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ABSTRACT

Paclitaxel is a drug of choice for the treatment of ovarian cancer but despite its
widespread usage, the solid staté properties of paclitaxel are not clearly understood.
There is speculation that several solid forms may exist because of the wide range of
reported values for the water solubility of paclitaxel. In this work, two distinct anhydrous
crystalline forms, a dihydrate and an amorphous solid form were identified. Dissolution
profiles of the as received anhydrous form showed a maximum apparent solubility of
3.5 pg/ml after 2 hours that decreased to I pug/ml after 20 hours due to conversion of the
anhydrous form to the dihydrate.

Microsphere delivery systems for paclitaxel were developed using poly(L-lactic
acid) (PLLA) polymers in order to provide controlled release of the drug. The ability to
resuspend microspheres, the total content of paclitaxel in microspheres, and polymer
thermal properties all varied with polymer molecular weight. The greatest changes in
these properties occurred in the molecular weight range of 1k to 4k g/mol. For
microspheres manufactured from 100k g/mol PLLA, surface morphology, thermal
properties and paclitaxel release profiles were dependent on the microsphere size range
and on the paclitaxel loading level. Microspheres were manufactured in the size ranges
of 1-10, 10-35, and 35-105 pum and had theoretical loading levels between 10 and 30%.
Addition of paclitaxel to the microspheres resulted in a dimpled surface morphology
which was believed to be due to paclitaxel’s effect on the formation of the outer surface
of the microspheres. Depression of the glass and melting transition temperatures of the
polymer by up to 6°C indicated that paclitaxel was dissolved in the amorphous phase of

the semicrystalline polymer matrix. In vitro release profiles of paclitaxel from
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100k g/mol PLLA microspheres showed an initial rapid phase of release for 3 days,
followed by a slower phase of apparently zero-order release. The rate and extent of
release increased with increasing paclitaxel loading levels and decreasing particle size.
In order to alter the release profiles for paclitaxel from PLLA microspheres the
polymer matrix was modified by blending low and high molecular weight PLLA
polymers. Blends of 2k and 50 g/mol PLLA and 1k and 100k g/mol PLLA were
prepared with blend compositions between 0 and 100% of the low molecular weight
component and their thermal properties were characterised. Both blend systems
exhibited a single glass transition over the entire range of compositions, indicating that
the polymers were miscible. As the amount of low molecular PLLA increased, the
melting temperature of the polymer blend decreased from 175°C to 145°C and from
175°C to 110°C for the 2k/50k g/mol and 1k/100k g/mol PLLA blends, respectively.
Microspheres made from all blends of 2k/50k g/mol PLLA were spherical and easily
resuspended from the dry state. However, for 1k/100k g/mol PLLA blends, 60% was the
highest proportion of 1k g/mol PLLA that could be used to form spherical microspheres
that were resuspendable. The blend containing 60% 1k g/mol PLLA (PB60) was
therefore selected for the formulation of paclitaxel loaded polymer blend microspheres.
Thermal properties and paclitaxel release profiles from PB60 microspheres were
dependent on the microsphere size range and on the paclitaxel loading level. The
incorporation of paclitaxel into PB60 microspheres did not result in the dimpled
appearance observed for 100k g/mol PLLA microspheres. Depression of the melting
transition temperature of the polymer by up to 6°C indicated that paclitaxel was dissolved

in the PB60 polymer matrix. However, the glass transition temperature of the blend was
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increased by the addition of paclitaxel, iﬂdicating that the amorphous phase was stiffened
by the addition of the drug. In vitro release profiles for paclitaxel released from PB60
microspheres showed an initial rapid phase of release for 3 days, followed by a constant
rate of diffusion controlled release until day 21 of the release study. Around day 21,
PB60 microspheres in all size ranges and paclitaxel loadings exhibited a sudden increase
in the release rate due to the onset of erosion of the matrix.

Microspheres made from 100k g/mol PLLA were used in two sets of in vivo
studies in rats. The first study determined the size of microspheres that Would be retained
in the peritoneal cavity. The second study determined the efficacy of intraperitoneal
paclitaxel loaded microspheres in preventing 9L glioblastoma tumour growth following a
tumour cell spill. To simulate the spill two million tumour cells were injected into the
peritoneal cavity through an incision in the abdomen of rats.

Microspheres with diameters of less than 24 um were observed in the lymphatic
system of rats. It is believed that these microspheres passed from the peritoneal cavity to
the lymphatic system through fenestrations in the diaphragm. Microspheres in the size
range of 35-105 um were selected for the efficacy study to ensure that they would be
retained in the peritoneum. A dose of 100 mg of 30% loaded microspheres, administered
at the time of the simulated tumour cell spill, was efficacious in preventing tumour cell

implantation and growth for up to six weeks.
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1. INTRODUCTION

Paclitaxel has become a drug of choice in the treatment of ovarian cancer and is
undergoing clinical trials for use in the treatment of several other cancers (Rowinsky,
1994). Despite its widespread usage, the solid state properties of paclitaxel are not
clearly understood. There is speculation in the literature of the existence ofa hydrate
form and an amorphous form of paclitaxel (Dordunoo and Burt, 1996; Adams et al.,
1993). Solvates of paclitaxel have also been identified (Mastropaolo et al., 1995).
Elucidation of the solid state properties of paclitaxel and the identification of different
solid forms of the drug could explain the wide range of solubility data that have been
reported in the literature. Values of aqueous solubility of paclitaxel between 0.3 and 30
pg/ml have been reported (SharmaAet al., 1995).

The delivery of chemotherapeutic agents using polymeric microspheres has
become a popular area of research because of the possibilities of achieving controlled
release and of localising the delivery of cytotoxic agents. This strategy has been applied
to the intraperitoneal injection of cisplatin for the treatment of ovarian cancer (Kumagai
et al., 1996). Paclitaxel has also been identified as a good candidate for intraperitoneal
injection because of its slow clearance from the peritoneum (Eisman ef al., 1994), and
effectiveness in treating ovarian cancer. The efficacy of paclitaxel is dependent on both
drug concentration and on exposure time (Rowinsky et al., 1988). Thus microspheres
that remain in the peritoneal cavity and release paclitaxel for a prolonged period while

limiting systemic exposure would represent an improvement over the current systemic




formulation. Despite this potential advantage, paclitaxel loaded microspheres have never
been evaluated for this purpose.

Another application of intraperitoneal chemotherapy is the prevention of
intraperitoneal carcinomatosis. In tumour resection surgeries there is the potential for a
tumour cell spill that can cause intraperitoneal carcinomatosis due to handling of tumours
or cutting through tumour margins (Jacquet ef al., 1995). The freed tumour cells can
circulate within the peritoneum resulting in proximal metastases to the abdominal wall
and the organs within the peritoneum. It is hypothesised that paclitaxel loaded
microspheres of sufficient size, administered at the time of surgery, could remain
entrapped in the peritoneum due to their large size and release paclitaxel over several
weeks in order to prevent growth of tumours after a tumour spill.

The drug release properties of microsphere formulations are dependent on
several factors. These include the nature of the polymer and the drug, the polymer
molecular weight, and the manufacturing conditions which, in turn, affect properties such
as microsphere size, surface morphology and the physical state of the polymer and drug
within the matrix. Blending technology, which allows the production of new
biomaterials without the need to resort to chemical synthesis of new compounds (Gesner,
1969) may also be used to alter the properties of the matrix of polymer microspheres.
Polymer blending has been used to alter drug release profiles, mechanical strength,
swelling characteristics, and biodegradation profiles of microspheres (Bodmeier et al.,
1989, Heya et al., 1991). Therefore, paclitaxel microsphere formulations with different
release characteristics can be made by altering the polymer composition and

manufacturing parameters.




In this work, paclitaxel loaded microspheres were made using blends of poly(L-
lactic acid) (PLLA) polymers. PLLA has well-established biocompatibility (Kulkarni et
al., 1971) and biodegradability (Holland et al., 1986) and has been used for other
microsphere formulations (Kishida et al., 1990; Pavanetto et al., 1993). PLLA was
selected for this work because it has been shown to be semicrystalline over a wide range
of molecular weights (Celli and Scandola, 1991). Therefore low molecular weight PLLA
would be expected to be harder and able to form paclitaxel loaded microspheres with
good handling characteristics, whereas low molecular weight, completely amorphous
polymers, such as poly(lactic-co-glycolic acid) (PLGA), have been shown to form
paclitaxel microspheres that are soft and cannot be resuspended (Guan, 1996). There are
no reports in the literature in which PLLA polymers of different molecular weight have
been blended to alter drug release from a drug delivery system.

In this project it was hypothesised that by blending different molecular weights
of PLLA, drug release and matrix erosion profiles of paclitaxel loaded microsphere could
be modulated. It is essential to characterise the thermal properties and polymer
crystallinity in microspheres with different polymer compositions, since these would
affect release properties by controlling drug transport out of the matrix and the rate of

erosion of the matrix.




The specific aims of this project were to:

1))

2)

3)

4)

5)

Characterise the solid state properties of paclitaxel and confirm the existence of
hydrate or amorphous forms of paclitaxel.

Characterise the effects of polymer molecular weight on the physical properties and
drug release profiles of paclitaxel loaded PLLA microspheres.

Characterise the effects of blending low and high molecular weight PLLA on the
physical properties and drug release profiles of paclitaxel loaded microspheres.
Determine the particle size of PLLA microspheres that could be retained in the
peritoneal cavity of rats.

Evaluate the efficacy of paclitaxel loaded microspheres in an in vivo model of

intraperitoneal carcinomatosis caused by a tumour cell spill.




2. BACKGROUND

2.1. Solid state properties of drugs

2.1.1. Models of crystallinity and degree of crystallinity

A crystalline solid is one in which the constituent molecules are regularly
arranged within a crystal lattice with long range order. Crystals are generally regarded as
“imperfect” since every crystal lattice possesses regions that deviate from the regular
geometry, called crystal defects. The most common defects include dislocations,
vacancies and impurities.

The term “degree of crystallinity” has been used to describe the degree of order
within a crystalline lattice where degrees of crystallinity vary over a continuous scale
from 100% for a perfect crystal to 0% for an amorphous material (Suryanarayanan and
Mitchell, 1985). According to this concept of crystallinity, called the “one-state model”,
the degree of crystallinity decreases as the level of disorder caused by defects increases.
Degree of crystallinity has also been defined as the fraction “of crystalline drug in a
sample containing both amorphous and crystalline states” (Black and Lovering, 1977).
This is called the “two-state model”.

The degree of crystallinity has been calculated using X-ray powder diffraction
(XRPD) peak intensities (Black and Lovering, 1977; Nakai et al., 1982) and heats of
recrystallisation and fusion (Yoshioka et al., 1994; Saleki-Gerhardt et al., 1994).
Solution calorimetry (Pikal et al., 1978), density measurements (Duncan-Hewitt and
Grant, 1986) and infrared absorption measurements (Black and Lovering, 1977) have
also been used. The general principle in all of these methods is the comparison of the
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value of the property in question with values for 100% crystalline and amorphous

materials. The general equation for the calculation of the degree of crystallinity is:

P, -P
Xe ==—2x100% Equation 1

C A

where Xc is the degree of crystallinity. Ps, Pc and P, are the values of a property that
depends on crystallinity, such as density, enthalpy of solution or enthalpy of fusion for
the sample being measured, 100% crystalline and amorphous materials, respectively.
Values of P4 and Pc are obtained from standards selected to approximate 100%

amorphous and crystalline material, respectively.

2.1.2. Amorphous solids

Amorphous solids possess no long-range order within the solid matrix.
Amorphous solids have been formed by lyophilization and spray drying of solutions,
grinding of crystalline solids (Otsuka and Kaneniwa, 1988) and by rapid cooling from a
melt, called quenchj cooling (Yoshioka et al., 1994; Hancock and Zografi, 1997).

Quench cooling of a liquid has the effect of producing a highly viscous material
with random orientation of the molecules in the solid form. Thus amorphous solids may
be regarded as metastable, supercooled liquids possessing liquid properties such as the
ability to flow when stress is applied (Martin, 1993a). Other properties of amorphous
materials include a diffuse XRPD pattern (Suryanarayanan and Mitchell, 1985) and a
dissolution rate and apparent solubility greater than those observed for crystalline forms

of the same compound (Florence and Salole, 1975; Hancock and Zografi, 1997).




The thermal properties of amorphous matérials have been widely investigated for
both small molecules (Yonemochi et al., 1997, Hancock and Zografi, 1997) and
polymers (Gee, 1970; Rosen, 1993c). Amorphous materials exhibit a transition between
the glassy and rubbery states at the glass transition temperature (Tg). Below the Tg, in
the glassy state, amorphous solids are brittle because molecular motion is highly
restricted and flow is observed only over very long periods of time. Above the Tg,
molecular motion is increased and amorphous solids become rubbery. The transition
from a glassy to a rubbery state results in a decrease in heat capacity (Cp) and an increase
in the coefficient of thermal expansion (Rosen, 1993¢; Hancock and Zografi, 1997).

Above the Tg, molecules in an amorphous solid may attain sufficient mobility to
recrystallise in a more stable form. Saleki-Gerhardt and Zografi (1994) have investigated
the factors inducing crystallisation from the amorphous state. The degree of supercooling
below the melting point (Tm) of the crystalline form provides the driving force for
nucleation of crystals, while heating above Tg results in an increased mobility of the
molecules diffusing to the growing crystal surface. Thus, increasing the temperature
decreases the nucleation rate but increases the rate of crystal growth. Jolley (1970) has
addressed the mechanism of crystallisation from amorphous solids and the eftects of
these two opposing factors in his studies of amorphous gelatin. Generally, a range of
temperatures exists near the halfway point between Tg and Tm where crystallisation is
observed. However, recrystallisation of indomethacin has been shown to occur at
temperatures below Tg (Otsuka and Kaneniwa, 1988; Yoshioka et al., 1994), indicating

that sufficient molecular motion for crystallisation can exist even in some glasses.




Glassy materials have been categorised as being either fragile or strong (Angell
etal., 1991, 1994). Strong glasses exhibit only sméll changes in heat capacity (Cp) at the
glass transition and the ratio of Tm to Tg (in degrees K) is greater than 1.5. Conversely,
fragile glasses exhibit larger changes in Cp, and a Tm to Tg ratio less than 1.5. Glass
fragility describes the way in which an amorphous solid responds to changes in
temperature. An ideal strong glass has an Arrhenius-type linear dependence of the
logarithm of viscosity on the inverse of temperature. Fragile glasses deviate negatively
from this behaviour. This relationship is described by the Volgel-Fulchen-Tamman

equation:

B
T-C

Equation 2

Inm=A+

where A, B, and C are constants and n and T are the viscosity and temperature,
respectively. For strong glasses, C is close to zero and B represents the apparent
activation energy of molecular motion. For increasingly fragile glasses, C becomes
larger and the apparent activation energy of molecular motion becomes temperature
dependent. In these cases, temperature has a greater effect on molecular mobility near Tg
than would be expected for stronger glasses.

The extent of molecular motion will also determine the rate of relaxation that
occurs in an amorphous solid below Tg. Volume and enthalpy relaxation occur as
metastable glasses rearrange their structure through limited molecular motion to achieve
a more favourable conformation. Due to their high viscosity, recrystallisation is generally

not possible in the matrix. Enthalpy relaxation is observed for drugs such as




indomethacin which readily forms a glass (Yoshioka ef al., 1994) and is very common

among polymers (Hancock et al., 1995; Brunacci et al., 1997).

2.1.3. Polymorphism

A polymorphic compound is one that can exhibit more than one crystalline form
in the solid state. Polymorphs have different solid state préperties, but are identical in the
liquid and vapour states (McCrone, 1965; Haleblian, 1975). Several classes of drugs
such as steroids (Mesley and Johnson, 1965) barbiturates (Mesley and Clements, 1968;
Mesley et al., 1968) and nonsteroidal anti-inflammatories (Summers et al., 1970; Vercer
et al., 1991) have been extensively characterised with respect to polymorphism.

Altering the conditions under which the solid recrystallises may produce
polymorphic forms. Changes in recrystallisation temperature (Behme et al., 1985)
solvent (Griesser et al., 1997; Tros de Ilarduya et al., 1997) and cooling and evaporation
rates of solutions (Griesser et al., 1997) have been used to produce polymorphs.

Different thermal conditions used to recrystallise a solid from the melt may also result in
the formation of different polymorphs (McCrone, 1962).

Polymorphism and its effects on the physical properties of solids have been
reviewed by several authors (Hartshorne and Stuart, 1960; Haleblian and McCrone, 1969;
Haleblian, 1975). Polymorphs of a drug can exhibit differences in solubility (Behme et
al., 1985), chemical stability and bioavailability (Haleblian, 1975). Crystal structure
information obtained by XRPD and infra-red (IR) spectral studies are used to provide
evidence for the existence of polymorphic forms (Wu et al., 1993; Tros de Ilarduya et al.,

1997, Griesser et al., 1997).




Except at an equilibrium transition point between two forms, only a single
polymorphic form is stable at a given temperature and pressure; all others are metastable.
The stability of different solid forms relative to one another is described in terms of
monotropic and enantiotropic systems (McCrone, 1965; Haleblian and McCrone, 1969;
Yu, 1995). In a monotropic system, one polymorphic form is less stable than another at
all temperatures and pressures. In an enantiotropic system, ranges of temperature and
pressure exist in which each of the two forms are the most stable. A change of phase
between polymorphs is irreversible in monotropic systems but reversible in enantiotropic

systems.

2.1.4. Solvates

A solvate is a compound that contains solvent molecules incorporated into the
crystalline lattice. A stoichiometric relationship exists between the number of parent and
solvent molecules in the lattice. Several solvates of a parent compound may exist with
different stoichiometric amounts of solvent molecules within the lattice. When the
solvent molecules are water, the solvate is referred to as a hydrate. There are numerous
reports of solvates of drugs (Pfeiffer ez al., 1970; Kitaoka et al., 1995) and
pharmaceutical excipients (Saleki-Gerhardt ef al., 1995). Each solvate is a compound
distinct from the non-solvated form, and may exhibit different properties such as X-ray
diffraction pattern (Suryanarayanan, 1989), solubility, dissolution rate and enthalpy of
solution (Ledwidge et al., 1996). Generally, the solubility of a solvate is lower and the
dissolution rate slower compared to the non-solvated form.

Solvates may be formed by recrystallisation from the solvent to be incorporated

in the lattice (Shefter and Higuchi, 1963). Pfeiffer et al. (1970) observed that by altering
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the composition of a ternary solvent system of water, methanol and acetic acid, five
distinct solvates and one non-solvated form of cephaloglycin were produced. By varying
the vapour pressure of water in contact with raffinose, hydrates with varying
stoichiometries were produced (Saleki-Gerhardt et al., 1995).

Complete dehydration was achieved in raffinose hydrates by decreasing the
vapour pressure below a critical level or by heating. Dehydration has also been observed
to occur as a result of milling or direct compression of cyclophosphamide monohydrate
(Ketolainen et al., 1995). However, the crystal lattice structure may not change with
desolvation (Garner, 1955). Rather, the lattice points formerly occupied by solvent
molecules become vacancies. Thus X-ray diffraction peak positions may be unchanged

while their intensities are reduced due to a decrease in the degree of crystallinity.

2.2. Paclitaxel

2.2.1. Sources

Paclitaxel (shown in Figure 1) was first obtained by extraction from the bark of
the Western Yew (Taxus brevifolia) (Wani et al., 1971) with a yield of 0.01%w/w.
Other methods of extraction have achieved yields as high as 0.04%w/w (Rao et al.,
1995). The limited supplies of slow growing yew trees and low yields of paclitaxel after
extraction have made alternative sources of paclitaxel necessary. Paclitaxel has been
extracted from harvested needles of another species of yew trees, Taxus x media
Hicksii, (Witherup et al., 1990). A semisynthetic method for the production of paclitaxel

from 10-deacetyl baccatin III obtained from needles of Taxus baccata has been
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developed, which has gained commercial application (Denis et al., 1991; Holton et al.,
1992). Total synthesis of paclitaxel has also been accomplished by Holton et al. (1994)
and Nicholaou ef al. (1994).

Figure 1. The chemical structure of paclitaxel. Numbers in italics are the numbers
assigned to carbons in the structure in IUPAC nomenclature.

2.2.2. Chemistry

2.2.2.1. Structure

Paclitaxel is a member of a group of compounds called taxanes (Lythgoe et al.,
1964) which are characterised by the presence of a tricyclic ring system in the structure.
The chemical structure (Figure 1) shows the taxane core composed of a C-20 skeleton, a
complex side chain at C-13, two acetoxy groups at C-4 and C-10 and a phenoxy group at

C-2. The numbering scheme conforms to the IUPAC nomenclature. The structure of
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paclitaxel has been elucidated by NMR and X-ray crystallographic techniques. Several
authors have reported spectra using 'H-NMR (Miller ez al., 1981; Kingston et al., 1982)
and *C-NMR (Magri, 1985). Proton and carbon assignments have been reported with
the spectra and these have been summarised by Kingston (1991).

Single crystal X-ray crystallographic data have been reported for paclitaxel
crystals preéipitated from a cosolvent system of dioxane, water and xylene (Mastropaolo
et al., 1995). The analysis showed that the solid form was a solvate containing several
dioxane and water molecules, but the stoichiometry was not reported.

The conformation of pure paclitaxel in organic solvents has been studied for
chloroform, acetonitrile, methanol and benzene at concentrations of paclitaxel up to
0.9 mg/ml (Chmurny et al., 1992; Vander Velde et al., 1993; Balasubramanian et al.,
1994). NMR data in chloroform were used to propose a three dimensional structure for
paclitaxel with the cup-shaped taxane ring structure and an extended side chain similar to
that of the crystalline molecular conformation. However, in more hydrophilic solutions a
conformational change is observed in which the C-13 side chain is less extended (Vander

Velde et al., 1993).

2.2.2.2. Solubility

Values for the aqueous solubility of paclitaxel at 37°C of 0.7 pug/ml (Mathew et
al., 1992), 6 ng/ml (Tarr and Yalkowsky, 1987), 11 pg/ml (Lundberg, 1997) and 30
pg/ml (Swindell and Krauss, 1991) have been reported. Dissolution studies at 25°C have
shown an initial apparent solubility of 6 pg/ml with a decrease to 0.34 pg/fnl after a 24

hour period (Sharma et al., 1995). Adams ef al. (1993) suggested that the higher initial

apparent solubility could be due to an amorphous form of paclitaxel. The solubility of
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paclitaxel in organic solvents has not been studied. However, a solubility at 37°C for

paclitaxel in 50:50 ethanol:water of 14 pg/ml has been reported (Dordunoo and Burt,

1996).

2.2.2.3. Stability

Dordunoo and Burt (1996) determined the chemical degradation of paclitaxel in
aqueous buffers. Hydrolytic degradation followed pseudo-first order kinetics and the
major degradation products were baccatin III, 10-deacetylbaccatin III and baccatin V.
Degradation of paclitaxel was pH dependent, being catalysed by both acids and bases,
with the greatest drug stability in the pH range of 3 to 5. Paclitaxel also underwent
pseudo first-order degradation in methanol to produce baccatin III and 10-
deacetylbaccatin III (Wani ef al., 1971; MacEachern-Keith et al., 1997). More vigorous
methanol treatment at pH 9 gave baccatin III as the major degradation product with small
amounts of 10-deacetyltaxol, baccatin V, 10-deacetylbaccatin III and 10-deacetylbaccatin
V also being produced (Ringel and Horwitz, 1987; Lataste et al., 1984). MacEachern-
Keith et al. (1997) showed that paclitaxel had excellent stability in DMSO and_ isobutyl

alcohol, having a half-life in both solvents of 28 years.
2.2.3. Pharmacology

2.2.3.1. Mechanism of action

Paclitaxel binds to the beta-tubulin sub-unit and promotes the assembly of
microtubules (Parness and Horwitz, 1981; Collins and Vallee, 1987; Rao et al., 1994).
Collins and Vallee (1987) and Parness and Horwitz (1981) both reported a binding

constant of approximately 0.9 pmol/L for paclitaxel and polymerised tubulin but a value
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of 10 nmol/L has also been published (Caplow et al., 1994). Concentrations as low as
0.05 pmol/L have been shown to be effective in promoting the polymerisaﬁon of tubulin
sub-units ir vitro (Schiff and Horwitz, 1980). Microtubules formed in the presence of
paclitaxel are dysfunctional (Mole-Bajer and Bajer, 1983; Rowinsky et al., 1988),
cauSing the interruption of normal cell functions including mitosis (Jordan et al., 1993),
intracellular transport, secretion of vesicles (Stearns and Wang, 1992) and cell motility
(Schiff and Horwitz, 1980) as well as cytotoxicity (Wood, 1995). In vitro, paclitaxel is
cytotoxic at concentrations between 0.1 and 1 umol/L for several tumour cell lines
including glioblastoma (Cahan ef al., 1994) and leukaemia (Rowinsky et al., 1988).
Structure-activity relationships have been studied extensively and are reviewed
by Kingston (1991). The most important feature of paclitaxel’s structure with respect to
activity is the C-13 side chain. Deletion of the side chain yields baccatin III, which
showed a 1700-fold decrease in anti-mitotic activity in KB (human nasopharyngeal
carcinoma) cells (Wani et al., 1971; Miller et al., 1981). Modification of the side chain
substituents resulted a 10 to 300-fold reduction in activity in both microtubule and cell
culture assays (Wani et al., 1971; Lataste et al., 1984). Modifications of the taxane ring
structure and of its side groups resulted in a decrease in activity for all derivatives studied
(Guéritte-Voegelein et al., 1991). Acylation or epimerization of the C-7 hydroxyl group
was responsible for only a slight decrease in activity whereas acetylation and oxidation of
this group caused a greater than 400 and 1000-fold decrease in activity against KB cells,
respectively (Lataste et al., 1984). Opening of the oxetane ring incorporating carbons 4

and 5 resulted in a 1000 to 10000-fold decrease in activity (Kingston et al., 1990).
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2.2.3.2. Anticancer activity

Although paclitaxel has been demonstrated to be clinically effective against a
variety of cancers (Rowinsky, 1994), it is only approved for ovarian and breast cancers.
Phase 1II trials of single agent paclitaxel against recurrent ovarian cancer have produced
response rates in the range of 20 to 37%, with complete responses in 3 to 12% of cases
(Enzig et al., 1992; McGuire et al., 1989; Thigpen et al., 1990). Breast cancer treatment
has also shown positive results in phase II trials. Holmes et al. (1991) and Seidman et al.
(1992) both reported total response rates of approximately 60%. The patients all had
advanced breast cancer and had received no prior treatment. In a trial with patients who

had failed conventional therapy, response rates were between 22 and 29% (Gelmon ef al.,

1994).

2.2.3.3. Toxicity

Because of paclitaxel’s poor water solubility, it is currently administered as a
solution in equal parts of polyethoxylated castor oil (Cremophor EL®) and absolute
ethanol (Taxol®) which is diluted prior to infusion in 5% Dextrose Injection. The
Cremophor EL® vehicle caused life-threatening anaphylaxis in early human trials (Weiss
et al., 1990) so patients must be premedicated with corticosteroids, antihistamines and H;
receptor antagonists (Arbuck et al., 1993). However, even with premedication,
anaphylaxis-type reactions were still observed in under 5% of patients (Weiss et al.,
1990; Arbuck et al., 1993).

Forty phase I and II clinical trials of paclitaxel at doses between 5 and 390 mg/m*
administered by intravenous infusion over 1 to 96 hours were reviewed by Spencer and

Faulds (1994). The dose limiting toxicity was neutropenia or leukopenia in the majority
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of cases. Peripheral neuropathy occurred in greater than 60% of patients receiving doses
of 200 mg/m” and higher. Other toxicities, ranked in order of greatest frequency, were
anaemia, alopecia, gastrointestinal effects, myalgia/arthralgia, hypersensitivity reactions,

thrombocytopaenia, and cardiac and hepatic effects.

2.2.4. Pharmacokinetics

In pharmacokinetic studies, paclitaxel has been administered by intravenous
infusion over 1 to 24 hours. After a 6 hour infusion of a 275 mg/m’ dose of paclitaxel,
the maximum concentration in plasma (Cyax) was 10 pmol/L (Wiernik et al., 1987a).
After a 24 hour infusion of the same dose, the Cax Was 5 umol/L (Wiernik et al., 1987b).
At a dose of 135 mg/m? given as a 24 hour infusion the Cpax was 0.2 pmol/L (Huizing et
al., 1993). Values of the apparent steady-state volume of distribution for paclitaxel are
high, ranging from 59 — 657 L/m” with a mean of 166 L/m* (Rowinsky and Donehower,
1995; Kuhn 1994).

Paclitaxel is 95 to 98% plasma protein bound (Rowinsky ef al., 1992), with a
mean clearance from plasma of 19 L/h/m? and a range between 8 and 26 L/h/m?
(Rowinsky and Donehower, 1995; Kuhn, 1994). Renal elimination of paclitaxel accounts
for between 4 and 8% of the total dose (Wiernik et al., 1987a; Longnecker et al., 1987)
and biliary excretion accounts for approximately 20% of the drug (Monsarrat, 1990).
The major route of elimination of paclitaxel is metabolism in the liver and excretion in
faeces. After seven days, 75% of a radiolabeled dose of paclitaxel was recovered from
human faeces (Monsarrat, 1990). The major metabolite of paclitaxel in humans is 6a.-

hydroxypaclitaxel (Kumar et al., 1994a). Cytochrome P450 isozymes 2C and 3A have
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been shown to convert paclitaxel into 6a-hydroxypaclitaxel (Cresteil ef al., 1994; Kumar

et al., 1994b).

2.3. Polymeric drug delivery

Polymeric drug delivery systems have been used to achieve both targeted and
controlled delivery of drugs. The goal of targeted delivery is to deliver a drug to a
specific site in the body, minimising the systemic drug exposure and side effects.
Targeting of a drug can be achieved by administering it at its site of action using
polymeric implants or microspheres. Poly(methyl methacrylate) (PMMA) implants
containing mitomycin, adriamycin and 5-fluorouracil have been implanted in the
treatment of glioblastoma and astrocytoma (Domb et al., 1991). Microspheres containing
cisplatin (Spenlehauer et al., 1986; L1 et al., 1994) and 5-fluorouracil (Cift¢i ez al., 1994)
have been used in chemoembolic therapies to localise anticancer drugs in the liyer.

The goal of controlled release technology is to produce formulations that can
deliver a therapeutic concentration of drug over a prolonged period and at a controlled
rate with minimal toxicity (Langer, 1990). Research interest in polymeric drug delivery
has moved increasingly towards the use of biodegradable polymers that can be eliminated
from the body without the need for invasive retrieval processes required for
nondegradable polymers such as poly(ethylene-co-vinyl acetate).

Biodegradation has been most broadly defined by Gilding (1981) as breakdown
of a polymer by any mechanism in vivo. A more precise definition has been described
using the terms direct, indirect, and macrobiological biodegradation, meaning
degradation accomplished by enzymatic, oxidative, and mechanical pathways

respectively (Griffin, 19.80). Biodegradable polymers of interest include polyesters such
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as poly(e-caprolactone) (PCL) (Pitt, 1990), and poly(DL-lactic acid) (PDLLA) (Kwong et
al., 1986) and poly(glycolic acid) (PGA) (Holland et al., 1986). These have been used to
produce implant devices (Pitt, 1990; Chasin et al., 1990) as well as microparticulate
systems (Bogdansky, 1990; Pitt, 1990). New polymers are constantly being developed
for use in controlled delivery devices (Holland et al., 1986; Pulapura and Kohn, 1992).

In order to provide prolonged drug delivery and to find an alternative to the
Cremophor vehicle, polymeric formulations containing paclitaxel have been developed.
Walter et al (1994) prepared paclitaxel loaded disks of poly[bis-(p-carboxyphenoxy)-
propane-co-sebacic acid] (CPPSA). From an 11 mg disk containing 20%w/w paclitaxel,
approximately 80% of the total paclitaxel was released in vitro over six weeks. The
implants were evaluated in vivo in a model of malignant glioma in the brains of rats. The
survival times of the rats, in which were implanted 1 mm® 9L-glioblastoma tumours,
were extended 1.5 to 3.2 fold by treatment with 20%w/w paclitaxel loaded disks and the
implants appeared to be well tolerated by the animals. Wintemitz et al. (1996a) have
produced a paste from blends of PCL and methoxy(polyethylene glycol) (MePEG). The
paste was loaded with paclitaxel at levels up to 30%w/w and in vitro release studies
showed that less than 10% of the total loaded amount was released after three weeks. /n
vivo evaluation of the paste showed that a delay in tumour regrowth of five days could be
achieved by implantation of the paste in mice after partial resection of an established
RIF-1 tumour (Winternitz, 1996b).

Burt et al (1995) were the first to develop paclitaxel loaded microspheres made
from a blend of poly(ethylene vinyl-co-acetate) (EVA) and PDLLA. Paclitaxel loaded

microspheres have also been formed from PCL (Dordunoo et al., 1995) and PLGA
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(Wang et al., 1996, -1997). For all formulations, between 2 and 15% of the paclitaxel
incorporated into the microspheres was released in vitro over a three week period. The
extent of release was increased to 60% from PLGA microspheres over the same time
period by the addition of a hydrophobic additive, isopropyl myristate (Wang et al., 1997).
Two nanosphere formulations incorporating paclitaxel into PDLLA (Bartoli et al., 1990)

and poly(vinyl pyrrolidone) (Sharma et al., 1996) have also been reported.

24. Drug release mechanisms
2.4.1. Mathematical models and factors affecting release

Diffusion of a dissolved drug through a polymer matrix is described by Fick’s first law,

Flux = —Dgg Equation 3

where D is the diffusion coefficient and dC/dx is the concentration gradient. The
negative sign in Equation 3 accounts for diffusion proceeding from the point of highest
concentration to the lowest. In the case of a monolithic drug delivery system in which a
drug is dissolved and uniformly dispersed within the matrix, no concentration gradient
exists in the matrix prior to thé onset of drug release. As the drug begins to be released
from the surface of the matrix, a concentration gradient is established. Drug begins to
diffuse down the concentration gradient from the interior of the matrix towards the
surface and is gradually released at the surface.

The kinetics of this process for a slab have been described by Crank (1956),

M e(—D(2n+l)zn2t/152)

= 8
M, Equation 4
M, ..Z::? (2n+1)’n’ quation
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where M, and M are the total amount released and total amount of drug loaded into the
matrix, respectively, /s is the slab thickness and t is time. For release from a spherical
matrix, the release kinetics have also been described (Crank, 1956) and reduced to two
approximation equations which deviate by less than 1% from the equation. of Crank

(Baker, 1987),

172
M _ 6(%) LG for0SMyMp<04  Equation 5
M, r'n r
and,
Mt 6 (—'nrleJ . .
M l-n—ze for 0.6 <M/M, < 1 Equation 6
0

where r is the radius of the sphere and is analogous to /s, the slab thickness.

If the amount of drug incorporated into a polymer matrix exceeds the solubility of
the drug in the matrix material, a solid dispersion termed a “granular matrix” results
(Higuchi, 1963). A granular matrix has pores that contain the phase-separated drug.
Porosity (g) is a dimensionless number equal to the product of the amount of dx;ug per
unit volume of the matrix and the specific volume of the drug. As the porosity increases,
pores begin to interconnect to form channels. The geometry of these channels is
described by a term called tortuosity (t). Higuchi derived an equation for diffusion of
drugs through granular matrices, incorporating both € and t. The equation is a “pseudo-
steady state” equation for Fickian release for dispersions where the amount of drug
dissolved in the matrix remains constant due to the presence of excess undissolved drug.

The equation describing release from a spherical granular matrix is (Higuchi, 1963):
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where C, and Cy are the solubility of the drug in the matrix and the initial total drug
concentration, respectively.

When a biodegradable or soluble polymer is used to form the matrix from which
drug is released, the kinetic equations become difficult to solve because values of A, D, ¢,
T and r (for spheres) change with degradation and erosion of the matrix. Generally
release rates increase with degradation or erosion of the matrix.

The effects of polymer and drug properties on release kinetics have been
investigated and modelléd by several authors. Heya ef al. (1991) observed a greater
initial burst phase release of thyrotropin releasing hormone from PLGA microspheres as
the loading level increased. The effects of drug loading have been the subject of
mathematical modelling using compounds with a wide range of solubilities (El-Arini and
Leuenberger, 1995) and monolithic matrices that allowed release from a single surface
with controlled area. For water soluble compounds, release obeyed Fickian release
kinetics, but for less soluble compounds, a non-Fickian mechanism resulted in near zero-
order release. In both cases, the rate increased as the loading level increased.

Polymer molecular weight affects drug release rates in a number of ways. As the
molecular weight of a polymer decreases, fhe matrix generally becomes more permeable
to drugs. This has been attributed to increased hydrophilicity of the matrix (Heya et al.,
1991), decreased density and a lowered glass transition temperature (Omelczuk and

McGinity, 1992) which allows swelling of the matrix and greater molecular mobility of
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the drug and polymer chains. The molecular weight is also related to degradation and
erosion rates of the matrix (Sanders et al., 1986; Heya et al., 1991).

Polymer crystallinity can affect drug release rates by impeding the diffusion of
drugs through the matrix as well as lowering the degradation and erosion rates of the
matrix (Pitt, 1990). Crystalline regions within the matrix are less accessible to water and
drug molecules than are amorphous regions. Therefore, swelling is decreased and the
diffusion pathway for drugs becomes longer with increased tortuosity as drug molecules
must diffuse around crystallites.

Figure 2 shows a schematic diagram illustrating the drug release profiles from
microspheres that can result from various release mechanisms. Curves A and B in Figure
2 show the release kinetics of Baker (1987) and Higuchi (1963) for drugs from
monolithic solutions and granular matrices, respectively. In both cases an initial rapid
phase of release is observed which slows with time. Curve C illustrates the same
diffusion mechanism as in Curve A, with the onset éf a second rapid phase of release
after some time. This type of profile is observed for diffusion from a matrix that begins
to degrade and erode resulting in a sudden increase in the release rate. Curve C
represents three separate phases of release that have been observed for microspheres
made from biodegradable polymers (Ghaderi et al., 1996); a “burst phase” of diffusion
controlled release that gives way to a slower phase of diffusion controlled release and

finally the onset of more rapid degradation controlled release.

2.4.2. The burst phase of drug release
For most microsphere formulations, drug release begins with a “burst phase”, or

a period of rapid release of drug which is located in the superficial layers of the matrix
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called “surface associated” drug (refer to Curves A to C in Figure 2). The burst effect has

been shown to be dependent on microsphere size (Cowsar et al., 1985; Ghaderi et al.,

Figure 2. Schematic diagram of drug releases profiles showing the effects of different
drug release mechanisms.

100%

Percent released

0%

Time

A) Diffusion controlled release from a sphere containing
dissolved drug (Baker, 1987)

B) Diffusion controlled release from a granular matrix with
spherical geometry (Higuchi, 1963)

C) Triphasic release: initially diffusion controlled release
(Baker, 1987) followed by the onset of degradation
controlled release

D) Sigmoidal release: initially diffusion controlled release
(Baker, 1987) with a reduced initial “burst phase” an
delayed onset of degradation controlled release

1996). Microspheres of smaller sizes possess a larger surface area/volume ratio, thus a
higher proportion of surface associated drug will be present and a more extensive burst
effect will be observed. The method of manufacturing microspheres has been shown to

affect the burst phase of drug release (Izumikawa et al., 1991). Reducing the pressure

under which solvent was removed from microspheres during their formation resulted in
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the elimination of the burst phase, illustrated by Curve D in Figure 2. The later increase
in the drug release rate (Curve D, Figure 2) illustrates the onset of degradation and
erosion controlled release for degradable matrices. Elimination of the burst phase by
altering the solvent removal technique coincided with a change in the surface
morphology of the microspheres (Izumikawa et al.,1991). To eliminate the burst phase
effect, microspheres have been coated with a polymer matrix which contains no drug
(Gopferich et al., 1994; Pekarek et al., 1994) and washed after manufacture to remove

surface associated drug (Kwong et al., 1986).

2.4.3. Diffusion and degradation controlled release

Following the burst phase is a period of slower release generally ascribed to
diffusion of the drug out of the matrix. Release of hydrocortisone from PDLLA
microspheres showed an initial rapid phase of release that slowed over time. The drug
release profile fit the Higuchi equation for release from a spherical granular matrix
(Leelarasamee et al., 1986). However, attempts to match release profiles to kinetic
equations are usually not possible because too many variables exist. PDLLA
microspheres which released oxytetracycline (Vidmar et al., 1984) followed apparent
zero-order release kinetics which are inconsistent with the equations for diffusion of drug
in solution, (Equations 5 and 6) or from a granular matrix (Equation 7). However,
PDLLA microspheres containing mitomycin C did not exhibit zero-order drug release
(Tsai et al., 1986). The observed deviations from diffusion controlled kinetics are due to
the influence of other processes that affect the kinetic parameters D and €, such as

swelling of the matrix with water, and degradation of polymer chains in the matrix. Tsai
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et al. (1986) hypothesised that the aqueous solubility of the drug was too high for the
drug release kinetics to fit the equation for diffusion.

A sigmoidal release profile (Curve D, Figure 2) was obtained for PLGA
microspheres containing albumin as a model drug (Crotts and Park, 1995). The burst
phase was very small, followed by a slow phase of release prior to the onset of erosion of
the polymer matrix. When an early burst phase and later a degradation controlled phase
are observed in the release profile, a triphasic release pattern results (Curve C, Figure 2) .
Ghaderi et al. (1996) and Wakiyama et al. (1981) reported this behaviour for mannitol

loaded PLGA and tetracaine loaded PDLLA microspheres, respectively.

2.5. Polymer Chemistry
2.5.1. Structure

2.5.1.1. Constitution and conformation

The term polymer constitution has been used by several authors (Miller, 1962;
Billmeyer, 1984) to describe the atomic structure that makes up the repeating unit of a
polymer. Changing the constitution of a polymer requires the breaking and reforming of
interatomic bonds. Elements of structure that are important in determining the properties
of a polymer such as chirality, isomerism, the presence of side groups, rigidity and
planarity are defined by its constitution. Another element of polymer structure is that of
conformation. Individual polymer chains can adopt many possible conformations by

rotating each bond in the polymer backbone:
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2.5.1.2. Morphology and- models of crystallinity

Polymer morphology describes the arrangement in three dimensions of polymer
chains with respect to long range order and the topic is well reviewed by several authors
(Wiinderlich, 1973; Eisenburg, 1993; Rosen, 1993b). Polymers do not achieve an
equilibrium state in the solid form. Rather, polymer chains are disordered or only partly
ordered with respect to adjacent chains, giving rise to amorphous or semicrystalline
materials, respectively.

Two models of crystallinity have been used to describe the nature of
semicrystalline polymers (Rosen, 1993b). The “Fringed Micelle Model” describes
crystalline regions called crystallites interspersed in an amorphous matrix, as shown in
Figure 3A. Several polymer chains are involved in each crystallite and each chain
contributes to both amorphous and crystalline regions of the matrix. The model proposes
the coexistence of crystalline and amorphous regions which are not separated by distinct
boundaries, but it describes only a two-dimensional plane rather than a three dimensional
matrix and does not account for chain folded crystallisation, observed in many polymer
systems. Figure 3B shows a schematic of the “Chain Folded Model” of polymer
crystallinity in which a single polymer chain folds upon itself to form lamellar crystallites
interspersed in an amorphous phase. Several chains are involved in each crystallite, and

extend into the amorphous regions of the matrix.

2.5.2. Polymer crystallinity
Polymers may adopt chain folded or extended chain (e.g polyethylene crystals)

or helical (e.g. polypeptides) conformations (Wiinderlich, 1973; Hearle, 1982).
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Figure 3. Schematic drawings illustrating A) the Fringed Micelle Model and B) the
Chain Folded Model of crystallinity. (Grey areas indicate crystallites.)
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Irrespective of conformation, the crystalline regions of polymers are regularly ordered
with polymer backbones aligned parallel to one another and side groups oriented in a
regular fashion (Mandelkern, 1993). Several factors which contribute to crystallisation
have been identified: a lack of side groups or branching, rigidity of the backbone, regular
monomer configuration and the ability to form hydrogen bonds or dipole interactions
(Rosen, 1993b).

Crystallisation can be achieved from a melt (bulk crystallisation) or by
precipitation from solution. In dilute solutions, polymer chains experience minimal
interactions with other chains and a maximal degree of mobility. As a result, single
crystals with high degrees of perfection can be produced. Bulk crystallisation usually
results in chain folded crystals (Wiinderlich, 1973). Crystallisation from concentrated
solutions is similar to bulk crystallisation except that solvent molecules may act as
diluents or plasticizers (Mandelkern, 1964b).

Chain folding occurs as a result of competing driving forces during
crystallisation. Interactions between and within polymer chains are required for
crystalline structure and an increased number of interactions results in improved
crystallite stability. In order for long chain molecules to maximise the number of
interactions as it attaches to a growing crystallite face (whose length is several orders of
magnitude smaller than the chain length), the chain must fold back on itself. Thus, as the
crystallite grows, th¢ faces that are not growing are formed of chain folds. These
surfaces represent strain in the polymer chains and thus have increased surface energy
relative to unfolded surfaces, resulting in decreased crystal stability. An optimal folding

length that provides a balance between increased chain folding frequency giving a greater
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number of intermolecular interactions and decreased frequency that minimises surface

free energy has been described by Lindenmeyer (1967).

2.5.3. Molecular weight

Polymers consist of molecules that have a distribution of molecular weights. The
best characterisation of a polymer’s molecular weight therefore requires direct
quantitative measurement of the entire distribution. However, it is more convenient to
describe the distribution in terms of average polymer molecular weights. The number
average molecular weight (M,) is the arithmetic average of the molecular weight
distribution. M, is equal to total polymer weight divided by the number of molecules in
the polymer. This average is sensitive to the presence of very small chains since all
molecules contribute equally to the average value (Rosen, 1993a). A small fraction, by
v‘veight, may exist as small polymer chains or low molecular weight impurities, yet this
fraction may represent a large proportion of the total number of molecules present in the
polymer, skewing M, to a lower value. The weight average molecular weight (My,) is
less sensitive to the presence of short chains in a polymer. M,, is weighted so that the
contribution of each chain length fraction depends on its contribution by weight to the
total sample (Rosen, 1993a). Thus ten small chains would have the same weighted
importance as one chain ten times their length. The lower sensitivity of M, to low
molecular weight chains means that M,, values are always greater than M;, values.
Example calculations of M, and M,, values for a molecular weight distribution are shown
in Appendix I.

The shape of a molecular weight distribution is reflected by the ratio of M,, to

M,, called the polydispersity index, or simply the polydispersity; wider distributions have
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larger i)olydispersity indexes. However, despite the use of several averages, and a
measure of polydispersity, the molecular weight distribution is not completely described.
M, M,, and the polydispersity index cannot be used to describe the modality of a
polymer molecular weight distribution, or the shape of a skewed unimodal distribution.
In the case of bi- or trimodal distributions, the average values become misleading since
each peak of the distribution has its own average values and polydispersity. These
properties may be determined by gel permeation chromatography (GPC) which separates
poiymer chains based on their molecular weight and thus provides information on the

entire molecular weight distribution.

2.5.3.1. Direct 