2.6 %/h; 0.4-0.5 g tumours).

From Figure 4.29, it can be seen that small COR L23 tumours displayed the 
highest DOX release rate (30.1 ± 5 . 3  %/h), whilst the SK-N-SH neuroblastoma 
showed the lowest rate of DOX release (1.0 ± 0.1 %/h). In the xenograft models 
studied, a 30-fold variation in the rate of DOX release from PKl was observed.
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Figure 4.18 Rate of DOX release from PKl in Meta 7 tumours of 
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Figure 4.21 Rate of DOX release from PKl in MAXF 449 tumours of
different sizes.
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Figure 4.23 Rate of DOX release from PKl in RXF 486 tumours of
different sizes.
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Figure 4.24 Rate of DOX release from PKl in RXF 1220 tumours of 
different sizes.
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Figure 4.25 Rate of DOX release from PKl in COR L23 tumours of
different sizes.
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Figure 4.27 Rate of DOX release from PKl in SK-N-SH tumours of
different sizes.
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Table 4.2b Correlation analysis of DOX release rate in murine tumours and human tumour xenografts at 1 h

Tumour model Number of 
samples (n)

Linear equation Pearson’s correlation 
coefficient (r)

Correlation at 5% 
significance

MAC 15A 11 y = 0.0108 + 0.0778/x 0.7308 yes

MAC 26 11 y = 0.0253 + 0.0409/x 0.9540 yes

Meta 7 10 y = 7.6042 + 0.9666/x 0.8264 yes

SK-N-SH 5 y = 0.8023 + 0 .1 182/x 0.4053 no

IMR 32 13 y = 2.6077 + 1.5011/x 0.4545 no

COR L23 21 y = 0.0939 + 0.0034/x 0.7519 yes

MEXF 276 10 y = 16.3311 -0.1085/x -0.2190 no

MAXF 449 12 y = 28.2594 - 0.3225/x -0.6416 yes

PAXF 546 12 y = 14.8752 - 0.0748/x -0.1699 no

RXF 1220 12 y = 12.5250 - 0.0205/x -0.0643 no

RXF 486 11 y = 12.2437 - 0.0355/x -0.0960 no
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4 .4  D iscussion
Antitumour efficacy of polymer-drug conjugates is determined by three main 

factors: ( 1 ) the extent of tumour uptake; (2 ) intratumourally the rate of tumour cell 
uptake by endocytosis and finally (3) the level of activating enzyme present in the 
tumour cell lysosomal compartment. Any inter-tumour differences in these factors may 
influence the antitumour activity seen in experimental tumour models and could also be 
important in determining effectiveness of PKl in the treatment of different tumour 
types in the clinic. This study showed that the extent of tumour uptake of PKl at 1 h 
can be either tumour size-dependent or size-independent depending on the mouse oî  
xenograft models used.

Although both the murine adenocarcinomas, MAC 15 A and MAC 26 displayed 
size-independent uptake of PKl, there was a significant difference in their ability to 
liberate DOX from PKl (Figure 4.30, overlaying data from Figures 4.5 and 4.19). 
MAC 15 A represents a poorly differentiated niurine adenocarcinoma whilst MAC 26 is 
a well differentiated murine adenocarcinoma. Loadman et al., (1999) have studied 
these tumours in more detail. When pharmacokinetic studies were conducted over 72 
h, they also found a 7-fold faster DOX release rate in the MAC 15A compared to the 
MAC 26. Additionally, they found that the differences in rate of DOX liberation 
seemed to correlate with the PKl antitumour activity. PKl was more effective in the 
treatment of the poorly differentiated MAC 15A tumour compared to the well 
differentiated MAC 26 tumour when PKl was administered at 40 mg/kg DOX 
equivalent (Loadman et. al., 1999). At this dose, PKl was not significantly more 
effective than DOX alone against the MAC 26 tumour.

Although it is difficult to compare directly the data presented in this study with 
those reported in the literature, intra-tumoural and inter-tumoural variations in tumour 
angiogenesis and vascular density have been reported. Konerding et al. (1999) 
compared intervascular and interbranching distances of the vascular system of three 
s.c. murine tumours (CaX carcinoma, CaNT carcinoma and SaS sarcoma) and a s.c. 
human endometrial adenocarcinoma (HEC-IB). The tumour vascular architecture was 
examined by microvascular corrosion casting method. They reported that the different 
types of s.c. tumours developed their own specific vascular architecture and inter- 
tumoural variability in the tumour vessel diameters, intervessel and interbranching 
distances were observed. Schiller et al. (1999) measured tumour vessel density, 
VEGF-expression and tumour vascular permeability in a panel of human tumour 
xenografts and reported good correlation between the tumour vascular permeability 
(measured by Evans blue extravasation) and VEGF-expression level. Table 4.3 
compares PKl uptake in 5 xenograft models (measured in this study) with the tumour
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Table 4.3 Correlation between PKl uptake, Evans blue extravasation 
(VP) and vessel density in 5 xenograft models

Tumour model PKl

leveP

(%/g)

Vascular

permeability*

(%)

Vessel

density*

(%)

VEGF-

expression

(%)

Renal cell carcinoma 

RXF 1220
4.2 1 0 0 84.0 36

Pancreatic carcinoma 

PAXF 546
2.3 58 51.5 45

Renal cell carcinoma 

RXF 486
2 . 1 n.a. 34.5 n.a.

Melanoma 

MEXF 276
1 . 2 n.a. 53.5 n.a.

Mammary carcinoma 

MAXF 449
1 . 0 7.9 20.5 8

 ̂ determined in this study

* from Schiller et al. (1999) 

n.a.: data not available
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vascular permeability, tumour vessel density and VEGF-expression in the same 
models as reported by Schuler et al. (1999).

Tumour
uptake of PKl after 1 h was either tumour size-dependent or tumour size-independent 
depending on the model studied. Two of the five murine models and four of the seven 
xenograft models investigated displayed size-dependent PKl uptake while the other 
models showed tumour size-independent capture (Table 4.4). The observed 
differences in PKl at 1 h could be due to the factors discussed in Chapter 3 and in 
addition the following:

1. Differences in the leakiness of the tumour endothelium in different
tumour types. The leakiness of the tumour endothelium is related to
expression level of mediators of vascular permeability, such as
VPF/VEGF, bradykinin and NO.

2. Differences in the levels of tumour angiogenesis and hypervasculation in 
different tumour types.

3. Differences in the rate of tumour blood flow and extent of blood stasis.
4. Formation of tumour necrotic regions.

As studied before, for PKl to be effective as an anticancer agent, the DOX 
covalently bound to the HPMA copolymer must be released from the polymer 
backbone. Very surprisingly in this study, a 200-fold difference and 30-fold variation 
in the rate of DOX release from PKl was observed in the murine tumour and 
xenograft models respectively. Furthermore, two of the three murine models studied 
and one of the seven xenograft models studied displayed tumour size-dependent DOX 
released. The rate of DOX release in the other tumours was not dependent on the 
tumour size (Table 4.5). These observed differences could be due to:

1. The different tumour types may containing cells that display different 
rates of fluid-phase endocytosis.

2. The different tumour types expressing different level of cysteine- 
proteases.

3. The possibility that the released DOX diffuses out of different tumours at 
different rate.

4. DOX being subject to different rates of metabohsm in different tumour 
types.

Further studies are needed to elucidate the exact reasons for the observed 
tumour differences in PKl uptake as DOX release rates. Understanding these 
differences is of fundamental importance to the clinical potential of PKl. Furthermore,
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Table 4.4 Summary of tumour size-dependent and size-independent accumulation of PKl in murine tumour
models and human tumour xenografts at 1 h

Tumour-size dependent Tumour-size independent

Murine tumours Murine tumours

B16F10 malignant melanoma MAC 15A adenocarcinoma

L1210 lymphocytic leukaemia* MAC 26 adenocarcinoma

Meta 7 lung carcinoma

Human xenografts Human xenografts

MEXF 276 non-melanotic melanoma RXF 1220 renal cell carcinoma

MAXF 449 mammary carcinoma COR L23 non-small cell lung carcinoma

PAXF 546 pancreas carcinoma IMR 32 neuroblastoma

RXF 486 renal cell carcinoma

* Evans blue was used as probe



Table 4.5 Summary of tumour size-dependent and size-independent DOX released rate in murine tumour
models and human tumour xenografts

Tumour-size dependent Tumour-size independent

Murine tumours Murine tumours

MAC 15A adenocarcinoma 

MAC 26 adenocarcinoma

Meta 7 lung carcinoma

Human xenografts Human xenografts

COR L23 non-small cell lung carcinoma MEXF 276 non-melanotic melanoma 

MAXF 449 mammary carcinoma 

PAXF 546 pancreas carcinoma 

RXF 486 renal cell carcinoma 

RXF 1220 renal cell carcinoma 

IMR 32 neuroblastoma
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the data presented here and in Chapter 3 underline the importance of standardisation of 
all in vivo tumour models used to study and to screen novel anticancer conjugates, 
such as PK l, and also the liposomal formulations. The variability in the extent of 
tumour uptake by the EFR effect as well as rate of release of the active moiety in 
different tumour size and tumour type would clearly influence experimental results in 
pharmacokinetic and pharmacology studies.

Having standardised the tumour models used in our laboratory the objective of 
this study was then to investigate systematically the influence of vehicle architecture on 
the tumour accumulation by the EFR effect. This study is described in the next 
chapter.
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Chapter 5

EFFECT OF VEHICLE ARCHITECTURE ON 
EPR-MEDIATED TARGETING OF DOX
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5 .1  Introduction
In designing carrier systems for improved cancer chemotherapy, it is important 

to understand the factors that might influence the tumour uptake by the EPR effect. As 
mentioned in Section 1.3.2, there are two important factors known to influence the 
tumour uptake of macromolecular and particulate drug delivery systems. These are (1) 
tumour-related; and (2) carrier-related factors. Initial studies designed to explore the 
effect of tumour size on the extent of PKl and Evans blue targeting were described in 
Chapter 3 and the effect of tumour size and tumour type on the EPR-mediated PKl 
targeting were described in Chapter 4.

In this study, the influence of the vehicle architecture on tumour accumulation 
of DOX-containing drug delivery systems was studied. Doxil, PKl and a PAMAM 
gen3.5 dendrimer-DOX conjugate were chosen as model systems. Their structures are 
shown schematically in Figure 5.1. Doxil (described in Section 1.7.2.1) is a

stearically stabilised Stealth® liposome of mean diameter between 70-100 nm

(reviewed by Gabizon, 1995). In contrast, PKl (described in Section 1.7.2.2) 
molecules (Mw -  30 kDa) form a coiled intramolecular micelle in solution of diameter 
8  nm (reviewed by Duncan, 1992). The PAMAM dendrimer (described in Section
1.7.2.3) is a spherical macromolecule of approximately 2-4 nm in diameter. In this 
study, the time-dependent tumour uptake of these DOX-containing delivery systems 
was compared using a standardised B16F10 tumour model and the data obtained 
compared to tumour uptake of free DOX.

Liposomal anthracyclines (Table 5.1) and polymer-anthracycline conjugates 
(Table 5.2) have been developed with the aim of improving cancer treatment 
(discussed in Section 1.7). Tumour targeting of many of these delivery systems by the 
EPR effect has already been shown in preclinical and clinical studies. Gabizon et al., 
(1996) investigated the tumour uptake of long circulating PEG-coated liposomes 
encapsulated DOX (later called Doxil) in a s.c. M-109 carcinoma model. The tumour 
level of DOX measured at 24 h after administration of Doxil was substantially higher 
(7% dose/g tumour) than seen following administration of free DOX (0.9 % dose/g 
tumour). The ability of Doxil to selectively delivery DOX to human tumours was also 
investigated in breast and non-small cell lung cancer patients who exhibit malignant 
pleural effusions (Gabizon et al., 1994). The patients were treated with free DOX or 
Doxil (25 or 50 mg/m^) given 3 weeks apart. DOX levels in the malignant pleural 
effusions were then determined by a fluorescence assay. Treatment with Doxil resulted 
in a 4- to 16-fold enhancement of the DOX levels detected in the pleural effusion when 
compared to that seen following administration of free DOX. Furthermore, Symon et
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Figure 5.1 Schematic diagram showing the differences in the architecture of drug delivery vehicles studied: (a) Stealth® liposome 
encapsulated DOX (Doxil); (b) HPMA copolymer-DOX (PKl); and (c) PAMAM dendrimer-DOX conjugate.



Table 5.1 Liposomal-anthracycline formulations

Liposome composition Anthracycline Reference

HSPC, CHOL, PEG-DSPE DOX Symon et al., 1999

(Doxil/Caelyx) Gabizon et al, 1996

EPC, CHOL (Evacet or TLC D- DOX Shapiro et al, 1999

99) Co wen s et al, 1993

DSPC, CHOL (DaunoXome) DNM Forssen et al, 1996

Gill et al, 1996

HSPC, CHOL, a ie ,  PEG- EPI Mayhew et al, 1992

DSPE

DOX : doxorubicin

DNM : daunomycin

EPI : epirubicin

CHOL : cholesterol

HSPC : hydrogenated soybean phosphatidylcholine

PEG-DSPE : polyethylene glycol (M̂  19(X)-2000) conjugated to distearoyl

phosphatidylethanolamine

EPC : egg phosphatidylcholine

DSPC : distearoyl phosphatidylcholine

aTC : dl-a-tocopherol

148



Table 5.2 Polymer-anthracycline conjugates

Polymer Anthracycline Reference

HPMA copolymer DOX Vasey et al., 1999

HPMA copolymer DNM Duncan et al, 1988

HPMA copolymer DOX and galactosamine Julyan étal, 1999

HPMA copolymer DOX and melanocyte- 
stimulating hormone

O’Hare et al, 1993

Dextran DOX Danhauser-Riedl et al, 
1993

PEG DOX Senter et al, 1995

Alginate DOX Al-Shamkani and Dunca 
1995

Poly(L-aspartic acid) DOX Pratesi et al, 1985

Poly(L-aspartic acid) DNM Zunino et al, 1984

Poly(L-glutamic acid) DOX Hoes et al, 1993

N-(2-hydroxyethyl)
methacrylate-N-
vinylpyrrolidone
copolymer

DNM Bidinsietal, 1991

Poly(L-lysine) DNM Zunino et al, 1984

DOX : doxorubicin 
DNM : daunomycin
HPMA : N-(2-hydroxypropyl) methacrylamide 
PEG : poly(ethylene glycol)
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at., (1999) showed selective accumulation of DOX after administration of Doxil to 2 
patients with metastatic breast carcinoma in bone. DOX levels in the tumour and 
adjacent muscle were determined by HPLC and fluorescence microscopy. In one 
patient, a 10-fold greater concentration of DOX was observed in the bone tumour 
fragments when compared to the level seen in the surrounding tumour-free muscle.

Using HPLC technique, Cassidy et al.y (1989) were first to demonstrate that 
HPMA copolymer conjugates show tumour targeting by the EPR effect. A Walker 
sarcoma model and HPMA copolymer-DNM were used. The tumour DNM area under 
the curve (AUC) was approximately 4-fold higher following administration of 
conjugate than seen after administration of free drug. Later Seymour et al. (1994) 
compared the tumour uptake of PKl and free DOX in s.c. B16F10 murine melanoma. 
When PKl and free DOX were administered i.v. at equal dose (5 mg/kg DOX- 
equivalent), a 17.1-fold increased in the tumour DOX AUC was observed after PKl 
administration. Furthermore, when a higher dose of PKl was given (18 mg/kg DOX- 
equivalent), an increased of 77-fold in tumour AUC was achieved (when compared 
with free DOX at 5 mg/kg). The ability of PKl to selectively delivery DOX to human 
tumours was also investigated in a Phase I clinical study (Vasey et al. y 1999). Here, 
^^T-labelled PKl was administered i.v. to 21 patients. Radionuclide imaging studies 
showed increased uptake by known tumour sites in 6  of the 2 1  treated patients.

A new class of macromolecular carrier called dendrimers (described in Section
1.7.2.3) has recently been proposed as novel drug delivery system of anticancer drugs 
and Malik et al. (1999) described a PAMAM dendrimer gen.3.5-platinate, in which 
they compared the B16F10 tumour accumulation of platinum following the 
administration of PAMAM dendrimer gen.3.5-platinum conjugate and cisplatin at 
equal dose (1 mg/kg platinum-equivalent). Tumour levels of platinum measured by 
atomic absorption spectrometer. Administration of the conjugate caused a significant 
improvement (5-fold increase in the AUC) in B16F10 accumulation when compared to 
the levels seen following administration of cisplatin. Additionally, a 30-fold increase 
in the AUC was observed (compared to cisplatin at 1 mg/kg) when the conjugate was 
administered at higher dose (15 mg/kg platinum-equivalent). The observed high 
tumour uptake of the dendiimer-platinum conjugate has been attributed to the EPR 
effect (Malik et al.y 1999). It was considered interesting here to examine whether 
PAMAM gen.3.5 dendrimer would be more effective than Doxil and PKl for delivery 
of DOX.

In Chapter 3 it was shown that s.c. B16F10 tumours displayed size-dependent 
uptake of PKl. Highest tumour uptake of PKl (13.8 ± 2.5% dose/g tumour at 1 h)
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was observed in the smaller B16F10 tumours (< 50 mg). Furthermore, B16F10 
displayed a high DOX release rate from PKl (22.9 ± 1.1 %/h; Figure 4.19). 
Therefore, small B16F10 tumours (approximately 25-50 mm^) were chosen to 
compare tumour accumulation of Doxil, PKl, PAMAM gen3.5 dendrimer-DOX and 
free DOX. In addition, the blood and tissue DOX levels were evaluated after 
administration of these carriers.

5 .2  Methods
5 .2 .1  Conjugation of PAMAM gen3.5 dendrimer to DOX

The PAMAM gen3.5 dendrimer-DOX conjugate (from here on referred to as 
dendrimer-DOX conjugate) was not available commercially. Therefore a conjugate 
was prepared by linking DOX to the dendrimer (via amide bond) using carbodiimide 
(described in Section 2.3.12 and shown schematically in Figure 5.2). The coupling 
reaction was followed with TLC and the conjugate was purified by eluting down a 
G25-fine column (2.5 x 25 cm). The amount of conjugated and free DOX in the 
dendrimer-DOX conjugate was determined by HPLC.

5 .2 .2  Determination of DOX distribution in vivo
C57 black mice (6 - 8  weeks old) were inoculated s.c. with B16F10 malignant 

melanoma cells as described in Section 2.3.6. When the tumours were approximately 
25-50 mm^, Doxil, PKl, dendrimer-DOX conjugate or free DOX (5 mg/kg DOX- 
equivalent) were administered i.v. via the tail vein. The animals were humanely killed 
at different time points (1-72 h). A blood sample was taken, and the tumour tissue and 
other major organs were immediately removed, washed in PBS, weighed and stored 
in -20°C prior to analysis.

Tumour, blood and organ levels of DOX were quantified by HPLC as 
described in Sections 2.3.8-2.3.11 and Table 5.3. Results were expressed as total or 
free DOX levels in terms of the percentage of administered dose per g of wet tissue (% 
dose/g tissue) for tumour and organs; and percentage of administered dose per ml (% 
dose/ml) for blood. The total blood volume of the mouse was calculated assuming 
5.77 ml per 100 g body weight (Dreyer and Ray, 1910).

Statistical analysis
The conjugate and free DOX present in the dendrimer-DOX conjugate were 

expressed as the mean percentage ± SD. All in vivo data were expressed as the mean ± 
SE. The values for AUC were calculated using the linear trapezoidal rule using 
GraphPad Prism (GraphPad Software, v2.0a for PowerPC Macintosh, 1997).
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Figure 5.2 The carbodiimide conjugation reaction of used for conjugation of DOX
to PAMAM dendrimer (EDC: l-(3-dimethylaminopropyl)-3-ethyl- 
carbodiimide HCl; Sulfo-NHS: N-hydroxysulfo-succinimide).
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Table 5.3 HPLC analysis used to study tissue and blood levels of the 
administered compounds

Substrates

administered

Type of HPLC analysis

free DOX Free DOX only 

(Section 2.3.8)

Doxil Total (entrapped and free) 

DOX only 

(Section 2.310)

PKl

Total (bound and free) 

DOX 

(Section 2.3.9)

Free (released) DOX 

(Section 2.3.8)

Dendrimer-DOX

conjugate

Total (bound and free) 

DOX 

(Section 2.3.11)

Released (free) DOX 

(Section 2.3.8)
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Statistical significance was calculated using Student’s t-test and all other calculations 
were performed by Microsoft Excel v5.0.

5 .3  Results
5 .3 .1  Characteristics of the dendrimer-DOX conjugate

The dendrimer-DOX conjugate was water soluble at concentration of 2 mg/ml 
and had a DOX loading of 5.6 ± 0.04% (w/w). Only a small amount of DOX, 1.1 ± 
0.01% (w/w), of the total conjugated DOX was present in the free form.

5 .3 .2  Tumour total DOX levels seen after administration of free DOX, 
Doxil, PK l and the dendrimer-DOX conjugate
Figure 5.3 shows the total DOX levels measured in the tumour tissue over 72 

h. It can be seen that the DOX tumour levels measured after administration of Doxil, 
PKl and dendrimer-DOX conjugate were significantly higher (p<0.05) than seen after 
administration of the free DOX at all time points except for the dendrimer-DOX 
conjugate after 24 h.

After administration of free DOX, the tumour DOX level reached a peak (0.7 ± 
0.1% dose/g tumour) after Ih and then declined rapidly over the subsequent 71 h. 
Similarly, after administration of dendrimer-DOX conjugate and PK l, the highest 
tumour level was observed after 1 h. The maximum total DOX levels measured were 
2.0 ± 0.2% dose/g tumour for the dendrimer-DOX conjugate and 7.8 ± 1.1% dose/g 
tumour for PKl respectively. In contrast, after administration of Doxil, the tumour 
level after 1 h was 5.5 ± 2.3% dose/g, but the maximum level was observed after 24 h 
(13.2 ± 0.6% dose/g tumour).

It is interesting to note that over the first 5 h, the tumour levels of DOX 
measured after administration of PKl and Doxil were not significantly different. After 
1 and 5 h, these levels were 7.8 ± 1.1% and 4.4 ±1 .1  dose/g tumour for PKl, and
5.5 ± 2.3% and 6.5 ± 0.4% dose/g tumour for Doxil. After 12 h, the DOX levels seen 
after PKl administration decreased, but Doxil continued to accumulate.

The total DOX AUC values (over the 72 h) and the ratio of the AUC carrier 
compared to the AUC for free DOX are shown in Table 5.4.

5 . 3 . 3  Blood and organ total DOX levels
Following i.v. administration, the highest blood DOX levels were observed at 

1 h, and they decreased over the subsequent 71 h (Figure 5.4). Blood levels seen after 
administration of Doxil, PKl, dendrimer-DOX conjugate level were significantly
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Figure 5.3 Tumour levels of DOX (total DOX) determined in s.c.
B16F10 murine melanoma following i.v. administration 
of Doxil, PKl, the dendrimer-DOX conjugate or free 
DOX (5 mg/kg). Symbols represent mean ± SE, n=3; 
except for free DOX, n=6 .

Key : Free DOX PKl

Doxil PAMAM dendrimer- 
DOX conjugate

Statistical significance : 

(compared to free DOX)

* p< 0.05

** p < 0.02 

*** p < 0 . 0 1

n.s. : not significantly different
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Table 5.4 Tumour AUC values (total DOX) observed after i.v.
administration of Doxil, PKl, the dendrimer-DOX 
conjugate and free DOX to mice bearing s.c. B16F10 
tumours

Drugs Tumour AUCi_72h 

(% dose h g-̂ )

AUC carrier/AUC 
free DOX

Doxil 732 2 2

PKl 272 8

Dendrimer-DOX
conjugate 74

2

Free DOX 34 -
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Figure 5.4 Blood DOX level (total DOX) seen following i.v.
administration of Doxil, PKl, dendrimer-DOX conjugate 
or free DOX (5 mg/kg). Symbols represent mean ± SE, 
n=3, except for free DOX, n=6 . The level of statistical 
significance was p <0.001 for total DOX level of Doxil, 
PKl or dendrimer-DOX conjugate versus free DOX 
values.
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DOX conjugate
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higher (p <0.001) than seen for free DOX at all the time points studied and the profiles 
shown in Figure 5.4 indicate biphasic clearance, with exception of Doxil which was

best fitted with monophasic clearance profile. The estimated t̂ /̂ a and t̂ /̂ p values for

each carrier are shown in Table 5.5. Free DOX displayed the fastest clearance with 
less than 0.2% dose/ml remaining in blood after 1 h. The dendrimer-DOX conjugate 
was also removed rapidly with less than 1% dose/ml remaining after 1 h. PKl had a 
longer plasma retention, but it was cleared more rapidly than the long circulating 
liposome, Doxil. Blood levels of PKl after 1 h were 26.8 ± 4.8 % dose/ml whilst
91.5 ± 4.9 % dose/ml of Doxil remained in the bloodstream at this time.

The complementary DOX organ levels are shown in Figures 5.5-5.8 . After 1 
h, it can be seen more than 10% dose/g of free DOX was detected in the kidney 
(Figure 5.5). Highest Doxil accumulation occurred in the spleen (Figure 5.6) and most 
PKl was in found in the heart (Figure 5.7). The dendrimer-DOX conjugate displayed 
low DOX levels (less than 5% dose/g tissue) in all the organs studied (Figure 5.8). 
The DOX AUC values measured in the organs over the 72 h are shown in Figure 5.9. 
Furthermore, the TumouriTissue AUC ratios are shown in Table 5.6.

5 . 3 . 4  Tumour, blood and organ levels of free DOX released from P K l 
and the dendrimer-DOX conjugate

PKl administration lead to very low levels of free DOX in the tumour tissue (0.16 ± 
0.02% dose/g) after 1 h (Figure 5.10). Free DOX levels increased with time to a 
maximum of 0.7% dose/g after 12 h. After 24 h, the level of free DOX arising from 
PKl was similar to DOX levels achieved following administration of free DOX.

As was expected, the amount of free DOX seen in tumour tissue after 
administration of the dendrimer-DOX conjugate was very low over the 72 h period, 
confirming that all the tumour-associated DOX measured in this study was present in 
the conjugated form.

The blood and organ levels of free DOX released following administration of 
PKl and the dendrimer-DOX conjugate were quantified by HPLC (Figures 5.11 and 
5.12 respectively). After administration of the dendrimer-DOX conjugate, no free 
DOX was found in blood (below the detection level of the current HPLC method). 
Kidney displayed the highest level of free DOX released from PKl (Figure 5.11).
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Table 5.5 Estimated plasma half-lives of Doxil, PKl, dendrimer-DOX 
conjugate and free DOX

Drugs Half-life
(monophasic
clearance)

Half-life 
(biphasic clearance)

ll/2 a ll/2 P

Doxil 17.5 h

PKl - 33 min 11.5 h

Dendrimer-DOX
conjugate

- 8.5 min 6 6  h

Free DOX - 6  min 38 h

where in2a ’ half-life associated with the first exponent of elimination; 
tj/2 p : half-life associated with the second exponent of elimination
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Key : ■  Ih  

□  5h

^  12h

□  24 h

B  48 h 

□  72 h

163



Heart

Liver

Kidney

Spleen

Lung

1500 2000 2500

AUCi_ 7 2  h (% dose h

Figure 5.9 Comparison of AUC of organs uptake of free DOX, and 
total DOX of Doxil, PKl and dendrimer-DOX conjugate.

Key : Free DOX PKl

Doxil Dendrimer-DOX conjugate

164



Table 5.6 Ratio of tumour AUC values to the AUC values measured in the organs following i.v. administration free DOX, Doxil, 
PKl or the dendrimer-DOX conjugate

o\

Drugs AUCi.7 2 h ratios

Tumour : Blood Tumour : Heart Tumour : Liver Tumour : Kidney Tumour : Spleen Tumour : Lung

Free DOX 13 0 . 2 1.3 0.1 0.4 0.3

Doxil 0.4 2.4 1 . 8  0 . 8 0.5 1.5

PKl 0.7 0 . 1 0.7 1.1 1.4 1 . 2

Dendrimer-DOX
conjugate

5.8 1.3 1 . 2  1 . 1 0.7 0.7
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Figure 5.10 Tumour levels of free DOX (including DOX released from 
PKl or the dendrimer-DOX conjugate) following i.v. 
administration of PKl, dendrimer-DOX conjugate or free 
DOX (5 mg/kg dose). Symbols represent mean ± SE, n=3, 
except for free DOX, n=6 . The level of statistical 
significance was p <0.05 for released DOX level of 
dendrimer-DOX conjugate versus free DOX values.

Key : free DOX

released DOX from PKl
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Statistical significance : 
(compared to free DOX)

** p  <  0.02 

* * *  p  <  0.01

n.s. : not significantly different
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5 .4  D iscussion
The results shown in Figure 5.3 demonstrate conclusively administration of 

Doxil, PKl and dendrimer-DOX conjugate results in a significantly higher tumour 
total DOX concentration than can be achieved by administration of free DOX. A 22- 
fold increase in tumour AUC was achieved in B16F10 using Doxil with the highest 
tumour DOX concentration after 24 h and this is consistent with observations made in 
a prostatic carcinoma PC-3 using confocal laser scanning microscopy and 
microfluorimetry techniques (Vaage and Barbera, 1995) where a 25-fold increase in 
the DOX tumour AUC was observed after administration of Doxil. Furthermore, the 
highest DOX concentration in PC-3 was observed 24 h after administration of Doxil. 
After Doxil administration, Gabizon et al. (1996) and Vaage et al. (1997) also 
described highest DOX levels after 24 h; M-109 solid carcinoma (- 6 % dose/g at 24 h) 
and human pancreatic adenocarcinoma AsPC-1 (~ 5% dose/g at 24 h).

When compared to an equivalent dose of free DOX, Seymour et al. (1994) 
described a 17.1-fold increase in the total DOX tumour AUC after PKl 
administration. In our study a 8 -fold increase in AUC (PKl : free DOX) was seen 
which is almost half the reported value. However the peak tumour level determined 
here (8 % dose/g at 1  h) was similar to the reported value of 8  pg/g (or ~ 6 % dose/g) 
(Seymour et al., 1994). One explanation of the difference in AUC (PKl : free DOX) 
in this study may be the relatively high level of tumour DOX (0.7% dose/g, 1 h) seen 
after administration of free DOX. This is almost twice the free DOX values previously 
reported (~ 0.4% dose/g at 1 h).

Although all the DOX delivery systems examined displayed higher tumour 
total DOX levels than seen following administration of free DOX, the tumour AUC 
value (%dose h g'^) observed varied according to the carrier used. The DOX AUC was 
greatest after administration of Doxil > PKl > dendrimer-DOX conjugate (Table 5.4). 
The DOX tumour AUC seemed to correlate well with blood residence time. As can be 
seen from Figure 5.13 (overlaying data from Figures 5.3 and 5.4), the extent of 
tumour uptake (represented by tumour AUC values) of each carrier is governed by the 
blood AUC, with the exception of dendrimer-DOX conjugate.

The Doxil half-life (17.5 h) measured in this study (Table 5.5) is comparable 
with the half-life of 15.3 h reported by Papahadjopoulos et al. (1991) after 
administration of ̂ ^Ga-DF labelled PEG-liposomes to Balb/c mice bearing C-26 colon 
carcinoma. PKl is cleared more rapidly than Doxil with less than 30% dose/ml PKl 
remaining in circulation after 1 h (Figure 5.4). This observation was consistent with 
the results obtained by Seymour et al., (1990) who reported that 25 pg/ml (or -20%
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dose/ml) PKl remained in plasma at 1 h after i.v. administration to DBA.2 mice. PKl 
has a molecular weight which is below the renal threshold (~ Mw 30 000 Da) so it is 
subject to rapid renal clearance with lower tumour uptake (Seymour et a l, 1995).

After administration of PKl, release of DOX increased after 5 h, and peaked 
after 12 h. The pattern of release was comparable with that reported by Seymour et al. 
(1994) and the peak level of free DOX (6-24 h) was approximately 0.4 pg/g (or 0.3% 
dose/g). Progressive disappearance of free DOX from the tumour after 24 h could be 
attributable to the local drug metabolism or diffusion out of the tumour. It could also 
be influenced by a slowing of the rate of proteolytic release of free DOX from PKl 
(Seymour et a l, 1994).

The rapid blood clearance of the dendrimer-DOX conjugate (ti,2 a=8 . 4  min and

with less than 1 % dose/ml remaining in the blood after 1  h) could be related to either 
its low molecular weight or the hydrophobicity of the molecule. The carrier (PAMAM 
dendrimer gen.3.5) has a molecular weight of 12 419 Da, and thus, in theory should 
be rapidly cleared through the kidneys. However, in additionally, DOX is linked to the 
surface will increase hydrophobicity and it is know that hydrophobic carriers are often 
rapidly removed from circulation (Ilium and Davis, 1985). The low tumour level of 
free DOX in tumour after administration of the dendrimer-DOX conjugate (less than 
0.1% dose/g over 72 h) is consistent with the expectation that the amide bond linking 
DOX to dendrimer would not be cleaved in the body.

However, when attempting to increase drug-tumour targeting by the EPR
effect, one should not overlook the potential distribution to normal tissue. In this
study, after administration of Doxil and PKl heart levels of total DOX (Table 5.7)
were much higher than expected from the literature. Papahadjopoulos et al. (1991)
reported a decrease in peak heart DOX concentrations in Balb/c mice when treated with
Doxil and Seymour et al. (1990) demonstrated a 99% decrease in the cardiac levels of
free DOX when PKl was administered to DBA.2 mice. The reason for the high heart
DOX levels seen in this study is not clear. ! One possible reason may be due to 
methodological difficulties while performing cardiac punctures.

As described in Section 1.7.2.1 and 1.7.2.2, Doxil is an approved treatment 
for AIDS related Kaposi’s sarcoma while PKl has just completed its Phase I clinical 
trial in UK. It is interesting to correlate the results seen in this study with the clinical 
profile. The blood clearance of Doxil in patients is biphasic with median half-lives of 2 
and 45 h. The long circulation of Doxil is responsible for palmar-plantar 
erythrodysaesthesia (hand and foot syndrome) as dose limiting toxicity and limits the 3
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Table 5.7 AUC values of DOX determined in heart tissue following i.v.
administration of free DOX, Doxil, PKl or the dendrimer- 
DOX conjugate

Compounds Heart AUC 

(% dose h g'̂ )

*AUC ratio

Free DOX 161 -

Total DOX of Doxil 302 2

Total DOX of PKl 2033 13

Total DOX of dendrimer- 

DOX conjugate

56 0.3

Released DOX of PKl 76 0.5

Released DOX of 

dendrimer-DOX conjugate

40 0 . 2

*AUC ratio =
AUCi.7 2 h total or released DOX 

AUC 1 . 7 2  h free DOX
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weekly DOX-equivalent treatment to 20mg/m^. In contrast, the recommended Phase II 
dose for PKl is 280 mg/m^ (DOX-equivalent; Vasey et al., 1999). The rapid clearance

of PKl (t;/2 a = 1.8 h, ti/2 p= 93 h) with less than 50% remaining in blood after 5 h

allows a much higher DOX dose to be administered. The dose limiting toxicity for 
PKl (febrile neutropenia and mucositis) is similar to that seen for free DOX (Vasey et 
a l,  1999).

The ideal carrier?
From this study, it can be concluded that EPR-mediated accumulation in 

tumour tissue is a passive process which is driven by the blooditumour concentration 
gradient. Although the carriers studied had very different physical characteristics, this 
did not produce a dominant effect in this tumour model.

To develop polymer-drug conjugates that are optimal in terms of EPR- 
mediated targeting, various approaches might be taken. They include (1) increasing the 
carrier’s molecular weight to prolong blood clearance, this would require a 
biodegradable high molecular weight polymer, (2 ) modification of the dosing schedule 
(e.g. repeat daily dosing to build up tumour levels of drug), or (3) transiently increase 
the carrier’s size by preparation of self-assembling nanoparticles to increase blood 
residence time but minimise deposition in sites of toxicities. In order to explore the 
third option, it was decided to prepare PKl nanoparticles and this study is described in 
Chapter 6 .
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Chapter 6

DEVELOPMENT OF NANOPARTICLES OF 
HPMA COPOLYMER-DOX
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Chapter 6: HPMA-DOX Nanoparticles

6 .1  Introduction
The results described in Chapter 5 show that the EPR-mediated targeting of 

macromolecules and liposomes to tumour tissue is a passive process, driven largely by 
the blood concentration gradient. As described in Section 1.6.1, Seymour et al. (1995) 
reported that HPMA copolymer fractions with molecular weight above renal threshold 
(> 50 kDa) displayed progressive tumour uptake up to 20% dose/g after 72 h in a 
Sarcoma 180 model, compared to 5% dose/g obtained by the copolymers with 
molecular less than 50 kDa. Also, the blood clearance profile of the HPMA copolymer 
fraction is strongly dependent on their molecular weight. Therefore, attempts to 
increase the blood residence time of the carrier system could, in theory, increase 
uptake into solid tumour by the EPR effect. Here, nanoparticles of HPMA copolymer- 
doxorubicin were developed with the aim of prolonging blood residence time and thus 
increase tumour targeting.

Nanoparticles are colloidal particles with a size ranging from 10 nm to 1 pm 
(reviewed by Allémann et al., 1993; Couvreur et al., 1995). The active drug is usually 
entrapped or encapsulated within the core. Recently, a novel class of nanoparticulate 
drug delivery system termed the polymeric micelles have been intensely investigated 
and developed as novel anticancer drug delivery system (reviewed by Kabanov and 
Alakhov, 1997; Kataoka, 1997; Kwon and Kataoka, 1995). The advantages of 
polymeric micelles are: ( 1 ) an anticancer drug can be easily incorporated into the 
micelle by chemical conjugation and/or physical entrapment; (2 ) they are long- 
circulating in blood, and evade renal excretion and non-specific capture by the RES 
due to their nanoparticulate size (approximately 20 to 60 nm in diameter); (3) they are 
readily eliminated from the body once they dissociate if the Mw of the polymers used 
to make them is below the renal threshold; and (4) display solid tumour targeting by 
the EPR effect (reviewed by Kataoka, 1997).

The polymeric micelles used so far for delivery of the anticancer drugs can be 
divided into two main types: ( 1 ) block copolymer micelles entrapping anticancer drugs 
non-covalently, also termed micellar microcontainers (Figure 6.1a); and (2) micelle- 
forming conjugates of drugs and block copolymer that are covalently linked (Figure 
6 . lb). Micelles form by spontaneous association of polymeric amphiphiles in aqueous 
medium (reviewed by Kataoka, 1997). The driving force for association is 
noncovalent-interchain interaction between the hydrophobic segments to form the core 
micelle, while the hydrophilic segments form a hydrated outer shell. (Yokoyama et al., 
1993). Once formed, the hydrophobic core also serves as a reservoir for anticancer 
drugs.
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Figure 6.1 Schematic diagram showing self-assembled nanoparticulate drug delivery system developed to exploit the EPR-mediated 
solid tumour targeting: (a) block copolymer micelle entrapped anticancer drug (micellar microcontainers) and (b) drug-block 
copolymer conjugate micelle.
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A variety of methods have been proposed to prepare nanoparticles, including 
solvent evaporation method and high-pressure emulsification-solvent evaporation 
method (reviewed by Couvreur et al., 1995). These techniques are not ideal as they 
usually employ organic solvents and thus extensive purification is required to eliminate 
them. The aim of this study was to prepare HPMA copolymer-DOX nanoparticles that 
would later be suitable for in vivo evaluation. The nanoparticles were prepared in 
aqueous solution to avoid the use of organic solvents.

6 .2  Materials and methods
Three HPMA copolymer-DOX (supplied by Polymer Laboratories) were used 

to prepare nanoparticles. Fractions (numbered 1, 2 and 3) were prepared by solvent 
precipitation. Their characteristics are listed in Table 6.1. The nanoparticles prepared 
from these three fractions are referred to as HPMA-DOX/Fl, HPMA-DOX/F2 and 
HPMA-DOX/F3 respectively. The nanoparticles were prepared by first dissolving the 
appropriate Fraction in DDW at a concentration of 20 or 40 mg/ml. The resulting 
solutions were then stirred at a constant speed at room temperature and in the dark 
(wrapped in foil) for various times to allow the nanoparticles to form. Nanoparticles 
formed were characterised by Photon Correlation Spectroscopy (PCS) and 
transmission electron microscopy (TEM).

Experiments were conducted to study the effect of stirring time and polymer 
concentration on the characteristics of the nanoparticles formed. To determine the 
effect of preparation time on particle size and dispersity, HPMA-DOX/Fl, HPMA- 
DOX/F2 and HPMA-D0X/F3 nanoparticles were prepared by stirring for times 
between 1 and 7 days. At each time point, a sample was removed and filtered through 
0.2 pm membrane prior to particle size measurement using PCS.

The effect of nanoparticle concentration on stability was examined using 
HPMA-DOX/F3 nanoparticles (40 mg/ml) first prepared as described above. After 
constant stirring for 48 h, they were then diluted to give different concentrations (5,10 
and 20 mg/ml) in DDW. The samples were vortex-mixed and filtered through 0.2 pm 
membrane prior to particle size measurement using PCS. Additionally, the samples 
were photographed by TEM by The Microscopy Unit, School of Pharmacy. 
Furthermore, the turbidity of the nanoparticles in different concentrations was 
measured by UV-vis spectrophotometer at 400 nm wavelength.

As the nanoparticles seemed to have poor stability after dilution, preliminary 
experiments were conducted to investigate the effect of the diluent used. The HPMA-
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Table 6.1 Characteristics of the HPMA copolymer-DOX fractions

HPMA copolymer- 

DOX Fractions

Molecular weight 

(kDa)

DOX

loading

(w/w%)

Free DOX 

present 

(%)

Fraction 1

>28 7.9 1 . 6

Fraction 2

-28 6 . 8 2 . 0

Fraction 3

<28 5 n.a.

D.a. - data not available
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D0X/F3 nanoparticles (40 mg/ml) were prepared as described above. After constant 
stirring for 48 h, the nanoparticles formed were diluted to give different concentrations 
(5, 10 and 20 mg/ml) using either PEG 4000 (5% w/v) or Tween 80 (1% w/v) as 
diluent. The samples were then vortex-mixed prior to being examined by TEM. In 
addition, samples of the diluents (PEG 4000 and Tween 80) were photographed by 
TEM as control.

6 .3  Results
6 . 3 . 1  Effect of preparation time

HPMA-DOX/Fl, HPMA-D0X/F2 and HPMA-DOX/F3 nanoparticles (40 
mg/ml) were formed by constant stirring. Their formation was monitored by 
measuring particle diameter using PCS and Figure 6.2 shows a typical PCS report. 
The effect of preparation time on the nanoparticle formation from the different 
Fractions is shown in Figures 6.3, 6.4 and 6.5. Formation of HPMA-DOX/Fl 
nanoparticles was influenced by the length of stirring time (Figure 6.3). In this case, 
nanoparticles of 41.7±1.3 nm mean diameter were formed after 24 h and after 3 days, 
the mean size has increased to 60.1±1.8 nm. In contrast, using HPMA-DOX/F2 the 
nanoparticles formed had a smaller diameter, the mean being 32.910.4 nm after 7 
days. Also in this case, the size of the particles was not influenced by the stirring time 
(Figure 6.4). Formation of HPMA-DOX/F3 nanoparticles was also dependent on 
stirring time (Figure 6.5) and larger nanoparticles (212124.3 nm) were formed after 4 
days of constant stirring.

6 . 3 . 2  Effect of nanoparticle concentration on HPMA-DOX/F3 
nanoparticles

Figure 6 . 6  shows the mean diameter of HPMA-DOX/F3 nanoparticles at 
different nanoparticle concentration measured using PCS. At polymer concentration of 
40 mg/ml, the nanoparticles produced had a mean diameter of 85.615.7 nm, whereas 
decreasing polymer concentration to 2 0  mg/ml resulted in larger nanoparticles 
(439170.5 nm). At polymer concentration below 20 mg/ml, the mean diameter of the 
nanoparticles formed decreased. TEM of HPMA-D0X/F3 nanoparticles formed at 
concentration of 40 mg/ml showed that most nanoparticles were of uniform size and 
shape, and were estimated to be approximately 40 nm in diameter (Figures 6.7). 
However, when the nanoparticles were diluted to 20 and 10 mg/ml, they dissociated 
and size decreased to approximately 1 0 - 1 2  nm in diameter as shown in the electron 
transmission microphotographs (Figures 6 . 8  and 6.9). The electron transmission 
microphotograph of DDW was shown in Figure 6.10 for comparison. The absorbance 
measured at 400 nm of the different concentration of nanoparticles is shown in Figure 
6.11. Absorbance intensity increased linearly with increasing concentration.
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Figure 6.2 A typical report showing particle size measurement using photon 
correlation spectroscopy (PCS).
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Figure 6.3 The particle size of HPMA-DOX/Fl nanoparticles (40 mg/ 
ml) at various times after constant stirring (symbols 
represent mean ± SD; n=3).
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Figure 6.4 The particle size of HPMA-DOX/F2 nanoparticles (40 mg/ml) 
at various times after constant stirring (symbols represent mean 
± SD, n=3).
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Figure 6.5 The particle size of HPMA-DOX/F3 nanoparticles (40 mg/ml) 
at various times after constant stirring (symbols represent 
mean ± SD, n=3).

600

500-

400-

300-

200

100

—r-
10

—f—
20

— I—

30
—r-
40 50

Nanoparticle concentration (mg/ml)

Figure 6.6 The particle size of HPMA-DOX/F3 nanoparticles: effect of
concentration (symbols represent mean ± SD, n=3).
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150 nm

Figure 6.7 Electron transmission microphotograph of HPMA-DOX/F3 
nanoparticles (40 mg/ml) in DDW.
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Figure 6.8 Electron transmission microphotograph of HPMA-DOX/F3
nanoparticles (20 mg/ml) in DDW.
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Figure 6.9 Electron transmission microphotograph of HPMA-DOX/F3 
nanoparticles (10 mg/ml) in DDW.
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Figure 6.10 Electron transmission microphotograph of DDW (showing 
background).
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Figure 6.11 Preliminary study of the turbidity of HPMA-DOX/F3 
nanoparticles at various concentrations measured at an 
absorbance of 400 nm.
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Chapter 6: HPMA-DOX Nanoparticles

6 . 3 . 3  Effect of diluents on HPMA-DOX/F3 nanoparticles 
HPMA-DOX/F3 nanoparticles in 5% PEG 4000

TEM of HPMA-D0X/F3 nanoparticles (20 mg/ml) in 5% PEG 4000 indicated 
that the nanoparticles had a diameter of approximately 200 nm (Figure 6.12). 
However, decreasing the nanoparticles concentration to 10 mg/ml resulted in a 
markedly increased diameter of particles to 600 nm - 1.3 pm (Figure 6.13). A further 
decrease in nanoparticle concentration to 5 mg/ml resulted in the formation of particles 
of approximately 500 nm in diameter (Figure 6.14). TEM examination of diluent 
showed no particles (Figure 6.15).

HPMA-D0X/F3 nanoparticles in 1% Tween 80
In comparison, when 1% Tween 80 was used as diluent, no HPMA-D0X/F3 

nanoparticles were observed by TEM (Figure 6.16, 6.17 and 6.18). The electron 
transmission microphotograph of diluent did not show the presence of particles 
(Figure 6.19).

6 .4  D iscussion
Stirring HPMA-DOX/Fl and HPMA-DOX/F2 in DDW formed nanoparticles 

of 20-60 nm in diameter. These nanoparticles were similar in size to the micelles 
(diameter of 30 to 40 nm) formed from amphiphilic block copolymers of poly(ethylene 
oxide-aspartate) conjugated to DOX described by Kwon et al. (1994) and the micelles 
(diameter of 25-29 nm) formed from amphiphilic block copolymer of poly(ethylene

oxide)-poly(P-benzyl L-aspartate) entrapping indomethacin described by La et al.

(1996). The size of HPMA-DOX/F3 nanoparticles increased with continual stirring. 
Initially due to the lower DOX content in the HPMA-D0X/F3 polymer (5 %w/w), 
intra-molecular micelles of diameter of 7.1±0.2 nm and no nanoparticles were 
present. However, after 4 days stirring, HPMA-DOX/F3 nanoparticles of 200 nm 
diameter were formed.

It was considered important to establish whether the HPMA-D0X/F3 
nanoparticles prepared in this study were formed by association of the copolymers 
(forming pseudo-aggregates as reported by Konak et al., 1994) or were similar to the 
“classic micelles structure”, with the hydrophobic DOX moieties forming a 
hydrophobic core and the hydrophilic HPMA copolymer segment surrounding the 
nanoparticle as a hydrated outer shell (Figure 6.20).
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300 nm

Figure 6.12 Electron transmission microphotograph of HPMA-DOX/F3 
nanoparticles (20 mg/ml) in 5% PEG 4000.

PEG coating

1250 nm

PEG coating

Figure 6.13 Electron transmission microphotograph of HPMA-DOX/F3 
nanoparticles (10 mg/ml) in 5% PEG 4000, arrow showing 
hydrophilic PEG coats around the particles .
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PEG coating

300 nm

Figure 6.14 Electron transmission microphotograph of HPMA-D0X/F3 
nanoparticles (5 mg/ml) in 5% PEG 4000 showing 
hydrophilic PEG coating the particle.

Figure 6.15 Electron transmission microphotograph of diluent, 5% PEG 
4000.
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Figure 6.16 Electron transmission microphotograph of HPMA-DOX/F3 
nanoparticles (20 mg/ml) in 1% Tween 80.

300 nm

Figure 6.17 Electron transmission microphotograph of HPMA-DOX/F3
nanoparticles (10 mg/ml) in 1% Tween 80.
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300 nm

Figure 6.18 Electron transmission microphotograph of HPMA-DOX/F3 
nanoparticles (5 mg/ml) in 1% Tween 80.

300 nm

Figure 6.19 Electron transmission microphotograph of 1% Tween 80.
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Figure 6.20 Schematic diagram showing the formation of HPMA-DOX nanoparticles.



Chapter 6: HPMA-DOX Nanoparticles

In this study, HPMA-D0X/F3 nanoparticles were formed at a polymer 
concentration of 40 mg/ml. However, when the polymer concentration was lowered to 
5 mg/ml, the nanoparticles formed dissociated. The phenomenon was supported by 
the TEM analysis (Figures 6.7-6.9). When Yokoyama et al. (1998) characterised their 
polymeric micelles they found that micelle stability was dependent on the DOX 
content. They suggested that DOX molecules entrapped within the core would

associate by n-n  interactions as well as non-specific hydrophobic interactions, and

they were able to show that nanoparticle stability increased with increasing 
hydrophobic interaction within the core. Although it is difficult to be sure, we believe 
that HPMA-DOX/F3 nanoparticles observed at 40 mg/ml are probably similar to the 
“classic micelles” with hydrophobic DOX moieties forming the inner hydrophobic 
core with hydrophilic HPMA copolymers to the exteriors. Micelles are a dynamic form 
and these nanoparticles probably dissociate into smaller micelles as the polymer 
concentration (with corresponding lower DOX content) is lowered. This is shown 
schematically in Figure 6.21.

Before in vivo evaluation of these nanoparticles, it is important to stabilise 
them. Various methods might be used to improve stability. One approach could be to 
synthesise novel HPMA copolymers with specific hydrophilic-hydrophobic segments 
and to attach DOX to the hydrophobic segment (Figure 6.22a). Alternatively, the 
PKl-like nanoparticles described here could be coated with a hydrophilic polymer 
(Figure 6.22b). Here, we observed larger HPMA-DOX/F3 particles (diameter 
between 450-1400 nm) were formed when PEG 4000 (5%w/v) was used as diluent. 
The diameter of these nanoparticles is similar to the diameter of PEG-coated poly(lactic 
acid) nanoparticles (988 nm) reported by Allémann et al. (1995). The larger HPMA- 
D0X/F3 particles formed in the presence of PEG were stable even at low polymer 
concentration (5 mg/ml) and addition of PEG 4000 probably results in a hydrophilic 
coating which is stable even at low polymer concentrations (Figure 6.14 and shown 
schematically in Figure 6.22b). Further in vitro plasma stabihty studies and also the 
determination of rates of DOX release in vitro from these nanoparticles should be 
performed prior to in vivo evaluation.
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Polymer-drug nanoparticle 
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concentration)

Figure 6.21 Schematic diagram showing the association and dissociation 
of HPMA-DOX/F3 nanoparticles at low and high polymer 
concentration.
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Figure 6.22 Possible methods to improve the formation of polymer-drug 
nanoparticles.
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Chapter 7

DEVELOPMENT OF A TECHNIQUE FOR THE 
VISUALISATION OF THE TUMOUR 

MICROVESSELS

194



Chapter 7.’Visualisation o f Tumour Vessels

7 .1  Introduction
Data presented earlier (Chapters 3 and 4) showed that the extent of EPR- 

mediated targeting of PKl varied according to the size and type of solid tumour 
studied. A possible explanation of these observations would be differences in the 
extent of vascularisation and/or necrosis in each tumour type as it grows. 
Consequently, it was considered necessary to study the extent of tumour 
vascularisation and vessel density in solid tumours at various stages of development, 
and if possible correlate these parameters with the extent of PKl uptake seen in 
Chapters 3 and 4. First, it is necessary to develop a method for the visualisation and 
possibly quantitation of the tumour microvessels.

Over the years, various techniques have been employed to estimate and 
quantitate the tumour microvascular density. These include:

1. Histological techniques following injection of fluorescence dyes, e.g. 
Hoechst H33342 (Smith et al., 1988; Schuler et al., 1999), or 
fluorescent microspheres (Luchtel et al., 1998).

2. Magnetic resonance imaging (MRI) following injection of paramagnetic 
markers such as Gd-DTPA (Weissleder et al., 1998; Neeman, 1998).

3. Transparent window chamber model studies (Dellian et al., 1996).
4. Immunocytochemistry techniques (reviewed by Gasparini, 1994).

In this study, two histological techniques were used: (1) haematoxylin and 
Eosin (H&E) staining; and (2) immunocytochemistry to visualise tumour vessels. 
H&E tissue section staining is the most common technique used in animal histology 
and pathology. Two dyes are combined, haematoxylin and eosin. Haematoxylin is a 
basic dye and stains the cell nuclei to give a purplish blue colour, while eosin is an 
acidic dye, which stains the cytoplasm pink or red (Wheater et al., 1987). H&E 
staining has used extensively to study tumour invasiveness and necrosis.

Immunocytochemistry uses specific antibodies to identify and locate a specific 
cell protein (the antigen) in the tissue section. The antibody (called primary antibody) 
will recognise and bind with the specific sequence of amino acids (epitope) present on 
the antigen. Most commonly the primary antibodies used in immunoctytochemistry are 
from the IgG class (Figure 7.1). IgG is a Y-shaped molecule consisting of four 
polypeptide chains; two identical heavy chains (constant, Fc fragment) linked with two 
combined heavy and light chains (variable, antigen binding F(ab) fragment). Each 
F(ab) fragment has one binding-site for the antigen. The Fc portion is constant 
depending on the species of origin and acts as the target for the second (secondary)
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Fig^^e 7.1 Simplified diagram of IgG molecule.
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antibody. Either monoclonal or polyclonal antibodies are used in
immunocytochemistry:

1. Polyclonal antibodies are obtained in vivo from whole serum and
antibodies are present which can react with different epitopes on the 
antigen.

2. Monoclonal antibodies are produced in vitro from a single clone of cells
or a cell line derived from a single cell. The antigen-binding site of each
antibody molecule is identical with absolute specificity for a single 
sequence or ‘epitope’ on the antigen molecule. However, due to this 
monospecificity, problems such as low antibody-antigen binding can 
result in weak staining of the antigen.

A variety of antibodies have been used to detect and localise various secreted
proteins, and tissue components of the tumour endothelium (Table 7.1). In this study,
two antibodies were investigated as markers: anti-human von Willebrand factor (Schor
et al., 1998, Zhang et al., 1996) and anti-mouse CD31 (Koukourakis et al., 1997;
Gasparini et al., 1994). These antibodies were selected due to their specificity for
antigens present on vascular endothelial cells. Human von Willebrand factor (Factor
VUI) is a 270 kDa multimeric plasma glycoprotein, normally synthesised in the
cytoplasm of endothelial cells of normal blood vessels, tumour blood vessels and
lymphatic vessels. Factor VUI functions as mediator for platelet adhesion to an injured
vessel wall. Thus, anti-von Willebrand factor antibody recognises and binds Factor
Vm  secreted by the endothehal cells. Mouse CD31, also referred to as PEC AM-1
(platelet endothehal cell adhesion molecule) is a ~ 130 kDa integral membrane protein
(Vecchi et al., 1994). It is mainly expressed on the surface of the endothelial cells and
weakly expressed by peripheral lymphoid cells and platelets. CD31 is involved in
platelet adhesion and aggregation during endothehal cell injury and anti-CD31
antibody has been shown to delay platelet interaction (Rosenblum et al., 1994). Anti
human von Willebrand factor antibody had been used to stain blood vessels present in 
' niurine Meth-A sarcomas (Zhang et al., 1996).

A variety of methods have been used to visualise the antigen-antibody reaction
in a tissue section (Polak and Noorden, 1997). These methods can be broadly 
classified as direct method (Figure 7.2a) or indirect methods (Figure 7.2b). In the first 
case (the direct method), the primary antibody is labelled using a fluorophore (for 
fluorescence detection), enzymatically labelled, radiolabelled (for visualisation by 
autoradiography), or tagged using colloidal gold particles or latex particles (for used in 
scanning electron microscope). The indirect method uses the primary antibody in its 
native form and it is detected only after interaction with the labelled secondary 
antibody. This method increased the sensitivity of the detection as the secondary 
antibody selected often has a very high avidity for the primary antibody. Two labelled
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Table 7.1 List of antibodies used for immunocytochemistry to detect and localise blood vessels

VO
00

Antibody Monoclonal or 
polyclonal

Antigen Reference

anti-von Willebrand factor 
(anti-FVni)

polyclonal stained for Factor VIII secreted by 
endothelial cells

Schor et ah, 1998 
Zhang et al, 1996

anti-CD 34 monoclonal stained for human progenitor cell (human 
tissue sample only)

Hansen et al, 1998 
Tanigawa et al, 1997

anti-9Fl monoclonal stained for endothehal cells Van Der Laak et al, 1998

anti-collagen Type IV polyclonal stained for basal lamina of tumour 
microvasculature

Van Geel et al, 1996 
Bemsen et al, 1995

anti-CD 31 (or PECAM-1) monoclonal stained for platelet endothelial cell 
adhesion molecule (PECAM)

Koukourakis et al, 1997 
Gasparini et al, 1994 
Fenton et al, 1999
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Figure 7.2 Schematic diagram showing (a) direct method, and (b) indirect method, used in immunocytochemistry to detect and localise the 
antigen-antibody reaction in tissue sections.
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secondary antibodies can often bind to each primary antibody molecule thus 
amplifying the signal (as shown schematically in Figure 7.2b).

To identify the anti-human von Willebrand factor antibody and the anti-mouse 
CD31 antibody used in this study, the indirect method was chosen. A biotinylated 
secondary antibody was first used to localise the primary antibody, then avidin- 
horseradish peroxidase was used to form a avidin-biotin complex (ABComplex). The 
ABComplex then is reacted with DAB to form an insoluble brown precipitate which is 
stable and visible using a conventional light microscope. This method is shown 
schematically in Figure 7.3.

7 .2  Methods
7 .2 .1  Tissue fixation method

B16F10 malignant melanoma and L 1 2 1 0  lymphocytic leukaemia were selected 
as the preliminary model tumours (as described in Chapter 3). Both had shown 
tumour size-dependent uptake of PKl. Viable cells were injected s.c. following the 
protocol described in Section 2.3.6. Tumour tissue was harvested when the tumour 
had grown to the desired size (approximately 50-150 mm^, product of two orthogonal 
diameters).

Paraffin embedded specimens
Immediately after harvest, the tissue was immersed in formalin solution (10% 

v/v in PBS) to fix for 10 days at room temperature. The samples were then sent to The 
Institute of Pathology, London Royal Hospital to be embedded into paraffin blocks.

Fresh-frozen sections
Immediately after harvest, the tumour tissue was fresh-frozen by immersing 

the tissue into hexane cooled with liquid nitrogen. The specimens were then stored at - 
20°C until sectioning and staining.

7 . 2 . 2  Staining methods 
H&E staining

The tumour tissue embedded in paraffin blocks was cut into 5 pm thick 
sections using Vibratome and stained with H&E either at The School of Pharmacy or 
by The Institute of Pathology, London Royal Hospital following the protocol 
described in Section 2.3.14.
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Figure 7.3 Schematic diagram showing immunocytochemistry technique using the AB Complex/HRP and DAB staining procedure (primary 
antibody* raised in rabbit or swine; F(ab) portion of secondary antibody** are directed against the corresponding Fc portion 
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Immunostaining: anti-von Willebrand factor antibody
The cut paraffin sections were stained for von Willebrand factor following the 

procedure described in Section 2.3.13.

Immunostaining: anti-CD31 antibody
Fresh-frozen tissue was cut into 5 pm thick sections using -20°C cryostat (by 

Ms. J. Woodvine, Histology Lab., Glaxo-Wellcome, Ware). The sections were then 
stained for CD31 following the protocol described in Section 2.3.13.

7 .3  Results
7 . 3 . 1  Morphology of the tumour cells with H&E staining

Figure 7.4 shows the B16F10 tumours stained with H&E. The tumour tissue 
is characterised by a high density of rapidly dividing tumour cells which displayed 
extensive invasiveness into the surrounding adipose tissue. Compared to the 
surrounding normal tissue, rapidly dividing B16F10 tumour cells are stained deep 
purple. Additionally, regions of necrosis was observed and were stained light purple. 
Furthermore, erythrocytes which are present within small blood vessels can be seen 
throughout the sections. When observed at high magnification, erythrocytes present 
within the blood vessel can clearly be seen, they are intensely eosinophilic and thus 
stained only pink (Figure 7.5). However, the endothelial cells surrounding the small 
blood vessels were not stained and therefore, they are difficult to detect.

The morphology of L1210 tumour cells stained with H&E staining is shown in 
Figure 7.6. Similarly, rapidly dividing L1210 tumour cells are stained deep purple. 
The L1210 tumour cells displayed extensive invasiveness into the surrounding adipose 
tissue and extensive necrosis regions. Compared with the B16F10 cells (shown in 
Figure 7.4), the L I210 cells had a more distinct spherical shape. When observed at 
high magnification, it can be seen that the necrotic cells present in the tissue section 
were stained light purple, compared to the viable tumour cells (Figure 7.7).

7 . 3 . 2  Immunostaining with anti-von Willebrand factor antibody in 
paraffin embedded B16F10 and L1210 tumour tissue
Although there was no positive staining of the blood vessel observed within 

B16F10 tumour tissue (Figure 7.8), anti-von Willebrand factor antibody did stain the 
blood vessels in the adjacent adipose tissue (Figure 7.9).

Figure 7.10 shows a typical section of L1210 tumour stained with anti-von 
Willebrand factor antibody. The artery and vein present in the tumour tissue are both
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Figure 7.4
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B16F10 tumour formalin-fixed, paraffin section; H&E staining. 
Section shows the presence of viable tumour cells (T) and 
erythrocytes (E). Print mag.: lOOx.
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Figure 7.5 High magnification of B16F10 tumour formalin-fixed, paraffin 

section; H&E staining. Section shows the presence of 
erythrocytes (E) within a blood vessel. Print mag.: 400x.

203



. . .  v m - ' " : ' # : '

Figure 7.6 L1210 tumour formalin-fixed, paraffin section; H&E staining.
Section shows the invasion of viable tumour cells (T) into 
surrounding connective tissue; and presence of necrotic cells (N). 
Print mag.; lOOx.
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Figure 7.7 High magnification of LI210 tumour formalin-fixed, paraffin 
section; H&E staining. Section shows viable tumour cells (T) 
surrounded by necrotic cells (N). Print mag.: 400x.
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Figure 7,8 B16F10 tumour formalin-fixed, paraffin-embedded section;
immunostained for von Willebrand factor and haematoxylin 
counterstain. Section does not show positive staining. Print mag.: 
lOOx.
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Figure 7.9 Surrounding adipose tissue (A) of B16F10 tumour formalin-fixed, 
paraffin-embedded section; immunostained for von Willebrand factor 
and haematoxylin counterstain. The endothelial cells (E) are weakly 
stained. Print mag.: lOOx.
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Figure 7.10 LI210 tumour tissue, formalin-fixed, paraffin-embedded section;
immunostained for von Willebrand factor and haenratoxylin 
counterstain .The section shows artery (A) and vein (Vi present 
within tumour tissue. Print mag.: lOOx.

✓ V,

Figure7 .il High magnification of L 1210 tumour formalin-fixed, paraffin- 
embedded section; immunostained for von Willebrand Actor and 
haematoxylin counterstain. The vessel is staining positively. Print 
mag.: 400x.
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intensely stained by the anti-von Willebrand factor antibody. However, the 
surrounding tumour tissue was not stained indicating the absence of positive-staining 
tumour capillaries. When observed at high magnification (print magnification of 
400x), the structure of the mature artery can be seen clearly (Figure 7.11). Elastin and 
smooth muscle are present within the middle layer of the artery wall, and this is termed 
the tunica media (Martini, 1992). Thus, the anti-von Willebrand factor antibody only 
stained arteries and veins, and not the immature capillaries which are commonly found 
in the solid tumours.

7 . 3 . 3  Immunostaining with anti-von Willebrand factor antibody and
anti-CD 31 antibody in fresh-frozen B16F10 tumour tissue
As anti-CD31 antibody stains fresh-frozen tissue samples but not paraffin 

embedded tissue, fresh-frozen specimens were used in this study. When B16F10 
samples were stained with anti-von Willebrand factor antibody, as seen using the 
paraffin sections (Figure 7.8) there was no positive staining of blood vessels within 
the tumour tissue (Figure 7.12). Non-specific staining in the periphery was observed 
similar to that seen in the negative control (Figure 7.13).

However, when the same frozen B16F10 samples were stained with anti- 
CD31 antibody a high density of positive (brown DAB precipitate) stained vessels 
were observed in the tumour tissue (Figure 7.14). The negative control did not show 
any non-specific staining (Figure 7.15). Inspection at high magnification (print 
magnification of 400x) clearly shows strong staining of tumour capillaries by the anti- 
CD31 antibody (Figures 7.16 and 7.17).

7 .4  D iscussion
H&E staining is routinely used to assess the morphology of tumour cells in 

experimental and clinical oncology. The H&E stained B16F10 and L I210 tumours 
used in these studies displayed regions with a high density of rapidly dividing tumour 
cells as well as regions of necrosis (as discussed in Section 1.5.2, hypoxia and 
necrosis are common features of solid tumours). Additionally, invasion of tumour 
cells into the surrounding connective tissue and adipose tissue was observed. 
Erythrocytes were visible in the H&E sections and erythrocytes (approximately 6.7- 
7.7 pm) provides a reference for the size of other cells. However, H&E staining was 
not able to clearly reveal the endothelial cells surrounding the small tumour blood 
vessels.

Both the anti-von Willebrand factor and anti-CD31 antibodies chosen to stain 
endothelial cells should have recognised blood vessels, in both normal and tumour
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Figure 7.12 B16F10 tumour frozen section; immunostained for von
Willebrand factor and haematoxylin counterstain. Section does 
not show positive staining. Print mag.; lOOx.
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Figure 7.13 B16F10 tumour frozen section; negative control for anti-von
Willebrand antibody and haematoxylin counterstain. The section
does not show positive staining. Print mag.: lOOx.
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Figure 7.14 B16F10 tumour frozen section; immunostained for CD31 and 

haematoxylin counterstain. The endothelial cells are showing 
clear (brown) staining. Print mag.: lOOx.
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Figure 7.15 B16F10 tumour frozen section; negative control for anti-CD31
antibody and haematoxylin counterstain. The section does not
show positive staining. Print mag.: lOOx.

209



N

' cV.-*’ . >■
i .  . '  . 

g  . y
4 .  ...

4 f

Figure 7.36 High magnification of B16F10 tumour frozen section;
immunostained with anti-CD31 antibody and haematoxylin 
counterstain. The endothelial cells (E) show positive staining. 
Print mag : 400x.

< m

*-

Figure 7 .17 High magnification o f  B16F10 tumour frozen section;
immunostained for CD31 and haematoxylin counterstain The
endothelial cells (E) are positively stained. Print mag.: 400x.
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Chapter 7.’Visualisation o f  Tumour Vessels

tissue. However, neither the B16F10 nor L1210 tumour vessels stained intensively 
with anti-von Willebrand factor antibody. Positive staining was observed only in the 
surrounding connective tissue or adipose tissue, where the mature arteries and veins 
were clearly stained. Poor staining using anti-von Willebrand factor antibody has been 
reported by other groups and methodological difficulties was reviewed by Gasparini 
(1994).

In contrast, when anti-CD31 antibody was used to stain frozen sections, it 
stained the majority of the B16F10 intratumoural vessels. The high sensitivity of anti- 
CD31 antibody for tumour micro vessels would allow this antibody to be used for 
quantitation of vessel number.

Microvessels can be counted manually or determined by digital image analysis. 
Manual counting using the “hot spot” method has routinely been used to determine 
microvessel density (Weidner, 1998b; Hansen etal., 1998).

Although time did not permit it, immunostaining with the anti-CD31 antibody 
technique developed here will allow quantitation of microvessels present in solid 
tumours in future studies. It is important to correlate tumour vascularisation in solid 
tumours of different size and different types with the extent of PKl uptake seen in 
Chapters 3 and 4.
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Chapter 8: General Discussion

8 .1  D iscussion
As we begin to realise the importance of the EPR effect in localising 

macromolecules within solid tumours, it is obvious that there is a need to study further 
the factors that govern this effect. This is important to further optimise passive tumour 
targeting by the EPR effect and also to design better delivery systems that exploit this 
mechanism of tumour capture. Since the beginning of this study, awareness of the 
importance of the EPR-mediated tumour targeting has increased dramatically. 
Furthermore, the first paper describing a Phase I clinical trial of a polymer-drug 
conjugate (PKl) was published (Vasey et al., 1999) and preliminary Phase I/Q clinical 
data relating to PK2 have recently been published (Julyan et a l, 1999).

The factors influencing the EPR effect can be divided into two main groups: 
(1) tumour-related factors; and (2) carrier-related factors. This study has tried to 
investigate both.

8 .2  Factors influencing the EPR-mediated tumour targeting 
Tumour-related factors

In the three years since this study was started, various factors influencing the 
tumour uptake of macromolecules by the EPR effect have been reported. They are 
shown schematically in Figure 8.1. Recently, Hobbs et a l, (1998) reported that a 
larger vessel pore cut-off size ( 1 .2 - 2  pm) was observed in a murine mammary 
carcinoma MCa IV grown in dorsal chamber when compared to the same tumour 
grown in the cranial environment (380-550 nm). Similarly, Roberts et al. (1998) 
examined the neovasculature of four tumour types (murine rhabdomyosarcoma MIS, 
murine mammary carcinoma EMT, glioblastomas U87 and U251) implanted s.c. or in 
the brain. They reported that a dramatic decrease in the occurrence of fenestrated 
endothelium and vessels with open endothehal gaps when the tumours are grown in 
the brain. In addition; Wu et al., (1998) described the influence of mediators of 
vascular permeability (such as bradykinin and NO) on the extent of Sarcoma-180 
tumour uptake of macromolecules by the EPR effect.

The data presented in Chapters 3 and 4 represent the first study that examined 
the influence of tumour size and tumour type on the uptake of Evans blue and PK l. 
Using PKl as probe, higher accumulation (8 -fold higher) was observed in the small 
B16F10 tumours (< 100 mg) compared to the larger B16F10 tumours (0.6-1.1 g). 
The extent of tumour uptake of PKl varied from 1 to 12% dose/g tumour depending 
on the size and type of tumours (murine or human xenograft) studied.
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Figure 8.1 Schematic diagram showing tumour-related factors influencing uptake of macromolecular anticancer agents (and liposomal
formulations) by the EPR effect.



Chapter 8: General Discussion

These studies demonstrate the importance of standardisation of the in vivo 
tumour models used to study and to screen novel macromolecular anticancer 
conjugates such as PKl and also the liposomal formulations. There is an important 
need to choose carefully the tumour type (high or low EPR) and also to standardise the 
tumour. Investigators should be aware of the intra-tumoural and inter-tumoural 
heterogeneity when designing preclinical studies for selection of candidate polymer- 
drug conjugates for further clinical testing. Very importantly, these studies also 
demonstrated that the EPR-mediated tumour targeting of polymer-drug conjugates is 
highly effective in the smaller tumours. This could be useful in treating 
micrometastases in the clinic where surgical removal or effective treatment in other 
ways is often difficult.

It will be important in future to investigate further the cause for the observed 
tumour-related differences presented in Chapters 3 and 4. Determination of the extent 
of tumour vascularisation and vessel density in tumours of different size and type is 
important and this should be correlated with PKl tumour accumulation. 
Immunostaining using the anti-CD31 antibody technique developed in Chapter 7 
would allow such quantitation.

Carrier-related factors
The carrier-related factors that govern the EPR-mediated tumour targeting are 

summarised in Figure 8.2. These factors (discussed in Sections 1.3.2 and 1.6.1), 
were explored further in this thesis and the data presented in Chapter 5 represent the 
first study that has compared the influence of carrier architecture on tumour uptake. 
These studies clearly showed that all the carriers, including Doxil of diameter ~100 nm 
were taken up by B16F10 tumours and conclusively, that prolonged blood residence 
resulted in improved solid tumour accumulation.

8 .3  Exploiting the EPR-mediated targeting: optimisation of polymer 
therapeutics 

Improving permeability o f  tumour vessel
Attempts to improve the permeability of the tumour vasculature would 

undoubtedly lead to an increased in the tumour uptake of polymer-drug conjugates. 
Some of the mediators known to increase vascular permeability are summarised in 
Figure 8.3. In future, it would be interesting to study systematically the effect of these 
factors on PKl targeting.
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Chapter 8: General Discussion

Prolonging carrières blood residence time
Several different methods could be used to prolong polymer-drug residence 

time in the circulation (Figure 8.3). Nanoparticles and micelles that displayed 
prolonged blood residence showed significant EPR-mediated tumour targeting 
(discussed in Chapter 6 ). New HPMA-copolymer-DOX nanoparticles were described 
in Chapter 6  and the next step would be to investigate their in vivo distribution and 
compare B16F10 tumour uptake with that seen for PKl in Chapter 5 .

Levels o f activating enzyme
The variability in PKl EPR-mediated targeting observed here was 

approximately 10-fold (1-12% dose/g tumour at 1 h). However, and very 
surprisingly, the variability in the rate of DOX liberation from PKl was 200-fold, i.e, 
much greater (Chapter 4). If present in patients, this variability in PKl activation could 
markedly influence PKl antitumour activity in man when used to treat different 
tumour types. To better understand this phenomenon, studies are needed to investigate 
the levels of the activating enzyme (lysosomal cysteine proteases) present in the 
different experimental and human tumours. Quantitation of enzyme levels in the 
tumour models examined in Chapter 4, possibly by ELISA assay, and correlation with 
the rate of DOX release observed would be very interesting.

Although this thesis could not investigate all factors that may influence the 
EPR-mediated tumour targeting, it reveals not only the importance of standardisation 
and careful selection of experimental tumour models, but also the possibility to exploit 
better the EPR effect when we understand better the requirements for design and use 
of drug carrier that target tumours by this mechanism.

218



References

REFERENCES

219



References

A

Al-Shamkani A and Duncan R (1995). Synthesis, controlled release properties and 
antitumour activity of alginate-cw-aconityl-daunomycin conjugates. Int. J. Pharm., 122, 
107-119.

Allémann E, Gumy R and Doelker E (1993). Drug-loaded nanoparticles- preparation 
methods and drug targeting issues. Eur. J  o f Pharm. Biopharm., 39, 173-191.

Allémann E, Brasseur N, Benrezzak O, Rousseau J, Kudrevich SV, Boyle RW, Leroux 
J-C, Gumy R and Van Lier JE (1995). PEG-coated poly(lactic acid) nanoparticles for the 
delivery of hexadecafluoro zinc phthalocyanine to EMT-6 mouse mammary tumours. J. 
Pharm. Pharmacol., 47, 382-387.

B
Baban DF and Seymour LW (1998). Control of tumour vascular permeability. Adv. Drug 
Deliv. Rev., 34, 109-119.

Barnhill RL, Piepkom MW, Cochran AJ, Flynn E, Karaoli T and Folkman J (1998). 
Tumour vascularity, proliferation and apoptosis in human melanoma micrometastases and 
macrometastases. Arch. Dermatol., 134, 991-994.

Bemsen HJJA, Rijken PFJW, Oostendorp T and van der Kogel AJ (1995). Vascularity 
and perfusion of human gliomas xenografted in the athymic nude mice. Br. J. Cancer, 
71, 721-726.

Bibby MC (1999). Making the most of rodent tumour systems in cancer dmg discovery. 
Br. J. Cancer,19, 1633-1640.

Blood C and Zetter B (1990). Tumour interactions with the vasculature: angiogenesis and 
tumour metastasis. Biochim. Biophys. Acta, 1032, 89-118.

Boehm T, Folkman J, Browder T and O’Reilly MS (1997). Antiangiogenic therapy of 
experimental cancer does not induce acquired dmg resistance. Nature, 390,405-407.

220



References

Bokkel Huinink WW, Meerum Terwogt J, Dubbelman R, Valkenet L, Zurlo MG, 
Schellens JHM and Beijen JH (1998). Phase I and pharmacokinetics study of 
PNU166945, a polymer formulated paclitaxel. Proceedings of the 3rd. International 
Symposium on Polymer Therapeutics, London, UK, 12.

Brannon-Peppas L (1995). Recent advances on the use of biodegradable microparticles 
and nanoparticles in controlled drug-deliver. Int. J. Pharm., 1995,116, 1-9.

Brown JM and Giaccia AJ (1998). The unique physiology of solid tumours: opportunities 
(and problems) for cancer therapy. Cancer Res., 58, 1408-1416.

Buske C, Feuring-Buske M, Unterhalt M and Hiddemann W (1999). Monoclonal 
antibody therapy for cell non-Hodgkin’s lymphomas: emerging concepts of a tumour- 
targeted strategy-review. Eur. J. Cancer, 35, 549-557.

£
Cao Z, Joseph WR, Browne WL, Mountjoy KG, Palmer BD, Baguley BC and Ching L-

M (1999). Thalidomide increases both intra-tumoural tumour necrosis factor-a production

and anti-tumour activity in response to 5,6-dimetylxanthenone-4-acetic acid. Br. J. 
Cancer, 80, 716-723.

Caro CG, Pedley TJ, Schroter RC and Seed WA (1978). The systemic microcirculation. 
In: The Mechanic of the circulation. Oxford University Press, Oxford, UK. 350-433.

Cassidy J, Duncan R, Morrison GJ, Strohalm J, Plocova D, Kopecek J and Kaye SB 
(1989). Activity of N-(2-hydroxypropyl)methacrylamide copolymers containing 
daunomycin against a rat tumour model. Biochem. Pharmacol., 38, 875-879.

Chabner BA and Myers CE (1993). Antitumour antibiotics. In: DeVita VT, Heilman SA 
and Rosenberg SA (eds): Cancer: Principles and practice of oncology, 4th ed. JB 
Lipincott Co., Philadelphia, 374-384.

Chabner BA, AUegra CJ, Curt GA and Calabresi P (1996). Antineoplastic agents. In: 
Hardman JG, Limbird LB, Molinoff PB, Ruddon RW and Goodman Gilman A (eds):

221



References

Goodman and Gilman’s The pharmacological basis of therapeutics, 9th ed. McGraw-Hill 
Co. Inc., New York, 1233-1287.

Chari RVJ (1998). Targeted delivery of chemotherapeutics: tumour-activated prodrug 
therapy. Adv. Drug Deliv. Rev., 31, 89-104.

Clasen RA, Pandolfi S and Hass GM (1970). Vital staining, serum albumin and the blood 
brain barrier. J. Neuropathol. Exp. Neurol., 29, 266-284.

Connors TA (1995). The choice of prodrugs for gene directed enzyme prodrug therapy of 
cancer. Gene Therapy, 2, 702-709.

Coukell AJ and Spencer CM (1997). Polyethylene glycol-liposomal doxorubicin a review 
of its pharmacodynamic and pharmacokinetic properties, and therapeutic efficacy in the 
management of AlDS-related Kaposi’s sarcoma. Drugs, 53, 520-538.

Couvreur P, Dubemet C and Puisieux F (1995). Controlled drug-delivery with 
nanoparticles- current possibilities and future-trends. Eur. J. Pharm. Biopharm., 41, 2- 
13.

Cowens JW, Creaven PJ, Greco WR, Brenner DE, Tung Y, Ostro M, Pilkiewicz F, 
Ginsberg R and Petrelli N (1993). Initial clinical (Phase 1) trial of TLC D-99 (doxorubicin 
encapsulated in liposomes). Cancer Res., 53, 2796-2802.

CRC Scientific Yearbook (1996). The challenge we face: the latest cancer statistics.

Cummings J (1998). Microspheres as a drug delivery system in cancer therapy. Expert 
Opinion on Therapeutic Patents, 8,153-171.

D
D’Amato RJ, Loughnan MS, Flynn E and Folkman J (1994). Thalidomide is an inhibitor 
of angiogenesis. Proc. Natl. Acad. Sci. USA, 91, 4082-4085.

Dachs GU and Stratford IJ (1996). The molecular response of mammalian cells to 
hypoxia and the potential for exploitation in cancer therapy. Br. J. Cancer, 74 (suppl 27), 
S126-S132.

222



References

Danhauser-Riedl S, Hausmann E, Schick HD, Bender R, Dietzfelbinger H, Rastetter J 
and Hanauske AR (1993). Phase I clinical and pharmacokinetic trial of dextran conjugated 
doxorubicin (AD-70, DOX-OXD), Investigational New Drugs, 11, 187-195.

Davis SS and Ilium L (1986). Colloidal delivery systems-opportunities and challenges. 
In: Tomlinson E and Davis SS (eds). Site-specific delivery. John Wiley and Sons Ltd, 
UK. 93-110.

DeDuve C, De Barsy T, Poole B, Trouet A, Tulkens P and Van Hoof F (1974). 
Lysosomotropic agents. Biochem. Pharmacol., 23, 2495-2531.

Dellian M, Witwer BP, Salehi HA, Yuan F and Jain RK (1996). Quantitation and 
physiological characterization of angiogenic vessels in mice - technical advance. Am. J. 
Pathol., 149, 59-71.

Denny WA and Wilson WR (1998). The design of selectively-activated anti-cancer 
prodrugs for use in antibody-directed and gene-directed enzyme prodrug therapies. J. 
Pharm. Pharmacol, 50, 387-394.

Detmar M, Brown LF, Schon MP, Flicker BM, Velasco P, Richard L, Fukumura D, 
Monsky W, Claffey KP and Jain RK (1998). Increased microvascular density and 
enhanced leukocyte rolling and adhesion in the skin of VEGF transgenic mice. J. Invest. 
Dermatology, 111, 1-6.

DeVita VT (1993). Principles of chemotherapy. In: DeVita VT, Heilman SA and 
Rosenberg SA (eds): Cancer: Principles and practice of oncology, 4th ed. JB Lipincott 
Co., Philadelphia, 276-292.

Dreyer G and Ray W (1910). Ill The blood volume of mammals as determined by 
experiments upon rabbits. Guinea-pigs and mice and its relationship to body weight and 
surface area expressed in a formula. Philos. Trans. Royal Soc. Science London, 201, 
133-160.

223



References

Duncan R, Seymour LW, Scarlett L, Lloyd JB, Rejmanova P and Kopecek J (1986). N- 
(2 -hydroxypropyl)methacrylamide copolymers with pendent galactosamine residues: fate 
after i.v. administration in rats. Biochim. Biophys. Acta, 880, 62-71.

Duncan R, Kopeckova-Rejmanova P, Strohalm J, Hume IC, Lloyd JB and Kopecek J 
(1988). Anticancer agents coupled to N-(2-hydroxypropyl)methacrylamide copolymers. 
2. Evaluation of daunomycin conjugates in vivo against L1210 leukaemia. Br. J. Cancer, 
57, 147-156.

Duncan R, Hume IC, Yardley HJ, Flanagan PA, Ulbrich K, Subr V, and Strohalm J 
(1991). Macromolecular prodrugs for use in targeted cancer chemotherapy: melphalan 
covalently coupled to N-(2-hydroxypropyl)methacrylamide copolymers. J. Controlled 
Release, 16, 121-136.

Duncan R (1992). Drug-polymer conjugates: potential for improved chemotherapy. 
Anticancer Drugs, 3,175-210.

Duncan R and Spreafico F (1994). Polymer conjugates: pharmacokinetic considerations 
for design and development. Clin. Pharmacokinet., 27, 290-306.

Duncan R, Dimitiijevic S and Evagorou EG (1996). The role of polymer conjugates in the 
diagnosis and treatment of cancer. STP Pharma Sci., 6, 237-261.

Duncan R (1999). Polymer therapeutics into the 21st century. In: Park K and Mrsny 
(eds): Drug delivery in the 21st century, ACS , Washington (in press).

Dvorak HE, Nagy JA, Dvorak JT and Dvorak AM (1988). Identification and 
characterization of the blood vessels of solid tumours that are leaky to circulation 
macromolecules. Am. J. Pathol., 133, 95-109.

E

Elliott E and Sloane BF (1996). The cysteine protease cathepsin B in cancer. Perspect. 
Drug Discov. Design, 6, 12-32.

Endicott JA and Ling V (1989) The biochemistry of P-glycoprotein-mediated multidrug 
resistance. Ann. Rev. Biochem., 58, 137-171.

224



References

F

Fenton BM, Paoni SF, Lee J, Koch CJ and Lord EM (1999). Quantification of tumour 
vasculature and hypoxia by immunohistochemical staining and HbO^ saturation 
measurements. Br. J. Cancer, 79, 464-471.

Fidler IJ (1991). Cancer metastasis. British Medical Bulletin., 47, 157-177.

Folkman J (1975). Tumour angiogenesis. In: Becker FF (ed): Cancer: a comprehensive 
treatise. Biology of tumors: cellular biology and growth. Plenum Press, New York, 
USA, 3, 355-388.

Folkman J (1986). How is blood vessel growth regulated in normal and neoplastic 
tissue?- GHA Clowes Memorial Award Lecture. Cancer Res., 46,467-473.

Folkman J (1990). What is the evidence that tumours are angiogenesis dependent? J. 
Natl. Cancer Inst., 82, 4-6.

Folkman J (1995). Tumour angiogenesis. In: Mendelsohn J, Rowley PM, Israel MA and 
Liotta LA (eds): The molecular basis of cancer. WB Saunders Co, Philadelphia. 206-232.

Folkman J (1996a). New perspectives in clinical oncology from angiogenesis research. 
Eur. J. Cancer, 32A, 2534-2539.

Folkman J (1996b). Fighting cancer by attacking its blood supply. Scientific Am ., 
September (special issue), 116-119.

Folkman J and D’Amore PA (1996). Blood vessel formation: what is its molecular basis?- 
minireview. Cell, 87, 1153-1155.

Fontanini G, Boldrini L, Vignati S, Chine S, Basolo F, Silvestri V, Lucchi M, Mussi A, 
Angeletti CA and Bevilacqua G (1998). Bcl2 and p53 regulate vascular endothelial growth 
factor (VEGF)-mediated angiogenesis in non-small cell lung carcinoma. Eur. J. Cancer, 
34, 718-723.

Forssen EA, Coulter DM and Proffitt RT (1992). Selective in vivo localization of 
daunorubicin small unilamellar vesicles in solid tumours. Cancer Res., 52, 3255-3261.

225



References

Forssen EA, Male-Bmne R, Adler-Moore JP, Lee MJA, Schmidt PG, Krasieva TB, 
Shimizu S and Tromberg BJ (1996). Fluorescence imaging studies for the disposition of 
daunorubicin liposomes (DaunoXome) within tumour tissue. Cancer Res., 56, 2066- 
2075.

Fujimoto K, Hosotani R, Wada M, Lee J-U, Koshiba T, Miyamoto T, Tsuji S, Nakajima 
S, Doi R and Imamura M (1998). Expression of two angiogenic factors, vascular 
endothelial growth factor and platelet-derived endothelial cell growht factor in human 
pancreatic cancer, and its relationship to angiogenesis. Eur. J. Cancer, 34,1439-1447.

Fujimoto J, Sakaguchi H, Hirose R, Ichigo S and Tamaya T (1999). Expression of 
vascular endothelial growth factor (VEGF) and its mRNA in uterine cervical cancers. Br. 
J. Cancer, 80, 827-833.

G
Gabizon A (1994). Liposomal anthracyclines. New Drugs Therapy, 8,431-450.

Gabizon A, Catane R, Uziely B, Kaufman B, Safra T, Cohen R, Martin F, Huang A and 
Barenholz Y (1994). Prolonged circulation time and enhanced accumulation in malignant 
exudates of doxorubicin encapsulated in polyethylene-glycol coated liposomes. Cancer 
Res., 54, 987-992.

Gabizon A (1995). Liposome circulation time and tumour targeting: implications for 
cancer chemotherapy. Adv. Drug Deliv. Rev., 16, 285-294.

Gabizon A, Chemla M, Tzemach D, Horowitz A and Goren D (1996). Liposome 
longevity and stability in circulation : effects on the in vivo delivery to tumours and 
therapeutic efficacy of encapsulated anthracyclines. J. Drug Target., 3, 391-398.

Gabizon A and Martin F (1997). Polyethylene glycol-coated (PEGylated) liposomal 
doxourbicin-rational for use in solid tumours. Drugs, 54, 15-21.

Gabizon A, Goren D, Cohen R and Barenholz Y (1998), Development of liposomal 
anthracyclines: from basics to clinical applications. J. Controlled Release, 53, 275-279.

226



References

Gasparini G (1994). Quantification of intratumoural vascularisation predicts metastasis in 
human invasive solid tumours. Oncol. Rep., 1, 7-12.

Gasparini G, Weidner N, Bevilacqua P, Maluta S, Palma PD, Caffo O, Barbareschi M, 
Boracchi P, Marubini E and Pozza F (1994). Tumour microvessel density, p53 
expression, tumour size and peritumoural lymphatic vessel invasion are relevent 
prognostic markers in node-negative breast carcinoma. J. Clin. Oncol., 12,454-466.

Gerlowski LE and Jain RK (1986). Microvascular permeability of normal and neoplastic 
tissues. Microvasc. Res., 31, 288-305.

Gill PS, Wemz J, Scadden T, Cohen P, Mukwaya GM, von Roenn JH, Jacobs M, 
Kempin S, Silverberg I, Gonzales G, Rarick MU, Myers AM, Shepherd F, Sawka C, 
Pike MC and Ross ME (1996). Randomised Phase IQ trial of liposomal daunomycin 
versus doxorubicin, bleomycin, and vincristine in AIDS-related kaposi’s sarcoma. J Clin. 
Oncology, 14, 2353-2364.

Good DJ, Polverini PJ, Rastinejad F, Le Beau MM, Lemons RS, Frazier WA and Bouck 
NP (1990). A tumour suppressor-dependent inhibitor of angiogenesis is immunologically 
and functionally indistinguisable from a fragment of thromsbospondin. Proc. Natl. Acad. 
Sci. USA, 87, 6624-6628.

Gregoriadis G (1989). Targeting of drugs: implications in medicine. In: Roerdink FHD 
and Kroon AM (eds): Drug carrier systems-horizons in biochemistry and biophysics, Vol 
9, John Wiley and Sons,UK, 1-31.

Gregriodis G (1995). Engineering lipsosomes for drug delivery: progress and problems. 
TIBTECH, 13, 527-537.

Grunstein J, Robers WG, Mathieu-Costello O, Hanahan D and Johnson RS (1999). 
Tumour-derived expression of vascular endothelial growth factor is a critical factor in 
tumour expansion and vascular function. Cancer Res., 59, 1592-1598.

227



References

Gullino P (1975). Extracellular compartments of solid tumours. In: Becker F (ed): Cancer 
3: a comprehensive treatise; biology of tumours: cellular biology and growth. Plenum 
Press, New York. 327-354.

H
Hanahan D and Folkman J (1996). Patterns and emerging mechanisms of the angiogeneic 
switch during tumourigenesis. Cell, 8 6 , 353-364.

Hansen S, Grabou DA, Rose C, Bak M and Sorensen FB (1998). Angiogenesis in breast 
cancer: a comparative study of the observer variability of methods for determining 
microvessel density. Lab. Invest., 78, 1563-1573.

Harada M, Takeuchi M, Fukao T and Katagiri K (1971). A simple method for the 
quantitative extraction of dye extravasated into the skin. J. Pharm. Pharmacol., 23, 218- 
219.

Harrington K, Rowlinson-Busza G, Abra R, Uster P and Steward S (1998). Effect of 
tumour size on uptake of ^̂ ‘in-DTPA-labeled stealth liposomes (IDLSL) in a tumour 
xenograft model. Br. J. Cancer, 78 (S2), 35 (P25).

Hatjikondi O, Ravazoula P, Kardamakis D, Dimopoulos J and Papaioannou S (1996). In 
vivo experimental evidence that the nitric oxide pathways is involved in the X-ray induced 
antiangiogenicity. Br. J. Cancer, 74, 1916-1923.

Heilman S (1993). Principles of radiation therapy. In: DeVita VT, Heilman SA and 
Rosenberg SA (eds): Cancer: Principles and practice of oncology, 4th ed. JB Lipincott 
Co., Philadelphia, 248-275.

Helmlinger G, Yuan F, Dellian M and Jain R (1997). Interstitial pH and pO^ gradients in 
solid tumours in vivo: high-resolution measurements reveal a lack of correlation. Nature 
M ed .,3, 177-182.

Hlatky L, Hahnfeldt P, Tsionou C and Coleman CN (1996). Vascular endothelial growth 
factor: environmental controls and effects in angiogenesis. Br. J. Cancer, 74, S151- 
S156.

228



References

Hobbs SK, Monsky WL, Yuan F, Roberts WG, Griffith L, Torchilin VP and Jain RK 
(1998). Regulation of transport pathways in tumour vessels: role of tumour type and 
microenvironment. Proc. Natl. Acad. Sci. USA, 95, 4607-4612.

Hockel M, Schlenger K, Aral B, Schaffer U and Weikel W (1998). Tumour vascularity, 
hypoxia and malignant progression in solid neoplasms. In: Maragoudakis (ed): 
Angiogenesis: models, modulators, and clinical applications. Plenum Press, New York, 
407-413.

Hoes CJT, Grootoonk J, Duncan R, Hume IC, Bhakoo M, Bouma JMW and Feijen J
(1993). Biological properties of adriamycin bound to biodegradable polymeric carriers. J. 
Controlled Release, 23, 37-53.

Hrdina R, Bogusova TA, Kunova A and Kvetina J (1991). Changes in the toxicity and 
therapeutic efficacy of daunorubicin linked with a biodegradable carrier. Neoplasma, 38, 
265-273.

Hyodo I, Doi T, Endo H, Hosokawa Y, Nishikawa Y, Tanimizu M, Jinno K and Kotani 
Y (1998). Clinical significance of plasma vascular endothelial growth factor in 
gastrointestinal cancer. Eur. J. Cancer, 34, 2041-2045.

I
Ilium L and Davis SS (1985). Passive and active targeting using colloidal drug carrier 
systems. In: Buri P and Gumma A (eds): Dmg targeting. Elsevier Science Publishers, 
Amsterdam, The Netherlands, 65-80.

1
Jain RK (1987a). Transport of molecules across tumour vasculature. Cancer Metastasis 
Rev., 6 , 559-594.

Jain RK (1987b). Transport of molecules in the tumour interstitium: a review. Cancer 
Res., 47, 3039-3051.

229



References

Jain RK and Baxter LT (1988). Mechanism of heterogeneous distribution of monoclonal 
antibodies and other macromolecules in tumours: significance of elevated interstitial 
pressure. Cancer Res., 48. 7022-7032.

Jain RK (1989). Delivery of novel therapeutics agents in tumours: physiological barriers 
and strategies. J. Natl. Cancer Inst., 81, 570-576.

Jain RK (1997). Delivery of molecular and cellular medicine to solid tumours. Adv. Drug 
Deliv. Rev., 26, 71-90.

Julyan PJ, Seymour LW, Ferry DR, Daryani S, Boivin CM, Doran J, David M, 
Anderson D, Christodoulou C, Young AM, Hesslewood S and Kerr DJ (1999). 
Preliminary clinical study of the distribution of HPMA copolymers bearing doxorubicin 
and galactosamine. J. Controlled Release, 57, 281-290.

K
Kabanov AV and Alakhov VY (1997). Micelles of amphiphilic block copolymers as 
vehicles for drug delivery. In: Alexandris P and Lindman B (eds): Amphiphilic block 
copolymers: self assembly and applications. Elsevier, Netherland, 1-30.

Kataoka K (1997). Targetable polymeric drugs. In: Park K (ed): Controlled drug 
delivery-challenges and strategies. American Chemical Soc., 49-71.

Kazuno M, Tokunaga T, Oshika Y, Tanaka Y, Tsugane R, Kijima H, Yamazaki H, 
Ueyama Y and Nakamura M (1999). Thrombospondin-2 (TSP2) expression is inversely 
correlated with vascularity in glioma. Eur. J. Cancer, 35, 502-506.

Ke-Lin Qu-Hong, Nagy JA, Eckelhoefer lA, Masse EM, Dvorak AM and Dvorak HE 
(1996). Vascular targeting of solid and ascites tumours with antibodies to vascular 
endothelial growth factor. Eur. J. Cancer, 32A, 2467-2473.

Kerr DJ and Kaye SB (1991). Chemoembolism in cancer chemotherapy. CRC Crit. Rev. 
Ther. Drug Carrier Syst., 8 , 19-37.

Knox RJ and Connors TA (1997). Prodrugs in cancer-chemotherapy-seminar. Pathol. 
Oncol. Res., 3, 309-317.

230



References

Kodama J, Seki N, Tokuma K, Hongo A, Miyagi Y, Yoshinouchi M, Okuda H and 
Kudo T (1999). Vascular endothelial growth factor is implicated in early invasion in 
cervical cancer. Eur. J. Cancer, 35,485-489.

Konak C, Kopeckova P and Kopecek J (1994). Photoregulated adsorption and 
association of amphiphilic copolymers containing azobenzene side chains. J. Colloid 
Interface Set., 168, 235-241.

Konerding MA, Steinberg F, van Ackem C, Budach V and Streffer C (1992). 
Comparative ultrastructural studies of vascularity in different human xenografted tumours. 
In: Fiebig HH and Berger DB (eds). Contribution to oncology: immunodefiecient mice in 
oncology. Vol 42. Basel, Karger, 169-179.

Konerding MA, Fait E, Gaumann A, Dimitroupoulou C and Malkusch W (1998). The 
vascularization of experimental and human primary tumours: comparative morphometiic 
and morphologic studies. In: Maragoudakis (ed): Angiogenesis: models, modulators, and 
clinical applications. Plenum Press, New York, 429-447.

Konerding MA, Malkusch W, Klapthor B, van Ackem C, Fait E, Hill SA, Parkins C, 
Chaplin DJ, Presta M and Denekamp J (1999). Evidence for characteristic vascular 
patterns in solid tumours: quantitative studies using corrosion casts. Br. J. Cancer, 80, 
724-732.

Koukourakis MI, Giatromanolaki A, O’Byrne KJ, Comley M, Whitehouse RM, Talbot 
DC, Gatter KC and Harris AL (1997). Platelet-derived endothelial cell growth factor 
expression correlates with tumour angiogenesis and prognosis in non-small-cell lung 
cancer. Br. J. Cancer, 75, 477-481.

Kratz F and Beyer U (1998). Serum proteins as drug carriers of anticancer agents: a 
review. Drug Delivery, 5, 281-299.

Kreuter J (1994). Drug targeting with nanoparticles. Eur. J. Drug Metab. Pharmaco., 3, 
253-256.

231



References

Kreuter J (1995). Nanoparticulate systems in drug delivery and targeting. J. Drug 
Targeting, 3, 171-173.

Kubitza M, Hickey L and Roberts WG (1999). Influence of host microvascular 
environment on tumour vascular endothelium. Int. J. Exp. Path., 80, 1-10.

Kuruppu D, Chiistophi C and O’Brien PE (1997). Microvascular architecture of hepatic 
métastasés in a mouse model. HPB Surgery, 10,149-158.

Kwon G, Suwa S, Yokoyama M, Okano T, Sakurai Y and Kataoka K (1994). Enhanced 
tumour accumulation and prolonged circulation times of micelle-forming poly(ethylene 
oxide-aspartate) block copolymer-adiiamycin conjugates. J. Controlled Release, 29, 17- 
23.

Kwon G and Kataoka K (1995). Block-copolymer micelles as long-circulating drug 
vehicles. Adv. Drug Del. Rev., 16, 295-309.

L
La SB, Okano T and Kataoka K (1996). Preparation and characterization of the micelle- 

forming polymeric drug indomethacin-incorporated poly(ethylene oxide)-poly(p-benzyl 

L-aspartate) block copolymer micelles. J. Pharm. Set., 85, 85-90.

Langer R (1998). Drug delivery and targeting. Nature, 392, 5-10.

Li WW, Li VW, Casey R, Tsakayannis D, Kruger EA, Lee A, Sun Y-L, Bonar CA and 
Cornelius S (1998). Chnical trials of angiogenesis-based therapies: overview and new 
guiding principles. In: Maragoudakis (ed): Angiogenesis: models, modulators and clinical 
applications. Plenum Press, New York. 475492.

Loadman PM, Bibby MC, Double JA, Al-Shakhaa WM and Duncan R (1999). 
Pharmacokinetics of PKl and doxorubicin in experimental colon tumour models with 
differing responses to PKl. C/m. Cancer Res., (in press).

232



References

Luchtel DL, Boykin JC, Bernard SL and Glenny RW (1998) Histological methods to 
determine blood flow distribution with fluorescent microspheres. Biotechnic. Histochem., 
73, 291-309.

M
MacDonald NJ and Steeg PS (1993). Molecular basis of tumour metastasis. In: CRC. 
Cancer Surveys Vol. 16: The Molecular Pathology of Cancer. Imperial Cancer Research 
Fund, London. 175-199.

Maeda H (1991). SMANCS and polymer-conjugated macromolecular drugs: advantages 
in cancer chemotherapy. Adv. Drug Deliv. Rev., 6 , 181-202.

Maeda H, Seymour LW and Miyamoto Y (1992). Conjugates of anticancer agents and 
polymers: advantages of macromolecular therapeutics in vivo. Bioconjugate Chem., 3, 
351-362.

Maeda H (1994). Polymer conjugated macromolecular drugs for tumour-specific 
targeting. In: Domb AJ (ed): Polymeric site-specific pharmacotherapy. John Wiley and 
Sons, Ltd., 95-116.

Maeda H and Konno T (1997). Metamorphosis of neocarzinostatin to SMANCS: 
chemistry, biology, pharmacology and clinical effect of the first prototype anticancer 
polymer therapeutic. In: Maeda H, Edo K and Ishida N (eds): Neocarzinostatin, the past, 
present and future of an anticancer drug. Springer-Verlag, Tokyo. 227-266.

Majno G (1965). Ultrastructure of the vascular membrane. In: Hamilton WF (ed): 
Handbook of physiology: a critical, comprehensive presentation of physiological 
knowledge and concepts - Section 2: Circulation, Vol. 3, Am. Physiological Soc., 
Washington DC, USA, 2293-2375.

Malik N, Evagorou EG and Duncan R (1999). Dendiimer-platinate: a novel approach to 
cancer chemotherapy. AnticancerDrugs, (in press).

Martini F (1992). Fundamentals of anatomy and physiology. 2nd Edition. Prentice Hall 
Inc., New Jersey, USA.

233



References

Mason P (1998). Diet and the prevention of cancer-an update. The Pharmaceutical 
Journal, 260, 382-385.

Matsumura Y and Maeda H (1986). A new concept for macromolecular therapeutics in 
cancer chemotherapy: mechanism of tumouiitropic accumulation of proteins and the 
antitumour agent Smanes. Cancer Res., 46, 6387-6392.

Mayhew EG, Lasic D, Babbar S and Martin FJ (1992). Pharmacokinetics and antitumour 
activity of epirubicin encapsulated in long-circulating liposomes incorporating a 
polyethylene glycol-derivatised phospholipid. Int. J. Cancer, 51, 302-309.

McIntosh DP, Cooke RJ, McLachlan AJ, Daley-Yates PT and Rowland M (1997). 
Pharmacokinetics and tissue distribution of cisplatin and conjugates of cisplatin with 
carboxymethyldextran and A5B7 monoclonal antibody in GDI mice. J. Pharm. Sc., 8 6 , 
1478-1483.

Meister B, Grünebach F, Bautz F, Brugger W, Fink F-M, Kanz L and Mohle R (1999). 
Expression of vascular endothelial growth factor (VEGF) and its receptors in human 
neuroblastoma. Eur. J. Cancer, 35, 445-449.

Melder RJ, Koenig GC, Witwer BP, Safabakhsh N, Munn LL and Jain RK (1996). 
During angiogenesis, vascular endothelial growth factor and basic fibroblast growth factor 
regulate natural killer cell adhesion to tumour endothelium. Nature Med., 2, 992-997.

Michaud S and Gour BJ (1998). Cathepsin B inhibitors as potential anti-metastatic agents. 
Exp. Opin. Ther. Patents, 8 , 645-672

Monfardini C and Veronese FM (1998). Stabilization of substances in circulation. 
Bioconjugate Chem., 9, 418-450.

Morrow CS and Cowan KH (1993). Mechanism of antineoplastic drug resistance. In: 
DeVita VT, Heilman S and Rosenberg SA (eds): Cancer principles and practice of 
oncology, 4th ed. JB Lippincott Co., Philadelphia, 340-248.

234



References

Moses M, Sudhalter J and Langer R (1990). Identification of an inhibitor of 
neovascularization from cartilage. Science, 248, 1408-1410.

Mosmann T (1983). Rapid colorimetric assay for cellular growth and survival: application 
to proliferation and cytotoxicity assays. J. Immunological Methods, 65, 55-63.

N
Neeman M (1998). Assessment of angiogenesis by MRI. In: Maragoudakis (ed): 
Angiogenesis: models, modulators and clinical applications. Plenum Press, New York. 
55-59.

Neeman M, Meir G, Tempel C, Schiffenbauer Y and Abramovitch R (1998). Mapping 
neovascularization and antineovascularization therapy. In: Maragoudakis (ed):
Angiogenesis: models, modulators and clinical applications. Plenum Press, New York. 
55-59.

Niederhuber JE and Ensminger WD (1993). Treatment of metastatic cancer to the liver. 
In: DeVita VT, Heilman SA and Rosenberg SA (eds): Cancer: Principles and practice of 
oncology, 4th ed. JB Lipincott Co., Philadelphia, 2201-2225.

Nishida K, Mihara K, Takino T, Nakane S, Takakura Y, Rashida M and Sezaki H 
(1991). Hepatic disposition characteristics of electrically charged macromolecules in rat in 
vivo and in the perfused liver. Pharm. Res., 8 , 437-444.

Noguchi Y, Wu J, Duncan R, Strohalm J, Ulbrich K, Akaike T and Maeda H (1998). 
Early phse tumour accumulation of macromolecules: a great difference in clearance rate 
between tumour and normal tissues. Jpn. J. Cancer Res., 89, 307-314.

o
O’Hare KB, Duncan R, Strohalm J, Ulbrich K and Kopeckova P (1993). Polymeric 
drug-carriers containing doxorubicin and melanocyte-stimulating hormone: in vitro and in 
vivo evaluation against murine melanoma. J. Drug Target., 1, 217-229.

O’Reilly MS, Holmgren L, Chen C and Folkman J (1996). Angiostatin induces and 
sustains dormancy of human primary tumours in mice. Nature Med., 2, 689-692.

235



References

O’Reilly MS, Boehm T, Shing Y, Fukai N, Vasios G, Lane WS, Flynn E, Birkhead JR, 
Olsen BR and Folkman J (1997). Endostatin: an endogenous inhibitor of angiogenesis 
and tumour growth. Cell, 8 8 , 277-285.

Oliff A, Gibbs JB and MacCormick F (1996). New molecular targets for cancer therapy. 
Scientific Am., September (special issue). 110-115.

p
Papahadjopoulos D, Allen TM, Gabizon A, Mayhew E, Matthay K, Huang SK, Lee K- 
D, Woodle MC, Lasic Ddm Redemann C and Martin FJ (1991). Sterically stabilized 
liposomes: improvements in pharmacokinetics and antitumour therapeutic efficacy. Proc. 
Natl. Acad. Sci. USA, 8 8 , 11460-11464.

Pedley RB, Boden JA, Boden R, Begent RHJ, Turner A, Haines AMR and King DJ
(1994). The potential for enhanced tumour localisation by poly(ethylene glycol) 
modification of anti-CEA antibody. Br. J. Cancer, 70, 1126-1130.

Polak JM and Noorden SV (1997). Introduction to immunocytochemistry. 2nd ed.. Bios 
Scientific Publishers, Oxford, UK.

Pratesi G, Savi G, Pezzoni F, Bellini O, Penco S, Tinelli S and Zunino F (1985). Poly-L- 
aspartic acid as a carrier for doxorubicin: a comparative in vivo study of free and polymer- 
bound drug. Br. J. Cancer, 52, 841-848.

Q .
Qu-Hong, Nagy JA, Senger DR, Dvorak HF and Dvorak AM (1995). Ultrastructural 
localization of vascular permeability factor/vascular endothelial growth factor 
(VPF/VEGF) to the abluminal plasma membrane and vesiculovacuolar organelles of 
tumour microvascular endothelium. J. Histochem. Cytochem., 43, 381-389.

R
Reilly RM, Sandhu J, Alvarex-Diez TM, Gallinger S, Kirsh J and Stem H (1995). 
Problems of delivery of monoclonal antibodies: pharmaceutical and pharmacokinetic 
solutions. Clin. Pharmacokinet., 28, 126-142.

236



References

Rennie J and Rusting R (1996). Making headway against cancer. Scientific Am ., 
September (special issue), 28-30.

Rfhova B, Bilej M, Vetvicka V, Ulbrich K, Strohalm J, Kopecek J and Duncan R (1989). 
Biocompatibility of N-(2-hydroxypropyl)methacrylamide) copolymers containing 
adriamycin, immunogenicity and effect on haematopoietic stem cells in vivo and mouse 
splenocytes and human peripheral blood in vitro. Biomaterials, 10, 335-342.

Rfhova B (1998). Receptor-mediated targeted drug or toxin delivery. Adv. Drug Deliv. 
Rev., 29, 273-289.

Ringsdorf H (1975). Structure and properties of pharmacologically active polymers. J. 
Polym. Sci. Polymer Symp., 51, 135-153.

Roberts WG, Delaat J, Nagane M, Huang S, Cavenee WK and Palade GE (1998). Host 
microvasculature influence on tumour vascular morphology and endothelial gene 
expression. Am. J. Pathol., 153, 1239-1248.

Rosenberg SA (1993). Principles of surgical oncology. In: DeVita VT, Heilman SA and 
Rosenberg SA (eds): Cancer: Principles and practice of oncology, 4th ed. JB Lipincott 
Co., Philadelphia, 238-247.

Rosenblum WI, Murata S, Nelson GH, Werner PK, Ranken R and Harmon RC (1994). 
Anti-CD31 delays platelet adhesion/aggregation at sites of endothelial injury in mouse 
cerebral arterioles. Am. J. Pathol., 145, 33-36.

s
Schor AM, Pazouki S, Morris J, Smither RL, Chandrachud LM and Pendleton N (1998). 
Hererogeneity in microvascular density in lung tumours: comparison with normal 
bronchus. Br. J. Cancer, 77, 946-951.

Schiller JB, Fiebig HH and Burger AM (1999). Development of human tumour models 
for evaluation of compounds which target tumour vasculature. In: Fiebig HH and Burger 
AM (eds). Relevance of tumour models in anticancer drug development. Contribution to 
Oncology, Karger (in press).

237



References

Senter PD, Svensson HP, Schreiber GJ, Rodriguez XL and Vrudhula VM (1995). 
Poly(ethylene-glygol)-doxorubicin conjugates containing beta-lactamase-sensitive linkers. 
Bioconjugate Chem., 6 , 1043-1082.

Seymour L, Ulbrich K, Strohalm J, Kopecek J and Duncan R (1990). The 
pharmacokinetics of polymer-bound adriamycin. Biochem. Pharmacol., 39,1125-1131.

Seymour L, Ulbrich K, Steyger P, Brereton M, Subr V, Strohalm J and Duncan R
(1994). Tumour tropism and anti-cancer efficacy of polymer-based doxorubicin prodrugs 
in the treatment of subcutaneous murine B16F10 melanoma. Br. J. Cancer, 70, 636-641.

Seymour L, Miyamoto Y, Maeda H, Brereton M, Strohalm J, Ulbrich K and Duncan R
(1995). Influence of molecular weight on passive tumour accumulation of a soluble 
macromolecular drug carrier. Eur. J. Cancer, 31A, 766-770.

Sezaki H, Takakura Y and Rashida M (1989). Soluble macromolecules carriers for 
delivery of antitumour agents. Adv. Drug Del. Rev., 3, 247-266.

Shapiro CL, Ervin T, Welles L, Azamia N, Keeting J and Hayes DF. Phase II trial of 
high-dose liposome-encapsulated doxorubicin with granulocyte colony-stimulating factor 
in metastatic breast cancer. J. Clin. Oncol., 17, 1435-1441.

Sinhababu AK andThakker DR (1996). Prodrugs of anticancer agents. Adv. Drug Del. 
Rev., 19, 241-273.

Skinner SA, Tutton PJ and O’Brien PE (1990). Microvascular architecture of 
experimental colon tumours in the rat. Cancer Res., 50, 2411-2417.

Smith KA, Hill SA, Begg AC, Denekamp J (1988). Validation of the fluorescent dye 
Hoechst 33342 as a vascular space marker in tumours. Br. J. Cancer, 57, 247-253.

Suzuki M, Hori K, Abe I, Saito S and Sato H (1981). A new approach to cancer 
chemotherapy: selective enhancement of tumour blood flow with angiotensin II. J. Natl. 
Cancer Inst., 67., 663-669.

238



References

Symon Z, Peyser A, Tzemach D, Lyass O, Sucher E, Shezen E and Gabizon A (1999). 
Selective delivery of doxorubicin to patients with breast carcinoma métastasés by stealth 
liposomes. Cancer, 8 6 , 72-78.

Î
Takakura Y, Kaneto Y, Fujita T, Hashida M, Maeda H and Sezaki H (1990). Control of 
pharmaceutical properties of soybean trypsin-inhibitor by conjugation with dextran I: 
systhesis and characterization. J. Pharm. Sci., 78, 117-121.

Takakura Y and Hashida M (1996). Macromolecular carrier systems for targeted drug 
delivery: pharmacokinetic considerations on biodistribution-review. Pharm. Res., 13, 
820-831.

Takakura Y, Mahato RI and Hashida M (1998). Extravasation of macromolecules. Adv. 
Drug Deliv. Rev., 34, 93-108.

Tanigawa N, Amaya H, Matsumura M and Shimomatsuya T (1997). Correlation between 
expression of vascular endothelial growth factor and tumour vascularity, and patient 
outcome in human gastric carcinoma. J. Clin. Oncol., 15, 826-832.

Taraboletti G, Roberts D, Liotta LA and Giavazzi R (1990). Platelet thrombospondin 
modulates endothelial cell adhesion, motility and growth: a potential angiogenesis 
regulatory factor. J. Cell Biology, 111, 765-772.

Thomas KA (1996). Vascular endothelial growth factor, a potent and selective 
angiogeneic agent. J Biol. Chem., 271, 603-606.

Thorpe PE and Derbyshire EJ (1997). Targeting the vasculature of solid tumours. J. 
Controlled Release, 48, 277-288.

Tomalia DA (1994). Starburst cascade dendrimers-fundamental building blocks for a new 
nanoscopic chemistry set. Advanced materials, 6 , 529-539.

Tomalia DA and Esfand R (1997). Dendrons, dendrimers and dendrigrafts. Chem. 
Industry, 11, 416-420.

239



References

Tomlinson E (1986). (Patho)physiology and the temporal and spatial aspects of drug 
delivery. In: Tomlinson E and Davis SS (eds.): Site-Specific Drug Delivery. John Wiley 
and Sons Ltd., UK. 1-26.

Tozer GM, Prise VE, Wilson J, Locke RJ, Vojnovic B, Stratford MRL, Dennis ME and 
Chaplin DJ (1999). Combrestatin A-4 phospate as a tumour vascular-targeting agent: early 
effects in tumour and normal tissue. Cancer Res., 59, 1626-1634.

u
Uchegbu IF, Double JA, Kelland LR, Turton JA and Florence AT (1996). The activity of 
doxorubicin niosomes against an ovarian cancer cell line and three in vivo mouse tumour 
models. J. Drug Target., 3, 399-409.

UKCCCR (1998). United Kingdom Co-ordinating Committee on Cancer Research 
(UKCCCR) guidelines for the welfare of animals in experimental neoplasia (2nd ed.). Br. 
J. Cancer, 11, 1-10.

V
Vaage J and Barbera E (1995). Tissue uptake and therapeutic effects of Stealth® 
doxorubicin. In: Lasic D and Martin F (eds): Stealth liposomes. CRC Press Inc., Boca 
Raton, Fla. 149-172.

Vaage J, Donavan D, Uster P and Working P (1997). Tumour uptake of doxorubicin in 
polyethylene glycol-coated liposomes and therapeutic effect against a xenografted human 
pancreatic carcinoma. Br. J. Cancer, 75,482-486.

Van Der Laak JAWM, Westphal JR, Schalkwijk LJM, Pahlplatz MMM, Ruiter DJ, De 
Waal RMW and De Wilde PCM (1998). An improved procedure to qauntify tumour 
vascularity using true colour image analysis: comparison with the manual hot-spot 
procedure in a human melanoma xenograft model. J. Pathology, 184,136-143.

Van Hinsbergh VWM (1992). Transport of macromolecules across the microvascular 
endothelium. In: Junginger HE (ed): Drug targeting and delivery: concepts in dosage form 
design. Ellis Horwood, UK, 1-11.

240



References

Vasey PA, Kaye SB, Morrison R, Twelves C, Wilson P, Duncan R, Thomson AH, 
Murray LS, Hilditch TE, Murray T, Hurtles S, Fraier D, Frigerio E and Cassidy J (1999). 
Phase I clinical and pharmacokinetic study of PKl [N-(2-hydroxypropyl)methcrylamide 
copolymer doxorubicin]: first member of a new class of chemotherapeutic agents-drug- 
polymer conjugates. Clin. Cancer Res., 5, 83-94.

Vattonen S, Timonen U, Toivanen P, Kalimo H, Kivipelto I, Heiskanen D, Unsgaard G 
and Kuume T (1997). Interstitial chemotherapy with carmustine-loaded polymers for 
high-grade gliomas: a randomised double-blind study. Neurosurgery, 41,44-48.

Vaupel P, Kallinowski F and Okunieff P (1997). Blood flow, oxygen and nutrient 
supply, and metabolic microenvironment of human tumours. Cancer Res., 49, 6449- 
6465.

Vecchi A, Carianda C, Lampugnani MG, Resnati M, Matteucci C, Stoppacciaro A, 
Schnurch H, Risau W, Ruco L, Mantovani A and Dejana E (1994). Monoclonal 
antibodies specific for endothelial cells of mouse blood vessels: their application in the 
identification of adult and embryonic endothelium. Eur. J. Cell Biol., 63, 247-254.

Vigevani A and Williamson MJ (1980). Doxorubicin. In: Florey K (ed): Analytical 
profiles of drug substances, Vol 9, Academic Press, New York, 245-274.

w
Webb A, Cunningham D, Cotter F, Clarke PA, Di Stefano F, Ross P, Corbo M and 
Dziewanowska Z (1997). Bcl-2 antisense therapy in patients with non-Hodgkin 
lymphoma. Lancet, 349, 1137-1141.

Wedge SR (1991). Mechanism of action of polymer anthracyclines: potential to overcome 
multidrug resistance-PhD Thesis, Keele University.

Weidner N, Semple JP, Welch WR and Folkman J (1991). Tumour angiogenesis and 
metastasis-correlation in invasive breast carcinoma. N. Engl. J. Med., 324, 1-8.

241



References

Weidner N (1998a). Tumoural vascularity: what does it tell us about the growth and 
spread of cancer? In: Maragoudakis (ed): Angiogenesis: models, modulators, and clinical 
applications. Plenum Press, New York, 389-405.

Weidner N (1998b). Measuring intratumoural microvessel density. In: Maragoudakis 
(ed): Angiogenesis: models, modulators, and clinical applications. Plenum Press, New 
York, 61-74.

Weinberg RA (1996). How cancer arises. Scientific Am., September (special issue). 32- 
40.

Weingart JD and Brem H (1996). Carmustine implants-potential in the treatment of brain 
tumours. CNS Drugs, 6 , 263-269.

Weissleder R, Cheng HC, Marecos K, Kwong K and Bogdanov Jr. A (1998). Non- 
invasive in vivo mapping of tumour vascular and interstitial volume fractions. Eur. J. 
Cancer, 34, 1448-1454.

Westphal JR, Van’t Hullenaar ROM, Van Der Laak JAWM, Cornellssen IMHA, 
Schalkwijk LJM, Van Muijen GNP, Wesseling P, De Wilde PCM, Ruiter DJ and De 
Waal RMW (1997). Vascular density in melanoma xenografts correlates with vascular 
permeability factor expression but not with metastatic potential. Br. J. Cancer, 76,561- 
570.

Wheater PR, Burkitt HG and Daniels VG (1987). Functional histology: a text and colour 
atlas. 2nd Ed., Churchill Livingstone, UK.

Wiig H, Tveit E, Hultbom R, Reed RK and Weiss L (1982). Interstitial fluid pressure in 
DMBA-induced rat mammary tumours. Scand. J  Clin. Lab.Invest., 42, 159-164.

Wilson WR and Pruijn FB (1995). Hypoxia-activated prodrugs as antitumour agents: 
strategies for maximizing tumour cell killing. Clin, and Expt. Pharmacology and 
Physiology, 22, 881-885.

242



References

Wu J, Akaike T and Maeda H (1998). Modulation of enhanced vascular permeability in 
tumours by a bradykinin antagonist, a cyclooxygenase inhibitor and a nitric oxide 
scavenger. Cancer Res., 58, 159-165.

Y
Yokoyama M, Sugiyama T, Okano T, Sakurai Y, Naito M and Kataoka K (1993). 
Analysis of micelle formation of an adriamycin-conjugated poly(ethylene glycol)- 
poly(aspartic acid) block copolymer by gel permeation chromatography. Pharm. Res., 
10, 895-899.

Yokoyama M and Okano T (1996). Targetable drug carriers: present status and future 
perspective. Adv. Drug Del. Rev., 21, 77-80.

Yokoyama M, Fukushima S, Uehara R, Okamoto K, Kataoka K, Sakurai Y and Okano T 
(1998). Characterization of physical entrapment and chemical conjugation of adriamycin 
in polymeric nticelles and their design for in vivo delivery to a solid tumour. J. Controlled 
Release, 50, 79-92.

Yuan F, Dellian M, Fukumura D, Leunig M, Berk DA, Torchilin VP, and Jain RK
(1995). Vascular permeability in a human tumour xenograft: molecular size dependence 
and cutouff size. Cancer Res., 55, 3752-3756.

Young RC, Perez CA and Hoskins WJ (1993). Cancer of the Ovary. In: DeVita VT, 
Heilman SA and Rosenberg SA (eds): Cancer: Principles and practice of oncology, 4th 
ed. JB Lipincott Co., Philadelphia, 1226-1263.

z
Zhang Y, Deng Y, Wendt T, Liliensiek B, Bierhaus A, Greten J, He W, Chen B, Hach- 
Wunderle V, Waldherr R, Ziegler R, Mannel D, Stem DM and Nawroth PP (1996). 
Intravenous somatic gene transfer with anti sense tissue necrotic factor restores blood flow 
by reducing tumour necrosis factor-induced tissue factor expression and fibrin deposition 
in mouse Meth-A sarcomas. J. Clin. Invest., 97, 2213-2224.

243



References

Zunino F, Savi G, Giuliani F, Gambetta R, Supine R, Tinelli S and Pezzoni G (1984). 
Comparison of antitumour effects of daunorubicin linked covalently to poly-L-amino acid 
carriers. Eur. J. Cancer Clin. Oncol., 20, 421-425.

244



Appendix 1

APPENDIX I

245



Appendix 1

ABSTRACTS

Oral presentations:
1. Sat YN, Malik N, Turton JT and Duncan R (1999). Tumour targeting by the EPR 

effect: comparison of three drug delivery system containing doxorubicin. Proceed. 
In tl. Symp. Control. Rel. Bioact. Mater., 26, Boston, USA, p 44-45.

2. Sat YN, Burger AM, Fiebig HH, Sausville EA and Duncan R (1999). 
Comparison of vascular permeability and enzymatic activation of the polymeric 
prodrug HPMA copolymer-doxorubicin (PKl) in human tumour xenografts. 
Proceedings o f the 90th. Annual Meeting o f the American Association fo r  Cancer 
Research, Philadelphia, USA, p 419.

Poster presentations:
1. Sat YN and Duncan R (1997). The role of the enhanced permeability and retention 

(EPR) effect in tumour accumulation of polymeric anticancer agents. J. Pharm. 
Pharmacol., 49 (Suppl. 4), 77.

2. Sat YN and Duncan R (1998). Factors controlling tumour capture of polymers by 
the EPR effect Proceedings o f the 1998 Annual UKCRS Meeting on Continuous 
V Discontinuous Therapy: From Laboratory to Clinical Practice, London, UK, p 
31

3. Sat YN and Duncan R (1998). Factors controlling tumour capture of polymers by 
the EPR effect. Proceedings o f the 3rd. International Symposium on Polymer 
Therapeutics, London, UK, p 51.

4. Duncan R and Sat YN (1998). Tumour targeting by enhanced permeability and 
retention (EPR) effect. Ann. Oncol., 9 (Suppl. 2); 39.

5. Sat YN, Bibby M and Duncan R (1998). Effect of tumour size and tumour type on 
passive tumour accumulation of polymeric anticancer agents. Proceedings o f the 
BACR/Royal Society o f Medicine (Oncology Section) Meeting on “Carcinogens 
and Chemoprevention'\ London, UK, p 18.

6 . Sat Y, Bibby M, Cotter F, Turton J, Fillings A and Duncan R (1999). Tumour 
capture of PKl by the EPR effect and rate of PKl degradation by tumour

246



Appendix 1

proteases: comparison of four murine tumour models and four human tumour 
xenografts. Proceedings o f the 5th Annual UKICKS Society Symposium on 
polymeric drug delivery into the new millennium. Birmingham, UK, p 6 .

247



Appendix II

Statistical consideration

Standard deviation (SD) is a measurement of the variability of samples 

while standard error (SE) is a measurement of the variability of the mean of 

samples. SE is calculated from the SD using the following formula:

SDSE =

These can be a measure of intraexperimental variation (variability 

within one experiment) or interexperimental variation (variability measured in 

more than one experiment).

Regression analysis was used to measure the degree of association 

between two variables. This was calculated using Pearson’s correlation 

coefficient :

r = __________

yy

where

S „ = Z( X  -  X  )2 =  Zx2 -  ^ n

2 _  v.,2 ( zy)2Syy= Z ( y - y ) 2  = Zy2- _ _  

S^y= Z ( x - x X y - y )  = Zxy- '—

Table of critical values for the sample linear correlation coefficient r, 

was used to determined the significance of the correlation where the degree of 

freedom is equal to n-2 .
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