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A B S T R A C T 

Paclitaxel is a drug of choice for the treatment of ovarian cancer but despite its 

widespread usage, the solid state 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 ug/ml after 2 hours that decreased to 1 p.g/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 lk 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 pm 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 lk 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 lk/lOOk 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 lk/lOOk g/mol PLLA blends, 60% was the 

highest proportion of lk g/mol PLLA that could be used to form spherical microspheres 

that were resuspendable. The blend containing 60% lk 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, indicating 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 P L L A 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 mill ion 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 urn 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. I N T R O D U C T I O N 

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 of a 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 (Sharma et 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 et 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 

1 



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 et 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. 
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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. 
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The specific aims of this project were to: 

1) Characterise the solid state properties of paclitaxel and confirm the existence of 

hydrate or amorphous forms of paclitaxel. 

2) Characterise the effects of polymer molecular weight on the physical properties and 

drug release profiles of paclitaxel loaded P L L A microspheres. 

3) Characterise the effects of blending low and high molecular weight P L L A on the 

physical properties and drug release profiles of paclitaxel loaded microspheres. 

4) Determine the particle size of P L L A microspheres that could be retained in the 

peritoneal cavity of rats. 

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

intraperitoneal carcinomatosis caused by a tumour cell spill. 
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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: 

Equation 1 

where X c is the degree of crystallinity. Ps, Pc and PA 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 PA 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 quench 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 X R P D 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). 

6 



The thermal properties of amorphous materials 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, 1993c; 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 effects 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. 
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G l a s s y materials have been categorised as be ing either f ragi le or strong ( A n g e l l 

et al, 1991, 1994). Strong glasses exhibi t on ly smal l changes in heat capaci ty (Cp) at the 

glass transit ion and the ratio o f T m to T g (in degrees K ) is greater than 1.5. Conve rse l y , 

f ragi le glasses exhib i t larger changes in C p , and a T m to T g ratio less than 1.5. G lass 

f ragi l i ty describes the w a y in wh i ch an amorphous so l id responds to changes in 

temperature. A n ideal strong glass has an Arrhen ius- type l inear dependence o f the 

logar i thm o f v iscos i ty on the inverse o f temperature. F rag i le glasses deviate negat ive ly 

f rom this behaviour. Th is relat ionship is descr ibed by the V o l g e l - F u l c h e n - T a m m a n 

equat ion: 

TJ 
In n = A + Equa t ion 2 

T - C 

where A , B , and C are constants and rj and T are the v iscos i ty and temperature, 

respect ively. F o r strong glasses, C is c lose to zero and B represents the apparent 

act ivat ion energy o f molecu lar mot ion. F o r increasingly f ragi le glasses, C becomes 

larger and the apparent act ivat ion energy o f molecu lar mot ion becomes temperature 

dependent. In these cases, temperature has a greater effect on molecu lar mob i l i t y near T g 

than w o u l d be expected for stronger glasses. 

The extent o f molecu lar mot ion w i l l also determine the rate o f re laxat ion that 

occurs in an amorphous so l id be low T g . V o l u m e and enthalpy re laxat ion occur as 

metastable glasses rearrange their structure through l im i ted mo lecu la r mo t ion to ach ieve 

a more favourable conformat ion. D u e to their h igh v iscos i ty , recrysta l l isat ion is general ly 

not poss ib le i n the matr ix . Entha lpy re laxat ion is observed for drugs such as 
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indomethacin which readily forms a glass (Yoshioka et 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 properties, 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 antiinflammatories (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, 1991 \ 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 etal, 1997). 
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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. So lva tes 

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 et al, 1970; Kitaoka et al, 1995) and 

pharmaceutical excipients (Saleki-Gerhardt et 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 et 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 

12 



paclitaxel has been elucidated by NMR and X-ray crystallographic techniques. Several 

authors have reported spectra using 'H-NMR (Miller et 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 precipitated 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 ug/ml (Mathew et 

al, 1992), 6 ug/ml (Tarr and Yalkowsky, 1987), 11 ug/ml (Lundberg, 1997) and 30 

ug/ml (Swindell and Krauss, 1991) have been reported. Dissolution studies at 25°C have 

shown an initial apparent solubility of 6 ug/ml with a decrease to 0.34 ug/ml after a 24 

hour period (Sharma et al, 1995). Adams et 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 ethanokwater 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 et 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 polymerisation of tubulin 

sub-units in 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 pmol/L for several tumour cell lines 

including glioblastoma (Cahan et 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 

(Gueritte-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 II 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 et 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 H2 

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 etal, 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/m2 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. P h a r m a c o k i n e t i c s 

In pharmacokinetic studies, paclitaxel has been administered by intravenous 

infusion over 1 to 24 hours. After a 6 hour infusion of a 275 mg/m2 dose of paclitaxel, 

the maximum concentration in plasma (Cm a x) was 10 umol/L (Wiernik et al, 1987a). 

After a 24 hour infusion of the same dose, the Cm ax was 5 umol/L (Wiernik et al, 1987b). 

At a dose of 135 mg/m2 given as a 24 hour infusion the C m a x was 0.2 umol/L (Huizing et 

al, 1993). Values of the apparent steady-state volume of distribution for paclitaxel are 

high, ranging from 59 - 657 L/m 2 with a mean of 166 L/m 2 (Rowinsky and Donehower, 

1995; Kuhn 1994). 

Paclitaxel is 95 to 98% plasma protein bound (Rowinsky et al, 1992), with a 

2 2 

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 et al, 1994; Kumar 

etal, 1994b). 

2.3. P o l y m e r i c d r u g de l i ve r y 

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; Li et al, 1994) and 5-fluorouracil (Ciftci et al, 1994) 

have been used in chemoembolic therapies to localise anticancer drugs in the liver. 

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, 1980). 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 mm3 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. Winternitz 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. In 

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. 

2.4. 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 = - D — Equation 3 
dx 

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 the 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), 

—- = 1 - > =—5— Equation 4 
M 0 to (2n + l ) v 
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where M t and Mo are the total amount released and total amount of drug loaded into the 

matrix, respectively, Is 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), 

M 
M 0 

^ = 6 
' C O 1/2 

-2 

3Dt 
r 2 

for 0 < M , / M 0 < 0.4 Equation 5 

and, 

. - D t 

M , . 6 L = 1 - — eK r ; for 0.6 < M t / M 0 < 1 Equation 6 
M 0 71 

where r is the radius of the sphere and is analogous to Is, 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 (s) is a dimensionless number equal to the product of the amount of drug 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 (x). Higuchi derived an equation for diffusion of 

drugs through granular matrices, incorporating both 8 and x. 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 s and Co are the solubi l i ty o f the drug in the matr ix and the in i t ia l total d rug 

concentrat ion, respect ively. 

W h e n a biodegradable or soluble po lymer is used to fo rm the matr ix f rom w h i c h 

drug is released, the k inet ic equations become di f f icu l t to solve because values o f A , D , s , 

T and r (for spheres) change w i th degradation and erosion o f the matr ix . Genera l l y 

release rates increase w i th degradation or erosion o f the matr ix . 

The effects o f po lymer and drug properties on release k inet ics have been 

invest igated and mode l led by several authors. H e y a et al. (1991) observed a greater 

in i t ia l burst phase release o f thyrotropin releasing hormone f rom P L G A microspheres as 

the load ing leve l increased. The effects o f drug load ing have been the subject o f 

mathemat ica l mode l l i ng us ing compounds w i th a w ide range o f solubi l i t ies ( E l - A r i n i and 

Leuenberger , 1995) and monol i th ic matr ices that a l l owed release from a s ingle surface 

w i t h contro l led area. F o r water soluble compounds, release obeyed F i c k i a n release 

k inet ics , but for less soluble compounds, a non -F i ck ian mechan ism resulted in near zero-

order release. In both cases, the rate increased as the load ing leve l increased. 

P o l y m e r molecu lar weight affects drug release rates i n a number o f ways . A s the 

mo lecu la r weight o f a po lymer decreases, the matr ix general ly becomes more permeable 

to drugs. Th is has been attributed to increased hydroph i l i c i ty o f the matr ix ( H e y a et al., 

1991), decreased density and a lowered glass transit ion temperature ( O m e l c z u k and 

M c G i n i t y , 1992) w h i c h a l lows swe l l i ng o f the matr ix and greater mo lecu la r mob i l i t y o f 
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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 of 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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ca l led "sur face assoc ia ted" drug (refer to Curves A to C in F igure 2). The burst effect has 

been shown to be dependent on microsphere size (Cowsar et al, 1985; Ghade r i et al, 

Figure 2. Schemat ic d iagram o f drug releases prof i les showing the effects o f dif ferent 
drug release mechanisms. 

T ime 

A ) Di f fus ion control led release f rom a sphere containing 
dissolved drug (Baker, 1987) 

B ) D i f fus ion control led release f rom a granular matr ix wi th 
spherical geometry (H iguch i , 1963) 

C ) Tr iphasic release: ini t ial ly di f fusion control led release 
(Baker, 1987) fo l lowed by the onset o f degradation 
control led release 

D ) S igmoida l release: in i t ia l ly dif fusion control led release 
(Baker, 1987) with a reduced init ial "burst phase" an 
delayed onset o f degradation control led release 

1996). M ic rospheres o f smal ler sizes possess a larger surface area/volume rat io, thus a 

h igher proport ion o f surface associated drug w i l l be present and a more extensive burst 

effect w i l l be observed. The method o f manufactur ing microspheres has been shown to 

affect the burst phase o f drug release ( Izumikawa et al, 1991). R e d u c i n g the pressure 

under w h i c h solvent was removed f rom microspheres dur ing their format ion resul ted 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 etal.A99X). 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 P D L L A 

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. P D L L A 

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, 

P D L L A 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 s, 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). 

27 



28 



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, the 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 (Mn) is the arithmetic average of the molecular weight 

distribution. M n 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 

weight, 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 n to a lower value. The weight average molecular weight (Mw) is 

less sensitive to the presence of short chains in a polymer. M w 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 w to low 

molecular weight chains means that M w values are always greater than M n values. 

Example calculations of M n and M w 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 w to 

M n , called the polydispersity index, or simply the polydispersity; wider distributions have 
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larger polydispersity indexes. However, despite the use of several averages, and a 

measure of polydispersity, the molecular weight distribution is not completely described. 

M n , M w 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 

polymer chains based on their molecular weight and thus provides information on the 

entire molecular weight distribution. 

2.5.3.1. Direct measurement of molecular weight 

Direct measurement of M n requires the quantification of the number of molecules 

in a polymer sample. End-group titration and osmotic pressure measurements have both 

been used for this purpose (Rosen, 1993a). If a polymer possesses a reactive end group, 

the concentration of the functional group in a solution can be determined. For this 

information to be related to the M n , the stoichiometric relationship of the functional group 

concentration to the number of polymer chains must be known. Thus the presence of 

reactive side groups on a polymer chain would prohibit the use of this technique. 

Another limitation to this method is that as the molecular weight of a polymer increases, 

the concentration of the end groups per unit volume of total material decreases, and the 

sensitivity of the titration drops off rapidly. Thus this technique is useful only for 

polymers with M n below 10k g/mol (Rosen, 1993a). 
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2.5.3.2. Indirect measurement of molecular weight 

Two methods of indirect measurement of polymer molecular weight averages are 

based on the relationship of the molecular weight to the intrinsic viscosity ([r|]) and the 

molecular size, described by the hydrodynamic radius (R n ) , of a polymer chain, given by 

Einstein's equation of intrinsic viscosity: 

L I J M W Equation 8 

where M W is the molecular weight and C is a proportionality constant. A n intrinsic 

viscosity value of a polymer can be calculated using viscosity data obtained for dilute 

solutions of the polymer. Intrinsic viscosity can be used to calculate a molecular weight 

average using the Mark-Houwink equation: 

[r|] = K M a

v Equation 9 

where K and a are constants and M v is the viscosity average molecular weight. The value 

of M v lies between the values of M„ and M w , but w i l l be closer to that of M w . 

Molecular size is measured by G P C (Kwei, 1979). Using this method, the rate of 

permeation of polymer chains in solution through a gel with fixed pore sizes, expressed 

as retention time, is related to the hydrodynamic volume of each chain. Passing a 

polymer through the gel results in fractionation of the polymer chains based on molecular 

size and thus the shape of the distribution is observed. The retention times of the 

polymer fractions are related to molecular weight by comparing them to standard curves 

constructed from the retention times of polymer standards with known molecular 

weights. The molecular weight at the peak of a G P C chromatogram (MGPC) has been 

compared to various molecular weight averages. Hamielec and Ouano (1978) proposed 
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that MGPC most closely approximates M n . However, others have shown that MGPC is 

closer to, but less than, M w (Berger and Schultz, 1965; Hester and Mitchell, 1980). 

Kolinsky and Janca (1974) have shown for poly(vinyl chloride) that calibration curves 

relating retention time to the root mean square average molecular weight (MRMS = 

(M n *M w ) 0 5 ) have higher coefficients of determination than curves of either M n or M w . In 

all cases, MGPC lies between M n and M w . 

2.5.4. Thermal properties of semicrystalline polymers 

2.5.4.1. The glass transition temperature 

The amorphous phase is best described by the properties that change at the glass 

transition temperature (Tg). Below Tg, the amorphous component of a polymer is a hard 

and brittle glass and above Tg, it becomes a softer, more flexible, rubbery material. 

Below Tg, polymers lack sufficient energy for the translational movement of chains 

required for flow, and for the mobility of chain segments required for flexibility and 

elasticity. 

The glass transition of a polymer is affected by the polymer molecular weight. 

Flory and Fox described this relationship by the equation: 

Tg = Tg°°-— Equation 10 

where Tg and Tg°° are the glass transition temperatures of the polymer with molecular 

weight M n and infinity, respectively (Eisenburg, 1993). The constant k is a value directly 

proportional to the free volume per chain end (Kelley and Bueche, 1961) and reflects the 

magnitude of free volume change with a change in molecular weight. The relationship is 
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expected to be l inear over the entire range for a g iven po lymer w i th unchang ing end 

group characterist ics. 

2.5.4.2. The melting transition 

T h e degree o f crysta l l in i ty and properties o f po lymer crystal l i tes can be obta ined 

by D S C . Changes in the peak temperature and enthalpy o f fus ion (AHf) o f a po l ymer 

have been used to measure the effects o f anneal ing and different methods o f so l id i f i ca t ion 

on the crysta l l in i ty o f po lymers (Lemstra et al, 1972; O s w a l d et al, 1977). M e l t i n g o f 

po lymers is not observed at the equ i l ib r ium mel t ing temperature (Tm°) and near-perfect 

crystals cannot be obtained except under very speci f ic condi t ions w i th certain po lymers 

such as po lyethy lene (Wi inder l i ch , 1973). The deviat ion o f po l ymer crystal l i tes f r om 

equ i l i b r ium is characterised by the observed T m . The surface energy and th ickness o f 

lamel lar crystal l i tes make them less stable than they w o u l d be at equ i l i b r ium, accord ing 

to the T h o m a s - G i b b s equation (Wi inder l i ch , 1980): 

T m - T m ° ( 1 - - ^ ) Equa t i on 11 

where T m is the observed mel t ing point , T m ° is the equ i l ib r ium mel t ing point , A h is the 

enthalpy o f fus ion per repeat unit and a e and / are the crystal l i te surface free energy and 

lamel la r th ickness, respect ively, w h i c h are both related to the cha in fo ld ing f requency. 

P o l y m e r mel t ing temperature is also dependent on molecu la r weight 

(Mande lke rn , 1993), as descr ibed by the equat ion: 

1 1 2R 1 ^ 
= — x — Equa t i on 12 

T m T m ° A h M „ 
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where Tm00 is the melting temperature of a polymer with infiinite molecular weight and R 

is the gas constant. As the molecular weight increases, its influence on melting point 

depression is decreased. In practice, polymers melt over a range of temperatures, 

reflecting both a range in the nature of crystallites within the matrix and in the molecular 

weights of polymer chains in polydisperse materials (Mandelkern, 1993). 

Double melting endotherms have also been observed for many polymers 

including polystyrene (Lemstra et al, 1972), poly(ethylene terephthalate) (Sweet and 

Bell, 1972) and poly(P-hydroxybutyrate) (Pearce and Marchessault, 1994). A theory that 

explains this behaviour is as follows. Crystallites within the polymer melt at a Tm lower 

than Tm° because they are not at equilibrium. The metastable melt subsequently 

recrystallises below Tm° to form more stable crystallites with a melting point closer to 

the equilibrium value. Finally the more stable crystallites melt resulting in a second 

melting endotherm (Sweet and Bell, 1972). An alternate theory that two forms of 

polymer crystals exist in the polymer with different values of Tm fails to explain the 

disappearance of double melting peaks observed by DSC at rapid scanning rates (Sweet 

and Bell, 1972; Lemstra etal, 1972). 

2.6. Poly(L-lactic acid) 

2.6.1. Structure and synthesis 

The structure of poly(lactic acid) (PLA) is shown in Figure 4. PLA has a chiral 

carbon in the lactic acid repeat unit of the polymer chain. Thus two stereoregular forms, 

poly(D(-)-lactic acid) and poly(L(+)-lactic acid) (PDLA and PLLA, respectively) and the 

racemic form, poly(D,L(-,+)-lactic acid) (PDLLA) of PLA exist. Of the two 

stereoregular forms, PLLA has almost exclusively been used in biomaterials research 
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because the monomer, L-lactic acid, is endogenous in humans. Some investigators 

favour the racemic form because it is amorphous and therefore has uniform properties 

Figure 4. The chemical structure of poly(L-lactic acid). The asterisk (*) denotes a chiral 
carbon in the polymer backbone. 

C H , 

+ 0 — C — C -

H O 
In 

(Holland et al, 1986). However, PLLA possesses higher strength and is therefore 

suitable for orthopaedic applications (Matsusue et al, 1992), as a fibre-forming material 

(Hoogsteene^a/., 1990). 

In the polymeric drug delivery literature, two names for PLLA are used, 

depending on the method of polymer synthesis. Polymers synthesised by condensation of 

L(+)-lactic acid are named poly(L(+)-lactic acid). The L designation describes the 

configuration of the chiral centre and (+) specifies the optical rotation of light by the 

monomer. However, when L(+)-lactic acid is converted to a cyclic diester, the rotation of 

light is reversed, giving L(-)-lactide. Polymers made by ring-opening polymerisation of 

L(-)-lactide are called poly(L(-)-lactide), even though they are structurally equivalent to 

poly(L(+)-lactic acid) polymers. Often for simplicity, the (+) or (-) is removed in the 

naming of PLLA polymers and these symbols will not be used any further in this thesis. 

Several authors have reported the synthesis of PLLA with a molecular weight up 

to 8500 g/mol by polycondensation of L-lactic acid. The syntheses were carried out by 

heating a solution of L-lactic acid in water (Jamshidi et al, 1988; Fukuzaki et al, 1989) 
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or in xylene (Celli and Scandola, 1992) to approximately 180°C for several hours. To 

synthesise PLLA with higher molecular weights, ring opening polymerisation methods 

have used L-lactide and a catalyst at temperatures between 130-200°C for several hours. 

Kulkarni et al. (1971) have reported that 0.02% tetraphenyl tin used as a catalyst 

produces high yields. Leenslag and Pennings (1987) and Hoogsteen et al, (1990) have 

both reported a method using stannous 2-ethyl hexanoate as a catalyst at levels as low as 

0.007%. Stannous 2-ethyl hexanoate has been identified as an effective catalyst for the 

synthesis of polyesters and it also has the advantage of acceptance by the FDA (Gilding 

and Reed, 1979). 

Synthesis using an alcoholic initiator and a catalyst allows for stoichiometric 

control of the polymer molecular weight. Schindler et al. (1982) have reported alcohol 

initiated synthesis of poly(s-caprolactone) in which predicted M n and observed M n values 

did not differ by more than 6 and 8% when using 1,6-hexanediol and dodecanol, 

respectively. Stoichiometric control is achieved because the number of growing chains is 

equal to the number of initiator molecules present and remains constant throughout the 

reaction (Saotone and Kodaira, 1965). PLLA has been synthesised by this method using 

lauryl alcohol (Asano et al, 1991) and polyethylene glycol (PEG) (Nijenhuis et al, 1996) 

as the initiator. However, in the case of PEG, the aim was not to control molecular 

weight, but rather to synthesise a block copolymer of ethylene glycol and L-lactic acid. 

2.6.2. Thermal properties 

The enantiomeric purity of PLLA imparts a semicrystalline morphology to the 

polymer (Holland et al, 1986). Reports of the degree of crystallinity of PLLA have 

varied from 20 to 75% (Celli and Scandola, 1992; Engelberg and Kohn, 1991). The Tg 
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and Tm for PLLA have been observed to be dependent on polymer molecular weight, and 

previous processing conditions (Izumikawa etal, 1991). 

Engelberg and Kohn (1991) and Celli and Scandola (1992) have studied the 

effects of thermal history and ageing on the glass and melting transitions. Annealing of 

PLLA below Tg resulted in enthalpy relaxation of the amorphous polymer phase. The 

rate and extent of relaxation was dependent on the annealing temperature and polymer 

molecular weight. Annealing of PLLA above Tg resulted in an increase in the degree of 

crystallinity of the polymer (O'Reilly and Karasz, 1966). 

Both single and double endotherms at the melting transition of PLLA have been 

observed (Izumikawa et al, 1991; Celli and Scandola, 1992). This phenomenon is 

believed to be evidence of melting of a single form of non-equilibrium PLLA crystallites, 

immediately followed by recrystallisation and a second melting event. However, two 

distinct forms of PLLA crystals have been identified by Hoogsteen et al. (1990), a and p 

forms, which melt around 175 and 185 °C, respectively. 

2.6.3. Biocompatibility 

Non-degraded PLLA was first demonstrated to be biocompatible by Kulkarni et 

al. (1971). The biocompatibility of PLLA was classified as "excellent" by authors who 

studied PLLA in vivo over several months (Gourlay et al, 1978; Bos et al, 1991). Only 

minimal localised inflammation was visible by histological examination in the very early 

and late phases of in vivo evaluation of PLLA bone fixation plates that were examined 

over a two year period. A similar study of PLLA plates and screws examined three years 

after implantation showed a foreign body reaction at the site of the implant although the 

presence of inflammation was considered minimal (Bergsma et al, 1993). 

38 



2.6.4. Biodegradation 

2.6.4.1. Indirect (oxidative) biodegradation 

Biodegradation of PLLA is generally agreed to be accomplished by simple 

hydrolysis, with only minor involvement of enzymatic pathways (Reed and Gilding, 

1981; Leenslag et al, 1987). Hydrolysis of ester bonds in PLLA is catalysed by both 

H30 + and OH" ions at low and high pH, respectively. At pH 7.4, base catalysis is 

believed to predominate (Makino et al, 1986). As ester bonds are hydrolysed, carboxylic 

acid groups are evolved which are capable of catalysing further hydrolysis (Lam et al., 

1994; Pitt and Gu, 1987). Homogeneous degradation is the pattern most often observed 

for PLLA and other similar polyesters (Holland et al, 1986). In order for homogeneous 

degradation to occur, water must diffuse into the polymer matrix, thus hydrophobicity 

and crystallinity both contribute to a slowing of PLLA degradation (Holland et al, 1986). 

As hydrolysis proceeds and the molecular weight of the polymer decreases, 

several effects on the physical properties of the polymer are observed. Pistner et al. 

(1993), Lam et al. (1994) and Migliaresi et al (1994) have all reported an increase in the 

degree of crystallinity in the polymer as degradation proceeds. Lam et al. (1994) 

proposed that both preferential degradation of amorphous regions of the polymer and 

"degradation induced recrystallisation" explain this phenomenon. Despite the increase in 

crystallinity of the matrix, the mechanical strength of PLLA was decreased as 

degradation proceeded (Reed and Gilding, 1981; Li et al, 1990; Lam et al, 1994). A 

reduction in both molecular weight and mechanical strength resulted in loss of mass in 

the polymer matrix as the matrix fragments and oligomers and monomers dissolved 

(Makino et al, 1985; Li et al, 1990; Rozema et al, 1994). 
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2.6.4.2. Direct (enzymatic) biodegradation and bioresorption 

The final elimination phase in which dissolved monomers and oligomers and 

microparticles of polymers are absorbed is called bioresorption (Vert et al, 1992). Small 

particles of PLLA and dissolved oligomers are taken up into macrophages for digestion 

by lysozomal enzymes (Woodward et al, 1985; Bos et al., 1991; Rozema et al., 1994). 

Lactic acid produced through enzymatic degradation is believed to be metabolised to 

carbon dioxide and eliminated through the lungs to complete the bioresorption process 

(Kulkarni et al., 1966). 

Several enzymes have been tested in vitro for activity in degrading PLLA 

(Williams, 1981; Makino et al., 1985). Of the enzymes studied, the greatest activity was 

observed with carboxylic esterase, pronase, proteinase-K and bromelain, which when 

incubated with PLLA caused mass loss in the polymer matrix with the evolution of L-

lactic acid. However, because of the high molecular weight of the enzymes, they could 

not penetrate into the polymer matrix, and enzymatic degradation occurred only at the 

surface. 

2.6.5. Poly(L-lactic acid) in medical devices and polymeric drug delivery systems 

There are many applications for PLLA in medical devices, including bone 

fixation pins (Matsusue et al., 1992), plates and screws (Bergsma et al., 1993), fibres for 

surgical sutures (Hoogsteen et al., 1990) and polymeric stents for use in urological 

(Kempainen et al., 1993) and vascular applications (Agrawal et al., 1992). 

The drug delivery applications for which PLLA microspheres have been 

developed are listed in Table 1. PLLA microspheres have been manufactured in size 

ranges between 1 and 300 um by spray drying (Pavanetto et al., 1993) but most 
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commonly by the solvent evaporation technique in an oil/water dispersion (Jalil and 

Nixon, 1989; Mumper and Jay, 1992; Kofler et al, 1996). PLLA microspheres have 

been administered by intra-articular (Mumper et al, 1992) and subcutaneous injections 

(Kwong et al, 1986) and by implantation into bone lesions (Anselme et al, 1993). 

Table 1. Therapeutic applications of PLLA microspheres. 

Therapeutic application Incorporated drug Reference 
Antimalarial therapy Pyrimethamine Tsakala et al, 1990 
Cancer chemotherapy Etoposide Kishida et al., 1990 

Vitamin D3 Pavanetto et al., 1993 
Adriamycin Ike et al, 1990 

Cancer radiation therapy yuYittrium Hafeli et al., 1994 
165Holium Mumper and Jay, 1992 

Diabetes management Insulin Kwong etal, 1986 
Radionuclide synovectomy i o 3Holium Mumper et al., 1992 
Vaccination Bacterial antigen Kofler et al, 1996 

Tetanus toxoid Gopferich et al, 1994 

2.7. Polymer blending 

2.7.1. Blend compatibility 

The miscibility of polymers has been identified as a very important factor in 

determining the thermal and mechanical properties of a blend (Chu and Berner, 1993; 

Hseih and Peiffer, 1993). The enthalpy and entropy of mixing for two polymers, predict 

that without specific interactions between polymers, mixing results in a phase separated 

morphology (Liu and Donovan, 1995). Hydrogen bonding (Aubin and Prud'homme, 

1980), acid-base interactions (Zhou and Eisenberg, 1983) and complex formation (Cruz 

et al, 1979) have all been shown to contribute to exothermic mixing, and polymer 

miscibility. 
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2.7.2. Effects of blending on polymer properties 

2.7.2.1. Glass transition 

Miscible polymer blends form a single amorphous phase which exhibits a single 

glass transition. The Tg is composition-dependent and its relationship to blend ratio has 

been described by the Fox equation (Fox, 1956): 

where ty\ and are the fractional proportions and Tgi and Tg2 are the glass transition 

temperatures of each polymer, respectively. This relationship has been used to fit 

experimental data for miscible polymer systems (Grandfils et al, 1996; Liu and 

Donovan, 1995). In the case of immiscible blends, two amorphous phases exist, and each 

of the individual polymer glass transitions are observed, although the Tgs may become 

broadened and shift closer to one another (Gesner, 1969). 

2.7.2.2. Crystallinity and melting 

Melting point depression is observed in blending semicrystalline polymers. This 

was first described mathematically by Nishi and Wang (1975) and has been modified to 

account for non-equilibrium polymer systems by Martinez-Salazar et al. (1996). The 

equation relates the melting point depression to the blend composition, the interaction 

parameter (x) and the molar volumes and molecular weights of each polymer component. 

A reduced form was also presented for blends of high and low molecular weight 

polymers with identical chemical structure: 

i _ <L , <i>2 Equation 13 

Tg Tg, T g 2 

Tm 2 Tm° Ah m, 
Equation 14 
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where fy2, Ah, Tm 2 and Tm 0

2 are the weight fraction, heat of fusion of the polymer 

repeating unit, and depressed and equilibrium melting points of a semicrystalline 

component in a polymer blend respectively, and m i is the molar volume of the other 

component of the blend. 

Changes in the Tg and Tm of polymers in a blend alter the temperature range 

over which recrystallisation may occur. The rate and extent of crystallisation of one 

polymer can be affected by addition of a second. Both increases and decreases in the 

degree of crystallinity of a polymer after blending have been demonstrated. The degree 

of crystallinity of nylon 6 was reduced from 25% for the pure polymer to 5% in a 1:1 

blend with poly(hexamethylene isophthalamide) (Liu and Donovan, 1995). However, 

upon annealing of the blend, the degree of crystallinity of nylon 6 increased to 35% while 

annealing pure nylon 6 did not result in an increase above 25% crystallinity. 

2.7.2.3. Permeability and biodegradation of polymer blends 

Polymer blending can be used to produce matrices with specific permeability and 

biodegradation profiles. In the manufacture of microspheres, phase separation has been 

shown to increase the porosity and therefore the permeability of the polymer blend 

matrix. In a blend of PCL and poly(hydroxybutyrate-co-hydroxyvalerate), the highest 

observed porosity was seen at a blend ratio of 1:1 (Embleton and Tighe, 1993). The 

permeability of PDLLA to water has been enhanced by incorporating PDLLA oligomers 

into the matrix (Bodmeier et al., 1989; Grandfils et al., 1996) to increase swelling of the 

matrix, decrease Tg of PDLLA, increase the hydrophilicity of the matrix, and increase 

rates of hydrolytic degradation and erosion. Asano et al. (1991) also incorporated lower 
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molecular weight PDLLA into a PDLLA matrix and observed a decrease in the lag phase 

observed prior to onset of erosion of the matrix. Preferential hydrolytic degradation of 

the low molecular weight fraction was also observed. 

2.7.2.4. Drug release from polymer blends 

The effects of blending on the release of drugs from a polymer matrix have been 

explained largely by the observed effects of blending on polymer biodegradation and on 

the permeability of drugs in the matrix. Microspheres composed of a blend of PLLA 

with PLGA and L-methadone released drug at rates intermediate between those observed 

from the single polymer matrices due to changes in the permeability of the polymer 

matrices (Cha and Pitt, 1988). Yeh et al (1995) reported that the addition of PEG to 

PLGA microspheres resulted in increased hydration and pore formation after the PEG 

leached out of the matrix, resulting in an increased in vitro drug release rate. The release 

rate of caffeine from PDLLA microspheres was increased by the addition of a PDLLA 

oligomer (Bodmeier et al, 1989). 

2.7.3. Polymer blends incorporating poly(L-lactic acid) 

PLLA has been blended with other biodegradable and non-biodegradable 

polymers to modulate both the biodegradation rate of PLLA and drug release rates from 

the delivery systems. Cha and Pitt (1990) blended PLLA with PLGA and measured an 

increased degradation rate of PLLA chains relative to the rate observed for a PLLA 

matrix. Thermal analysis of the blends indicated that PLLA and PLGA were immiscible. 

Blending of PLLA with another polyester, poly(hydroxybutyrate) (PHB), yielded blends 

with miscibility dependent on the blend composition and on the molecular weight of 

PLLA (Blumm and Owen, 1995). Polymer molecular weight is an important factor 
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because it affects its molar volume, a parameter which contributes to the Flory-Huggins 

interaction parameter, % (Martin, 1993b) which determines the enthalpy of mixing of 

polymers. The miscibility of PLLA with other polymers has been demonstrated to be 

dependent on the hydrophilicity of the second polymer (Park et al, 1992). 

PLLA has been blended with its optical isomer, PDLA, by casting from a 

common solution in various solvents (Tsuji et al, 1991a, 1991b). The formation of 

racemic crystals was observed in the miscible blend of PLLA and PDLA, which melted 

at 225 °C. 

2.8. Intraperitoneal chemotherapy 

2.8.1. Rationale 

"The basic goal of intraperitoneal delivery of cytotoxic agents is to expose 

tumour in the compartment to higher drug concentrations for longer time periods than 

would be possible with systemic drug administration" (Markman, 1996). Both 

pharmacokinetic and pharmacodynamic advantages have been demonstrated with 

intraperitoneal administration of chemotherapeutic drugs. Litterst et al. (1980) examined 

seventeen chemotherapy drugs and determined that drugs with a molecular weight greater 

than 500 g/mol are poorly absorbed from the peritoneum and that a hypertonic 

administration vehicle could improve retention. 

Given their slow clearance, drugs whose chemotherapeutic activity is related to 

concentration and duration of exposure, such as m-diamminedichloroplatinum (cisplatin) 

(Markman, 1996) and paclitaxel (Rowinsky et al, 1988) may show enhanced 

effectiveness with intraperitoneal administration. Slow drug clearance from the 

peritoneum into the systemic circulation can lead to decreased systemic toxicity as shown 
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for intraperitoneal cisplatin administered in combination with cyclophosphamide (Alberts 

et al, 1995). Intraperitoneal administration also reduces first pass hepatic metabolism of 

drugs, which may result in increased bioavailability for drugs which are primarily 

metabolised in the liver, such as paclitaxel (Monsarrat et al, 1990). 

2.8.2. Limitations 

While patients who are sensitive to a chemotherapeutic agent may benefit from a 

second intraperitoneal course after intravascular administration of the drug, the opposite 

is also true. In patients previously shown to be resistant to cisplatin, higher drug 

concentrations and prolonged exposure to drug with intraperitoneal administration was 

not effective at reversing drug resistance in ovarian cancer (Markman et al, 1991). 

Intraperitoneal administration of cisplatin was also not effective in patients with tumour 

masses larger than 1 cm in diameter due to poor drug penetration. Measurement of 

intracellular platinum levels in tumour masses after intraperitoneal drug administration 

showed that cisplatin penetrated only 3 mm into solid tumour masses (McVie et al., 

1985) while doxorubicin penetrated less than 0.5 mm into tumour masses (Ozols et al, 

1979). 

2.8.3. Applications 

2.8.3.1. Ovarian cancer 

The disease most often treated with intraperitoneal chemotherapy is ovarian 

cancer and numerous clinical trials have evaluated cisplatin, 5-fluorouracil and 

methotrexate for this purpose. The early trials have been reviewed by Brenner (1986). 
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More recently, trials of a-interferons (Berek et al, 1985; Moore et al, 1995) and 

paclitaxel (Markman et al, 1992) have been reported. 

A report of a trial comparing intravenous and intraperitoneal cisplatin in treating 

stage III ovarian cancer which was begun in 1985 showed that intraperitoneal therapy 

resulted in a 20% increase in survival times and significantly less neutropenia and 

ototoxicity, compared to intravenous therapy (Alberts et al, 1995). Clinical investigation 

of intraperitoneal paclitaxel therapy has only reached Phase I trials (Markman et al., 

1992) and Phase II protocols have been published (Markman, 1995). Markman et al. 

(1992) compared AUCs for plasma and peritoneal fluid and found almost a thousand-fold 

higher drug exposure in the peritoneum than in the general circulation. An extremely low 

2 2 

clearance of 0.0175 L/h/m was reported compared to 8 to 26 L/h/m after intravenous 

administration (refer to section 2.2.4). The toxicity was described as acceptable, with 

dose limiting abdominal pain reported at a dose of 175 mg/m2. 

2.8.3.2. Peritoneal carcinomatosis and gastrointestinal cancers 

Surgery for cancers of the colon and rectum has traditionally involved 

exploratory surgery. Recently, laparoscopic surgery has gained popularity in the 

treatment of these cases because it is well tolerated with respect to morbidity and 

mortality during surgery (Bleday et al, 1993). Patients receiving laparoscopic 

gastrointestinal surgery have shorter hospital stays, lower complication and post­

operative mortality rates and more rapid recovery times compared to patients receiving an 

open surgery (Phillips et al, 1992). However, the problem of incomplete resection or 

contamination with tumour cells of previously unaffected tissues by laparoscopic 

techniques has become evident. Several occurrences of peritoneal carcinomatosis, or 
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wide-spread dissemination of tumours in the peritoneal cavity, due to seeding of the 

peritoneum with tumour cells during laparoscopic surgery have been reported. Jacquet et 

al. (1995) summarised twenty-five case reports of peritoneal seeding after laparoscopic 

colectomy and other reports have involved gallbladder (Sailer et al, 1995) and pancreatic 

(Charnley et al, 1995) cancers. 

Intraperitoneal chemotherapy has been employed to combat this problem. 

Jacquet et al. (1995) reported two cases of patients with recurrent cases of colorectal 

cancer who were successfully treated with laparoscopic surgery and with intra-operative 

mitomycin C and post-operative 5-fluorouracil, both administered intraperitoneally. 

Cancers of the gastrointestinal system in the peritoneum often lead to peritoneal 

carcinomatosis even without prior intervention. The outcome for these patients is very 

poor and treatment has involved palliative cytoreductive surgery and intraperitoneal and 

intravascular chemotherapy. An intraperitoneal administration of mitomycin C after 

cytoreductive surgery in patients with recurrent metastatic colon cancer was 

demonstrated to be a safe palliative treatment which prevented regrowth of tumours for a 

median of six months (Schneebaum et al, 1996). Another trial using cisplatin had 

negative results (Sautner et al, 1994). In this trial, no measurable improvement in patient 

survival times was found with post-operative chemotherapy compared to a group of 

patients who received surgical treatment alone. 

2.8.4. Intraperitoneal administration of chemotherapy using microparticulate 

delivery systems. 

There are a limited number of studies of intraperitoneal delivery of 

chemotherapeutic agents from microspheres. Ike et al. (1990) encapsulated adriamycin 
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in PLLA microspheres with average diameter of 50 pm and injected them into the 

peritoneal cavity of mice concurrently with two million P815 mastocytoma tumour cells. 

Compared to mice receiving a solution of adriamycin intraperitoneally, those mice 

receiving microsphere encapsulated drug had up to a 100% increase in survival time, 

which was ascribed to decreased systemic drug toxicity. However, in this study, drug 

toxicity was responsible for the early death of all animals and no therapeutic benefit was 

observed, compared to mice receiving control microspheres. Edman and Sjoholm (1979) 

encapsulated L-asparaginase in poly(acrylamide) microspheres. The microspheres were 

administered intraperitoneally to healthy rats and the systemic activity of the enzyme was 

demonstrated to be prolonged by several days compared to an intraperitoneally 

administered L-asparaginase solution. Cisplatin loaded PLGA microspheres were 

administered intraperitoneally to rats in a model of ovarian cancer (Kumagai et al, 1996). 

Improved tolerability, higher intraperitoneal drug concentration and increased survival 

times were obtained in rats that received cisplatin microspheres compared to an aqueous 

solution of the drug. A similar study in mice using P815 tumour cells also showed 

increased survival times and decreased toxicity (Itoi et al., 1996). 

Other particulates with diameters in the nanometer size range have been 

investigated for the intraperitoneal administration of chemotherapeutic drugs. In these 

applications, the drugs are targeted to the lymphatic system, which absorbs particles less 

than 1 pm in diameter from the peritoneum. Activated carbon particles have been coated 

with mitomycin C (Takahashi et al, 1995) and methotrexate (Hagiwara et al, 1996) for 

the treatment of peritoneal carcinomatosis and lymph node metastases. 
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2.8.4.1. Clearance of microspheres from the peritoneum of rats 

Particulate materials are cleared from the peritoneal cavity through the 

diaphragm into lymphatic capillaries. Florey and Witts (1928) developed the idea of a 

sieve-like structure in the diaphragm through which particles can penetrate. The anatomy 

of the diaphragm in mice was more accurately defined by Allen (1936) who observed 

openings with diameter 5 pm, called stomata, at the junctions of mesothelial cells in the 

peritoneal lining. The stomata lead to fenestrations in the basement membrane and a 

network of lymphatic lacunae that drain via ducts to the parathymic and mediastinal 

lymph nodes (Flessner et al, 1983; Abernethy et al, 1991; Abu-Hijleh et al, 1994). 

Clearances and the mechanism of clearance for particles with diameters less than 2 pm 

from the peritoneum of rodents and dogs were studied by several authors during the first 

half of this century and these have been reviewed (Allen, 1956). However, clearance of 

larger particles was not studied until 1956 by Allen. Table 2 summarises studies 

published after 1956 that have examined clearance of particulates from the peritoneum of 

rats. Particles with diameter up to 25 pm are cleared through stomata within several 

hours. Larger particles can be cleared after several days (Ludwig, 1971; Edman and 

Sjoholm, 1979). Investigations using particles of different materials (Allen, 1956) and 

several animal models including mouse, rat and cat models (Allen and Weatheford, 1959) 

indicates that variation exists between different materials and between different species. 

2.8.4.2. Animal models for intraperitoneal administration of paclitaxel 

The pharmacokinetics of paclitaxel administered in solution into the peritoneum 

of mice has been reported (Eiseman et al, 1994; Innocenti et al, 1995). Innocenti et al 

(1995) observed that after administering either 18 or 36 mg/kg paclitaxel in a 1:1 
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Cremophor EL®:ethanol solution, the drug accumulated primarily in the organs located in 

the peritoneum. The peak plasma concentration of paclitaxel, observed after 2 hours, was 

lower than the peak concentrations observed in liver, colon, pancreas and kidney tissues. 

However, the plasma concentration at both dose levels was sufficient to induce cytotoxic 

effects in vitro, indicating that systemic exposure is not prevented by intraperitoneal 

administration. In contrast, Eiseman et al. (1994) did not detect any paclitaxel in plasma 

after intraperitoneal administration of 22.5 mg/kg paclitaxel in mice. In their study, 

injected volumes between 10 and 150 ml/kg were used and no effect of the volume of the 

paclitaxel solution on the absorption of paclitaxel from the peritoneum was observed. 

The toxicity of paclitaxel has been investigated in animals after intraperitoneal 

injection. Cavaletti et al. (1995) were able to induce peripheral neuropathy in rats after 

five weekly intraperitoneal injections of 16 mg/kg paclitaxel in 1:1 Cremophor® 

EL:ethanol. The effect of paclitaxel and Cremophor® EL on histamine release in the 

peritoneum has also been examined (Decorti et al., 1996). Only a moderate histamine 

response was observed in an in vitro assay of mast cells harvested from the peritoneal 

cavity of rats using a paclitaxel dose of 100 ug/105 cells in 1 ml of isotonic salt solution. 

Similar histamine release was observed in controls that received 8 pi Cremophor® EL. 

The effect of paclitaxel on wound healing after a surgical procedure in rats has also been 

recently reported (Hopkins et al., 1997). The rat model showed that post-operative 

administration of paclitaxel in 1:1 Cremophor® EL:ethanol at a dose of 3 mg/kg was 

sufficient to decrease the strength and scar thickness of an incision site in the peritoneal 

lining compared to control animals after two weeks of healing time. 
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Table 2. The effect of microsphere size on clearance from the peritoneum of rats. 

Particulate material 
Particulate 
material 

size range 
(pm) 

Max. size 
recovered in 
lymph nodes 

(pm) 

Time Reference 

Polyfmethyl methacrylate) 0.5 0.5 6 hours Maincentefa/., 1992 
nanospheres 
Liposomes <1 <1 5 hours Hirano and Hunt, 1985 
Glass beads 3-18 12 8 min Allen, 1956 
Polystyrene microspheres 1-30 17 2 days Allen and 

Weatherford, 1959 
Paraffin/asphalt Not 22 8 min Allen, 1956 
microspheres reported 
Ceramic microspheres 5-50 25 7 days Ludwing, 1971 
Polyacrylamide 
microspheres 

0.3-36 36 15 days Edman and Sjoholm, 
1979 

Despite the promising pharmacokinetic data for intraperitoneal paclitaxel and the 

initiation of clinical trials of intraperitoneal paclitaxel in ovarian cancer, very little animal 

data have been published concerning the effectiveness of paclitaxel against peritoneal 

tumours. The efficacy of intravenous paclitaxel against intraperitoneally implanted 

human ovarian tumour xenografts in mice has been studied (Nicoletti et al., 1993, 1994). 

Paclitaxel and its analogue, docetaxol, were both determined to be more effective at 

doses of 16 to 34 mg/kg than equitoxic doses of cisplatin, with prolonged survival times 

and complete responses in 50% of the mice receiving 34 mg/kg paclitaxel. 
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3. E X P E R I M E N T A L 

3.1. Materials and supplies 

3.1.1. Drugs 

Paclitaxel and 7-epitaxol were obtained from Hauser (Boulder, CO). Baccatin III 

was obtained from Inflazyme Pharmaceuticals (Vancouver, BC). 

3.1.2. Polymers and reagents used for polymerisation reactions 

Poly(L-lactic acid) polymers: 2k and 50k g/mol polymers (Polysciences Inc., 

Warrington, PA) and 100k g/mol polymer (Birmingham Polymers Inc., 

Birmingham, AB) 

Stannous 2-ethyl hexanoate (Sigma, St. Louis, MO) 

L-lactic acid 60%w/w in water (Aldrich Chemical Company, Milwaukee, WI) 

L(-)lactide (Polysciences Inc., Warrington, PA) 

Stearyl alcohol (Stanley Pharmaceuticals, North Vancouver, BC) 

Polyvinyl alcohol) (PVA) 13-20k g/mol (Aldrich Chemical Company) 

Polystyrene molecular weight standards ranging from 300 g/mol to 233k g/mol 

(Pressure Chemical Company and Polysciences Inc.) 

3.1.3. Naming of the poly(L-lactic acid) polymers used in this work 

PLLA polymers obtained from Polysciences Inc. are abbreviated as "PLLA-PS" 

Two molecular weights of PLLA-PS were studied. These will be designated by the 

molecular weights given by the manufacturer, e.g. "2k g/mol PLLA-PS". PLLA obtained 

from Birmingham Polymers Inc. will be referred to as 100k g/mol PLLA, designating the 
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molecular weight given by the manufacturer. The term "LLA oligomer" will be used to 

designate the product of a polycondensation reaction of L-lactic acid. PLLA polymers 

synthesised by a ring-opening polymerisation reaction using stearyl alcohol as the 

initiator will be called "PLLA-SA" polymers. Different molecular weights will be 

identified using the value of molecular weight predicted by the synthesis (Mn*), e.g. "10k 

g/mol PLLA-SA". PLLA polymers synthesised using the PLLA oligomer by the ring-

opening polymerisation method will be called "PLLA-LA" polymers. The molecular 

weight of these polymers will be identified using the molecular weight determined for 

each by GPC, e.g. "3.5k g/mol PLLA-LA" for the polymer with a predicted molecular 

weight of 10k g/mol but a measured value of 3.5k g/mol. 

3.1.4. Buffers, stock solutions and solvents 

Phosphate buffered saline with 0.4% albumin (pH=7.4) (PBS-A) was prepared 

containing sodium chloride, 8.22 g, sodium phosphate monobasic dihydrate, 0.315 g, 

sodium phosphate dibasic heptahydrate, 2.15 g, bovine serum albumin (Fraktion V), 

1.6 g, and distilled water, 4.0 L. Al l PBS-A ingredients were from Fisher Scientific 

(Fairlawn, NJ) except the albumin, which was from Boehringer Mannheim (Germany). 

Al l ingredients were combined in a 4 L Erlenmeyer flask and stirred at room temperature 

to dissolve the solids. The pH of the buffer was in the range of 7.2 - 7.4. PBS-A was 

stored at 4°C and any unused PBS-A discarded after 48 hours. 

A 10% poly(vinyl alcohol) (PVA) solution in distilled water was prepared by 

combining 35 g PVA with 350 ml distilled water in a covered beaker, and heated to 

boiling with stirring to dissolve the PVA. The 10% PVA solution was then cooled, 

stored at 4°C and discarded if the solution became hazy. 

54 



Distilled water was used throughout. Sodium dried toluene was prepared by Mr. 

P. Franchini in the Faculty of Pharmaceutical Sciences at U.B.C. The sodium was 

obtained from BDH (Poole, England) and the toluene was from Aldrich Chemical 

Company. All other solvents were HPLC grade and were obtained from Fisher 

Scientific. 

3.1.5. Materials used for in vivo studies 

The Brain Tumour Research Center (San Francisco, CA) supplied 9L 

glioblastoma cells. Phosphate buffered saline (PBS) was prepared as described in section 

3.1.4 except that no albumin was included. Chemicals for the preparation of histology 

slides: proteinase K, Immunomount®, Coverbond®, haematoxylin and eosin stain, and 

formalin, anaesthetic and post-surgery narcotic drugs: Innovar®, atropine, fluothane and 

buprenorphine HCI and 0.9% Sodium Chloride Injection (NS) were obtained from the 

Pathology Department of Vancouver Hospital and Health Sciences Centre, U.B.C. 

Pavilions. Media for the culturing of 9L glioblastoma cells and 5% trypsin-EDTA 

solution were kindly donated by Dr. U. Steinbrecher of the Faculty of Medicine at U.B.C. 

3.1.6. Other reagents 

Potassium hydroxide (Fisher Scientific, Fairlawn, NJ) 

Benzyl alcohol (Aldrich Chemical Company, Milwaukee, WI) 

Phenolphthalein (Sigma Chemical Company, St. Louis, MO) 

Polysorbate 80 (Aldrich Chemical Company, Milwaukee, WI) 
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3.1.7. Glassware 

Test tubes for in vitro release studies were 15 ml and 50 ml Kimax® brand test 

tubes with Teflon® lined screw capped lids. Beakers, Erlenmeyer flasks and graduated 

cylinders were Pyrex® brand. Microsphere and paclitaxel samples were stored in 20 ml 

glass vials with polypropylene lined screw capped lids. Al l glassware was obtained from 

Fisher Scientific (Toronto, ON). 

3.2. Equipment 

3.2.1. H P L C 

Chromatographic analyses of paclitaxel were performed using a Waters HPLC 

system (Millipore Corporation, Bedford, MA). The components were a model 717+ 

autosampler, a model 600 controller and pump module, a model 486 tunable absorbance 

detector and a model 746 data collection module. The analytical column was a Novo-Pak 

Ci8 column with dimensions 3.9 x 150 mm (Millipore Corporation). 

3.2.2. Gel permeation chromatography instrumentation 

Gel permeation chromatographic analyses of polymers were performed using a 

Shimadzu HPLC system (Shimadzu Corporation, Tokyo, Japan). The components were a 

20 pi loop injector (Rheodyne Inc., Cotati, CA), a model LC-10AD HPLC pump, a 

model RID-6A refractive index detector and a model CR601 Chromatopac data recorder. 

Three PLgel GPC columns were used with pore sizes of 50, 103 and 104 A . The bead size 

of the gel was 5 urn and the column dimensions were 7.5 x 300 mm (Hewlett Packard, 

Richmond, BC). 
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3.2.3. K a r l Fischer titration 

A model DL18 Karl Fischer titrator (Mettler Instruments, Hightstown, NJ) was 

used for the Karl Fischer titration of water content in paclitaxel samples. A titration 

apparatus composed of 20 ml capacity glass burette, a glass beaker with a screw-cap 

Teflon lid, a magnetic stirrer and a Karl Fischer electrode (Labindustries Inc., Berkeley, 

CA) was used for the analysis of water content in polymer samples. 

3.2.4. Microsphere manufacture 

The apparatus for the manufacture of microspheres consisted of a Dyna-Mix 

overhead stirrer model 143 (Fisher Scientific Inc., Fairlawn, NJ) which allowed variable 

speed control of an impeller that was immersed in a glass beaker containing the 

dispersion. The dimensions of the impeller and of the beakers used in the manufacture 

are provided in Figure 5. 

3.2.5. Scanning electron microscopy 

Samples were prepared using a Hummer sputter coater (Technics Inc., 

Alexandra, VA) and analysed using a model S-2300 scanning electron microscope 

(Hitachi, Tokyo, Japan). 

3.2.6. Particle size analysis 

Microsphere size distributions were measured with a model LSI30 Coulter laser 

diffraction particle size analyser (Coulter Scientific, Amherst, MA) controlled with 

Coulter LS100/LS130 version 1.53 software. 
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F i g u r e 5. A schematic d iagram o f the apparatus used for the manufacture o f 
microspheres. 

bot tom v i e w o f impel ler : 

22 m m 

beaker (250 m l capaci ty beaker 
used for microspheres w i th 
diameter greater than 10 m m , 
750 ml capaci ty beaker used for 
smal ler microspheres. 

st i rr ing impel le r 

15° (both beaker sizes) 

10 m m (both beaker sizes) 
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3.2.7. Thermal analysis 

Thermal analysis was conducted using a differential scanning calorimeter model 

91 OS, and a thermogravimetric analyser model T G A 5 1 from Dupont Instruments Inc. 

(New Castle, D L ) . The thermal analysis system was controlled using T A thermal analyst 

2000 software on an I B M computer. Aluminum sample pans were crimped using a 

Perkin Elmer (Norwalk, CT) model GC14767 crimper for non-hermetically sealed pans 

and a Dupont Instruments Inc. (New Castle, D L ) model 900878-901 crimper for 

hermetically sealed pans. 

3.2.8. X-ray powder diffraction 

A model X D S 2000 X-ray powder diffractometer (Scintag) equipped with a 

High-Tran heat and temperature controller model 828D (Micrista) and a Geigerflex X-ray 

powder diffractometer (Rigaku Inc., Tokyo, Japan) without temperature control were 

used to determine paclitaxel X-ray powder patterns. 

3.2.9. Liquid chromatography-mass spectrometry 

The H P L C system used for liquid chromatography-mass spectrometry ( L C M S ) 

was a model 1090 series II system (Hewlett Packard, Palo Al to , C A ) . Detection was 

accomplished using a mass spectrometry-mass spectrometry ( M S - M S ) V G Quattro 

system (Fisons Instruments, Altrincham, England). A Ci8 Hypersil column with 

dimensions of 5 pm x 2.1 mm x 100 mm was used for chromatographic separation. 
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3.2.10. Ovens and incubators 

A Shel-Lab oven (Sheldon Manufacturing Inc., Portland, OR) was used for in 

vitro release studies. Paclitaxel samples were maintained at constant temperature in an 

Isotemp incubator (Fisher Scientific Inc., Fairlawn, NJ) during moisture uptake studies. 

A Napco vacuum oven model 5831 (Precision Scientific Inc., Chicago, IL) equipped with 

an Emerson vacuum pump model SA55NXGTE4870 (Emerson Motor Division, St 

Louis, MO) was used to dry paclitaxel samples to constant weight and a Thelco model 16 

oven (Precision Scientific Inc., Chicago, IL) to heat reaction vessels for polymer 

synthesis. 

3.2.11. Centrifuges 

Two centrifuges, models GPR and GS-6 (Beckman Instruments Inc., Palo Alto, 

CA) where used for centrifugation in the manufacture of microspheres and in the assay 

for in vitro drug release. 

3.2.12. Other equipment 

Accumet pH meter model 610A (Fisher Scientific Inc., Fairlawn, NJ) 

Hygroskop-BT relative humidity meter (Rotroni, Zurich, Switzerland) 

Mettler balances models PJ300, AJ100, and AE163 (Mettler Instruments, Zurich, 

Switzerland) 

Corning hot plate stirrer model PC-351 (Corning Glass Works, Corning, NY) 

VWR Vortexer-2 (Scientific Industries Inc., Bohemia, NY) 

Maxi-Mix II vortexer, model M37615 (Thermolyne Inc., Dubuque, IA) 

Corning AG Mega-Pure water still (Corning, NY) 

Freezer (Caltec Scientific, Richmond, BC) 
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Branson 2200 ultrasonic cleaner (Branson Ultrasonics Corporation, Danbury, 

CT) 

Olympus BH-2 microscope (Olympus Optical Company Limited, Japan) 

Contax 35 mm camera, model 167MT (Kyocera Corporation, Tokyo, Japan) 

Reacti-Vap III gas drying module (Pierce Inc., Rockford, IL) 

Reactiv-Therm III heating/stirring module (Pierce Inc., Rockford, IL) 

Butane torch, model RK-2020 (Rekrow Inc., Taiwan) 

3.3. Methods for the solid state characterisation of paclitaxel 

3.3.1. Preparation of paclitaxel I 

Paclitaxel was dried to constant weight at ambient temperature and reduced 

pressure (200 mmHg) in a vacuum oven equipped with an external pump. Commercial 

paclitaxel dried to constant weight will be referred to as "paclitaxel I". 

3.3.2. Preparation of paclitaxel»2H 20 

A hydrate form of paclitaxel was prepared as follows. In an Erlenmeyer flask 4 

L of distilled water and 8 mg of paclitaxel I were stirred at ambient temperature for 24 

hours. Solid paclitaxel was collected by filtration. The material collected was dried to 

constant weight as described above. This form of paclitaxel will be referred to as 

"paclitaxel«2H20". 

3.3.3. Determination of the water content of paclitaxel 

Water content determinations were accomplished by Karl Fischer titration. 

Sample sizes were 40 mg for paclitaxel I and 10 mg for paclitaxel»2H.20. The titrant was 

standardised by titrating 5 pl of distilled water (n=5). Immediately prior to analysis, 

61 



paclitaxel samples were dissolved in anhydrous methanol. The end-point of each titration 

was determined by an electrochemical detector. Values of water content were based on 

three separate measurements and are reported as average ± standard deviation. 

3.3 .4. Scanning electron microscopy 

Paclitaxel samples were mounted on aluminum disks with a double sided 

adhesive impregnated with carbon (Marivac Ltd., Halifax, ON). The mounted samples 

were coated with 100 A of gold-palladium and analysed using an electron voltage of 10-

20 kV. 

3.3.5. Thermogravimetric analysis 

TGA of paclitaxel I and paclitaxel«2H20 was carried out using samples weighing 

20 ± 2 mg scanned at a rate of 10°C/min. The purge gas was nitrogen flowing at a rate of 

40 ml/min. Weight losses reported for TGA were based on three runs for paclitaxel I and 

five runs for paclitaxel»2H20. 

3.3.6. Differential scanning calorimetry 

DSC of paclitaxel was carried out using samples weighing 3.00 ± 0.20 mg in 

open (crimped non-hermetically), and hermetically sealed aluminum pans in which a 

pinhole was made in the top, referred to as "pinhole" pans. The cell was purged with N2 

flowing at 40 ml/min. All measurements were made with a scan rate of 10°C/min unless 

otherwise stated. Isothermal studies were carried out by heating to 45°C at 20°C/min, 

holding the sample isothermally for 150 minutes followed by heating at 10°C/min. 

The reversibility of transitions was tested by cooling and reheating the samples, 

called a "heat-cool-heat" cycle. Paclitaxel I was heated to 195°C and cooled by placing 
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the sample directly into a chamber at ambient conditions (a relative humidity of 43 ± 3% 

at 23°C); after 24 hours, the sample was re-analysed by TGA and DSC. Paclitaxel I was 

also heated to 220°C by DSC, quench cooled under a nitrogen atmosphere with dry ice to 

25°C and re-analysed by DSC. 

Samples of paclitaxel»2H20 were heated to 100°C and to 195°C and cooled from 

each temperature in two different ways: by placing the sample directly into a 23°C 

chamber at 43 ± 3% relative humidity (RH) for 24 hours or by cooling the sample under 

nitrogen atmosphere at 10°C/min in the DSC. Samples were re-analysed by TGA and 

DSC. 

All reported peak transition temperatures and enthalpies of transition for DSC 

were based on three separate measurements and are expressed as average ± one standard 

deviation. 

3.3.7. X-ray powder diffraction 

For both instruments the X-ray source was CuKa radiation (45 kV, 40 mA). The 

sample sizes were approximately 60 mg for the Scintag instrument and 500 mg for the 

Geigerflex instrument. Two samples of paclitaxel I were heated at 10°C/min to 25°C and 

195°C in the temperature controlled X-ray diffractometer and held isothermally for 10 

minutes prior to XRPD analysis at each temperature. Similarly, paclitaxel«2H20 was 

analysed by XRPD at temperatures of 25°C, 100°C and 195°C. The °29 range scanned 

was 5 to 40° at a rate of 5°29/min at increments of 0.03°29. Paclitaxel»2H20 was heated 

to 100°C and 195°C by DSC and allowed to cool to room temperature at approximately 

40% RH prior to X-ray diffraction analysis. The range scanned was 5 to 40°29 at a rate 
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of 0.5°20/min at increments of 0.02°29. A l l temperature controlled X R P D analysis was 

completed in the lab of Dr. R. Suryanarayanan at the University of Minnesota. 

3.3.8. Relative humidity studies 

Samples of paclitaxel I (n=3) were stored at 25.0 ± 0.5°C in an incubator, in 

desiccator jars over saturated solutions of CaCl2»2H20, NaNC>2 and K N O 3 . The solutions 

maintained relative humidities of 32%, 66% and 93.7%, respectively at 25°C (Nyquist, 

1983). Silica gel was used to maintain a relative humidity of 0.3%. Weight changes as a 

percent were recorded for 96 days. 

3.3.9. Preparation of a standard curve for paclitaxel by L C M S - M S 

Three sets of standards of paclitaxel were prepared in the concentration range of 

0.5 to 10 ug/ml in 50:50 acetonitrile:water. The sets of standards were prepared 

independently by serial dilution of 10 ug/ml solutions, immediately prior to analysis. 

Two sets of standards were analysed at the beginning and end of the L C M S - M S assay of 

paclitaxel samples, respectively, and the third was analysed at the mid-point of the 

sample run. 

3.3.10. Dissolution studies 

Approximately 1 mg of paclitaxel I or paclitaxel»2H20 was placed in a 50 m l 

Erlenmeyer flask (n = 4) and 5 ml of water at 37°C added with vortexing for 15 seconds. 

Additional water at 37°C was added to 50 ml . The flasks were sealed and placed in a 

37°C water bath equipped with an orbital shaker. A t various sampling intervals, 1 ml of 

solution was removed and passed through a 0.22 um Mill ipore filter and diluted 50% 

with 1 ml of acetonitrile. Twenty pi of each sample were assayed by L C M S - M S with a 
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mobile phase of 2 mmol/L ammonium acetate in acetonitrile:water 60:40 flowing at a 

rate of 150 pl/min. The sample was introduced into the detector and ionised by 

electrospray using a cone voltage of 3000 V. The parent ion for detection was 852 amu 

and the monitored negative daughter ion was 521.1 amu. A dwell time of 1 sec and a 

collision energy of 40 eV were used. 

3.4. Methods for the synthesis of poly(L-lactic acid) polymers 

3 .4.1. Synthesis by a polycondensation reaction 

The synthesis of oligomers was based on the method of Fukuzaki et al (1988). 

To synthesise a LLA oligomer with molecular weight in the range of 250 - 350 g/mol, L-

lactic acid monomers were reacted as follows. A volume of 250 ml of an aqueous L-

lactic acid solution (60 %w/w) was placed in a 500 ml round-bottom flask. A 

thermometer, stirring paddle attached to an overhead mechanical stirrer, and a glass tube 

through which nitrogen gas was delivered were placed in the liquid. The round bottom 

flask was submerged below the level of the L-lactic acid into a mineral oil bath 

previously equilibrated at 170°C. The polymerising L-lactic acid was stirred for seven 

hours and nitrogen gas was bubbled through to prevent oxidation. The reaction was 

terminated when the molecular weight was estimated to be in the desired range. The 

estimation was accomplished by comparing the viscosity of the LLA oligomer with the 

viscosity of batches of L L A oligomer which had M n values above and below the range of 

250 - 350 g/mol. The LLA oligomer was stored in a beaker sealed with Parafilm at 

-20°C. 
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3.4.2. Synthesis by a ring opening polymerisation reaction 

PLLA was synthesised by ring-opening polymerisation (Schindler et al., 1982) 

from L(-)lactide using an initiator and stannous 2-ethyl hexanoate (approximately 

0.5%w/w) as the catalyst (Leenslag and Pennings, 1987). Two types of PLLA were 

synthesised. One was initiated using stearyl alcohol (PLLA-SA) and the other using L L A 

oligomer (PLLA-LA). L(-)lactide and initiator (either stearyl alcohol or oligomer) were 

combined in glass ampoules in varying weight ratios to achieve different final molecular 

weights of polymer. Two grams of L(-)lactide were used for each synthesis and the mass 

of initiator used was calculated using equation 15. 

F M N * ^ I = M L A Equation 15 
VMW I N I Y MINI 

where Mn is the predicted molecular weight of PLLA, MWINI is the molecular weight of 

the initiator (stearyl alcohol: 273 g/mol, oligomer: 337 g/mol), and MLA and MINI are the 

amounts of L(-)lactide and initiator, respectively, added to the mixture. To the mixture 

were added 100 pi of a 10% solution of stannous 2-ethyl hexanoate in dichloromethane. 

The ampoules were evacuated using a vacuum pump to remove the dichloromethane and 

the neck sealed using a butane torch. After fifteen minutes, the evacuated ampoules were 

sealed and heated to 150°C in an oven and allowed to react for 3-4 hours. Several batches 

of both PLLA-SA and PLLA-LA were synthesised with predicted molecular weights 

between 500 g/mol and 10k g/mol. 
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3.5. Methods for the characterisation of polymers 

3.5.1. Water content determination of oligomers 

Water content was determined by Karl Fischer titration. The Karl Fischer 

reagent was standardised by titrating 25 pl of distilled water (n=5). Samples of the 

oligomers weighing between 0.5 and 0.8 g were dissolved in sodium-dried toluene 

immediately prior to analysis. The water content of LLA oligomer was based on three 

separate measurements and reported as the average + standard deviation. 

3.5.2. Validation of the intrinsic viscosity determination method 

Values of intrinsic viscosity of polystyrene (233k g/mol) and PLLA (100k g/mol) 

calculated from Huggins and Kraemer plots and from the equation of Solomon and Ciuta 

(1962) were compared by a single factor ANOVA test. The viscosity determinations 

were done in triplicate for both polystyrene and PLLA. Huggins and Kraemer plots were 

constructed for a polystyrene molecular weight standard (233k g/mol) and for PLLA 

(100k g/mol) by plotting the following relationships (Martin, 1993c): 

t

 1 Equation 16 
— = mc„ -i-b 

In V Equation 17 
= mc„ + b 

where tx is the time required for a solution of polymer in chloroform with concentration 

cx to flow through a viscometer and to is the time for chloroform alone. Polymer 

concentrations were in the range of 0.1 to 1.0 %w/v. The linear regressions for each set 
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of data were used to calculate intrinsic viscosity from the intercept value according to the 

Huggins ( 1 9 4 2 ) and Kraemer ( 1 9 3 8 ) equations: 

— = h ] + K h I2 c Equation 1 8 
c 

L N ( ^ R E L ) = [TI ] + k 2[ri ] 2 c Equation 1 9 

where r|Sp is specific viscosity, r| r ei is relative viscosity, and [TTJ is intrinsic viscosity. 

Relative viscosity data for polymer solutions with concentrations between 0 . 2 0 - 0 . 3 5 

%w/v were used to calculate [r\] using the equation of Solomon and Ciuta ( 1 9 6 2 ) : 

x 

\ l 0 J 

Equation 2 0 

The p value obtained from the ANOVA test of the data was used to describe the 

differences in values of [r\] obtained by the three methods. A lack of significant 

difference in values was defined as a p value greater than 0 . 0 2 5 . The precision of [r\] 

values was described by the relative standard deviation (RSD) of the average of three 

replicate values. A RSD value of less than 5 % was defined as sufficient precision for the 

method. 

3.5.3. Intrinsic viscosity determination 

Values of intrinsic viscosity of commercial PLLA polymers were measured in 

chloroform at 2 5 ± 1°C using a Canon-Fenske type viscometer (size 2 5 ) . Values of [TTJ 

were calculated using the method of Solomon and Ciuta ( 1 9 6 2 ) and are reported as the 

average ± standard deviation of three replicate determinations for each polymer. 
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3.5.4. Calibration of gel permeation chromatography columns 

Three GPC columns (pore sizes 50, 103 and 104 A) were calibrated using 

polystyrene molecular weight standards. Assay conditions for the analysis of 0.2%w/v 

polystyrene solutions were an injection volume of 20 pi, a mobile phase of chloroform 

flowing at 1 ml/min, and a refractive index detection cell temperature of 40°C. A 

calibration curve for the 50 A column was generated by plotting the log of the molecular 

weights of polystyrene standards against the retention times of the standards. Universal 

calibration curves were generated for the 103 and 104 A columns by plotting the log of the 

product of molecular weight and inherent viscosity of each standard against the retention 

time. Values of inherent viscosity of polystyrene used in the universal calibration curve 

were determined experimentally for polystyrene with molecular weights of 17.5k g/mol 

and greater. Values of inherent viscosity for 4k and 9k g/mol polystyrene were 

calculated using the Mark-Houwink equation. Values of K and a constants were 

calculated by plotting the [r|] versus molecular weight of the 17.5k - 233k g/mol 

standards according to the rearranged Mark-Houwink equation: 

log K + a • log(MW) = logfrj ] Equation 21 

3.5.5. Molecular weight determinations 

3.5.5.1. Determination of M„ by end group titration 

End-group titration methods were adapted from the method of Fukuzaki et al., 

(1988). L L A oligomers were titrated in a benzyl alcohol solution as follows. The titrant 

was potassium hydroxide dissolved in benzyl alcohol standardised with benzoic acid 

dissolved in benzyl alcohol. The end point of the titration was determined 
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colourimetrically using three drops of a 1% solution of phenolphthalein in benzyl alcohol 

as an indicator. The indicator and oligomer solution was placed in a 250 ml Erlenmeyer 

flask and stirred with a magnetic stir bar. The titrant solution was added drop-wise from 

a 40 ml capacity glass burette. The molecular weight of the oligomer was calculated 

using the equation: 

MOligomer X ^KOH x „ „ .. » ^ 
— = M n oligomer Equation 22 

VKOH 

where Moiig0mer and Mnoiig0mer are the mass titrated and number average molecular weight 

of the L L A oligomer, respectively, and CKOH and VKOH are the concentration and volume 

used of the titrant, respectively. Values of Mnoiig0mer were calculated based on three 

separate titrations of each oligomer and are reported as the average ± standard deviation. 

3.5.5.2. Calculation of M v 

Values of M v for polymers were calculated from values of [r\] using the Mark-

Houwink equation (Equation 9) using the values of K and a constants reported by 

Schindler and Harper (1979) equal to 5.45 x 10"4 and 0.73, respectively, for PLLA. 

Values of [r\] were determined as described in section 3.5.3. 

3.5.5.3. Determination of M G pc by gel permeation chromatography 

The molecular weights of PLLA polymers and L L A oligomer were calculated 

from GPC data. Oligomers were analysed on the 50 A column and PLLA polymers 

synthesised by ring-opening polymerisation were analysed on the 103 A column. MGPC 

values for PLLA synthesised by ring opening polymerisation were calculated using the 
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slope (m) and intercept (b) of the universal calibration equation for the 103 A column in 

the equation: 

i n ( m x i r + D ) 

M Q P C = a W ̂ — Equation 23 

where K = 5.45 x 10"4 and a = 0.73 (Schindler and Harper, 1979) and Tr is the retention 

time of the polymer on the GPC column. Commercially obtained PLLA polymers were 

analysed on both the 103 and 104 A columns and values of intrinsic viscosity used in the 

calculation of MGPC were determined experimentally. MQPC was calculated using the 

values of slope and intercept of the appropriate universal calibration curve in the 

equation: 
j Q(mxTr+b) 

MGPC = Equation 24 
fo] 

3.6. Preparation and characterisation poly(L-lactic acid)-paclitaxel dispersions. 

Mixtures of 100k g/mol PLLA and paclitaxel with drug compositions of 0, 20, 

40 and 60% and a total weight of 100 mg were dissolved in 1 ml of dichloromethane. 

The solvent was allowed to evaporate over 24 hours after pouring the mixture onto a 

glass slide in a fume hood at ambient temperature. The dried material was stored sealed 

in glass vials at ambient temperature. Samples of the mixtures were analysed by SEM, 

DSC and XRPD as described for paclitaxel samples in sections 3.3.3 through 3.3.6 with 

the following modifications. DSC analysis was carried out in unsealed aluminum pans 

with a heating rate of 10 °C/min. XRPD patterns were obtained at ambient conditions 

using the Rigaku diffractometer. A sample of PLLA solidified from a melt was prepared 

for XRPD analysis by heating approximately 300 mg of 100k g/mol PLLA to 200°C for 
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15 minutes in a X-ray diffraction sample holder and allowing the melt to solidify at 

ambient conditions. 

3.7. Manufacture of microspheres 

Microspheres were prepared using the oil in water solvent evaporation method 

(Jalil and Nixon, 1989). PLLA and paclitaxel, total weight 0.5 g, were dissolved in 10 ml 

dichloromethane. The organic phase was added to 100 ml of an aqueous solution of PVA 

in a beaker and stirred at 24 ± 2 °C. A schematic diagram of the apparatus is shown in 

Figure 5. Paclitaxel loadings of 0, 10, 20, and 30%w/w were obtained by varying the 

paclitaxel/polymer ratio. Microspheres ranging between 1 and 105 pm in diameter were 

obtained by varying the PVA concentration in the range of 1 and 10%w/v and the stirring 

speed in the range of 900 ± 20 and 2100 ± 20 rpm. 

The progress of evaporation of dichloromethane from the stirring dispersion was 

measured gravimetrically for several batches of microspheres. The beakers in which the 

microspheres were manufactured were placed on a digital balance and at 5 minute 

intervals, the stirring was stopped and the weight of the dispersion was measured. Stirring 

rates of 900 and 2100 rpm and PVA concentrations of 1 and 2.5% were used to 

manufacture microspheres in large and small size ranges, respectively. To minimise 

variability due to changes in geometry, the same two beakers were used to manufacture 

microspheres in two size ranges, and the position of the beaker relative to the stirring 

impeller (refer to Figure 5) and volumes of both aqueous and organic phases were all 

held constant. The ambient temperature during the manufacturing process of these 

microsphere batches ranged from 22.0 - 25.5°C. The contribution of evaporation of 

water to the weight loss of the dispersion was estimated as the weight loss from 105 ml of 
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aqueous solutions of PVA with no organic phase stirred under the same conditions used 

to make microspheres. 

3.8. Methods for the in vitro characterisation of microspheres 

3.8.1. Particle size analysis 

Particle size distributions of microspheres were determined using a Coulter LS-

130 laser diffraction particle size analyser. Microsphere samples were suspended in 

water with 0.01% polysorbate 80 and sonicated for 5 minutes to prevent aggregation of 

microspheres in the measurement cell 

3.8.2. Resuspension index 

The extent to which microspheres could be resuspended in water after drying was 

determined and expressed as a "resuspension index": 

™ T (Mass Resuspended) . . . ^ . 
R.I. = x 100% Equation 25 

(Mass Resuspended + Mass Aggregated) 

R.I. is the resuspension index and the masses of resuspended and aggregated materials 

were measured as described below. Approximately 50 mg (accurately weighed) of 

microspheres were placed in a 1.5 ml Eppendorf tube and 1 ml of distilled water added. 

The mixture was vortexed for one minute and allowed to stand for one minute to allow 

any aggregates to settle to the bottom. The supernatant was transferred to a tared 20 ml 

glass vial. The process was repeated twice, each time adding the supernatant to the same 

vial. The remaining aggregates in the Eppendorf tube were transferred to another tared 

20 ml glass vial. Both vials were centrifuged at 1500 rpm for ten minutes and the water 
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removed. After drying the samples for 24 hours, the vials were weighed. Values of R.I. 

are based on three replicates and are reported as the average ± standard deviation. 

3.8.3. Scanning electron microscopy 

Microspheres were analysed in the same way as paclitaxel samples, as described 

in section 3.3.4 except that the electron voltage was between 5-10 kV. 

3.8.4. Thermal analysis 

DSC of PLLA microspheres was done in a manner similar to that of paclitaxel 

samples, described in section 3.3.5 with the following exceptions. Al l microsphere 

samples were analysed in open aluminum pans. Sample weights varied between 3 and 

5 mg. The degree of crystallinity (Xc) of PLLA was calculated using the equation: 

A H — AH 
=

 a n f ^ n c . {00o/o Equation 26 
c 93.7 J/g 

where AHf and AH C are the enthalpies of fusion and recrystallisation, respectively 

calculated from the area under the curve for both recrystallisation and melting peaks. 

The enthalpy of fusion for 100% crystalline polymer has been reported as 93.7 J/g (Celli 

and Scandola, 1992). 

3.8.5. X-ray powder diffraction 

XRPD patterns of microspheres were obtained as described earlier in sections 

3.3.7 and 3.6. Samples of microspheres with weights between 150 and 250 mg were top-

loaded into sample holders and analysed using the Rigaku X-ray diffractometer. 
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3.8.6. Validation of the paclitaxel standard curves used for H P L C analysis 

All procedures for the validation of analytical techniques for the quantification of 

paclitaxel were based on the recommendations of Shah et al. (1992b). Standard curves 

were prepared for paclitaxel dissolved in acetonitrile and in 60:40 acetonitrile:water over 

a concentration range of 0.1 - 20 pg/ml. The injection volume was 20 pl and the mobile 

phase used was 58:37:5 acetonitrile:water:methanol flowing at 1 ml/min through a 

NovoPak Cis column. The detection wavelength was 232 nm. Standard curves were 

validated by measuring four sets of standards on three separate days. Inter- and intra-day 

precision, accuracy and linearity of the standard curves were measured. 

Intra-day precision was expressed in terms of relative standard deviation (RSD) 

of the average of the four replicate data points on each day. Inter-day precision 

determinations was expressed in terms of RSD of the average of the twelve replicate data 

points collected over three days. Values of RSD of less than 10% indicated an acceptable 

level of precision at each concentration. Inter-day precision was also expressed as the 

significance level of ANOVA tests between each of the three days' sets of four replicate 

data points for each concentration. A value of p less than 0.05 indicated a significant 

difference between days (lack of acceptable intra-day precision) in the averages obtained 

for a given concentration of paclitaxel. 

Accuracy was expressed in terms of average percent bias (bias) based on three 

replicate spiked paclitaxel solutions. Bias is the average deviation from the expected 

value of paclitaxel concentrations measured from spiked samples for each of the eight 

concentration data points in the standard curve. Sufficient accuracy of each standard 

curve concentration was defined as a bias of less than 10%. For all reported observed 
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peak areas (precision data) and predicted concentrations of spiked samples (accuracy 

data), values are presented as the average ± standard deviation. Linearity was expressed 

as the coefficient of determination (R2). 

3.8.7. Determination of the total content of paclitaxel in microspheres 

Approximately 5 mg of microspheres, accurately weighed, were dissolved in 1 

ml of dichloromethane. To the solution were added 20 ml of 60:40 acetonitrile: water, 

and two clear phases allowed to separate, with PLLA precipitating at the interface. The 

paclitaxel content of the organic (top) phase was determined by HPLC. The HPLC 

sample was prepared by diluting 100 pi of the organic phase with 900 pi of acetonitrile. 

Values of total content of paclitaxel are based on four replicates for each formulation and 

are reported as the average + standard deviation. 

3.8.8. Validation of the assay for total content of paclitaxel in microspheres 

One ml of a solution containing 3.5 mg 100k g/mol PLLA and 1.5 mg paclitaxel 

in dichloromethane was combined with 20 ml 60:40 acetonitrile:water. The volumes of 

the organic and aqueous phases were measured and the paclitaxel content was determined 

in both phases by HPLC. The organic phase was diluted ten-fold with acetonitrile prior 

to injection onto the column and the aqueous phase was injected directly. Percent 

recoveries in each phase and the total percent recovery were determined. Inter-sample 

variability was calculated and expressed as the RSD. The selectivity of the assay for 

paclitaxel was determined by injecting a blank and by measuring the resolution of the 

paclitaxel and dichloromethane peaks observed on the chromatograms of samples of the 

organic phase. 
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3.8.9. Determination of in vitro paclitaxel release profiles 

The assay for measuring in vitro paclitaxel release from microspheres was based 

on the method given by Burt et al. (1995) but with some modifications. Into 50 ml glass, 

screw capped tubes were placed 50 ml of 10 mM PBS-A and 3 mg (accurately weighed) 

paclitaxel loaded microspheres. The tubes were tumbled end-over-end at 30 rpm at 37 °C 

in a thermostatically controlled oven and at given time intervals, centrifuged at 1500 rpm 

for 10 minutes and the 5 ml of the supernatant saved for analysis. The remainder of the 

supernatant was removed and the microsphere pellets were resuspended in fresh PBS-A 

(50 ml). The buffer was replaced at each sampling interval in order to maintain sink 

conditions, which were taken to be a paclitaxel concentration in the PBS-A not exceeding 

15% of its solubility (Carstensen, 1977). The amount of paclitaxel in 5 ml of the 

supernatant was determined by extraction of paclitaxel into 1 ml dichloromethane 

followed by evaporation to dryness at 45 °C under a stream of N2, reconstitution in 1 ml 

of 60:40 acetonitrile in water and analysis by HPLC. 

3.8.10. Validation of the procedure for paclitaxel extraction from PBS-A 

Paclitaxel was dissolved in acetonitrile at a concentration of 10 ug/ml and 

aliquots of the solution were added to 15 ml glass test tubes. The amounts of paclitaxel 

were 0.2, 0.5, 1, 2 and 5 pg in each tube. The acetonitrile was allowed to evaporate and 

to each tube was added 1 ml of dichloromethane to dissolve the paclitaxel, followed by 

5 ml PBS-A. The tubes were vortexed for 15 seconds and after phase separation had 

occurred the aqueous phase was discarded. The organic phase was dried and 

reconstituted in the same manner as the extract in the release study assay. The extraction 

efficiency assay was repeated four times for each amount of paclitaxel on each of three 

77 



days. Inter-and intra-day precision (expressed as RSD) and percentage efficiency of the 

extraction (expressed as average ± standard deviation) at each concentration were 

measured. 

During analysis of paclitaxel in PBS-A samples from release studies, an 

additional chromatographic peak was occasionally observed and was attributed to 7-

epitaxol. The selectivity of the HPLC assay for paclitaxel over 7-epitaxol was 

determined by injecting a blank and by measuring the resolution (R) of the paclitaxel and 

7-epitaxol peaks when a mixture of paclitaxel and 7-epitaxol standards were injected. 

3.8.11. Determination of the chemical stability of paclitaxel in PBS-A 

Four test tubes containing 30% paclitaxel loaded 35-105 pm microspheres and 

PBS-A were prepared in the same manner as for in vitro release studies as described in 

section 3.8.9. The tubes were tumbled end-over-end at 30 rpm at 37°C. After six hours, 

the tubes were centrifuged at 2000 rpm for 15 minutes. From each tube, 5 ml of the 

supernatant were saved for analysis by HPLC. Forty ml of the supernatant were 

transferred to a new 50 ml tube and stored at 37°C (without tumbling). After an 

additional 18 and 42 hours, 5 ml of the supernatant were removed from each tube for 

analysis. 

The amount of paclitaxel in the 5 ml of supernatant was determined as described 

in section 3.8.9, but with the following modifications. A mobile phase containing 45:55 

acetonitrile:water, flowing at 1 ml/min was used. The chromatographic separation was 

accomplished using two Nova-Pak Cis columns connected in series. Standard curves for 

paclitaxel, baccatin III, and 7-epitaxol in 50:50 acetonitrile:water were constructed from 
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the HPLC analysis of standard solutions of each compound in the concentration range of 

1 to 20 ug/ml. 

3.9. Methods for the in vivo studies using microspheres 

3.9.1. The effect of microsphere size on their clearance from the peritoneum 

Control (no paclitaxel) microspheres manufactured from 100k g/mol PLLA were 

used for this experiment. The particle size distributions were determined by optical 

microscopy using a stage micrometer. One hundred microspheres were observed in the 

field of view of the microscope and at least three fields of view were observed for each 

sample. 

For all in vivo studies, rats were housed in the Animal Care Facility of the 

Vancouver Hospital and Health Sciences Centre and cared for by Mr. Michael Boyd. 

Prior to any animal experiments, ethical approval of procedures by the Animal Care 

Committee at U.B.C. was obtained. Healthy male Wistar rats weighing between 300 and 

500 g were anaesthetised with 0.4 ml/kg atropine and 0.33 ml/kg Innovar® and were 

maintained on 2-3% fluothane. The rats received a midline laparotomy incision 

(approximately 0.5 cm) and through it were delivered 100 mg of microspheres in 2 ml NS 

through a 3 ml syringe without a needle attached. Prior to closing the incision, five rats 

were insufflated through the incision with 11 mmHg carbon dioxide for 45 minutes 

(insufflated rats). Five rats received no treatment after the microspheres were instilled. 

After 3-5 hours, the rats were humanely killed with carbon dioxide and the anterior and 

posterior mediastinal lymph nodes were removed. The lymphatic tissue from each rat 

was treated with proteinase K for 3 hours at 52 °C. The digested material was then 

centrifuged (2000 rpm for 15 minutes) and the sediment transferred to a microscope slide 
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for permanent fixation with ImmunomountR followed by Coverbond . Microspheres 

alone were incubated in proteinase K for several hours at 52°C and mounted onto a 

microscope slide in the same manner. The particle size distributions of microspheres 

observed in the samples were determined in the same manner as for the microspheres 

after manufacture. All surgical procedures, euthanasia of rats and the preparation of 

histology slides were the primary responsibility of Dr. J. Demetrick. 

3.9.2. Intraperitoneal carcinomatosis rat model 

3.9.2.1. Culturing of 9L glioblastoma cells 

9L glioblastoma cells were thawed and cultured in minimum essential media 

with 10% fetal calf serum and 1% gentamicin at 37°C. Prior to injections, the cells were 

washed with PBS followed by 5% trypsin-EDTA solution. Cells were centrifuged at 

2000 rpm for 5 minutes, and then resuspended in PBS. The cell concentration was 

determined using a haemocytometer. The cell suspension was diluted in PBS at a 

concentration of two million cells/ml. Cells were cultured by Drs. J. Demetrick and S. 

D'Amours at the Jack Bell Research Center (Vancouver, BC). 

3.9.2.2. Surgical procedures 

Male Wistar rats weighing 350-500 grams were anaesthetised as described in 

section 3.9.1. Each rat received a 0.5 cm midline incision and 1 ml of PBS containing 

two million 9L glioblastoma cells was injected into the peritoneal cavity. The incisions 

were closed and the rat allowed to recover from the anaesthetic. The animals were 

housed and checked daily for signs of distress according to the U.B.C. animal care 

guidelines. Two weeks following the introduction of the 9L glioblastoma cells the 
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animals were humanely sacrificed using carbon dioxide euthanasia. Representative 

samples of the incision site, omentum, and visceral peritoneum were fixed in formalin, 

stained with haematoxylin and eosin, and analysed by a pathologist. 

3.9.2.3. Dose escalation study 

To determine the effect of different doses of paclitaxel loaded microspheres on 

rats in the intraperitoneal carcinomatosis model, a dose escalation study was completed 

using four groups of five Wistar rats. Each rat underwent the procedure described in 

section 3.9.2.2 to establish intraperitoneal carcinomatosis. However, prior to closing the 

incision each rat received an additional treatment. Groups I to IV received 30% paclitaxel 

loaded microspheres in the amounts of 50, 100, 150 and 350 mg, respectively. Group V 

received 100 mg of control microspheres and group VI received 1 ml of NS. The 

microspheres were suspended in 1 ml of NS immediately prior to injection. Al l surgical 

procedures except the administration of microspheres and tumour cells were carried out 

by Dr. J. Demetrick. Post-mortem dissections were completed with the assistance of Dr. 

J. Demetrick. 

3.9.2.4. Cecotomy repair model 

Intraperitoneal carcinomatosis was established as described in section 3.9.2.2 

with the following modifications. The weight of each rat was between 300 and 400 g. 

Each rat received a 2 cm midline incision into the peritoneal cavity and two million 9L 

glioblastoma cells were injected in 1 ml PBS. Immediately following the injection of 

tumour cells a 1.5 cm anti-mesenteric incision was made into the cecum. The cecotomy 

was repaired with a 6-0 proline running suture. Immediately following the cecotomy 

repair, each rat received intraperitoneally either 100 mg of 30% paclitaxel loaded 35-
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105 um microspheres in 2 ml NS (treatment group), 100 mg control microspheres in the 

same size range in 2 ml of NS (control group), or no treatment (sham group). The fascia 

was closed with 3-0 proline buried interrupted sutures. The skin was closed with a 4-0 

Vicryl subcutaneous running stitch. After recovery from anaesthesia each rat received 

0.032 mg buprenorphine as an analgesic. 

Two or six weeks following the surgery, the rats were sacrificed using carbon 

dioxide euthanasia. The peritoneum of each rat was observed for gross signs of 

carcinomatosis. If no tumours or obvious cancerous nodules were observed, 

representative samples of the cecotomy repair, omentum, and any suspicious nodules 

were removed, fixed in formalin, stained with haematoxylin and eosin, and analysed by a 

pathologist. The surgical repair of the colon, euthanasia of the rats, and preparation of 

histology samples were completed by Dr. S. D'Amours. Samples of microsphere 

aggregates were removed from the surface of the small bowel, omentum and liver of two 

rats that had received paclitaxel. The microspheres were observed by SEM and the total 

content of remaining paclitaxel was analysed as described in sections 3.8.3 and 3.8.7, 

respectively. 

3.10. Statistical treatment of data 

Data collected by measurement of several samples from different batches of 

material are presented as the average + standard deviation. For ANOVA tests and t-tests 

the level of significance was a p value of 0.05 and the hypothesised difference between 

populations was zero. 

Particle size distribution data was summarised as the average, mode and standard 

deviation of the particle size distribution. When several batches were measured, the 
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average and standard deviation of each of these parameters was calculated and presented 

as "average ± standard deviation". 

For in vitro release studies, measurements were made on four samples of 

microspheres taken from each batch. Values of the average and standard deviation were 

calculated from the cumulative amount of paclitaxel release from each of the four 

samples. In figures representing these data, the average values are plotted and the error 

bars represent one standard deviation of the average. 

For all other data collected by repeated measurement of samples from a single 

batch of material, the average was calculated. The relative standard deviation of this type 

of average was used to calculate the precision in the measurements. 
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4. RESULTS 

4.1. Solid state characterisation of paclitaxel 

4.1.1. Water content 

Kar l Fischer analysis showed that paclitaxel I contained 0.53 ± 0.03%w/w water. 

Paclitaxel which had been stirred in water for 24 hours recrystallised as a hydrate. The 

hydrate form of paclitaxel contained 4.47 ± 0.72 %w/w water, equivalent to 2.22 ± 0.36 

moles water per mole of paclitaxel. Therefore the hydrated form was likely to be 

paclitaxel dihydrate (paclitaxel«2H.20), containing a small amount of non-structural water 

retained in the solid. 

4.1.2. Morphology of crystals 

Scanning electron micrographs for paclitaxel I and pacli taxel»2H20 revealed that 

both forms of paclitaxel exhibited a needle shaped (acicular) crystal habit. Micrographs 

of both forms of paclitaxel are shown in Figure 6. 

4.1.3. Thermal properties and water uptake studies 

Thermogravimetric analysis of paclitaxel I revealed a 0.20 ± 0.06% weight loss 

in the temperature range 30 - 100°C. The degradation temperature (Ta) was taken as the 

onset of a weight loss of over 50% that accompanied a visible charring of the sample. T<j 

of paclitaxel I was 248.5 ± 1.0°C. Figure 7 A shows a representative thermogravimetric 

profile of paclitaxel I. Thermogravimetric analysis of five batches of pacl i taxel«2H20 

was carried out to determine the between-batch reproducibility with which paclitaxel I 
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was completely converted to paclitaxel»2H20 after 24 hours. A l l batches showed similar 

weight losses of 4.69 ± 0.29% equivalent to a loss of 2.33 + 0.15 mole of water per mole 

of paclitaxel. Figure 7B is representative of thermograms observed for all five batches. 

The derivative of the weight loss profile showed two maxima at 50 and 72°C, indicating 

that each mole of water was lost separately. A l l batches of paclitaxel»2H20 were 

subsequently pooled and mixed to create one final batch used for all further 

characterisation. The Ta of paclitaxel»2H20 measured by T G A was 228 ± 1.2°C. 

D S C thermograms for both forms of paclitaxel were obtained between 25 and 

250°C (Figure 8) and the observed thermal events are summarised in Table 3. Figure 8 A 

shows a representative thermogram of paclitaxel I obtained in an open pan. Paclitaxel I 

exhibited a small change in baseline around 60°C due to the removal of residual, 

probably adsorbed or non-structural water. A single melting endotherm at 223.0°C, just 

prior to degradation was also observed (Figure 8A). Both pan types (open and pinhole 

pans) yielded thermograms with similar peak melting temperatures and enthalpies of 

fusion. The thermogram for amorphous paclitaxel (paclitaxel I heated to melting and 

quench-cooled to 25°C) (Figure 8B) showed a glass transition temperature of 152.4 + 

0.9°C (Table 3). The melting point of crystalline paclitaxel and the glass transition 

temperature and A C p of amorphous or glassy paclitaxel are also shown in Table 4. The 

data were compared with literature data for the Tg and ACp of the glass forming 

materials indomethacin and sucrose. The thermogram for pacli taxel»2H20 (Figure 8C) 

showed two endothermic dehydration and vaporisation peaks at approximately 85 and 

119°C, resulting in the phase referred to as "dehydrated paclitaxel»2H.20". A n 

endothermic solid-solid transition occurred at 168°C (Figure 8C) as dehydrated 
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paclitaxel»2H.20 was converted to a semicrystalline material called "paclitaxel I/am" 

which melted at 221°C, just prior to degradation. Paclitaxel I/am showed an X-ray 

diffraction pattern similar to that of paclitaxel I (refer to section 4.1.4). Both the open 

and pinhole pans for paclitaxel«2H20 yielded similar peak melting temperatures and 

enthalpies of fusion. At slower heating rates (6 and 2°C/min), the peak temperatures for 

dehydration, solid-solid transition and melting were all shifted to lower temperatures and 

at 2°C/min were lowered by 30°C, 10°C, and 10°C, respectively. Samples of all forms of 

paclitaxel showed discoloration at temperatures above 210°C after heating at l°C/min by 

DSC. No discoloration or charring was observed in any samples when scan rates greater 

than l°C/min were used. 

Isothermal treatment of paclitaxel«2H20 at 45°C resulted in the disappearance of 

the endothermic dehydration peaks (by DSC) and a total weight loss (by TGA) equivalent 

to 2.12 moles of water per mole of paclitaxel, yielding dehydrated paclitaxel«2H20. The 

isothermal thermogravimetric profile of paclitaxel«2H20 is shown in Figure 9. The 

profile shows a biphasic weight loss pattern. A 2.57% weight loss, equivalent to 1.30 

moles of water per mole of paclitaxel, was observed in the first 6.5 minutes (which 

included one minute of heating to 45°C). Over the next 60 minutes a slower phase of 

dehydration resulted in a weight loss of 1.62%, equivalent to 0.82 moles of water/mole of 

paclitaxel. Following cooling under ambient atmospheric conditions for 30 minutes, the 

sample showed a TGA weight loss profile identical to that of paclitaxel»2H20. A 

representative DSC thermogram of paclitaxel»2H20 held at 45°C for 2.5 hours followed 

by heating through degradation is shown in Figure 8E. A very broad and small 
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endothermic event was observed between 50 and 120°C with a solid-solid and melting 

transitions occurring at 167 and 219 °C, respectively. 

Paclitaxel«2H20 samples that underwent a heat-cool-heat cycle by DSC with 

cooling accomplished in a nitrogen atmosphere prior to reheating, showed no thermal 

events upon cooling from either 100 or 195°C. Further, no endotherms associated with 

dehydration were seen upon reheating either sample. Paclitaxel»2H20 heated to 195°C 

and cooled in a nitrogen atmosphere did not exhibit a solid-solid transition on reheating. 

Paclitaxel*2H20 samples were subjected to a heat-cool-heat cycle by DSC with 

cooling accomplished in ambient atmospheric conditions prior to reheating. The TGA 

and DSC thermograms of the samples cooled from 100°C were identical to those of 

paclitaxel»2H20 (Figures 7B and 8C, respectively). However, samples cooled from 

195°C (paclitaxel I/am) showed a broad endotherm around 80°C, a glass transition at 

151°C and a melting endotherm at 217.7 + 1.0°C (see Figure 8D and Table 3). During 

the cooling phase of the heat-cool-heat cycle, gravimetric analysis of paclitaxel»2H20 

previously heated to 100°C showed a weight gain of 5.42 ± 0.56% equivalent to 2.57 ± 

0.31 mole of water per mole of paclitaxel. Samples of paclitaxel I and paclitaxel»2H20 

heated to 195°C showed a weight gain of less than 1% for each sample during cooling 

under ambient conditions. Subsequent TGA of these samples showed weight loss of 0.08 

± 0.05% and 0.68 ± 0.03% between 30 and 65 °C for paclitaxel I and paclitaxel I/am 

(produced from paclitaxel«2H20), respectively. 

No statistically different change in weight due to moisture uptake was observed 

in paclitaxel I after exposure to relative humidities ranging from 0 to 93.7%. T-tests had 

value of p greater than 0.05 at all relative humidities. 
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4.1.4. X-ray powder diffraction patterns 

X-ray powder diffraction patterns for paclitaxel I and pacli taxel»2H20 at 

temperatures from 25°C to 195°C are shown in Figure 10 with d-spacings given in Table 

5. Paclitaxel I at 25 (Figure 10A) and 195°C showed similar patterns. However, 

paclitaxel I at 195°C showed several additional weak peaks between 14 and 25 °20, and 

increased intensity relative to paclitaxel I at 25°C. Paclitaxel»2H20 (Figure 10B) showed 

peaks which were different to paclitaxel I at 25°C (e.g. 6.1, 9.5, 13.2, 13.8 °20). 

Dehydrated paclitaxel»2H20 at 100°C (Figure 10C) showed a pattern different from both 

pac l i t axe l«2H 2 0 and paclitaxel I at 25°C (e.g. 6.4, 11.4, 14.1 16.3, and 18.7 °29). The 

X-ray pattern for paclitaxel I/am at 195°C (Figure 10D) (obtained from pac l i t axe l«2H 2 0 

heated to 195°C) is similar to that of paclitaxel I, having all the major peaks in common 

but with lower peak intensities. Two peaks observed in the paclitaxel I pattern were not 

observed in the pattern of paclitaxel I/am (14.1 and 25.9 °20). 

4.1.5. Dissolution of paclitaxel in water 

Three L C M S - M S standard curves and corresponding regression analyses for 

paclitaxel in 50:50 acetonitrile are shown in Figure 11. Coefficients of determination 

exceeded 0.986 for all three curves. The three standard curves were obtained at different 

times in the chromatographic analysis of paclitaxel dissolution study samples in order to 

account for changes in sensitivity of the L C M S - M S assay over time. Each standard 

curve was obtained by injection of the same set of standard solutions. The first standard 

curve was obtained immediately prior to analysis of the first sample. The second was 

obtained after half the samples were assayed, and the last immediately after analysis of 

the final sample. 
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The dissolution profiles of both paclitaxel I and paclitaxel«2H20 are shown in 

Figure 12. The maximum apparent solubility of paclitaxel I in water was 3.59 ± 

0.41 pg/ml after 3 hours of dissolution at 37°C. The maximum apparent solubility of 

paclitaxel»2H.20 was 0.93 ± 0.14 pg/ml after 20 hours of dissolution. By 20 hours the 

apparent solubilities of paclitaxel I and paclitaxel»2H20 approached a single value near 

1 pg/ml. The solubilities at this point were not statistically different (two-tailed t-test, 

p=0.095). 
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Table 3. A summary of thermal events observed by D S C for paclitaxel I, amorphous 
paclitaxel, pac l i taxe l»2H 2 0 and paclitaxel I/am. 

Form of Dehydration endotherms Glass Solid-solid Melt ing 
paclitaxel I II transition transition transition 

Peak (°C) Peak ( °C) Inflection Peak (°C) Peak (°C) 
(AH J/g) (AH J/g) point (°C) 

(ACp J/g-K) 
(AH f J /g ) (AH f J /g ) 

Paclitaxel I ~ ~ — — 223 (63) 
Amorphous 
paclitaxel 

— 153 (0.307) — — 

Pacl i taxe l«2H 2 0 85(110) 119(81) — 168 (8.5) 221 (36) 
Paclitaxel I/am 81 (13) a 151 (0.157) — 217 (31) 

A single broad endotherm due to removal of non-structural water. 

Table 4. Melt ing point and glass transition data for indomethacin, sucrose, and 
paclitaxel. 

Indomethacin3 Sucrose 8 Paclitaxel 
Tg(deg K ) 320 350 493 b 

Tm (deg K ) 438 453 4 2 6 ° 
Tm/Tg 1.37 1.29 1.16 

A C p (J/mol-K) 167 186 266 b 

a Data from Hancock et al., (1995). Heating rates were 20 K/min compared with 10 
K / m i n for paclitaxel in this study. 

b T g and ACp values observed by D S C for amorphous paclitaxel. 
0 T m value observed by D S C for paclitaxel I. 
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Table 5. Paclitaxel crystal d-spacing values from X-ray diffraction peak locations 
(°29) for paclitaxel I at 25 and 195°C, paclitaxel I/am at 195°C, 
paclitaxel»2H20 at 25°C, and dehydrated paclitaxel«2H20 at 100°C. Peak 
strengths are described as strong, medium or weak.3 

X-ray peaks: Peak Strength 
°20 d-spacings Paclitaxel ID Paclitaxel Ic Paclitaxel Paclitaxel Dehydrated 

(A) I/amc •2H 2O b paclitaxel 
•2H 2O d 

6.1 14.5 Strong 
6.4 13.8 Strong 
8.8 10.0 Strong Strong Strong Strong Strong 
9.5 9.30 Weak Medium Weak 
10.9 8.11 Medium Medium 
11.1 7.96 Medium Medium Weak 
11.4 7.75 Medium 
12.1 7.31 Medium Strong Strong Strong Strong 
12.3 7.19 Medium Strong Strong Strong Strong 
13.3 6.65 Medium Strong 
13.8 6.41 Medium 
14.1 6.27 Weak Weak Medium 
16.3 5.43 Weak Medium 
18.7 4.74 Strong 
19.3 4.59 Weak Weak Weak 
25.9 3.44 Medium Weak 

a Strong peaks: relative intensity greater than 50, medium peaks: relative intensity 
between 20 and 50, weak peaks: relative intensity less than 20. 

b Scan obtained at 25°C. 
c Scan obtained at 195°C. 
d Scan obtained at 100°C. 
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Figure 7. Thermogravimetric profiles of A) paclitaxel I and B) paclitaxel«2H20, 
Curves labelled a) and b) correspond to the percentage of initial weight 
remaining and the derivative of percentage weight loss with respect to 
temperature (dW/dT), respectively. 
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Figure 8. Representative DSC thermograms of A) paclitaxel I, B) quench cooled 
paclitaxel I, C) paclitaxel«2H20, D) paclitaxel I/am, E) paclitaxel«2H20 held 
isothermally at 45°C for 150 minutes followed by heating to 250°C. 
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Figure 9. Thermogravimetric analysis of pac l i taxe l«2H 2 0 held isothermally at 45 °C for 
150 minutes. 
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Figure 10. X-ray powder diffraction patterns of A ) paclitaxel I at 25°C, B) 
pac l i t axe l»2H 2 0 at 25°C, C) dehydrated pac l i t axe l«2H 2 0 at 100°C and D) 
paclitaxel I/am at 195°C. 
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Figure 11. Standard curves of paclitaxel in 50:50 acetonitrile:water. L C M S - M S analysis 
parameters: 20 u L injection on a Cig Hypersil column with a mobile phase of 
2 mmol/L ammonium acetate in 60:50 acetonitrile:water flowing at 
150 uL/min with M S M S detection.. 
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Regression analysis parameters: y = mx + b, R 2 

0 hours: y = 3072x + 2660, R 2 = 0.986 

4 hours: y = 2800x + 2827, R 2 = 0.989 

8 hours: y = 2901x + 2495, R 2 = 0.990 
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4.2. Polymer synthesis and molecular weight determination 

4.2.1. Characterisation of the L L A oligomer 

Karl Fischer analysis showed that the water content of the oligomer was 3 %w/w. 

End group titration was used to determine M n of the L L A oligomer. The M n of the L L A 

oligomer, after seven hours of reaction time, was 337 g/mol, equivalent to an average of 

4.7 repeating units per chain. 

4.2.2. Molecular weight determination for P L L A polymers 

4.2.2.1. Intrinsic viscosity determinations 

Preliminary determinations of intrinsic viscosity of a PLLA polymer at ambient 

temperatures of 23 and 26°C gave values of 1.94 and 1.92, respectively. These values 

differed by 1.3% and all further determinations were conducted within this range of 

ambient temperatures. Representative Huggins and Kraemer plots of viscosity data 

obtained for 100k g/mol PLLA-PS are shown in Figure 13. Coefficients of determination 

(R2) for all Huggins and Kraemer plots were greater than 0.95. Table 6 summarises the 

intrinsic viscosity data calculated using the Huggins (1942), Kraemer (1938) and 

Solomon and Ciuta (1962) equations (Equations 18, 19 and 20, respectively). For both 

PLLA and polystyrene, no significant difference was observed in values calculated using 

the three equations, determined by a single factor ANOVA. The relative standard 

deviations (standard deviation expressed as a percentage of the average) for intrinsic 

viscosities calculated using the Solomon and Ciuta equation for 100k g/mol PLLA and 

233k g/mol polystyrene were 0.3 and 1.9% respectively. The approximation method of 
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Solomon and Ciuta was used for all further intrinsic viscosity calculations for PLLA and 

polystyrene. 

Values of the intrinsic viscosity for the 17.5k, 30k, 50k, 100k, and 233k g/mol 

polystyrene standards required to generate the universal calibration curve were 0.147, 

0.326, 0.356, 0.500, and 1.128 dl/g, respectively. The values were an average of three 

measurements and the percent RSD for all measurements was less than 8%. Values of 

intrinsic viscosity for 4k and 9k g/mol polystyrene were calculated using the Mark-

Houwink equation (Equation 9) with values of K = 1.77 x 10"4 and a = 0.701 determined 

from the intercept and slope respectively, of the plot shown in Figure 14. 

Intrinsic viscosity measurements of commercially obtained PLLA and values of 

M V are given in Table 7. 

4.2.2.2. Gel permeation chromatography 

Universal calibration curves (Coll and Gilding, 1970) for the 103 and 104 A 

columns are shown in Figure 15. Elution profiles of mixtures of polystyrene molecular 

weight standards injected onto the 103 A and 104 A columns illustrate the effect of a 

polymer's molecular weight on its retention time on the columns used (Figure 16 and 17). 

The linear ranges for the 103 and 104 A columns were 2k - 50k and 9k - 100k g/mol, 

respectively. R 2 values for both calibration curves exceeded 0.99. 

The molecular weights of PLLA polymers synthesised by ring opening 

polymerisation were calculated from GPC data and the universal calibration curve for the 

103 A column. Figure 18A and B show representative GPC elution profiles of PLLA-SA 

and PLLA-LA polymers, respectively. Figure 19 relates the predicted values of MN* of 

PLLA polymers based on Equation 15 to corresponding values of MGPC for both PLLA-
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SA and PLLA-LA. The molecular weight of PLLA-SA was controlled by the 

stoichiometric ratio of stearyl alcohol to L-lactide addition over the entire predicted 

molecular weight range. However, as the intercept of the regression curve indicates, the 

experimentally determined or observed molecular weight was overestimated by Equation 

15 by approximately 1.2k g/mol for all molecular weights. 

For PLLA-LA polymers, the regression analysis of the relationship between 

predicted and observed molecular weight was linear up to 2k g/mol and the predicted and 

observed molecular weight values were similar. However, above 2k g/mol, observed 

molecular weights were much less than those predicted. At a predicted M n * of 10k g/mol, 

MGPC was 3.5k g/mol, which represented the maximum molecular weight achievable by 

this method of synthesis. MGPC values for commercial polymers are given in Table 7 and 

their GPC elution profiles are shown in Figure 18C. 
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Table 6. Intrinsic viscosity data for 100k g/mol poly(L-lactic acid) and 233k g/mol 
polystyrene. Values are an average calculated from three measurements ± 
standard deviation. 

Huggins equation Kraemer equation Solomon and Ciuta 
equation 

Poly(L-lactic acid) (molecular weight: 100k g/mol) 
Intrinsic viscosity (dl/g) 1.194 ±0.016 1.196 ± 0.011 1.199 ±0.004 

Polystyrene (molecular weight 233k g/mol) 
Intrinsic viscosity (dl/g) 1.145 ±0.016 1.123 ±0.017 1.105 ±0.021 

Table 7. Molecular weights of PLLA polymers obtained commercially determined 
from intrinsic viscosity determination and gel permeation chromatography 
data. 

PLLA Source Manufacturer's Intrinsic M v

b MGpc 
claimed viscositya (g/mol) (g/mol) 

molecular weight (dl/g) 
(g/mol) 

Birmingham 100k 1.067 ±0.016 32k 107k 
Polymers Inc. 

2k 0.153 ±0.011 2k 3k 
Polysciences Inc. 50k 0.855 ±0.003 28k 41k 

a Average ± standard deviation of three measurements. 
b M v calculated using K and a constants from Schindler and Harper (1979). 
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Figure 13. Huggins and Kraemer plots of viscosity data for 100k g/mol PLLA-PS in 
chloroform at 25°C. Y-intercept values of each line are the intrinsic viscosity 
of the polymer. 

0 0.2 0.4 0.6 0.8 1 

Concentration (%) 

Regression analysis parameters (y = mx + b, R2) 
Huggins plot: m = 0.663, b = 1.30, R 2 = 0.998 
Kraemer plot: m = -0.222, b = 1.31. R 2 = 0.993 

Figure 14. A plot of the Mark-Houwink equation for polystyrene standards. 
(Equation 9) 

1 n 

0 1 2 3 4 5 6 
log (molecular weight) 

Regression analysis parameters (y = mx + b, R2) 

m = 0.71, b = -3.89, R 2 = 0.95 
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Figure 15. Universal calibration curves of polystyrene molecular weight standards 
injected on A ) 10 4 A and B) 10* A G P C columns. 

5 6 7 8 . 9 

Retention time (min) 

Regression analysis parameters (y = mx + b, R 2 ) 

A : 10 4 A column: m =-0.966, b = 10.8, R 2 = 0.994 

B : 10 3 A column: m = -1.09, b = 9.91, R 2 = 0.994 
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( 

Figure 16. Elution profiles of polystyrene molecular weight standards on the 10 3 A G P C 
column. Chromatographic conditions: 20 p i injections with mobile phase of 
chloroform flowing at 1 ml/min and refractive index detection. A : 17.5k 
g/mol (1), 4k g/mol (2), l k g/mol (3) B : 30k g/mol (4), 9k g/mol (5), 2k 
g/mol (6). 

A B 4 

mV 

Time (minutes) 

l 
15 

Time (minutes) 

~~1 
15 

Figure 17. Elution profiles of polystyrene molecular weight standards on the 10 4 A G P C 
column. Chromatographic conditions: 20 pi injections with mobile phase of 
chloroform flowing at 1 ml/min and refractive index detection. A ) 
233k g/mol (1), 50k g/mol (2), 17.5k g/mol (3), 4k g/mol (4) B) 300k g/mol 
(5), 100k g/mol (6), 30k g/mol (7), 9k g/mol (8). Peaks labelled " S " are due 
to solvent elution. 
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Figure 19. The relationship between predicted molecular weights and experimentally 
determined values of MGPC for PLLA-SA and PLLA-LA. 
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4.3. Properties of paclitaxel loaded 100k g/mol P L L A microspheres 

It was necessary to establish the conditions for preparation of paclitaxel loaded 

microspheres such that the properties of the microspheres could be adequately controlled 

and reproduced from batch to batch. For this work, commercial 100k g/mol PLLA was 

used. 

4.3.1. Particle size 

Microspheres were manufactured in two size ranges termed "large" and "small" 

from 100k g/mol PLLA, containing 0 to 30% paclitaxel. Inter-batch variability in 

microsphere size distributions was described by the standard deviation of the means, 

modes and standard deviations of the distributions, which are summarised in Table 8. 

ANOVA tests showed no statistical differences (Table 8) in the parameters describing the 

size distributions between microspheres with different paclitaxel loadings when 

comparing either small or large sized microspheres. 

4.3.2. Weight loss of the dispersion during microsphere manufacture 

Weight loss of the dispersion of the organic phase (paclitaxel and PLLA in 

dichloromethane) in aqueous PVA during the manufacture of microspheres was measured 

to calculate the evaporation rate and time for weight loss equal to half of the weight of 

the organic solvent (tso). Average values (n=3) of tso for control, 10 and 30% loaded 

microspheres in the small and large size ranges are listed in Table 9. Evaporation rates 

were linear after five minutes of stirring until weight loss equivalent to evaporation of 

approximately 90% of the dichloromethane was observed. Coefficients of determination 

for these data were greater than 0.97. The rate of weight loss decreased from 0.32 ± 

106 



0.02 g/min for small microspheres at both loadings to 0.10 g/min for 30% loaded large 

microspheres. As a control, the rate of evaporation of dichloromethane from a dispersion 

of solvent in 2% PVA stirred at 2100 rpm was measured. The rate was constant at 0.32 

g/min. The evaporation of water from a solution of 2% PVA (with no organic phase) 

stirred at 900 rpm occurred at a rate of 0.02 g/min. 

4.3.3. Surface morphology 

Scanning electron micrographs of small and large, control and 30% loaded 

microspheres are shown in Figure 20. Microspheres appeared spherical and no paclitaxel 

crystals were observed in the sample or embedded on the surface of the microspheres. 

Paclitaxel loading had a profound effect on the surface morphology of microspheres. 

While control microspheres have smooth surfaces, 30% loaded microspheres had a 

"dimpled" appearance over the entire surface. The "dimpling" phenomenon was present 

but less pronounced in 10% loaded microspheres. A small amount of material which was 

not incorporated into the microspheres was observed in micrographs of paclitaxel loaded 

large microspheres. 

4.3.4. Paclitaxel standard curves 

The validation of the standard curve of paclitaxel in acetonitrile and 60:40 

acetonitrile.water included measurements of precision, accuracy and linearity and these 

data are given in Appendix II. Figures 21A and B show representative chromatograms of 

paclitaxel in acetonitrile and in 60:40 acetonitrile:water, respectively. The retention time 

of paclitaxel was 2.5 minutes in both chromatograms. Representative standard curves are 

shown in Figure 22A. 
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4.3.5. Total paclitaxel content 

Table 10 summarises data for the recovery of paclitaxel from spiked solutions of 

100k g/mol PLLA in dichloromethane. Phase separation occurred with the addition of 

60:40 acetonitrile:water, with precipitation of the polymer at the interface. The volume 

of each phase did not vary significantly between samples, with a RSD less than 4%. The 

percent total recovery of paclitaxel was calculated from the sum of HPLC peak areas 

from the chromatograms of a direct injection of the aqueous phase and a ten-fold dilution 

in acetonitrile of the organic phase. Total percent recovery had a RSD less than 5%. 

Almost 100% of the paclitaxel recovered was found in the organic phase. Injection of 

blank extraction samples showed no peak at 2.5 minutes, the retention time of paclitaxel. 

The HPLC chromatograms of paclitaxel extracted from spiked samples had two peaks 

(1.8 minutes and 2.5 minutes) corresponding to dichloromethane and paclitaxel 

respectively (Figure 21C). The separation factor (a) of the two peaks was 2.05 and the 

resolution (R) was 3.35. 

Average values of total content of paclitaxel in the microspheres are shown in 

Table 11. No significant difference was measured by ANOVA testing between batches 

of microspheres, except for 30% loaded small microspheres. 

4.3.6. Thermal properties 

In order to assess the effect of paclitaxel on melting of 100k g/mol PLLA without 

manufacturing microspheres, dispersions containing 0 to 60% paclitaxel were prepared 

by casting both paclitaxel and PLLA from dichloromethane onto a glass surface and 

allowing the solvent to evaporate. DSC of the dispersions showed that the Tm of 

100k g/mol PLLA was depressed from 175 to 163°C for dispersions containing 0 and 
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60% paclitaxel, respectively. Figure 23 shows the relationship of 1/Tm to paclitaxel 

content. The relationship was linear over the entire range of paclitaxel concentrations (R2 

= 98). Average values of thermal properties of the microspheres are summarised in Table 

12. Al l small microspheres exhibited small enthalpy relaxation peaks at the glass 

transition temperature. The enthalpy relaxation phenomenon was also observed in large 

microspheres, although the peak areas decreased with increasing paclitaxel content and 

no definite peak could be quantified for 30% paclitaxel microspheres. 

Transition temperatures (Tg, Tc and Tm) had RSDs of less than 2% for all sizes 

and loadings of microspheres. Recrystallisation upon heating of small microspheres 

above Tg resulted in exothermic peaks with areas between 2 - 5 J/g of PLLA. 

Recrystallisation could not be quantified in large paclitaxel loaded microspheres, 

although a small, broad exothermic event was present around 95°C. No effect of 

paclitaxel loading on polymer crystallinity was observed for either small or large 

microspheres, based on ANOVA test results shown in Table 12. RSDs for average 

values of polymer crystallinity were not more than 12% for all types of microspheres. 

The addition of paclitaxel to the large microspheres resulted in a statistically significant 

lowering of the Tg and Tm at both 10 and 30% loading levels. Tg and Tm values were 

depressed by 6 and 7°C, respectively, when comparing control and 30% loaded 

microspheres. Small microspheres also exhibited a 3°C melting point depression when 

comparing control and 30% paclitaxel loaded microspheres. 
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Table 8. Parameters describing the particle size distributions of small and large 100k 
g/mol P L L A microspheres with p values for A N O V A tests of the data. Data 
are average values based on measurements of three batches of each 
formulation ± standard deviation. 

Microspheres Average (pm) Mode (pm) Standard deviation 
of the average 

(pm) 

Small microspheres 

0% paclitaxel 10 ± 0 . 5 15 ± 1 6 ± 0 . 5 

10% paclitaxel 14 ± 2 15 ± 2 14 ± 4 

30% paclitaxel 6 ± 0 . 5 11 ± 1 5 ± 2 

p value 0.46 0.12 0.63 

Large microspheres 

0% paclitaxel 75 ± 7 85 ± 8 19 ±2 

10% paclitaxel 78 ± 3 83 ± 5 21 ± 2 

30% paclitaxel 74 ± 6 82 ± 3 22 ± 3 

p value 0.53 0.41 0.20 

Table 9. Time for weight loss due to evaporation of half of the dichloromethane used 
during microsphere manufacture (tso). Small and large microspheres were 
manufactured from 100k g/mol P L L A . Values are the average ± standard 
deviation of three measurements from three batches. 

Theoretical paclitaxel t5o (min) 
loading level Small microspheres Large microspheres 
Control 25 ± 3 34 ± 2 
10% 25 ± 3 49 ± 2 
30% 26 ± 3 64 ± 2 
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Table 10. Precision and efficiency of extraction of paclitaxel from microspheres and 
precision of organic-aqueous phase separation in the total content and 
residual paclitaxel assays. 

Average ± Standard Deviation 
(n = 5) 

RSD (%)a 

Volume of top (organic) phase 11.25 ±0.40 ml 3.51 
Volume of bottom (aqueous) phase 10.55 ±0.33 ml 3.09 
Percent total recovery of paclitaxel 105 ±4% 4.09 
Percent of total paclitaxel in top phase 98.9 ±0.1% 0.15 

RSD (Relative standard deviation) is the ratio of the standard deviation to the average, 
expressed as a percentage. 

Table 11. Total content of paclitaxel in small and large 100k PLLA microspheres with 
initial loads of 10 and 30%. 

Microspheres Paclitaxel content (%)a ANOVA p value 

small 10% loaded 88 ±5 0.74 

large 10% loaded 99 ±4 0.31 

small 30% loaded 87 ± 12 0.03b 

large 30% loaded 96 + 6 0.32 

a The total content of each batch was an average of three measurements made per batch 
± standard deviation. 

b The level of significance in the differences observed between batch, p<0.05 indicates 
significant inter-batch variability. 
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Table 12. Thermal properties of small and large 100k g/mol P L L A microspheres 
containing 0, 10, 30% paclitaxel. Values are averages of measurements from 
each of three batches ± standard deviation. 

Microsphere loading Tg (°C) Tc (°C) T m (°C) X c (%) 

Small microspheres 
Control 62 ± 2 93 ± 1 174+1 41 ± 4 
10% 62 + 3 9 4 + 1 173 a 41 ± 2 
30% 64+1 94 ± 1 171 a 40 ± 5 
A N O V A p value 0.97 0.56 <0.001 0.87 

Large microspheres 
Control 66+1 95 ± 1 176" 36 + 6 
10% 63 + 1 — 173 ± 1 38 + 2 
30% 60 ± 1 — 169+1 44 ± 9 
A N O V A p value O.001 — O.001 0.10 

The standard deviation of the average melting temperatures was less than 1°C. 
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Figure 20. Surface morphology of A ) small and B) large control and C) small and D) 
large 30% paclitaxel loaded 100k g/mol P L L A microspheres. (Magnification 
of all micrographs is lOOOx.) 
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Figure 22. Representative standard curves of paclitaxel in A ) acetonitrile and B) 60:40 
acetonitrile:water. Chromatographic conditions: 20 p i injection volume onto 
a Cig column, mobile phase: 58:37:5 acetonitrile:water:methanol flowing at 
1 ml/min and U V detection at 232 nm. 

2.E+06 -r 

0 10 20 
Concentration ug/ml 
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Figure 23. The effect of paclitaxel content on the melting point of paclitaxel-poly(L-
lactic acid) dispersions. The data are plotted using Equation 14. 
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4.4. The effect of polymer molecular weight on microsphere properties 

Prior to the blending studies in which microspheres of blends of high and low 

molecular weight PLLA were evaluated, it was necessary to determine the properties of 

paclitaxel loaded PLLA microspheres prepared from a wide range of molecular weights 

of PLLA (lk to 100k g/mol). 

4.4.1. Microsphere size range 

Various combinations of stirring rate and aqueous phase composition were used 

in manufacturing microspheres from 50k g/mol PLLA-PS or 100k g/mol PLLA. Using 

50k g/mol PLLA-PS, a trend of increasing average microsphere diameter with decreasing 

PVA concentration and decreasing stirring speed was observed. Aqueous phase 

compositions of 2% and 5% PVA and a stirring rate of 900 rpm were used for 

manufacturing microspheres with approximate size ranges of 35-105 urn and 10-35 urn, 

respectively. A stirring rate of 2100 rpm and 5% PVA were used to make microspheres 

with an approximate size range of 1-10 um. 

Particle size distributions of control and 20% paclitaxel loaded microspheres 

prepared from 100k g/mol PLLA in all three size ranges are shown in Figure 24A and B, 

respectively. Similar data were obtained for 10 and 30% loadings. The particle size 

ranges of the microspheres were defined as 1-10, 10-35, and 35-105 um with reference to 

these and all further batches of microspheres. These ranges were chosen based on 

extrapolation to the particle size axis of the tangent from the half-height position on 

several particle size distributions made in each size range. The area under the 

distribution curve between these limits was greater than 80% of the total. 
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Incorporation of paclitaxel into microspheres resulted in aggregation during 

particle size measurement of microspheres in the size ranges of 1-10 and 10-3 5 pm. 

Aggregation resulted in multimodal distributions with a second peak at a diameter greater 

than that of the major distribution peak. The area under the second peak accounted for 

between 5-10% of the total area. 

To ensure that changes in the microsphere size distributions due to changes in the 

polymer molecular weight used would not affect microsphere properties only the 50-

90 urn size range was retained. This size range was separated by sieving the 

microspheres immediately after their manufacture. 

4.4.2. Incorporation of PLLA into the microspheres 

To examine the incorporation of PLLA into microspheres, samples of the 

lk g/mol PLLA-LA were incubated in distilled water at room temperature for several 

hours to leach out water soluble components. The leaching process was continued over 

12 hours until the material reached a constant weight. The final weight was 67.7 ± 4.8% 

of the original indicating that approximately one third of the original material was water 

soluble. It is possible that more water soluble material was present but was not leached 

out. The physical appearance of the lk g/mol PLLA changed from a soft, translucent 

tacky material to a brittle white solid after leaching out the low molecular weight 

components. It is anticipated that the water soluble component would be at least partly 

leached out of the material during the microsphere manufacturing process and therefore 

not all of the polymer would be incorporated into the microsphere matrix. 
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4.4.3. Total content of paclitaxel 

Microspheres with a theoretical loading of 30% paclitaxel made from 2k g/mol 

PLLA-LA, 4k and 10k g/mol PLLA-SA and 50k g/mol PLLA-PS were manufactured 

using 2.5% PVA in the aqueous phase and a stirring rate of 600 rpm. Values of total 

paclitaxel content in the microspheres are listed in Table B . A higher than expected 

content was observed in microspheres made with polymers with molecular weights below 

50k g/mol. To encapsulate greater than 100% of the expected total content of paclitaxel, 

the extent of incorporation of the polymer must have been less than that of paclitaxel as 

reported in section 4.4.2. Assuming that 32.3% of the polymer was not encapsulated due 

to its dissolution into the aqueous medium used in microsphere manufacture giving a 

polymer content of 67.7%, and a paclitaxel content equal to the initial paclitaxel loading 

of 30% a maximal theoretical loading efficiency of 129% would be expected based on the 

following relationship: 

_~ . Paclitaxel content 1 
Loading efficiency = x 

Polymer content + Paclitaxel content Initial Paclitaxel Loading 

Generally, the loading efficiencies decreased from 120 to approximately 100% as 

the molecular weight of the polymers increased (Table 13). Total content data of 

paclitaxel in microspheres made from 100k g/mol PLLA are summarised in Table 14. 

4.4.4. Thermal properties 

Representative DSC thermograms of microspheres prepared from PLLA-SA 

polymers showed trends of increasing Tg and Tm with molecular weight (refer to Figure 

25). The glass transition increased from -13°C to 54°C as the molecular weight of 
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PLLA-SA increased (Figure 25, inset A). The Tg for 10k g/mol PLLA-SA (Figure 25D) 

was taken as the peak temperature of enthalpy relaxation and the Tg of the other PLLA-

SA polymers (Figures 25A-C) were taken as the mid-point in the change in Cp. The 

endothermic peaks observed around 30°C (Figure 25A and B) were attributed to the 

melting of polymer crystallites rich in hydrocarbon chains from stearyl alcohol, while the 

peaks above 100°C (Figure 25 A-D) were attributed to the melting of polymer crystallites 

rich in L-lactic acid chains. A recrystallisation exotherm was observed around 80°C for 

10k g/mol PLLA-SA. Figure 26A and B show the relationship of Tg and Tm to 

molecular weight, according to Equations 10 and 12, respectively. Tg varied in a linear 

fashion with 1/Mn* for PLLA-SA with a molecular weight greater than 3k g/mol. The 

relationship between 1/Tm and 1/Mn* deviated from the expected linear relationship as 

the molecular weight decreased. 

DSC thermograms of lk g/mol PLLA-LA as synthesised and the water insoluble 

fraction of the lk g/mol PLLA-LA (after incubation in water) are shown in Figure 27A 

and B. Thermograms for microspheres made from PLLA-LA polymers are shown in 

Figure 27C to E. As synthesised, lk g/mol PLLA-LA did not show a clear glass 

transition and during the melting transition discontinuities were observed in the 

thermogram indicating degradation of the material (Figure 27 A). Enthalpy relaxation 

accompanied the glass transition for PLLA-LA in microspheres, partial recrystallisation 

of the amorphous phase in microspheres was observed around 80°C and melting occurred 

between 115 and 150°C (Figure 27C-E). 
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4.4.5. Resuspension index 

The resuspension index of microspheres manufactured from PLLA-SA polymers 

increased with the Tg of PLLA-SA (Figure 25, inset B). Greater than 95%w/w of 

microspheres prepared from polymers with Tgs above ambient temperature (25°C) at 

which they were stored could be readily resuspended in water. 

The resuspension index of microspheres manufactured from PLLA-LA polymers 

could not be quantified because the material adhered to the walls of the tubes and pipettes 

used in the assay owing to the increased hydrophilicity of PLLA-LA compared to PLLA-

SA. In the absence of a resuspension index for these microspheres, samples were 

vortexed in water in an Eppendorf tube and the suspension observed visually and by 

optical microscopy for the presence of aggregates. PLLA-LA microspheres with 

molecular weights equal to or greater than 1.5k g/mol could be readily resuspended in 

water. 

Microspheres manufactured from PLLA-PS polymers and from 100k g/mol 

PLLA were all completely resuspended. Paclitaxel loading had no effect on the 

resuspension of microspheres. 

4.4.6. Surface morphology 

The surface morphology of microspheres observed by scanning electron 

microscopy are given in Figure 28A to C for 1-1 Ok g/mol PLLA-SA and 28D to F for 1-

3.5k g/mol PLLA-LA. Below 2k g/mol, PLLA polymers did not form spherical 

microspheres. The lk g/mol PLLA-SA resulted in a single aggregated mass while 

lk g/mol PLLA-LA gave irregularly shaped particles. Microspheres made from 50k and 

100k g/mol PLLA polymers were all spherical with a smooth surface. 
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4.4.7. X-ray powder diffraction patterns of microspheres 

Representative XRPD patterns of stearyl alcohol and microspheres made from 

PLLA-SA and PLLA-LA are shown in Figure 29A-C, respectively. Two peaks at 21.3 

and 24.4 °20 were observed in the pattern of stearyl alcohol, which were absent in the 

patterns for microspheres. All PLLA-SA and PLLA-LA microspheres had similar XRPD 

patterns, with the most intense peak located between 16.2 and 16.5 °2B and a less intense 

diffraction peak at 18.8 °29. A representative XRPD pattern for 30% paclitaxel loaded 

microspheres made from 100k g/mol PLLA is shown in Figure 29D. Similar data were 

also obtained for control, 10 and 20% loaded microspheres in all size ranges. Peak 

positions for 100k g/mol PLLA (Figure 29D) were the same as for PLLA-PS and PLLA-

LA polymers (Figure 29A and C) and no peaks could be attributed to crystalline 

paclitaxel in the microsphere matrix. 

4.4.8. In vitro release profiles of paclitaxel 

4.4.8.1. Preparation of samples for the assay of in vitro release of paclitaxel 

Table 15 summarises the efficiency in recovering paclitaxel from a mixture of 

1 ml dichloromethane and 5 ml PBS-A. Greater than 87% of spiked paclitaxel was 

recovered for all samples with total paclitaxel content of 0.2 ug and 99% was recovered 

from all samples with more than 0.2 ug total paclitaxel. A RSD of less than 20% was 

observed for all samples on all days. Injection of a blank extraction sample showed no 

peak at 2.5 minutes, the retention time of paclitaxel. 
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4.4.8.2. The conversion of paclitaxel to 7-epitaxol in in vitro release studies 

Over the time course of a release study, a second peak at 3.7 minutes was 

observed in the HPLC assay when quantifying paclitaxel. The peak was due to the 

presence of 7-epitaxol. The elution profile of a mixture of 7-epitaxol (~0.4 pg/ml) and 

paclitaxel (2 pg/ml) is shown in Figure 2 ID. The separation factor "a" for paclitaxel and 

7-epitaxol was 1.65 and peak resolution "R" was 2.32, indicating baseline separation. 

Absence of the 7-epitaxol peak in HPLC analysis of standards of paclitaxel in 60:40 

acetonitrile and water over several days confirmed that epimerization did not proceed in 

standards to levels which could be quantified. Thus epimerization of paclitaxel is 

believed to occur in the release buffer and the amount of paclitaxel quantified by HPLC 

does not represent the total amount of drug released from the microspheres. 

In several release studies, the 7-epitaxol peak was quantified and the cumulative 

amount of 7-epitaxol was 8-10% of the amount of paclitaxel quantified in the same study. 

In the first day of the study, in which the sampling interval was shortest, the amount of 7-

epitaxol quantified in the assay was less than 7% of the total amount of paclitaxel 

quantified over the same interval. 

The stability of paclitaxel was assessed in PBS-A over the time period between 

sampling in the in vitro study. Four 15 ml volumes of PBS-A were spiked with 0.1 pg/ml 

of paclitaxel and incubated at 37 °C. On days one through three of the incubation, 5 ml 

of each of the paclitaxel solutions was analysed by extraction and quantitation by HPLC. 

No significant change in the HPLC peak area for paclitaxel was observed over the three 

days and other than for 7-epitaxol, no other peaks were observed. 
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4.4.8.3. The effect of polymer molecular weight on release 

In vitro release profiles of paclitaxel from microspheres prepared PLLA 

polymers with molecular weights between 2k and 50k g/mol are shown in Figure 30. 

Paclitaxel release was greatest during the first two days. A slower phase was observed 

between days 2 and 14. Based on a solubility value for paclitaxel in the release medium 

of 3 ug/ml at 37 °C (Winternitz, 1997; Zhang, 1997), it was evident that concentrations 

near saturation were encountered in the first three days of the study. Using ANOVA and 

Tukey tests, microspheres prepared from 2k g/mol PLLA-LA, 4k and 10k g/mol PLLA-

SA release paclitaxel to a significantly greater extent after fourteen days compared to 

microspheres made from 50k g/mol PLLA-PS. 

Based on the total content data from Table 13, between 10 and 80% of the total 

paclitaxel was released over the fourteen days of the release study. After the release 

study was completed, the remaining material was assayed to quantify the amount of 

residual paclitaxel in the polymer matrix. Based on the total paclitaxel contents (refer to 

Table 13) values of total amount of paclitaxel recovered for each formulation, called 

percent mass balance, were 78, 98, 112 and 102% for 2k, 4k, 10k and 50k g/mol PLLA 

polymers, respectively. 

The microspheres were observed in the release medium on a daily basis and it 

was observed that by the end of the first week, the 2k and 4k g/mol PLLA microspheres 

were no longer freely suspended in the medium within the tumbling tube. Rather the 

microspheres had begun to aggregate and adhere to the bottom of the tube. 
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4.4.8.4. The effect of paclitaxel loading and microsphere size on release 

In vitro release profiles of paclitaxel from 1-10, 10-35 and 35-105 urn 

100k g/mol PLLA microspheres with paclitaxel loadings of 10, 20 and 30% are shown in 

Figure 31. The results of Tukey tests describing a difference in the initial rate over 

24 hours (Vo) and total extent (M30) of paclitaxel release are also shown. Sink conditions 

were maintained after day 2 of the study for all types of microspheres except for 30% 

paclitaxel loaded 1-10 um microspheres that released paclitaxel the most rapidly. For 

these microspheres, paclitaxel concentrations did not exceed 50% of its solubility after 

day 3 and sink conditions were achieved by day 7. Following the initial phase of release 

characterised by Vo, a slower, apparently linear phase was observed between days 3 and 

14. Linear regression analysis of the data between days 3 and 14 gave R values between 

0.97 and 1.00 for all but the 20% 1-10 um microspheres which had a R 2 of 0.93. The 

rates of paclitaxel release for the apparently zero-order phase of release between days 3 

and 14 from the various microsphere formulations are shown in Table 16. Release rates 

decreased with decreasing loading and for a given loading, with increasing microsphere 

size. Between days 14 and 30, the rate decreased gradually and the profiles tended to 

plateau having rates of release between 1 and 5 pg/day for all formulations. 

At loadings of 20 and 30%, microspheres in the 1-10 um size range had 

significantly greater values of Vo compared to microspheres in larger size ranges, 

indicating that microsphere size plays a role in the initial phase of release from the 

microspheres. As the loading level increased from 10 to 30%, Vo increased from 1-9 to 

7-29 ug/hr for microspheres in all three size ranges. 
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When values of M 3 0 for microspheres with the same initial loading were 

compared, 1-10 pm microspheres containing 10, 20 and 30% released significantly more 

paclitaxel than microspheres in the 35-105 pm size range with the same loadings. When 

comparing microspheres in the same size range, increasing loading level from 10 to 30% 

resulted in a significantly higher value of M 3 0 . For all microspheres, between 24 and 

93% of the total amount of paclitaxel present in the microsphere was released over the 

course of the release study. Microspheres in the 1-10 pm size range released greater than 

60% and 35-105 pm released less than 30% of their total paclitaxel loads. 

A similar release study of microspheres in the size ranges of 1-10 and 35-105 pm 

and at 10% and 30% loading was conducted over 63 days. The shape of the release 

profiles and the effects of size and loading were similar to those shown in Figure 31. 

After day 30 the plateau phase of slow release continued up unitl day 63. 

4.4.8.5. Surface morphology of microspheres after the in vitro release study 

Erosion of the microspheres made from PLLA with molecular weights between 

2k and 50k g/mol was observed by SEM, following removal of samples from the release 

medium on various days during the in vitro release experiment. Representative 

micrographs of 2k g/mol PLLA-LA microspheres are shown in Figure 32A to C. 

Initially, the microspheres were smooth and spherical. By day five (Figure 32B), the 

microspheres showed loss of their spherical shape and by day nine (Figure 32C), small 

particles (<10 pm in diameter) along with larger debris were visible. Similar results were 

observed for all microspheres made from PLLA with molecular weight below 10k g/mol 

while microspheres made with 50k g/mol PLLA-PS remained intact over fourteen days. 
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Figure 32D to F shows scanning electron micrographs of 20% loaded 100k g/mol 

PLLA microspheres in the size range of 35-105 pm at day 0, 15 and 70 of an in vitro 

release study. The spherical shape and dimpled appearance of the microspheres was 

retained throughout the course of the study. However, by day 70 (Figure 32F), the 

surface of the microspheres showed signs of erosion. Microspheres used in the release 

study shown in Figure 31 were observed after thirty days in buffer. At all sizes and 

loadings, the microspheres remained spherical and intact over the course of the release 

study. 
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Table 13. Total content of paclitaxel in 50-90 pm P L L A microspheres with theoretical 
loading of 30%. Values are averages of three measurements made from each 
batch of microspheres. The precision of the measurements is greater than 
94%. 

Microsphere composition 
(molecular weight (g/mol) of 

P L L A ) 

Total content of paclitaxel 
(%w/w) 

Efficiency of loading 
(%) 

2k 36 120 
4k 34 112 
10k 30 99 
50k 29 96 

Table 14. Total content of paclitaxel in 1-10, 10-35, 35-105 pm microspheres made 
with 100k g/mol P L L A . Values are averages of three measurements from a 
single batch. The precision of the measurements is greater than 95%. 

Microspheres Paclitaxel content (% of initial paclitaxel loading) 

10% loading 20% loading 30% loading 

1-10 pm 56 74 97 

10-35 pm 51 60 89 

35-105 pm 87 89 97 
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Table 16. Paclitaxel release rates from 100k g/mol PLLA microspheres ± 95% 
confidence intervals for the apparently zero-order phase of release between 
days 3 and 14 of an in vitro study. 

Paclitaxel Release rates from microspheres with various size 
loading (%) ranges (ug/day) 

1-10 urn 10-35 um 35-105 um 
microspheres microspheres microspheres 

10 10" T 6a 

20 14 ± 1 10 + 1 9± 1 
30 26+1 18a 16a 

The 95% confidence interval for the release rate is less than 0.5 ug/day. 
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Figure 24. Particle size distributions of A) control and B) 20% paclitaxel loaded 
100k g/mol PLLA microspheres in size ranges of a) 1-10, b) 10-35 and c) 35-
105 pm. 

0.1 1 10 100 1000 
Diameter (pm) 
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Figure 25. D S C thermograms of microspheres made from A ) l k , B) 1.5k, C) 4k and D) 
10k g/mol P L L A - S A . Inset A : the effect of molecular weight on the Tg. 
Inset B : the effect of the Tg on the resuspension index of microspheres. 

132 



Figure 26. The effect of number average molecular weight on A ) Tg and B) T m of 
P L L A - S A and P L L A - L A polymers, plotted using Equations 10 and 12, 
respectively. 
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Figure 27. D S C thermograms A ) l k g/mol P L L A - L A as synthesised and B) l k g/mol 
P L L A - L A after incubation in water to remove water soluble material, and of 
microspheres manufactured from P L L A - L A polymers with molecular 
weights of C) lk , D) 2k and E) 3.5k g/mol. 
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Figure 29. X-ray powder diffraction patterns of A ) microspheres made from l k P L L A -
S A , B) stearyl alcohol, microspheres made from C) l k g/mol P L L A - L A and 
D) 100k g/mol P L L A with 30% paclitaxel. 
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Figure 30. In vitro release profiles of paclitaxel from 30% paclitaxel loaded 
microspheres made from P L L A polymers with molecular weights ranging 
from 2k to 50k g/mol. 
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Figure 32. The surface morphology of 2k g/mol PLLA-LA microspheres used in an in 
vitro release study. A) day 0, B) day 5 and C) day 9 of the release study and 
of 20% paclitaxel loaded microspheres in the size range of 35-105 urn made 
from 100k g/mol PLLA after A) day 0, B) day 15 and C) day 70 of an in vitro 
release study. (Magnification of micrographs is lOOOx.) 
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4.5. The effect of polymer blending on microsphere morphology 

Two series of blends were selected for study, one series being a combination of 

commercially obtained 50k and 2k g/mol PLLA-PS and the other series being 

commercially obtained 100k g/mol PLLA and synthesised lk g/mol PLLA-LA. 

4.5.1. Blending 50k and 2k g/mol P L L A 

4.5.1.1. Morphology of microspheres 

Microspheres were manufactured from various blend ratios of 2k and 50k g/mol 

PLLA-PS. An aqueous phase composition of 10% PVA and a stirring rate of 900 rpm 

were used to maintain a microsphere size range of 1-30 pm at all polymer compositions. 

Blend compositions were 100:0, 80:20, 60:40, 40:60, 20:80 and 0:100 (2k:50k g/mol 

PLLA-PS). Five batches of microspheres were made from each of the 2k and 50k g/mol 

PLLA-PS alone and three batches were made from each blend composition. The yield of 

microspheres was 66 ± 5% and 84 ± 3% for pure 2k and 50k g/mol PLLA microspheres, 

respectively. The yields were statistically different (p<0.005). The polymer blends had 

yields intermediate between these two values. Optical and scanning electron microscopy 

confirmed that the microspheres were spherical with smooth surfaces. Al l of the 

microspheres were readily resuspended in water from a dry powder. 

4.5.1.2. The effect of heating rate on thermal properties 

The effect of the DSC scanning rate on thermograms of microspheres was 

determined using 50k g/mol microspheres. Scan rates ranged from 1 to 30°C/min. 

Representative DSC thermograms scanned at 5 and 30°C/min are shown in Figure 33A 
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and B. As the heating rate was increased, transition peaks became broader and the glass 

transition and recrystallisation events were shifted to higher temperatures. Tg and Tc 

ranged from 57 - 66°C and 77-97°C, respectively, over the heating rate range of 1-

30°C/min. However, the peak area of the recrystallisation exotherm (AHC), Tm and AHf 

were unaffected, having values of approximately 28 J/g, 173°C and 56 J/g, respectively, 

at all heating rates. The change in Tg with increasing heating rate followed the 

relationship described by Barton (1969) over the heating rate range of 10 to 30 °C (Figure 

33 inset): 

Ea 
In (d)) = C Equation 27 

RTg 

where <|> is the heating rate (°C/min), Tg is in degrees K, C is a constant, R is the gas 

constant and Ea is the apparent activation energy of the glass transition (kJ/mol). 

The relationship also holds for 2k g/mol PLLA in microspheres at heating rates 

between 10 and 30 °C/min. At slower heating rates, Tg deviates from the relationship 

and the equation is not recommended for application to rates less than 8°C/min (Barton, 

1969). The values of Ea calculated from plots of Equation 27 were 213 and 183 kJ/mol 

for 2k and 50k g/mol PLLA-PS, respectively. Coefficients of determination (R2) of the 

relationships exceeded 0.999 for both polymers. 

4.5.1.3. Thermal properties of blends of 2k and 50k g/mol P L L A 

Representative DSC thermograms of microspheres made with blends of 2k and 

50k g/mol PLLA-PS are shown in Figure 33C-G and the effects of blend composition on 

thermal properties of the polymers are illustrated in Figure 34. The dashed line in Figure 
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34 shows the Tg calculated for miscible blends of 2k and 50k g/mol PLLA-PS using 

Equation B . A single glass transition was observed for all blends, indicating that the two 

polymers are miscible. However, the shape and area of the endothermic peak observed at 

the glass transition, evidence of enthalpy relaxation, was dependent on the blend 

composition. Measurements of enthalpy relaxation (Hr) were repeated for the 50k and 2k 

g/mol PLLA-PS microspheres after several months and these values were taken as the 

infinite relaxation (AH ra )). Values of AHroo were not greater than values of AH r by more 

than 10-20% for both polymers. 

Microspheres prepared from all blend ratios showed recrystallisation around 

90°C upon heating above the glass transition (Figure 33). For PLLA-PS blends, the 

degree of crystallinity decreased as the proportion of 2k g/mol PLLA-PS increased. Tm 

was lower for 2k g/mol PLLA-PS (145°C) than 50k g/mol PLLA-PS (173°C) 

microspheres and Tm values for blends were between the two extremes (Figure 34B). 

Microspheres made from 2k g/mol PLLA-PS microspheres had two peaks at the melting 

transition (Figure 33C), indicating the presence of crystallites with a lower degree of 

perfection. In contrast, 50k g/mol PLLA-PS microspheres showed a sharper transition 

with only a very small endothermic peak prior to the main melting transition. The 

addition of 50k g/mol PLLA-PS to the 2k g/mol polymer resulted in an increasingly 

sharper melting peak (Figure 33D to G). 
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4.5.2. Blending 100k and lk g/mol PLLA 

4.5.2.1. Effect of blend composition on microspheres properties 

PLLA-LA with molecular weight lk g/mol was blended in several ratios with 

100k g/mol PLLA and used to manufacture microspheres. A PVA concentration of 1% 

and stirring rate of 900 rpm were used to make all the microspheres studied in this 

section. Microspheres with a blend composition of up to 60% lk g/mol PLLA-LA were 

spherical and could be freely resuspended in water following the drying step in the 

manufacturing process. Microspheres with greater than 60% of the low molecular weight 

component were irregularly shaped and tended to aggregate. The surface morphologies 

of microspheres made from varying blend compositions are shown in Figure 35. 

The thermal properties of the polymer blends are shown in Figure 36. The trends 

were very similar to those for the 2k and 50k g/mol PLLA-PS blends (Figure 33). The 

glass transition and melting temperatures and the degree of polymer crystallinity were all 

lowered by the addition of lk g/mol PLLA to the 100k g/mol PLLA. A double melting 

endotherm was observed for blends containing 70% or greater of the lk g/mol polymer. 

The double endotherm was observed as a shoulder on the low-temperature side of the 

melting transition at temperatures between 100 and 130°C. 

Figure 37 shows the dependence of Tg on blend composition according to the 

Fox equation (Equation 13). The dependence of melting point depression on the blend 

composition according to Equation 14 is shown in Figure 38. For both Figures 37 and 

38, blend composition data were adjusted assuming incomplete incorporation of the 

lk g/mol polymer. Blend compositions were calculated based on the starting proportions 

of lk and 100k g/mol polymers and the assumption that 34% of the lk g/mol polymer 
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was not incorporated which was the weight of the water soluble fraction of the material 

determined in section 4.4.2. 

The blend ratio of 60% lk g/mol PLLA to 40% 100k g/mol PLLA was selected 

for further study because it was the highest ratio of low/high molecular weight polymer 

which could form spherical microspheres and be resuspended in water. Microspheres 

made from this blend composition were called polyblend-60 or "PB60" microspheres. 

4.5.2.2. Particle size and surface morphology of PB60 microspheres 

PB60 microspheres were made using the same manufacturing parameters as for 

100k g/mol PLLA microspheres to achieve size ranges of 1-10, 10-35 and 35-105 um. 

Particle size distributions were similar to those obtained for 100k g/mol PLLA 

microspheres (refer to Figure 27). However, the mean and mode of the distribution were 

decreased by 15-20 um to approximately 45-55 um for the microspheres in the 35-105 

um size range. Scanning electron micrographs of 1-10 and 35-105 pm, control and 30% 

loaded microspheres are shown in Figure 39. In contrast to microspheres made from 

100k g/mol PLLA no dimpling was observed on the surface of PB60 microspheres. 

4.5.2.3. Total paclitaxel content 

PB60 microspheres generally showed higher total content of paclitaxel than did 

100k g/mol PLLA microspheres (Table 17). Greater than 100% encapsulation efficiency 

was observed in five of nine formulations due to incomplete incorporation of polymer 

into the matrix. Microspheres in the size range of 1-10 pm with theoretical loading of 

30% had only 79% of the theoretical amount of paclitaxel in the microspheres. 
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4.5.2.4. Thermal properties 

Thermograms of control and 20% paclitaxel loaded PB60 microspheres in the 

35-105 pm size range are shown in Figure 40 and the transitions are summarised in Table 

18 with those for 20% loaded microspheres in the 1-10 and 10-35 and 35-105 pm size 

ranges. A l l control microspheres possessed degrees of crystallinity of less than 20% and 

less than 5% for control and paclitaxel loaded microspheres, respectively. Similar data 

were obtained for 10 and 30% paclitaxel loaded PB60 microspheres. A melting point 

depression of 2-4 °C was observed in the 20% loaded microspheres compared to control. 

Similar observations were made for 10 and 30% loaded microspheres although the 

melting point depression was greatest for microspheres in the larger size range, with 30% 

paclitaxel loaded 35-105 pm microspheres having a 6°C depression in Tm. The addition 

of paclitaxel to PB60 microspheres was accompanied by a 7-10°C increase in Tg (see 

Figure 40 and Table 18). The elevation of Tg was observed in all size ranges and at all 

loadings. The recrystallisation temperature (Tc) of the polymer was also higher in 

microspheres that contained paclitaxel. Control and paclitaxel loaded microspheres had 

values of Tc around 90 and 115°C, respectively. 

The addition of paclitaxel also resulted in a change in the shape of the melting 

endotherm. A small shoulder peak preceded the major polymer melting peak in 

paclitaxel loaded microspheres when thermograms were obtained with a 10°C/min 

heating rate (Figure 40B). The peak temperature was 10°C less than the major T m for 

microspheres containing 20-30% paclitaxel and 15°C lower for 10% loaded 

microspheres. The A H of the shoulder peak varied from approximately 5 to 30% of the 
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total AHf of the polymer as the paclitaxel loading level increased from 10 to 30%. 

However, at a scanning rate of 30°C/min, the shoulder peak was not observed. 

4.5.2.5. In vitro release profiles of paclitaxel 

In vitro paclitaxel release profiles for 10, 20 and 30% loaded microspheres in the 

size ranges of 1-10, 10-35 and 35-105 pm are shown in Figure 41. The features that were 

common to all of the release profiles were an initial rapid phase (Vo) over 24 hours, a 

slower phase that lasted until around day 21 at which point the rate then increased, 

followed by a gradual slowing of the release rate around day 63 of the study. Statistical 

differences between values of Vo for different sizes and loading levels are illustrated by a 

schematic diagram showing results of Tukey tests (Figure 41). Vo increased from 2-

4 ug/hr to 3-19 ug/hr for all sizes of 10 and 30% loaded microspheres. At all loadings V 0 

was greater for smaller microspheres (Figure 41). The total extent of release (M63) 

increased with loading and decreased with increasing microsphere size (207-386, 421-

577 and 448-706 ug for 35-105 and 1-10 pm 10, 20 and 30% loaded microspheres, 

respectively). Based on total content data shown in Table 16, accounted for between 

30 and 60% of the total paclitaxel loaded into microspheres. 

The morphologies of PB60 microspheres at days 0, 15 and 70 of an in vitro 

release study are shown in Figure 42. By day 15 (Figure 42B) the microspheres had 

begun to show signs of surface erosion. By day 70, PB60 microspheres had disintegrated 

leaving irregularly shaped particles with diameters up to 75 pm. 
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Table 17. Total content of paclitaxel in 1-10, 10-35, 35-105 pm microspheres made 
with a blend of 60:40 l k g/mol P L L A - L A : 100k g/mol P L L A . Values are 
averages of three measurements from a single batch of microspheres. The 
precision in measurement was greater than 91% for all samples. 

Microspheres Paclitaxel content (% of theoretical paclitaxel loading) 

10% loading 20% loading 30% loading 

1-10 pm 128 106 79 

10-35 pm 115 114 109 

35-105 pm 112 109 109 

Table 18. Thermal properties of control and 20% loaded paclitaxel 60:40 l k g/mol 
P L L A - L A : 100k g/mol P L L A microspheres with size ranges of 1-10, 10-35 
and 35-105 pm. 

Theoretical 
loading 

T g a ( A H r ) b 

°C (J/g) 

T c a ( A H c ) b T m a ( A H f ) b 

°C (J/g) °C (J/g) 

X c (%) 

1-10 pm microspheres 

Control 55 (5.5) 83 (13) 166 (46) 18 

20% 62 (7.4) 111 (18) 164 (41) 2 

10-35 pm microspheres 

Control 52 (4.3) 89 (19) 166 (43) 19 

20% 62 (7.3) 120 (26) 164 (40) 1 

35-105 pm microspheres 

Control 53 (6.8) 92 (17) 167 (46) 8 

20% 61 (7.6) 116 (22) 163 (41) 5 

a Peak transition temperature data are averages of three measurements made from a 
single batch of microspheres for each size and loading. Peak temperature values varied 
by <2 °C for all transitions. 

b Peak area data varied <1 J/g for A H r and <5 J/g for A H C and AHf 
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Figure 33. Representative D S C thermograms of 50k g/mol P L L A - P S microspheres 
obtained using heating rates of A ) 5 and B) 30°C/min and of microspheres 
with size range 1-20 pm prepared from blends of 2k and 50k g/mol P L L A - P S 
with compositions of C) 100:0, D) 80:20, E) 60:40, F) 20:80, and G) 0:100 
2k:50k g/mol P L L A - P S obtained using a heating rate of 10°C/min. Inset: 
The effect of D S C scanning rate on the Tg of 2k and 50k g/mol P L L A 
following the relationship of Barton (1969). 
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Figure 34. The effects of polymer blend composition in microspheres made from 2k 
and 50k g/mol PLLA-PS on A) the glass transition and B) the melting 
transition and degree of crystallinity. 



Figure 35. Scanning electron micrographs showing the surface morphology of 
microspheres made from a blend of lk g/mol P L L A - L A and 100k g/mol 
P L L A in ratios of A) 0:100, B) 60:40, C) 80:20 and D) 100:0. (The 
magnification of all micrographs is lOOOx.) 
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Figure 36. The effects of polymer blend composition in microspheres made from 
l k g/mol P L L A - L A and 100k g/mol P L L A on A ) the glass transition and B) 
the melting transition and degree of crystallinity. 
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Figure 37. Change in the Tg with the addition of lk g/mol to 100k g/mol P L L A 
compared to the Tg calculated from Equation 13 (solid line). (Composition 
data adjusted for loss of the water soluble fraction of lk g/mol PLLA. ) . 

*i 1 1 1 1 1 

0 0.2 0.4 0.6 0.8 1 

lk/lOOk g/mol PLLA blend composition 

Figure 38. Change in the observed melting temperature (Tm) with the addition of low 
molecular weight P L L A to higher molecular weight P L L A for 2k/50k g/mol 
PLLA-PS and lk/lOOk g/mol P L L A blends calculated from Equation 14. 
(Composition data adjusted for loss of the water soluble fraction of lk g/mol 
PLLA.) 
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Figure 39. Surface morphology of A) 1-10 urn and B) 35-105 um control and C) 1-
10 um and D) 35-105 um 30% paclitaxel loaded microspheres made from a 
60:40 blend of lk g/mol PLLA-LA and 100k g/mol PLLA. (Magnification of 
all micrographs is lOOOx.) 

A B 
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Figure 40. D S C thermograms of A ) control and B) 20% paclitaxel loaded 35-105 um 
microspheres made with a 60:40 blend of l k g/mol P L L A - L A and 100k 
g/mol P L L A obtained with a heating rate of 10°C/min. 
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Figure 42. The surface morphology of 20% paclitaxel loaded microspheres in the size 
range of 35-105 urn made from a 60:40 blend of l k and 100k g/mol P L L A 
after A ) day 0, B) day 15 and C) day 70 of an in vitro release study. 
(Magnification of micrographs is lOOOx.) 
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4.6. In vivo characterisation of paclitaxel loaded microspheres 

For all in vivo studies, microspheres were prepared using 100k g/mol PLLA. The 

microspheres were in the size range of 1-40 urn for studies on microsphere clearance 

from the peritoneal cavity and 35-105 um for all efficacy studies. 

4.6.1. Clearance of microspheres from the peritoneum 

Following intraperitoneal injection of control 1-40 um microspheres, 

microspheres were observed in the mediastinal lymph nodes of rats and particle size data 

for these are shown in Table 19. Table 19 also summarises the particle size analysis data 

for the microspheres prior to injection. The maximum diameter of microspheres that 

were observed in the lymphatic tissue was close to 30 um. However, only one or two 

microspheres with diameters greater than 10 urn were observed among 200-400 

microspheres observed in the lymph tissue of each rat. There was no statistically 

significant difference in the average or maximum diameters or in the ninety-eighth 

percentile of diameters of microspheres observed in the lymph nodes when comparing 

animals which received insufflation and those in the control group (Table 20). A 

representative photograph of lymph node tissue containing microspheres is shown in 

Figure 43 compared to a photograph of microspheres prior to intraperitoneal injection. 

To avoid clearance of microspheres from the peritoneum all further studies in rats were 

carried out using microspheres with diameters in the range of 35-105 um. 
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4.6.2. Efficacy of paclitaxel loaded microspheres in a model of intraperitoneal 

carcinomatosis 

4.6.2.1. Dose escalation study 

To establish that 9L glioblastoma tumour cells would produce intraperitoneal 

carcinomatosis in rats, three animals were given two million cells each through a midline 

laparotomy incision. After two weeks, all three animals showed evidence of tumour 

growth. One rat had hundreds of tumour nodules throughout the peritoneum involving all 

organs and implanted on the abdominal wall as shown in Figure 44A. Two rats had a 

single tumour 2 to 3 cm in diameter growing on the laparotomy incision site, with small 

tumour nodules (less than 0.5 cm in diameter) in the omental tissue. 

To determine the effective dose of paclitaxel loaded microspheres required to 

prevent intraperitoneal carcinomatosis from becoming established with the introduction 

of 9L glioblastoma cells, escalating doses between 50 and 350 mg of 30% paclitaxel 

loaded 100k g/mol PLLA microspheres were tested in the model and compared to control 

microspheres. These doses corresponded to total paclitaxel doses to each animal of 15 to 

105 mg. 

Two weeks after the co-administration of the tumour cells and microspheres, the 

gastrointestinal tract, omental tissue, liver and abdominal wall were examined for the 

presence of tumour nodules. No rats receiving doses of 100 mg of paclitaxel loaded 

microspheres or greater showed any evidence of tumour growth compared to rats in 

control groups (rats receiving microspheres with no paclitaxel or no treatment) which 

showed visible tumours (Figure 20). A typical response in the control groups was the 

presence of a tumour growing on the laparotomy incision site (Figure 44B) and the 
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presence of small tumour nodules in the omental tissue and on the small bowel. 

Responses ranged in severity from that shown in Figure 44B to complete involvement of 

the peritoneal cavity, similar to that shown in Figure 44A. Microspheres were found to 

be aggregated into white plaques ranging in diameter from approximately 2 to 13 mm 

(see Figures 44B and C). The microsphere plaques were observed throughout the 

peritoneal cavity, most commonly attached to omental tissue, on the gastrointestinal tract 

and on the dome of the liver adjacent to the diaphragm. 

For comparison in histological analysis, cells were taken from a tumour in a rat 

that had received no treatment (Figure 45A). Tumour cells had irregularly shaped nuclei 

and a characteristic swirling pattern. Samples taken from rats that received microspheres 

showed that a dose of 100 mg of 30% paclitaxel loaded microspheres was sufficient to 

prevent intraperitoneal carcinomatosis in the rat over the two week study period. 

Histology samples from two of five rats which received 50 mg of paclitaxel loaded 

microspheres showed the presence of tumour cells in the liver and omental tissue. Cells 

taken from rats which received control microspheres had a similar appearance to those 

from tumours in untreated rats (Figure 45B) Microspheres were observed embedded in 

the tumour tissue and no cellular response to the foreign particles was evident. All 

omental tissue samples taken in which paclitaxel loaded microspheres were present 

showed tissue necrosis and no tumour cells immediately adjacent to or within several 

hundred mirometers of the microspheres (Figure 45C). Further evidence of an adverse 

response to paclitaxel was the presence of ascitic fluid in the peritoneal cavity of rats 

which received 150 and 350 mg of paclitaxel loaded microspheres (refer to Figure 44C). 
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4.6.2.2. Efficacy of paclitaxel microspheres in the cecotomy repair model 

In the second phase of the in vivo study each rat underwent cecotomy repair after 

intraperitoneal injection of the tumour cells but prior to administration of the 

microspheres and were allowed to live up to six weeks prior to sacrificing. Animals that 

were not treated with paclitaxel loaded microspheres did not survive past four weeks. 

Evaluation of the peritoneum of these animals showed the presence of established 

tumours and tumour nodules throughout the peritoneum. Tumours and nodules were 

observed with the greatest frequency at the cecotomy repair, and to a lesser extent on the 

small and large bowel, with involvement of the omentum. Large tumours (greater than 

4 cm in diameter) were observed on the cecotomy repair as shown for a rat that received 

100 mg of control microspheres, sacrificed after two weeks in Figure 46A. However 

several animals had very extensive tumour growth similar to that shown in Figure 44A. 

One animal in the control microsphere two week group died four days post-operatively. 

A preliminary autopsy did not reveal any cause of death. No evidence of abscess was 

seen, however small nodules of tumour were already apparent in the peritoneal cavity. 

Figure 46B shows a representative photograph of the peritoneal cavity of a rat 

after six weeks, given 100 mg of 30% loaded microspheres. No tumours or tumour 

nodules were visible in the peritoneal cavities of any rats which received paclitaxel 

loaded microspheres, after both two or six weeks. No ascites were observed in the 

peritoneal cavity of paclitaxel treated animals. Samples of the cecotomy repair, omentum 

and of the laparotomy incision site harvested from paclitaxel treated rats showed no 

histological evidence of tumour cells after either two or six weeks. The appearance of the 

histology slides was similar to those shown in Figure 45C. 
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4.6.2.3. Analysis of microspheres removed from rats after six weeks in vivo 

Three paclitaxel loaded microsphere plaques were removed from rats after six 

weeks. Values of total remaining paclitaxel in each of the plaques were 18, 47 and 60% 

of the original loaded value, an average of 58 ± 27% released over six weeks in vivo. The 

microscopic appearance of the microsphere plaques is shown by scanning electron 

micrographs in Figure 47. Two microsphere plaques that contained 47 and 60% of the 

original paclitaxel were covered with a smooth capsule (Figure 47A). Inside the capsule, 

microspheres were observed embedded in a matrix of the capsule material (Figure 47B). 

The microspheres appeared spherical with a dimpled surface, similar to their appearance 

prior to administration. A single microsphere plaque that contained 18% of the original 

amount of paclitaxel was not surrounded with a capsule in vivo. Scanning electron 

micrographs of these microspheres showed spherical, dimpled microspheres along with 

irregularly shaped particles of a smaller size (Figure 47C). Prior to quantifying the 

remaining paclitaxel in microspheres as much of the capsule material as possible was 

removed. However the microspheres could not be completely separated from the 

capsule, therefore, the reported values for residual paclitaxel, which are dependent on 

sample weight, underestimate the actual remaining paclitaxel contents. 
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Table 19. Particle size data for control microspheres made from 100k g/mol P L L A as 
manufactured, and for microspheres observed in mediastinal lymph nodes of 
rats. 

Sample 
Average diameter 

(urn) 
Diameter at 98 t h 

percentile (um) 
Maximum diameter 

(um) 
A s manufactured 8.6 29 40 
Control rats (n=5) 4.2 ± 0 . 5 7.6+1.4 24 ± 9 
Insufflated rats (n=5) 4.3 ± 0.3 8.3 ± 0 . 9 20 ± 13 

Table 20. Growth of 9L glioblastoma tumours in the peritoneum of rats receiving 
various doses of 30% paclitaxel loaded 35-105 um 100k g/mol P L L A 
microspheres. 

Treatment group Animals with visible Animals with 
tumour growth (%) histologically confirmed 

(n=5) tumour cells (%) (n=5) 
N o treatment 100 100 
100 mg control microspheres 100 100 
50 mg paclitaxel microspheres 0 40 
100 mg paclitaxel microspheres 0 0 
150 mg paclitaxel microspheres 0 0 
350 mg paclitaxel microspheres 0 0 
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Figure 43. Representative optical micrographs of A ) 1-40 pm 100k g/mol P L L A 
microspheres as manufactured and B) the mediastinal lymph nodes of a rat 
(without insufflation) after intraperitoneal administration of 1-40 pm 
microspheres. 

A 
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Figure 4 4 . Representative photographs of the peritoneal cavity of rats two weeks after 
intraperitoneal administration of two mil l ion 9L glioblastoma cells with A ) 
no further treatment, B) 100 mg of control 35-105 urn 100k g/mol P L L A 
microspheres and C) 350 mg of 30% paclitaxel loaded microspheres. 

A 

o 

• 

50 um 50 pm 
The arrow points toward the head of the rats pictured in Figures B 
andC. 

The circle in Figure B shows a tumour with dimensions of 
approximately 2.5 x 1.3 cm attached to the laparotomy incision site 

The circles in Figure C show microsphere plaques with diameters 
ranging from 0.7 to 1.25 cm. 

The rectangle in Figure C shows a pool of ascitic fluid which was 
observed in rats receiving 150 and 350 mg of paclitaxel loaded 
microspheres. 
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Figure 46. Representative photographs of the peritoneal cavity of rats A) two weeks 
after intraperitoneal administration of two million 9L glioblastoma cells 
with no further treatment and B) six weeks after intraperitoneal 
administration of tumour cells and 100 mg of 30% paclitaxel loaded 35-105 
pm microspheres in a model of intraperitoneal carcinomatosis after a 
cecotomy repair. The white circle identifies a tumour on the cecotomy 
repair site and numerous tumour nodules attached to the cecum. 
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5 . DISCUSSION 

5 . 1 . Solid state characterisation of paclitaxel 

Karl Fischer, DSC, TGA and XRPD analysis were used to identify several 

different solid forms of paclitaxel. Interconversion between the various forms is 

summarised by the flow chart in Figure 48. 

Figure 48. A flowchart summarising the conversion of paclitaxel to its various solid 
forms. 

Legend: 
+A Heat up 
-A Cool down 

Conversion to a 
different form of 
paclitaxel 

Paclitaxel I — 

Molten 
Paclitaxel 

Quench Cool 

Amorphous Paclitaxel 
(Tg~ 152°C) 

•> Paclitaxel«2H20 

J 
Dehydrated 

Paclitaxel #2^0 

Paclitaxel I/am 

-A 
25°C 

Dordunoo and Burt (1996) provided preliminary evidence that suggested 

paclitaxel could exist as a dihydrate. Karl Fischer, DSC and TGA analysis confirmed 

that commercial paclitaxel I is an anhydrate form which may be converted to paclitaxel 

dihydrate (paclitaxel«2H20) after 24 hours of incubation in water. The Karl Fischer 
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method quantifies total water in the material including chemically bound water of 

crystallisation and physically bound adsorbed water (Suryanarayanan, 1989). The Karl 

Fischer analysis and the TGA data (Figure 7) both indicate that small amounts of non­

structural, physically bound sorbed water were present in both paclitaxel I and 

paclitaxel«2H20. Powder X-ray diffraction analysis confirmed the existence of two 

distinct crystalline phases, an anhydrous form (paclitaxel I) and the dihydrate, produced 

by suspension of paclitaxel I in water (paclitaxel«2H20). The powder X-ray diffraction 

patterns for paclitaxel are not currently listed in the International Powder Diffraction 

Files. 

Paclitaxel I was stable for 96 days in relative humidities up to 94% at 25°C and 

paclitaxel»2H20 stored in a vacuum oven at 25°C and 200 mmHg for several weeks 

showed no evidence of weight loss or dehydration. Hence, a relative humidity phase 

diagram could not be constructed for the anhydrate and dihydrate forms due to the 

absence of detectable phase changes at 25°C under these relative humidity conditions. 

Dehydration of paclitaxel«2H20 occurred over a higher temperature range when 

measured by DSC (35 - 140°C) compared to TGA (25 - 85°C) determined at the same 

heating rate of 10°C/min. The difference can be explained by a change in dehydration 

kinetics due to differences in external water vapour pressure in the open TGA system 

compared to DSC pans (sealed and unsealed) which have a lid. It has been observed for 

other compounds that a higher external water vapour pressure will slow the dehydration 

process resulting in dehydration at a higher temperature (Kitaoka et al, 1995). At slower 

scan rates the dehydration events occurred at progressively lower temperatures. This was 

likely a result of less thermal lag in the DSC measurement and changes in the vapour 
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pressure inside the DSC sample pan at the slower scan rates. The dehydration 

endothermic peak was sharper and occurred over a narrower temperature range in the 

pinhole pan compared to the open pan. It is possible that a more controlled water vapour 

pressure was obtained upon heating in the DSC when pinhole pans were used. TGA data 

obtained isothermally (Figure 9) also resulted in slower dehydration of paclitaxel»2H20 

compared to TGA data obtained at a heating rate of 10°C/min (Figure 7B). Slower 

dehydration in the profile obtained at 45°C (Figure 9) provided increased resolution of 

the loss of each mole of water. 

Dehydration of hydrates has been classified into three types on the basis of the 

resulting dehydrated lattice: a) the crystal lattice of the residue is nearly identical to 

that of the original hydrate (Dash and Suryanaryanan, 1991) b) the residue is poorly 

crystalline and c) the residue recrystallises with a different crystal lattice 

(Suryanarayanan, 1989). The X-ray diffraction studies indicate that dehydrated 

paclitaxel«2H20 falls into the third type with dehydrated paclitaxel»2H20 possessing a 

different crystal lattice compared to paclitaxel«2H20. Since dehydrated 

paclitaxel«2H20 had a different XRPD pattern from paclitaxel I, and both forms are 

anhydrous, this suggests that the two forms are polymorphs. 

The results of DSC, TGA and gravimetric analysis showed that dehydrated 

paclitaxel«2H20 could be rehydrated to paclitaxel«2H20 at ambient temperature and 

43% relative humidity. Heating dehydrated paclitaxel»2H20, resulted in a solid-solid 

transition (Figure 8C) and conversion to semicrystalline paclitaxel I (paclitaxel I/am). 

In contrast to dehydrated paclitaxel»2H20, neither paclitaxel I/am nor paclitaxel I 
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previously heated to 195°C were hydrated at ambient conditions (43% RH). Based on 

similar XRPD patterns, paclitaxel I/am (Figure 10D) has the same crystal lattice 

structure as paclitaxel I at either 25°C or 195°C (Figure 10A). However the diffraction 

peak intensities for paclitaxel I/am were much lower than in the pattern for paclitaxel I 

at 195°C, indicative of a lower degree of crystallinity (see Table 5). This is 

substantiated by the lower AH f observed by DSC for paclitaxel I/am of 31 J/g compared 

to the AH f for paclitaxel I of 63 J/g. As paclitaxel I was heated from 25°C to 195°C, 

the crystallinity apparently increased as evidenced by more intense X-ray diffraction 

peaks. The increase in crystallinity was probably also responsible for the appearance of 

several new but very weak peaks between 15 and 25 °20. Annealing of a solid by 

heating can relieve internal strain and result in an increase in crystallinity. Yoshioka et 

al (1994) demonstrated this effect for amorphous indomethacin. The increase in 

crystallinity was dependent on time and storage temperature. 

Paclitaxel I, when quench cooled at 180°C/min from the melt does not 

recrystallise immediately. Instead it forms an amorphous solid which is a glass at 

25°C. Amorphous paclitaxel conforms to the criteria for a fragile glass, having a 

relatively large ACp and a ratio of Tm/Tg (degrees K) < 1.5 (Table 4). Trends in 

values of ACp and Tm/Tg with changes in glass fragility are illustrated by the thermal 

properties of other pharmaceutical materials such as indomethacin and sucrose 

(Hancock et al., 1995). Amorphous materials may be ranked according to their 

observed glass transition properties. Table 4 summarises these results and shows the 

tendency to observe a higher ACp when a lower ratio of Tm/Tg is observed. Paclitaxel 
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forms the most fragile glass (highest ACp and lowest Tm/Tg), followed by sucrose, 

followed by indomethacin. 

The presence of a Tg in the DSC thermogram for paclitaxel I/am similar to 

amorphous paclitaxel indicates that paclitaxel I/am is semicrystalline. The one state 

model of crystallinity describes a semicrystalline solid as being an intermediate state 

between a crystalline solid (perfectly ordered lattice) and an amorphous solid 

(disordered lattice). The transition from a crystalline to a semicrystalline solid 

therefore represents an increase in lattice disorder, which is believed to be a result of 

increasing lattice defect content (Suryanarayanan and Mitchell, 1985). Pharmaceutical 

processes such as milling, compression and drying (dehydration) have been shown to 

result in increased lattice defect content and disorder and decreased crystallinity 

(Hutterauch et al., 1979; York, 1983; Suryanarayanan and Mitchell, 1985). Hence, the 

decreased crystallinity of paclitaxel I/am compared to paclitaxel I is probably due to 

greater defect content and greater lattice disorder caused by the dehydration event and 

the solid-solid transition. 

Paclitaxel I has an apparent solubility of around 3.5 ug/ml at 37°C in water 

giving rise to a supersaturated solution which recrystallised as a stable dihydrate with 

lower solubility (1 ug/ml) (see Figure 12). The higher apparent solubility of the 

anhydrous material relative to the dihydrate has been observed for many drugs 

including caffeine and theophylline (Angell et al, 1994). The solubility data shown 

here are consistent with reported literature values of 6 ug/ml (Swindell et al., 1991) and 

0.7 ug/ml (Mathew et al., 1992) which may represent the higher apparent solubility of 
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the anhydrate and the equilibrium solubility of the dihydrate, respectively. The value 

of 30 pg/ml reported by Tarr and Yalkowsky (1987) may reflect a less crystalline form 

of paclitaxel. Other studies have demonstrated the higher apparent solubility of 

amorphous compared to crystalline forms (Chiou and Riegelman, 1971). 

This is the first report in which two polymorphic anhydrous forms, an 

amorphous form and a dihydrate of paclitaxel have been characterised. The existence 

of numerous solid forms of paclitaxel and the data in Figure 12 may help to explain the 

variability in values reported for paclitaxel's water solubility. 

5.2. Polymer synthesis 

PLLA polymers were synthesised in the molecular weight range of 500 to 

10k g/mol by ring opening polymerisation using a tin catalyst and either stearyl alcohol 

(PLLA-SA) or L-lactic acid oligomer (PLLA-LA) as initiators. The oligomer was 

synthesised by polycondensation. 

The catalytic mechanism of stannous 2-ethyl hexanoate has not been completely 

elucidated because the instability of intermediate complexes makes their identification 

difficult (Leenslag and Pennings, 1987). However the conversion of stannous 2-ethyl 

hexanoate into two more catalytically active species (Figure 49) has been proposed. 

Leenslag and Pennings (1987) have suggested a non-ionic mechanism for PLLA 

synthesis in which reactive hydroxyl groups supplied by an initiator, attack the lactone 

group, open the lactide ring and produce an ester bond and a new hydroxyl group on the 

end of the growing chain. 
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Figure 49. Reactive catalytic tin species produced by conversion of stannous 2-
ethylhexanoate. 

O O 

[ R = CH(CH 2 CH 3 ) - (CH 2 ) 4 -CH 3 ] 

A reaction time for the synthesis of P L L A - S A and P L L A - L A was selected based 

on reaction times for similar syntheses reported in the literature. When using stannous 2-

ethyl hexanoate and dodecanol as an initiator at 150-170°C, the maximum polymer 

molecular weight was achieved for P C L after less than 5 hours of synthesis (Schindler et 

al, 1982). Gilding and Reed (1979) have also reported rapid synthesis of P L G A 

polymers by a similar ring-opening polymerisation mechanism with catalysis by stannous 

2-ethyl hexanoate and 96% conversion of monomers after 4 hours at reaction 

temperatures above 200°C. 

Schindler et al (1982) stated three conclusions regarding P L L A synthesis: 1) 

initiation of the reaction occurs rapidly in the presence of tin catalysts, 2) the number of 

growing chains, determined by the number of hydroxyl groups present, does not change 

throughout the reaction and 3) reactions between growing chains may occur although the 

number of growing chains wi l l remain constant. The final conclusion means that M w 

may be altered by reactions between chains but M n w i l l not, thus broadening the 

molecular weight distribution. Interchain reactions are most commonly "ester 
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interchange" reactions in which a reactive chain end attacks an ester group in another 

polymer chain rather than the lactone of a L(-)lactide molecule (Saotome and Kodaira, 

1968, Schindler et al, 1982). The result is cleavage of the polymer chain and transfer of 

the ester group to the reactive chain end. In thermal stability studies of PLLA, Jamshidi 

et al (1988) described several ester interchange reactions that occur at 180°C. In all 

cases, the number of hydroxyl end groups was conserved. In ring-opening polymer 

synthesis this means that the reactive hydroxyl groups are preserved and ester interchange 

does not affect the number of polymer chains or M n . Ester interchange occurs most 

readily in the presence of tin catalysts at temperatures above 140°C during polymer 

synthesis, after greater than 95% conversion has been achieved (Schindler et al., 1982). 

Selection of a four hour reaction time was made based on the reaction times reported for 

PLLA (Schindler et al, 1982) and PLGA (Gilding and Reed, 1979) synthesis which gave 

high degrees of conversion while minimising the potential for ester interchange reactions. 

Stearyl alcohol has several characteristics that make it a good initiator. It 

possesses only a single functional group, is non-volatile and stable at the reaction 

temperature, and has a monodisperse molecular weight. The L-lactic acid oligomer 

initiator possesses a carboxylic acid group in addition to its hydroxyl group and thus 

chain termination reactions may occur via condensation reactions. The oligomer may 

undergo depolymerisation reactions at the reaction temperature. As well, Karl Fischer 

analysis of the oligomer showed that greater than 0.5 mole of water was present per mole 

of oligomer molecules. Schindler et al (1982) noted that hydroxyl groups from water 

may lower the polymer molecular weight. However this process may not be predictable 

since some water would be vaporised and less likely to interfere with polymerisation. 
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5.3. Molecular weight determination 

Regression analysis of the data in Figure 19 demonstrates the good correlation 

between M n * values predicted by Equation 15 and MGPC values for PLLA-SA polymers in 

the molecular weight range of 500-10k g/mol. Thus the molecular weight of PLLA-SA 

initiated using stearyl alcohol can be controlled by controlling the ratio of monomer to 

stearyl alcohol used in synthesis (Equation 15). However, the intercept of the regression 

equation shows that Mn* values were 1.2k g/mol less than MGPC- Differences in MGPC 

and M n * most likely reflect a broadened molecular weight distribution in which MGPC lies 

between M w and M n . At the lower molecular weights of PLLA-SA, MGPC rnay differ 

from Mn* due to changes in composition of the polymer chains. PLLA-SA polymers 

may be considered to be " A B " block copolymers with a block of -CH2- repeating units 

contributed by stearyl alcohol attached to a block of -OC(CH3)CO- repeating units 

contributed by lactic acid. With a total molecular weight of 500 g/mol, each chain would 

contain approximately 55%w/w -CH2- repeat units. However, as the molecular weight 

increases, the contribution of hydrocarbon by weight decreases rapidly so that a 2k g/mol 

polymer chain would contain only 14%w/w -CH2- groups. The values of K and a used to 

calculate MGPC, are derived for homopolymers of PLLA and will not accurately reflect 

the molecular weight-viscosity relationship for very low molecular weight PLLA with a 

structure approaching that of a block copolymer. Thus these polymers were referred to 

by their M n * values rather than MGPC-

Values of Mn* and MGPC were identical for PLLA-LA polymers in the range of 

500 to 2k g/mol (Figure 19). The deviation of MGPC from Mn* above 2k g/mol may have 

occurred because the properties of the oligomer (water content, presence of an acid group 
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and polydispersity of molecular weight) make it a poor initiator with respect to molecular 

weight control for Mn* greater than 2k g/mol. 

Calculation of intrinsic viscosity was accomplished using the approximation 

method of Solomon and Ciuta (Equation 20). Calculation of M v from intrinsic viscosity 

data (Equation 9) required K and a constants from the literature (Schindler and Harper, 

1979) which reflect polymer-solvent interactions and are therefore accurate only for a 

single polymer -solvent combination at a specific temperature. Values of K and a 

reported by Schindler and Harper are for P L L A in chloroform at 30°C. However, the 

G P C system used in this work, which also required K and a constants for calibration 

curves, was operated under ambient conditions. Viscometry experiments demonstrated 

that within the range of 22 - 30°C, intrinsic viscosities were not changed by more than 

2%. Thus the K and a constants were assumed to be valid in this temperature range. 

MGPC values for commercially obtained polymers were consistently higher but closer to 

the manufacturer's claimed molecular weight values than the corresponding values of M v 

(Table 7). The difference between values of MGPC and M v may be due to the use of 

constants from the literature for calculation of M v (using Equation 23) while values of 

MGPC were calculated (using Equation 24) from values of intrinsic viscosity. 

5.4. Characteristics of microspheres made from 100k g/mol P L L A 

Microspheres were manufactured from 100k g/mol P L L A in two size ranges with 

initial paclitaxel loadings between 0 and 30% to establish the effects of microsphere size 

and paclitaxel loading on the formation, morphology and thermal properties of P L L A 

microspheres. 
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5.4.1. Microsphere size 

It is well established that microsphere size can be controlled by altering the 

stirring speed and polymeric stabilizer (PVA) concentration used in the solvent 

evaporation manufacturing process (Lin et al, 1985; Mumper and Jay, 1992). Generally, 

as the stirring rate and aqueous PVA concentration increase, microsphere size is 

decreased. A faster stirring rate and a higher concentration of PVA both result in an 

increased shear stress on the organic phase droplets, resulting in the formation of a 

dispersion with smaller organic phase droplet size. The stirring rate, PVA concentration, 

the geometry of the vessel which contained the dispersion, and the size and shape and 

location of the impeller were held constant in the manufacturing of microspheres since all 

of these parameters can affect microsphere size. Particle size data obtained for 100k 

g/mol PLLA microspheres, shown in Table 8 and Figure 24, showed that particle size 

distributions were reproducible between batches made with a given stirring rate and PVA 

concentration. 

The appearance of small shoulder peaks on the upper end of the particle size 

distribution of paclitaxel loaded microspheres (Figure 24B) was due to aggregation 

during particle size analysis. It is likely that paclitaxel located on the surface of 

microsphere resulted in increased interaction between the microspheres, causing 

aggregation. Another explanation for the aggregation could be the presence of small 

amounts of PVA on the surface of the microspheres. PVA may have been adosrbed onto 

the microsphere surface during the manufacturing process and not completely removed 

by washing with water immediately after the manufacturing process. Aggregation of 

microspheres as a result of adsorption onto the microsphere surface of poly(vinyl alcohol-
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co-vinyl acetate) used as a polymeric stabiliser in the manufacturing process has been 

observed (Harley et al, 1992). 

5.4.2. Solvent evaporation during microsphere manufacture 

In the solvent evaporation method of microsphere manufacture, the microspheres 

form as the polymer matrix precipitates in the organic phase due to the removal of the 

organic solvent. The rate at which this process occurs depends on the solubility of the 

polymer in the organic phase and on the rate of solvent removal. Similar solvent removal 

profiles and values of tso (time for weight loss equal to half the weight of the organic 

solvent) are expected for microspheres made in a controlled system with a single set of 

manufacturing parameters. These microspheres would be expected to have reproducible 

thermal and surface properties since these properties are dependent on solidification 

during the microsphere formation process (Li et al., 1995b). 

The solidification process occurs first on the surface of the organic droplets, 

forming a "skin" of precipitated material which later forms the surface of the solid 

microsphere (Li et al, 1995b). Crotts and Park (1995) and L i et al (1995a) both reported 

that in microsphere manufacture, the concentration of dichloromethane in the aqueous 

phase rises within minutes of beginning manufacture, until it reaches a value close to the 

saturation solubility of dichloromethane in the aqueous phase. The rapid partitioning of 

dichloromethane out of the organic droplets in these first minutes results in the onset of 

precipitation of polymer as the solvent is removed from the surface of the organic phase 

droplet. This type of behaviour is similar to that observed during the initial evaporation 

of solvent from cast polymer films (Schwartz and Hicke, 1989). In film casting, the 

subsequent rate of evaporation is controlled by transport of solvent through the partially 
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solidified skin layer (Young and Chen, 1991). In microsphere formation, the rate 

controlling process in organic solvent removal is also believed to be transport through the 

skin layer (Li et al., 1995a). 

After the formation of the skin layer on the surface of the organic phase droplet, 

the solidification process proceeds with continued partitioning of dichloromethane into 

the aqueous phase. Two mechanisms by which the solidification process occurs in 

microspheres have been proposed (Li et al., 1995b). The precipitation of the polymer 

may occur either from the outside of the microsphere towards its centre, beginning with 

the skin layer and proceeding deeper into the organic phase droplet, or the entire organic 

phase droplet (except the already solidified skin layer) may solidify at the same rate as 

the organic solvent is removed. The solidification process is completed when all but 

trace amounts of the organic solvent have been removed from the microspheres. 

The effect of paclitaxel on the solidification of large microspheres was observed 

as a paclitaxel concentration dependent increase in tso (Table 9). It is hypothesised that 

the incorporation of paclitaxel into the polymer solution resulted in earlier solidification 

of the microsphere surface and the formation of a skin less permeable to 

dichloromethane. Small microspheres had the smallest values of tso. This was due to 

several factors including shorter diffusion path length for solvent to escape the organic 

droplets, a higher specific surface area, and the introduction of more air into the 

dispersion due to more vigorous stirring, compared to large microspheres (Table 9). The 

introduction of more air into the dispersion by rapid stirring resulted in an increase in the 

surface area of the aqueous phase/air interface, increasing the rate of evaporation of 

dichloromethane which had partitioned into the aqueous phase. Despite the effect of 
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paclitaxel on the permeability of the skin layer, no effect of paclitaxel on the t5o of small 

microspheres was observed. It is likely that the high surface area of microspheres 

resulted in rapid transport of the dichloromethane from the organic phase and transport 

across the skin layer was no longer the rate limiting step for solvent removal from the 

stirring dispersion. 

The surface morphology of paclitaxel loaded microspheres of all sizes and 

loadings showed evidence of dimpling, while control microspheres had a smooth surface. 

Paclitaxel loaded microspheres manufactured from a blend of isopropyl myristate and 

PLLA also had a dimpled surface (Wang et al, 1997). However, incorporation of 

paclitaxel into PLGA (Wang et al, 1996) and PCL (Dordunoo et al, 1995) produced 

smooth microspheres in both cases. 

The surface morphology of microspheres can be influenced by the presence of 

PVA in the aqueous phase (Kwong et al, 1986) and the solvent evaporation process 

(Kofler et al, 1996). The transport of solvent molecules through the partially solidified 

skin layer is believed to result in disruption of this layer, resulting in a surface that 

exhibits cracks, or irregularly shaped distortions (Kofler et al, 1996). Solvent removal is 

not expected to result in a dimpled pattern as was observed for the paclitaxel loaded 

microspheres. 

The incorporation of precipitated paclitaxel into the skin layer may result in a 

different surface morphology than was observed for control microspheres. The 

deposition of paclitaxel in the superficial layers may be affected by the presence of a 

polymeric stabiliser. Adsorption of PVA and the incorporation of water in the superficial 

layers of the forming microsphere may reduce the solubility of paclitaxel in this layer 
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resulting in precipitation of the drug. PVA in solution in the aqueous environment has 

resulted in the precipitation of other drugs on the surface of PDLLA microspheres 

(Kwong et ah, 1986). The authors studied the transport of insulin from the organic phase 

into the aqueous phase and its subsequent deposition, mediated by PVA, onto the surface 

of the forming PDLLA microspheres with the result that the surface layers contained a 

higher drug concentration than the bulk matrix. Therefore, the regular pattern on the 

surface is believed to be caused by processes which occur during solidification on the 

surface as a result of the presence of paclitaxel, and not of disruption of the surface by 

solvent removal. 

Encapsulation efficiency of hydrophobic drugs into microspheres made by the 

solvent evaporation method is generally very high. Hydrophobic drugs, such as 

paclitaxel, having a high o/w partition coefficient are generally retained in the organic 

phase as the microspheres solidify. The total content data in Table 11 are consistent with 

literature reports of encapsulation efficiencies greater than 90% of initially loaded 

paclitaxel into PCL (Dordunoo et al, 1995) and PLGA (Wang et al, 1996) microspheres. 

5.4.3. Thermal properties of microspheres 

The solidification of 100k g/mol PLLA in the microspheres resulted in a 

semicrystalline polymer matrix with a degree of crystallinity around 40% for all sizes and 

paclitaxel loadings. The amorphous component of the PLLA matrix showed a Tg that 

was depressed by the addition of paclitaxel (Table 12). Above Tg, a crystallisation 

exotherm was observed as the polymer chains gained more mobility and were able to 

align into a more stable configuration. The crystallisation exotherm was most 

pronounced for small microspheres. Further heating resulted in melting of the crystalline 
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regions of the polymer matrices. Depression of the Tm indicated that paclitaxel was 

dissolved in the polymer matrix. 

The rate of solvent removal from microspheres can affect the degree of 

perfection of polymer crystallites and thermal transition temperatures (Izumikawa et ah, 

1991) and this was observed for P L L A microspheres. Higher values of Tg and T m were 

observed for large compared to small control microspheres (Table 12). This is expected 

when comparing polymer matrices that have solidified at different rates. The larger 

microspheres had longer tso times for solvent removal meaning they solidified more 

slowly than the smaller microspheres. Other effects of particle size on polymer thermal 

properties, such as surface properties of the microspheres, have been ruled out by 

Izumikawa et al (1991). They prepared microspheres using different pressures to achieve 

slow and rapid solvent removal, and therefore alter solidification rates, while maintaining 

a particle size range of 44-88 pm. 

The effect on Tg of the addition of a drug to a polymer matrix depends on the 

type of drug-polymer dispersion that results. Mumper and Jay (1992) have summarised 

the possible states in which a drug may exist within the amorphous matrix: 1) crystalline 

drug particles are dispersed in the polymer, 2) drug is dissolved (miscible) in the polymer 

and acts either to stiffen or plasticize polymer chains, or 3) non-crystalline drug is 

dispersed in the polymer matrix in a separate phase. Cases 1 and 3 represent drug-

polymer phase separation in the amorphous regions of the matrix and no effect of drug 

loading on Tg would be expected. Case 2 represents miscible dispersions in which the 

polymer chains are stiffened by interactions with the drug molecules or plasticized by 

interruption of polymer-polymer interactions by the presence of drug molecules. The 
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decrease in Tg observed indicates that amorphous PLLA and paclitaxel form a matrix 

which may be described as a plasticized miscible system. 

Paclitaxel appears to be a more effective plasticizer of the amorphous regions of 

large 100k g/mol PLLA microspheres that solidify more slowly than smaller 

microspheres. The absence of an effect of paclitaxel on the Tg in small microspheres 

could reflect the lower total content of paclitaxel in the matrix (Table 11) or could 

indicate that the paclitaxel is not completely dissolved in the matrix. 

Generally, diluents such as solvent molecules, affect Tg in a manner similar to 

that of a second polymer blended into the matrix (Kelley and Bueche, 1961). That is, the 

Tg of the two miscible components is intermediate between the Tgs of the two pure 

compounds. If this relationship were true for PLLA and paclitaxel, the Tg for the two 

miscible components would be greater than the Tg of the polymer alone, given the Tg of 

amorphous paclitaxel of 155°C. 

The addition of drugs to polymer matrices may cause an increase or decrease in 

the polymer Tg depending on the nature of the dispersion which is formed. The addition 

of many drugs to PDLLA results in a decrease in the Tg of the matrix (Benoit et al., 

1986). However, an increase in the Tg of PDLLA by the addition of neurotensin 

analogue has also been reported (Yamakawa et al, 1992). Both authors describe their 

observations in a manner similar to the classification of Mumper and Jay (1992). The 

increase or decrease of Tg is discussed in terms of the drug's ability to enhance or impede 

segmental motion of polymer chains, representing miscible plasticized or stiffened 

systems, respectively. It was suggested that the cationic neurotensin analogue resulted in 

chain stiffening by interactions with the negative partial charges of chain ends on PDLLA 
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chains while other drugs are believed to disrupt inter-chain interactions, acting as 

plasticizers. 

The effect of paclitaxel on the melting of PLLA matrices was elucidated by 

thermal analysis of paclitaxel-PLLA dispersions containing between 0 and 60% 

paclitaxel. This allowed the examination of paclitaxel loadings in PLLA exceeding those 

which could be achieved by manufacturing microspheres. The melting point depression 

data for paclitaxel-PLLA dispersions were linear when plotted using Equation 14, which 

relates the paclitaxel concentration to the degree of melting point depression (Figure 23). 

The linear relationship indicates that all of the paclitaxel was dissolved in the polymer 

matrix at all compositions. The limit of miscibility was not determined although it must 

exceed 60%. At the limit of solubility, the melting point depression would reach a 

maximum, with no more drug going into solution. 

For microspheres, the effect of paclitaxel on Tm was consistent with the effect 

observed for the paclitaxel-polymer dispersions. The Tm of PLLA was depressed when 

paclitaxel was incorporated into microspheres. The magnitude of melting point 

depression increased with increasing total content of paclitaxel. Furthermore, a greater 

effect was observed for large microspheres which had greater encapsulation efficiency 

(Table 11) compared with small microspheres. 

The phenomenon of melting point depression in polymers by the addition of a 

second component has been discussed by Nishi and Wang (1975) and Mandelkern 

(1964a) for the addition of a second polymer and small molecules, respectively. In 

polymer chemistry, the second component is referred to as a diluent. Melting point 

depression may arise from altered crystallite morphology i.e. size and perfection, by 
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insertion of diluent molecules into the crystallites (Feughelman et al, 1955). However 

this mechanism has been demonstrated for only a few polymer-diluent systems 

(Mandelkern, 1993). 

More commonly, diluent molecules are dispersed in the amorphous regions of 

the matrix. This increases the entropy of the amorphous phase while not affecting the 

enthalpy of fusion of crystallites, represented by the enthalpy of fusion of the repeat unit, 

Ah. Thus the driving force for melting is increased by the increase in the entropy of 

fusion, ASf, and Tm is decreased. This decrease in Tm is illustrated by the relationship 

between melting point and diluent concentration proposed by Nishi and Wang (1979), 

shown in Equation 14. 

\ \ _ J?_ _L (1 - (|) ) Equation 14 
Tm 2 Tm 2 Ah m, 

In Equation 14, the decrease in Tm of the polymer (Tm2) is dependent on the diluent 

concentration (\-§i) and the enthalpy of fusion of the repeat unit of the polymer (Ah) with 

R and the molar volume of the diluent (mi) being proportionality constants. For diluents 

dispersed in the amorphous phase, where the diluent concentration does not affect Ah, the 

only variable affecting melting point depression is the diluent concentration. Therefore 

plotting the melting point depression data against the diluent concentration using 

Equation 14 can be used to describe the nature of the interaction of the diluent and the 

polymer. If the relationship is linear then Ah is independent of the diluent concentration 

and the drug molecules are dispersed in the amorphous phase of the matrix. If the 

relationship is non-linear then Ah varies with the diluent concentration and the drug 

molecules are incorporated into the crystalline regions of the polymer matrix affecting the 
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enthalpy of fusion of the crystallites. The linear relationship in Figure 14 therefore 

demonstrates that paclitaxel is dispersed in the amorphous phase of PLLA. 

5.5. The effect of P L L A molecular weight on microsphere properties 

Although it is generally accepted that the molecular weight of PLLA influences 

thermal properties (Jamshidi et al., 1988; Engelberg and Kohn, 1991; Celli and Scandola, 

1992), the effect of a wide range of molecular weight of PLLA on drug loaded 

microsphere morphology, resuspendability and drug release profde has not been studied 

in detail. 

5.5.1. Properties of P L L A - L A and P L L A - S A polymer microspheres 

Despite the differences observed in thermal properties when comparing PLLA-

SA and PLLA-LA polymers, the XRPD patterns of microspheres made from the two 

polymers were identical with respect to peak positions (Figures 29A and C, respectively), 

indicating similar crystal structure in both polymers. The XRPD pattern of stearyl 

alcohol had peaks that were distinct from all those observed for PLLA microspheres 

(Figure 29B). These peaks were not observed even in the lowest molecular weight 

PLLA-SA (compare Figures 29B and A, respectively), indicating that crystallinity in the 

microspheres due to stearyl alcohol while observed by DSC (Figure 25A and B), was not 

great enough to be detected by the X-ray diffraction method. 

Polymer molecular weight had a profound effect on thermal properties of PLLA-

SA microspheres over the range of 1 to 10k g/mol (Figures 25 and 27, respectively). The 

effect of polymer molecular weight on Tg, described by the Flory-Fox relationship 

(Equation 10) for PLLA-SA was linear only at molecular weights above 3k g/mol. Thus 

3k g/mol represents a critical molecular weight threshold below which the thermal 
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properties change not only as a function of molecular weight but also of the polymer 

chain composition. The discontinuity in the Tg-molecular weight relationship and the 

broad range observed for the Tg of PLLA-SA over the 1 to 10k g/mol molecular weight 

range reflect the rapidly changing composition of the polymer. The presence of a Cig 

hydrocarbon group on the end of each chain due to stearyl alcohol results in a change in 

the proportion of stearyl alcohol to L-lactic acid as molecular weight increases. This 

would cause the thermal properties to vary in the same manner as those of copolymers 

with varying monomer ratios (Grijpma et al., 1990). The Tg of copolymers varies with 

the copolymer ratio in a manner similar to polymer blends whose Tg varies with blend 

composition. The dependence of Tg of a copolymer on the copolymer ratio follow the 

relationships given for polymer blends in Equations 13 with values of copolymer ratios 

replacing those of blend ratios. 

The melting behaviour of PLLA-SA was also affected by changes in molecular 

weight. The relationship of 1/Tm to 1/MGPC is expected to be linear when plotted using 

Equation 12, with the slope of the line being dependent on the enthalpy of fusion for the 

polymer repeat unit, Ah. Figure 26B shows that for PLLA-SA, the relationship between 

Tm and molecular weight deviated from linearity as the molecular weight decreased. A 

change in the slope indicates that Ah was dependent on molecular weight. This could be 

due to changes in the polymer composition due to changes in the stearyl alcohol:L-lactic 

acid ratio or due to the increase in the concentration of polymer chain ends, which can 

affect the structure of crystallites (Wiinderlich, 1973). 

The surface morphology of PLLA-SA microspheres shown in Figure 28 shows 

that at a molecular weight around 2k g/mol, spherical microspheres that were not 
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deformed during the manufacturing process or on storage were obtained. However, the 

resuspension index data for microspheres indicated that a molecular weight of 4k g/mol 

was required to form microspheres that did not aggregate (Figure 25). The method of 

determining the resuspension index for microspheres is a semi-quantitative method of 

evaluating to what degree microspheres could be dispersed in water after the drying step 

in the manufacturing process. The method of resuspension was chosen to reflect the 

manner in which the microspheres would be dispersed in water for further 

characterisation such as in determining in vitro release profiles of paclitaxel. The 

molecular weight range of 2k to 4k g/mol above which PLLA-SA can form spherical, 

resuspendable microspheres coincides with a Tg greater than ambient temperature. At 

temperatures above Tg polymers may become deformed by plastic flow, the rate of 

deformation being dependent on both temperature and polymer molecular weight (Rosen 

1993d). Storage at ambient temperature of PLLA-SA microspheres, which have a Tg 

below the storage temperature, will therefore allow the polymer microspheres to deform 

and become aggregated. 

In contrast to PLLA-SA, the effect of polymer molecular weight on Tg, 

described by the Flory-Fox relationship, was linear for PLLA-LA at molecular weights 

down to lk g/mol (Figure 26A). These data were consistent with the values of Tg for 

PLLA polymers with different molecular weights taken from literature sources (Jamshidi 

et al., 1988; Celli and Scandola, 1992). For PLLA-LA polymers, the effect of molecular 

weight on Tg described by the Fox-Flory relationship was linear (Figure 26A) since there 

was no change in the polymer composition with a change in the molecular weight, in 

contrast to the PLLA-SA polymers. As well, the range of Tg values was not observed to 
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vary over a broad range at low molecular weights as observed for PLLA-SA polymers 

that had a stearyl alcohol component. The melting temperature of PLLA-LA decreased 

as the molecular weight decreased. The Tm-molecular weight relationship plotted using 

Equation 10 shows a deviation from linearity at the lowest molecular weight, similar to 

the Tm-molecular weight plot for PLLA-SA (Figure 26B). Deviation of Tm from the 

linear relationship with molecular weight is expected even for polymers with 

homogeneous composition because of the increase in the concentration of chain-ends. A 

higher concentration of chain-ends affects crystallite stability and free volume in the 

matrix, resulting in a lowered Tm (Wiinderlich, 1973). 

Based on the properties of microsphere morphology and resuspendability, 

2k g/mol PLLA-LA was identified as the lowest molecular weight polymer that could be 

used to manufacture paclitaxel loaded microspheres. PLLA-LA was selected over 

PLLA-SA because of its simpler structure, having no stearyl alcohol component, and 

because the minimum molecular weight required to achieve resuspension of microspheres 

was higher for PLLA-SA. 

5.5.2. Properties of paclitaxel loaded microspheres 

Paclitaxel loaded microspheres made from PLLA polymers with molecular 

weights of 2k to 10k g/mol (Figure 3 2A) had smooth surfaces as did control 

microspheres. This is in contrast to the dimpled morphology of 100k g/mol PLLA 

paclitaxel loaded microspheres (Figure 32D). The difference may be explained by the 

differences in hydrophilicity of the polymers. Jalil and Nixon (1990) have suggested that 

polymers with different molecular weights precipitate from a given solvent at different 

rates based on differences in their hydrophobicity. The deposition of the polymer and 
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drug in the surface layers of the forming microsphere could also be affected by 

differences in their solubilities in the organic solvent. Chang et al (1986) formed 

microspheres from a blend of PCL and the more hydrophilic cellulose propionate and 

observed changes in morphology due to differences in hydrophilicity of the two polymers 

in the blend. Microspheres manufactured from PCL alone had a "orange peel texture" 

while the addition of the cellulose polymer, having a different solubility in 

dichloromethane compared to PCL, resulted in smoother microspheres. It is possible that 

the more hydrophilic low molecular weight polymers solidify prior to paclitaxel due to 

their relatively lower dichloromethane solubility. The increased hydrophilicity in the 

surface layer could also allow more PVA to become incorporated into the outer skin of 

forming microspheres thus altering their morphology. 

The total content of paclitaxel in microspheres was influenced by the molecular 

weight of PLLA-LA. At lower molecular weights, greater than 100% of the expected 

amount of paclitaxel was incorporated into the polymer. This occurred due to less 

efficient incorporation of the polymer than of the paclitaxel into the matrix. Less 

efficient incorporation of polymer than paclitaxel may be expected given the relative 

hydrophilicity of each component. 

Weight loss data indicated that approximately one third of the lk g/mol PLLA-

L A was water soluble. The lk g/mol PLLA is more hydrophilic than paclitaxel and 

therefore there is less complete retention of PLLA in the organic phase during 

microsphere formation compared to paclitaxel. Mumper and Jay (1992) encountered a 

similar loss of low molecular weight PLLA in the manufacture of microspheres. As 

expected, the effect of incomplete polymer incorporation decreased with increasing 
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polymer molecular weight (see Table 13) and a corresponding decrease in hydrophilicity. 

The effect of incomplete incorporation of a low molecular weight polymer into 

microspheres has been characterised semi-quantitatively by Grandfils et al (1996) by 

measuring relative GPC peak areas for a polymer blend of low and high molecular weight 

PDLLA incorporated into microspheres. Based on GPC analysis of the water soluble 

fraction of low molecular weight PDLLA, the highest molecular weight that dissolved in 

water was found to be approximately 650 g/mol. In order to eliminate this phenomenon, 

isopropyl alcohol has been incorporated into the organic phase to more rapidly precipitate 

the low molecular weight components present (Wichert and Rohdewald, 1990). 

5.5.3. In vitro paclitaxel release from microspheres 

Throughout the in vitro release studies, sampling intervals were selected to 

maintain sink conditions, meaning the concentration of paclitaxel in the release media did 

not exceed 15% of its aqueous solubility (Carstensen, 1977). However, because of the 

initial rapid phase of release observed in all release studies performed on paclitaxel 

loaded microspheres, sink conditions could not be maintained in the first three days of the 

study despite sampling four times in the first day. If sink conditions could have been 

maintained, a greater amount of paclitaxel would be expected to be released over this 

time period. However, this would not be expected to alter the cumulative amount 

released in the course of the entire study. 

The test tubes used for the release studies were tumbled end over end in order to 

maintain the microspheres in suspension in the release media. Tumbling of the tubes also 

allows more rapid diffusion of paclitaxel away from the microspheres as it is released, by 
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decreasing the thickness of the stagnant layer of paclitaxel in solution that surrounds each 

microsphere. 

In vitro paclitaxel release profiles from microspheres made from PLLA polymers 

with molecular weights ranging from 2 to 50k g/mol (Figure 30) show that the rate and 

extent of release are dependent on polymer molecular weight. This finding is consistent 

with the work of Heya et al. (1991) and Omelczuk and McGinity (1992) who showed that 

a decrease in polymer molecular weight increased the rate and extent of drug release from 

PDLLA matrices. 

There was an initial rapid phase of paclitaxel release for the 2k and 4k g/mol 

PLLA microspheres due to dissolution of drug near or on the surface of the microspheres. 

Surface associated paclitaxel could include the paclitaxel that was incorporated into the 

skin layer during the microsphere formation process. The rapid initial phase was 

followed by a slower phase of release likely controlled by a combination of drug 

diffusion and polymer degradation. This was substantiated by the scanning electron 

micrograph evidence of erosion of the 2k g/mol PLLA microspheres by day five of 

incubation in PBS-A (Figure 32A-C). In contrast, the 10k and 50k g/mol PLLA 

microspheres released paclitaxel much more slowly. The initial release of surface 

associated paclitaxel from the 10k and 50k g/mol PLLA microspheres was slower than 

was observed from the lower molecular weight formulations. The second phase of 

release was also much slower than for the lower molecular weight formulations. It was 

not accompanied by erosion of the matrix, indicating that the major factor contributing to 

release was diffusion of paclitaxel through the matrix rather than erosion. Therefore the 

degree to which polymer degradation accounts for paclitaxel release from the 
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microspheres depends on the molecular weight of PLLA used, with erosion of the matrix 

occurring only at lower molecular weights of 2k and 4k g/mol for PLLA. 

Lowering the molecular weight can have several effects on the microspheres that 

result in greater erosion of the matrix. As the molecular weight is decreased, the matrix 

becomes more hydrophilic due to the increased concentration of hydroxyl and carboxyl 

end groups. This allows water to penetrate the polymer matrix more easily, giving more 

rapid polymer degradation and loss of mechanical strength. Tg can also be decreased by 

water uptake as the polymer matrix becomes plasticized by the water. As the Tg of the 

polymer is decreased below the incubation temperature of 37°C the polymer becomes 

softer and may undergo deformation which will increase the rate of erosion of the matrix. 

Decreasing the molecular weight will also result in a decrease in polymer crystallinity 

and mechanical strength, resulting in greater erosion of the matrix. 

The in vitro release of paclitaxel from 100k g/mol PLLA microspheres was 

characterised by an initial rapid phase of release, a phase of apparently zero order release 

between days 3 and 14, followed by a gradual decrease in the rate of release from day 14 

to 30. The linear phase was observed for all formulations except for the 35-105 urn 20% 

loaded microspheres which showed a discontinuity in the slope on day 12 of the study. 

The initial rapid phase is likely due to surface associated paclitaxel that is readily 

dissolved at the beginning of the release study. The apparently-zero order phase of 

release is not consistent with the diffusion controlled kinetics described by Equations 5 

and 6 (Baker, 1987), which relate the cumulative amount of drug released by diffusion 

from a one phase spherical matrix to time. For a drug-polymer matrix, where the drug 

concentration is not saturated the release rate should decrease with time, having a profile 
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of the shape shown by Curve A in Figure 2. The existence of different phases of release 

such as the burst phase, a linear phase and a slower phase after day 14 indicated that the 

release mechanism was not simple diffusion. 

Scanning electron micrographs of 100k g/mol PLLA microspheres showed no 

signs of erosion that would indicate an erosion controlled mechanism of release. In a 

linear release profile, one or more of the parameters governing release are changing in a 

manner that tends to increase release rates, off-setting the expected gradual decrease in 

the rate over time for diffusion controlled systems (Curve A, Figure 2). These parameters 

are the diffusion path length and the diffusion coefficient. For matrices that do not erode 

during the release of the drug, such as 100k g/mol PLLA microspheres, the diffusion path 

length would be expected to remain constant. However the matrix may not have had a 

homogeneous distribution of paclitaxel, and this would contribute to the deviation of the 

release kinetics from the predicted form. Polymer crystallinity, which was demonstrated 

by DSC and XRPD (Table 12 and Figure 29D, respectively) may have contributed to the 

heterogeneity of the matrix and resulted in a slowing in the rate of release after day 14 

(Figure 31). Polymer crystallites themselves may not be distributed in a homogeneous 

manner in light of the fact that the superficial "skin" layer is believed to solidify at a 

much greater rate than the microsphere core. The transport of paclitaxel molecules may 

have been restricted by surrounding polymer crystallites and therefore the diffusion path 

length for paclitaxel molecules would differ depending on the distribution of crystallites 

throughout the microspheres. 

However, the diffusion coefficient may increase over the course of the release 

studies due to uptake of water into the matrix and cleavage of polymer chains prior to the 
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onset of erosion. The degradation process was not characterised for the PLLA 

microspheres. However, it has been demonstrated that polyesters undergo chain cleavage 

prior to the onset of weight loss of the polymer matrix due to erosion (Makino et al., 

1985; Lam et al, 1994). The deviation of the release profiles from those predicted for 

monolithic solutions of drugs in a microsphere (Curve A, Figure 2) is due to a 

combination of several factors including crystallinity and degradation of the polymer 

chains. 

Microsphere size had an effect on the extent of paclitaxel release from the 

microspheres. The initial phase of release of surface associated drug would be expected 

to be dependent on the specific surface area of the microspheres (Cowsar et al., 1985) 

and diffusion controlled release would be expected to be inversely proportional to the 

diffusional path length of the drug in the matrix, described by the square of the radius of 

the microspheres (Equations 5 and 6). Thus for both the initial phase and phases that are 

at least partly diffusion controlled, greater release is expected from smaller microspheres. 

Paclitaxel loading levels also affect the rate and extent of paclitaxel release. The 

value of Vo was increased with higher loading levels likely due to a higher concentration 

of drug that can readily dissolve in the release medium. Increased drug concentrations in 

microsphere surfaces have been observed for cisplatin incorporated into PDLLA 

microspheres (Spenlehauer et al., 1986). Paclitaxel was also released to a greater extent 

at higher loading levels. According to the kinetics described for diffusion controlled 

release from a sphere by Baker (1987) (Equations 5 and 6), the amount of drug released 

at any given time (MT) increases directly proportionaly to the total drug loading (MQ). 
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Profiles of drug release from PLLA and PDLLA microspheres have been 

obtained for etoposide (Kishida et al., 1990), and 5-fluorouracil (Ciftci et al., 1994). 

These delivery systems demonstrated the same mechanisms of release observed for the 

paclitaxel loaded microspheres. The initial phase of rapid release was explained as a 

"burst effect" in which some drug is present on the surface of the microspheres and is 

released by dissolution (Langer, 1980). The subsequent slower phase of release was 

ascribed to diffusion of the drug through the matrix. For etoposide loaded PLLA 

microspheres there was a linear phase of release (Kishida et al., 1990), indicating that 

diffusion is not the only mechanism by which etoposide is released from PLLA. 

However, for 5-fluorouracil loaded microspheres, release followed more closely the 

profile of diffusion controlled release for spherical matrices (Ciftci et al, 1994). For all 

of these studies, which measured release in a range of over several hours to several 

weeks, no evidence of microsphere erosion was reported over the course of the release 

studies. 

The total amount of paclitaxel released from 100 g/mol PLLA microsphere 

represented between 23 and 92% of the total paclitaxel content of microspheres (Table 

14). Therefore a substantial amount of paclitaxel remained within the matrix after the 

burst and linear phases of release. It is expected that the remaining paclitaxel would 

slowly be released until the polymer matrix was completely eroded. An identical study 

was carried out for sixty days and showed a similar pattern up to day thirty and continued 

slow release over the next thirty days, indicating that erosion controlled release will not 

occur in these formulations for at least two months. This was consistent with SEM data 

showing that 100k g/mol PLLA microspheres remained intact after seventy days in PBS-
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A (Figure 32D-F). An onset of erosion greater than seventy days for 100k g/mol PLLA 

is consistent with degradation patterns for PLLA reported in the literature (Reed and 

Gilding, 1981; Migliaresi et al, 1994) due to the hydrophobic and semicrystalline nature 

of the polymer and its high molecular weight. 

5.6. The effect of polymer blending 

The main purpose of polymer blending in drug delivery systems research has 

been to alter the biodegradation or drug release profiles of drug delivery systems 

(Grandfils et al., 1996; Yeh et al, 1995). PLLA polymers with molecular weights of 8k 

and 82k g/mol have been blended to manufacture films with increased biodegradation 

and erosion rates (von Recum et al., 1995). However, the use of blends of high and very 

low molecular weights of PLLA (e.g. lk and 2k g/mol) to modify the drug release 

profiles from microspheres have not been reported. 

Two blend systems have been compared, one containing lk and 100k g/mol 

PLLA and the other 2k and 50k g/mol PLLA. The properties of the two high molecular 

weight polymers (50k and 100k g/mol) used in this work were similar with respect to 

thermal properties and their ability to form microspheres. However, the lk and 2k g/mol 

polymers were different from each other, having different values of Tg, Tc and Tm 

(Figures 27C and 33C, respectively). 

5.6.1. 2k and 50k g/mol P L L A - P S polyblends 

The first blend system studied contained varying proportions of 2k and 

50k g/mol PLLA-PS. The yield of microspheres increased as the proportion of 50k g/mol 

PLLA-PS increased in a blend of the two polymers because the incorporation of PLLA 

into microspheres varied at different blend compositions. The more hydrophilic 2k g/mol 
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PLLA would be expected to be less efficiently retained than the 50k g/mol polymer due 

to partitioning of the polymer into the aqueous phase. Microspheres with a high 

proportion of the more hydrophilic polymer in the blend would therefore have less 

efficient polymer retention and a lower yield. 

Values of Tg obtained by DSC for both 2k and 50k g/mol PLLA varied with the 

heating rate. The linear relationship of the inverse of Tg to the logarithm of heating rate 

described by Barton (1968) (Equation 27) gives a slope equal to the apparent activation 

energy (Ea) of the glass transition. This is the amount of energy a polymer chain must 

gain in order to undergo the glass transition (Clarke and Braden, 1989). Values of Ea of 

the glass transition for 2k and 50k g/mol PLLA-PS of about 200 kJ/mol were obtained. 

Celli and Scandola (1991) determined the Ea of PLLA to be 420 kJ/mol using a 

mechanical testing method and the polymer molecular weight was not specified. Values 

of Ea for the Tg of PLLA-PS polymers were close to one another despite the difference in 

molecular weight of the two polymers. The onset of segmental mobility which occurs at 

Tg involves only 20-30 backbone atoms (Grulke, 1994). This represents only one fifth of 

the length of the polymer chain for 2k g/mol PLLA and most segmental motion would 

not involve the chain ends. Therefore the molecular weight would not be expected to 

greatly affect the Ea. 

A single glass transition observed between 52 and 62°C (Figures 33 and 34A) for 

all 2k/50k g/mol polymer blends indicated that the polymers were miscible. The Tg 

values were close to those calculated for theoretically miscible polymers using the Fox 

equation (Equation 13) although they were consistently higher by 1-2°C. Grandfils et al 

(1996) observed a deviation of Tg values from the Fox equation for microspheres made 
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from blends of 65k and 3.5k g/mol PDLLA. The authors noted that the observed Tg 

approached those calculated by the Fox equation for miscible polymers after repeated 

heating to 50°C above Tg and quench cooling. They suggested that the two polymers 

experienced a small amount of phase separation during the microsphere manufacturing 

process and that thermal treatment resulted in a more homogeneous blend. Phase 

separation of two polymers during the microsphere formation process has also been 

demonstrated for cellulose and PCL (Chang et al., 1986). The authors speculated that 

phase separation occurred because differences in the solubility of two polymers in the 

organic solvent resulted in different rates of precipitation for each polymer. The 2k 

g/mol PLLA would be expected to be more hydrophilic due to a higher number of polar 

chain ends compared to 50k g/mol PLLA and therefore should have a lower solubility in 
) 

the dichloromethane than 50k g/mol PLLA. The different solubilities of the two PLLA 

polymers could therefore result in a small amount of phase separation during the 

formation of microspheres. This would be consistent with the observed deviation of Tg 

from the values calculated using the Fox equation. 

The composition of the 2k/50k g/mol blends affected the area of the endothermic 

peak that coincided with the Tg in the microspheres (Figure 33 and 34A). This peak was 

attributed to enthalpy relaxation at Tg, which has been reported for other PLLA polymers 

(Celli and Scanodla, 1992). The magnitude of AH r was greater for 2k g/mol than for 50k 

g/mol PLLA-PS and was intermediate for the blends. Grandfils etal (1996) also observed 

that enthalpy relaxation was a molecular weight dependent phenomenon. The authors 

observed enthalpy relaxation in 3.5k g/mol PDLLA microspheres that was not observed 

in 65k g/mol PDLLA microspheres. 
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Enthalpy relaxation may occur upon heating a polymer through its Tg. Below Tg 

the polymer chains may relax by undergoing short range motion and becoming ordered 

over the range of a few monomer units of polymer chains. The region of order is not 

large enough to be considered crystalline and has been termed "microstructure" in the 

amorphous phase (Bodmeier et al., 1989). Upon heating through Tg, an enthalpy of 

relaxation is observed because energy is required to overcome the short-range order 

established through relaxation. Microstructure in amorphous materials can arise in 

polymers as they are precipitated from solution (Bodmeier et al, 1989) or upon ageing of 

materials solidified by cooling from a molten state (Hancock et al., 1995). The 

microstructure that arises during precipitation is formed rapidly as the material solidifies. 

In contrast, microstructure in materials solidified from a melt is formed slowly after 

storage at temperatures below the Tg. 

For PLLA microspheres, enthalpy relaxation could be observed by DSC (Figure 

33) shortly after manufacture. The microstructure present in the amorphous regions of 

the polymer matrix is likely, at least in part, to have been formed during the 

manufacturing process. Furthermore, measurements of AH r for PLLA-PS were similar 

when obtained one week or two years after the manufacture of microsphere for both 2k 

and 50k g/mol molecular weights. Paclitaxel loaded PLLA microspheres were stored 35 

to 40°C below Tg. Hancock et al. (1995) demonstrated that the storage temperature 

relative to Tg greatly affected the extent to which enthalpy relaxation peaks were 

observed by DSC for amorphous sucrose and indomethacin. Hancock et al. (1995) 

suggested that the process could take several months to go to completion if amorphous 

materials are held 16-47°C below Tg . 
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Recrystallisation was observed by DSC when 2k and 50k g/mol PLLA-PS blend 

microspheres were heated above Tg. The Tc decreased as the proportion of 2k g/mol 

polymer increased in the blend. Both the Tc and Tg decreased approximately 7°C as the 

proportion of 2k g/mol polymer increased from 0 to 100%. The value of Tc was 

approximately 35°C above the Tg for all blend compositions. Nijenhuis et al. (1996) also 

noted that for polymer blends of PLLA with PEG, the Tc of PLLA decreased with a 

decrease in the Tg so that Tc was always approximately 45 °C above the Tg. As the Tg is 

lowered, the mobility of the polymer chains is increased at any given temperature above 

Tg and recrystallisation becomes possible at lower temperatures. 

The melting of 2k and 50k g/mol PLLA-PS blends occurred at temperatures that 

were dependent on the blend composition. Values of Tm were highest for 50k g/mol 

PLLA-PS microspheres and were lowered as the proportion of 2k g/mol PLLA-PS in the 

blend increased. Double melting endotherms were observed in the DSC thermograms of 

80/20 2k/50k g/mol PLLA-PS microspheres (Figure 33D). Melting point depression data 

also confirmed that 2k and 50k g/mol PLLA-PS were miscible (Figure 34B and 38). 

However, the relationship between blend composition and melting point depression was 

non-linear when the data were plotted using Equation 14 (Figure 38). A non-linear 

relationship between melting point depression and blend composition plotted using 

Equation 14 means that Ah, the enthalpy of fusion per repeating unit, varies with blend 

composition. A change in Ah with an increase in the proportion of 2k g/mol PLLA-PS is 

likely due to an increasing number of chain ends in the blend (Wiinderlich, 1973). The 

presence of an increased number of chain ends with the addition of 2k g/mol PLLA-PS 

could result in more chain ends being included in crystallites, altering their surface free 
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energy and thereby affecting their melting temperature. A non-linear relationship 

between melting point depression and blend composition for data plotted using Equation 

14 has also been noted for 8k and 82k g/mol PLLA blends (von Recum et al., 1995). 

Optical microscopy of these blends showed that two different types of crystallites were 

present. The crystallites were termed "small" and "large" and were attributed to 

crystallites that were rich in 8k and 82k g/mol PLLA chains, respectively. It is therefore 

possible that the chains in the 2k/50k g/mol PLLA-PS blends do not completely mix in 

the crystallites formed in microspheres. The formation of crystallites rich in 2k and 

50k g/mol PLLA-PS could be responsible for the double melting endotherm observed for 

blends in Figure 33. Crystallites with more 2k than 50k g/mol PLLA-PS would have a 

lower Tm than those containing proportionately more 50k g/mol PLLA-PS. 

5.6.2. 100k and lk g/mol PLLA polyblends 

The second polymer blend system studied was various compositions of lk g/mol 

PLLA-LA and commercially obtained 100k g/mol PLLA. Blends of lk g/mol PLLA-LA 

and 100k g/mol PLLA had thermal properties that were similar in many respects to those 

of the 2k/50k g/mol PLLA-PS blends. As with the 2k/50k g/mol polymer blends, a single 

Tg was observed for the lk/lOOk g/mol PLLA blends, indicating polymer miscibility. 

An increase in AH r and a decrease in polymer crystallinity were observed with an 

increase in the proportion of the low molecular weight component (Figure 36A and B, 

respectively), that were similar to those observed for the 2k/50k g/mol polymer blends. 

However, in contrast to the 2k/50k g/mol polymer blends, the relationship between the 

melting point depression data and blend composition was linear when plotted using 

Equation 14 (Figure 38). Thus Ah, which is proportional to the slope of the linear 
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melting point depression-molecular weight relationship, was not affected by the addition 

of lk g/mol PLLA-LA to the higher molecular weight 100k g/mol polymer. Martinez-

Salazar et al (1996) observed that addition of paraffin to polyethylene gave a melting 

point depression that varied with blend composition in the same manner observed for the 

lk/lOOk g/mol PLLA blends. The short chains of the paraffin were too small to be 

incorporated into the polymer crystallites and did not affect Ah. It is suggested that in the 

molecular weight range of lk to 2k g/mol, the polymer crystallisation behaviour of PLLA 

changes and PLLA with a molecular weight of 2k g/mol is incorporated into crystallites 

that contain higher molecular weight PLLA whereas lk g/mol PLLA is not. 

Blends containing either lk or 2k g/mol PLLA as the low molecular weight 

component also had different resuspension properties. Whereas the 2k/50k g/mol 

polymer blend microspheres were all freely resuspendable in water after drying, the 

proportion of lk g/mol PLLA-LA in the blend affected the resuspension index of the 

lk/lOOk g/mol blend microspheres. The differences in resuspension properties coincided 

with changes in the surface morphology (Figure 35) of the microspheres. 

The lk/lOOk g/mol polymer blend with 60% low molecular weight component 

(PB60) was chosen for further characterisation in order to maximise the amount of low 

molecular weight material that could be used to formulate spherical, resuspendable 

microspheres (Figure 35B). A similar ratio was reported for a blend of 2k and 120k 

g/mol PDLLA used to make microspheres. A blend containing up to 75% of the 2k 

g/mol PDDLA could be used to manufacture intact microspheres (Bodmeier et al., 1989). 

The same limit was observed when blending 3.5k and 65k g/mol PDLLA (Grandfils et 

al., 1996). By maximising the amount of low molecular weight component it was 
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expected that paclitaxel microspheres could be manufactured which would have 

significantly different properties compared to 100k g/mol PLLA microspheres. 

5.6.3. Properties of paclitaxel loaded PB60 microspheres 

Paclitaxel loading did not affect the surface properties of PB60 microspheres, 

and all PB60 microspheres had smooth surfaces. The smooth surfaces were similar to 

those observed for microspheres made from PLLA with molecular weights of less than 

10k g/mol. 

The encapsulation efficiencies of paclitaxel in PB60 microspheres were in the 

range of 79 to 128% of the expected value compared to a range of 51 to 97% for 

100k g/mol PLLA microspheres. The total content was therefore higher for PB60 

microspheres. The higher than expected total content can be explained by incomplete 

incorporation of the lk g/mol PLLA-LA, as observed previously for other low molecular 

weight PLLA microspheres (Table 13). 

The addition of paclitaxel to PB60 blend microspheres had different effects on 

the thermal properties of the polymer matrix than were observed for microspheres made 

from 100k g/mol PLLA. The addition of paclitaxel to PB60 microspheres resulted in an 

increase in Tg. Thus according to the classification system of Mumper and Jay (1992) 

for drug-polymer dispersions, this system is described by a Case 2 miscible dispersion, 

where the paclitaxel acts to restrict the motion of amorphous polymer chains through 

interactions such as hydrogen bonding. Paclitaxel may have more interaction with the 

polymer chains through hydrogen bonding due to the fifty to sixty-fold increase in the 

number of hydroxyl and carboxyl groups contributed by the chain ends of the lk g/mol 

PLLA-LA. The addition of a neurotensin analogue to PDLLA resulted in a 12 °C 
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increase in the polymer Tg due to an interaction between the drug and polymer 

(Yamakawa et al., 1992). In the PDLLA-neurotensin analogue dispersion, an increase in 

the activation energy of the glass transition was observed compared to in the PDLLA 

matrix alone and it was hypothesised that ionic interactions existed between the cationic 

drug and the polymer chains. 

An increase in the Tc of PLLA was observed after the addition of paclitaxel to 

the microspheres (Figure 40). This is consistent with paclitaxel being dispersed in the 

amorphous phase and acting as a diluent molecule in the polymer matrix. The presence 

of a diluent is known to slow the recrystallisation process (Mandelkern, 1964b). For 

recrystallisation observed at a constant heating rate, a slower recrystallisation process will 

be observed at a higher temperature than would a faster recrystallisation process. 

Interactions between paclitaxel and the lk and 100k g/mol PLLA, such as hydrogen 

bonding with polymer chain ends, could have contributed to the greater than 20°C 

increase in Tc of the blend (Figure 40) compared to the 2-6°C increase in Tc for 100k 

g/mol PLLA microspheres. Hydrogen bonding between paclitaxel molecules and 

polymer chains would be expected to reduce the rate of polymer chain diffusion through 

the amorphous regions of the polymer matrix as they migrate towards growing 

crystallites in the matrix. Furthermore, with respect to crystallites, the lk g/mol PLLA-

LA component acts as a diluent molecule and may not be incorporated into crystallites of 

the 100k g/mol PLLA. Therefore, the lk g/mol PLLA chains will dilute the amorphous 

regions of the polymer matrix and decrease the diffusion rate of higher molecular weight 

chains towards the growing surface of crystallites. 

206 



A s observed for 100k g/mol P L L A microspheres, addition of paclitaxel to PB60 

microspheres resulted in a depression of Tm. Melting point depression of the polymer 

provides further evidence for miscibility of paclitaxel in the PB60 matrix. A double 

melting endotherm was observed when paclitaxel was incorporated into the PB60 matrix 

that was not observed for control microspheres. It is possible that paclitaxel in the 

amorphous phase, which resulted in a delay in Tc and a broadening of the 

recrystallisation exotherm, may also have altered the mechanism of crystallisation so as 

to produce less perfect polymer crystallites with a lowered Tm (Mandelkern, 1964b). If 

less perfect crystallites are present in the polymer matrix, they w i l l melt at a lower Tm, 

and subsequently recrystallise as more perfect crystallites with a higher Tm. These more 

perfect crystallites melt again at the higher Tm giving rise to the double endotherm. This 

hypothesis was supported by observing only a single melting endotherm by D S C at a fast 

heating rate of 40 °C/min. A t faster heating rates, the imperfect crystallites melt but do 

not have time to recrystallise to form more perfect crystallites before the temperature 

rises above the equilibrium melting temperature of the polymer. This explanation is more 

likely than the explanation of two different types of crystalline regions containing l k and 

100k g/mol P L L A , respectively. According to Figure 36B, the degree of crystallinity for 

the l k g/mol P L L A - L A alone was almost zero. Thus the l k g/mol P L L A - L A chains 

excluded from the crystallising polymer in the PB60 blends are not believed to 

recrystallise on their own to form a second type of crystallite, one rich in l k g/mol 

P L L A - L A chains. 

In vitro paclitaxel release from microspheres was modulated by the addition of 

l k g/mol P L L A to the polymer matrix. The initial rate of release of paclitaxel (Vo) was 
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greater from microspheres manufactured from 100k g/mol PLLA alone than from PB60 

microspheres, when comparing microspheres of similar sizes and loadings. Differences 

in the surface properties of the microspheres, which may reflect differences in the 

deposition of paclitaxel in the surface of microspheres during their manufacture likely 

contributed to the differences in Vo. The amount of paclitaxel released from both 100k 

g/mol PLLA and PB60 microspheres were similar after fourteen to twenty one days, 

when comparing similar sizes and loading levels. The greatest difference in the release 

profdes was observed after day twenty one of the study where an increase in the rate of 

release from PB60 microspheres (Figure 41) coincided with the onset of erosion of the 

matrix (Figure 42). 

Thomas et al (1997) blended low and high molecular weight anhydrides and 

prepared microspheres loaded with one of two model compounds, /?-nitrophenol and 

lysozyme. Blending did not alter release of the low molecular weight compound, p-

nitrophenol, compared to release from the high molecular weight polyanhydride alone. 

/>-Nitrophenol was released predominately by a diffusion controlled mechanism. 

However, the rate of lysozyme release, which depended on the erosion of the matrix, was 

increased by the addition of a lower molecular weight polymer. Blend composition has 

been observed to affect the onset of weight loss for matrices containing 65k and 3.5k 

g/mol PDLLA (Grandfils et al., 1996) which were exposed to in vitro buffered systems. 

Addition of the lower molecular weight polymer increased water uptake into the matrix 

resulting in hydrolysis of the polymer. Diffusion of the degraded low molecular weight 

polymer components out of the polymer matrix resulted in weight loss (Grandfds et al., 

1996). A blend composition of 25% 3.5k g/mol polymer resulted in a 100% weight gain 
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due to water uptake compared to less than 5% for the high molecular weight P D L L A 

alone. More rapid degradation and erosion of the polymer matrix corresponded to an 

increased release of a leutinizing hormone releasing hormone agonist from an implant 

made of a blend of 1.4 and I l k g/mol molecular weight P D L L A (Asano et al., 1991). A s 

the blend composition of 1.4k g/mol P D L L A was increased from 0 to 100%, the weight 

loss over five weeks due to erosion of the implant increased from 0 to 100% and the time 

for release of all of the incorporated drug was decreased from twenty to five weeks. 

5.7. In vivo evaluation of microspheres 

In vivo studies using control and paclitaxel loaded microspheres had two 

objectives. The first was to characterise the effects of microsphere size and of peritoneal 

insufflation on the clearance of microspheres from the peritoneum. The second was to 

establish the efficacy of 30% paclitaxel loaded 100k g/mol P L L A microspheres in 

preventing tumour cell growth following a simulated tumour cell spill . Microspheres 

made from 100k g/mol P L L A were selected for in vivo evaluation because they were wel l 

characterised with respect to morphology, total paclitaxel content and release properties 

at the time studies in the rat models were begun. In vitro release profiles from PB60 

microspheres were undetermined at this time and therefore no basis for dosing the PB60 

formulation was available, thus they were not evaluated in vivo. 

5.7.1. Clearance of microspheres from the peritoneum 

Microspheres used to study clearance from the peritoneal cavity were in the size 

range of 1 to 40 pm with greater than 98% of the total dose of microspheres being less 

than 30 pm in diameter (Table 19). From the microsphere size data collected for 
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microspheres observed in the lymph nodes of rats (Table 19 and Figure 43) two 

inferences were made. 

First, the maximum diameter of microsphere that was observed in the lymph 

tissue reflects the largest diameter of fenestrations in the diaphragm. The 98 th percentile 

diameter indicates that most of the fenestrations are smaller than the maximum diameter 

of microsphere observed in the lymph nodes (Table 19). Not all of the fenestrations are 

the same size and the particle size distribution data reflect a diameter distribution for 

fenestrations of the diaphragm which lead to the lymph nodes. Allen and Weatherford 

(1959) also reported that particles recovered from the lymph tissue of rats after 

intraperitoneal administration had a distribution of sizes reflective of different sized 

fenestrations. Tissue sections of the basement membrane of the diaphragm of mice 

showed that the fenestrations might be as large as 17 urn, with the majority being in the 

range of 2 to 6 um. The authors speculated that a similar situation exists for rats except 

the size ranges would be larger by 5-10 urn. 

The second inference is that insufflation of the peritoneum does not alter the 

fenestrations in a manner which affects the clearance of PLLA microspheres from the 

peritoneum through the fenestrations. This was not expected because earlier reports have 

suggested that fenestration may become deformed, or stretched by insufflation (Abu-

Hijleh et al., 1995) and it has been hypothesised that stretching the fenestrations could 

affect the transport of microspheres through them. The effects of insufflation on the 

fenestrations of the diaphragm and on clearance of particles from the peritoneum are of 

particular interest because insufflation is commonly used in laparoscopic procedures for 

cancer treatment. 
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5.7.2. Efficacy of paclitaxel loaded microspheres in a model of intraperitoneal 

carcinomatosis 

5.7.2.1. Dose escalation study 

Implantation of tumours in the peritoneum resulting in intraperitoneal 

carcinomatosis is a recognised complication of laparoscopic surgical intervention for the 

treatment of gastrointestinal cancers (Jacquet et al, 1995). There have been numerous 

reports of tumour seeding throughout the peritoneum and especially at the incision site 

(Johnstone et al., 1996). The small incision may make effective irrigation more difficult 

and conditions in laparoscopic surgery such as a closed peritoneum and insufflation may 

increase the potential for tumour implantation (Clair et al., 1993, Thomas et al., 1996). 

Therefore, post-surgical adjunctive chemotherapy has been employed in these cases (Atiq 

et al., 1993, Jacquet et al., 1995). This model was chosen to reflect the widespread 

dissemination of tumour cells that can result in intraperitoneal carcinomatosis. 

The model demonstrated the effectiveness of paclitaxel loaded microspheres at 

preventing tumour implantation of 9L glioblastoma cells. This cell line was selected 

because it grows very rapidly and it has a demonstrated sensitivity to paclitaxel in cell 

culture studies (Cahan et al., 1994)). In control animals, the tumour cells implanted in 

the abdominal wal l , omentum and on other organs within the peritoneum (Figure 44A 

and B) . Therefore the characteristics of implantation were similar to those observed 

clinically (Jacquet et al., 1995). A drawback of using the 9L glioblastoma cells is that 

neural tumour cells do not represent the type of cancer cells that would commonly be 

present clinically in gastrointestinal and ovarian cancers. However, neuronal blastomas 
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have been observed in the peritoneum (Lamki et al., 1989) and a case of peritoneal 

seeding has been reported (Fernbach, 1993). 

The dose escalation study demonstrated that a 100 mg dose of 35-105 um 30% 

paclitaxel loaded microspheres, given immediately post-operatively, was sufficient to 

prevent seeding of the peritoneum by tumour cells after a large tumour cell spill in a 

model of laparoscopic surgery without insufflation (Table 20). A 100 mg dose of 

microspheres is equivalent to a total dose of paclitaxel to the animals of approximately 75 

mg/kg. Based on the in vitro release studies, a 100 mg dose of 30% paclitaxel loaded 

100k g/mol P L L A microspheres (Figure 31C) would release approximately 15 mg/kg 

into the peritoneal cavity of rats over fourteen days. O f the 15 mg/kg, almost 5 mg/kg 

would be released in the first 24 hours after administration of the microspheres. These 

values assume that the in vivo release of paclitaxel in rats correlated with the in vitro 

paclitaxel release profiles for 100k g/mol P L L A microspheres (Figure 31C). However, 

no studies were conducted to characterise the correlation of in vitro and in vivo release. 

The total dose administered to rats in this study was approximately 60 to 

85 mg/kg, based on rat weights of 350 to 500 g. This dose is nearly an order of 

magnitude greater than the values of the M T D reported in human trials using Taxol®. In 

the human trials, the maximum tolerated dose (MTD) of paclitaxel depended on the time 

period over which the dose is administered. Generally a longer infusion time resulted in 

a lower M T D . In Phase I human trials using paclitaxel formulated as Taxol®, M T D s 

were 250 and 140 mg/m of paclitaxel given as a three hour or seven day continuous 

intravenous infusion, respectively (Lilenbaum et al., 1998; Soulie et al., 1997). These 

M T D values correspond to doses of 10 and 5.6 mg/kg based on a human surface area of 
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2.2 m 2 and an average human weight of 55 kg. For a controlled release formulation such 

as paclitaxel loaded P L L A microspheres, where the drug is released over several weeks 

into the peritoneal cavity, the M T D would be expected to be quite different from the 

M T D observed after a short intravenous infusion. 

Due to the severe toxicity encountered with the Cremophor® E L vehicle in 

Taxol® (Weiss et al, 1990), the formulation of paclitaxel in P L L A microspheres would 

be expected to improve the tolerability of the drug compared to the Taxol® formulation. 

A previous study in which paclitaxel was injected into the peritoneum of mice in a 

polymeric Cremophor® EL-free vehicle showed improved tolerability (Zhang et al, 

1997). The M T D of paclitaxel formulated as Taxol® was 20 mg/kg compared to 100 

mg/kg for paclitaxel solubilized in a micelles composed of methoxy P E G - P D L L A 

diblock copolymers (Zhang et al, 1997). 

In vivo paclitaxel release from the microspheres was not directly determined in 

the rats. In three animals, microspheres were retrieved six weeks after administration and 

the amount of paclitaxel remaining determined. However, the broad range in the amount 

of paclitaxel remaining in microspheres retrieved from each animal makes it impossible 

to correlate in vitro and in vivo drug release. Scanning electron micrographs of 

microspheres retrieved from the peritoneal cavity (Figure 47C) showed that they 

remained spherical and intact, and that no erosion of the matrix occured after six weeks in 

vivo. In vivo drug release may be controlled by diffusion as well as degradation of 

polymer chains prior to the onset of matrix erosion. The biodegradation processes which 

ultimately result in erosion are known to proceed at similar rates in vitro and in vivo 
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because they involve primarily chemical hydrolysis with little contribution from enzymes 

(Leenslag et al, 1987; Therin et al, 1992). 

The dose escalation study revealed significant necrosis by histology, of omental 

tissue immediately adjacent to paclitaxel loaded microsphere (Figure 47C). The presence 

of ascitic fluid in the peritoneal cavity observed post-mortum was further evidence of 

necrosis and inflammation. The dose limiting toxicity of intraperitoneal paclitaxel is 

reported to be severe abdominal pain (Rowinsky et al., 1995). However, the animals did 

not show signs of discomfort, weight loss or loss of appetite in daily examinations. Signs 

of necrosis and inflammation localised in the peritoneum were observed only after 

sacrificing the rats. Control microspheres did not appear to result in inflammation as no 

ascitic fluid was observed post-mortum and no necrotic cells were observed in close 

proximity with the control microspheres by histology (Figure 45B). 

The advantages of an intraperitoneal microsphere formulation of paclitaxel are as 

follows. Reduced systemic exposure of paclitaxel is expected due to intraperitoneal 

administration and the slow clearance of the drug from the peritoneal cavity (Markman et 

al., 1992). Prolonged exposure, which improves the efficacy of paclitaxel (Rowinsky et 

al., 1988)) is obtained due to slow drug clearance and prolonged release of the drug from 

the microspheres. Less toxicity would be expected since the traditional Cremophor 

vehicle was not employed. Because microspheres can release paclitaxel over the course 

of several weeks, the need for repeated intraperitoneal injections which have been 

employed for intraperitoneal paclitaxel in phase I trials (Rowinsky et al, 1995) can be 

eliminated. 
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5.7.2.2. Intraperitoneal carcinomatosis with cecotomy repair model 

The cecotomy repair model showed efficacy of the 100 mg dose of 30% loaded 

microspheres in preventing tumour growth (Figure 46). These data are consistent with 

those obtained for the 100 mg dose of paclitaxel loaded microspheres in the dose 

escalation study. 

The improvements in the of intraperitoneal carcinomatosis/cecotomy repair 

model over the intraperitoneal carcinomatosis model alone were 1) introduction of a 

surgical repair similar to that which would result from a resection of tumour or 

anastomosis in gastrointestinal cancers, and 2) an increase in the duration of the study 

from two to six weeks. 

Introduction of the surgical repair is an important improvement to the model 

because the site of a surgical repair following tumour resection w i l l be preferentially 

seeded with tumour cells (Skipper et al, 1989, Murthy et al, 1989) with an implantation 

rate as high as 70% (Hughes et al, 1983) compared to rates of 1-2% for abdominal wal l 

implantation (Ramos et al, 1994). In a rat model of a surgical wounding, 100% of rats 

that were administered colon cancer cells developed tumours at the wound site (Jacquet 

et al, 1996). The healing process at surgical repair sites such as anastomoses may also 

increase the likelihood of tumour growth because of growth factor production (Jaquet and 

Sugarbaker, 1995). 

Jaquet et al. (1996) observed that for intraperitoneal doxorubicin therapy to be 

effective at preventing tumour implantation, treatment must be administered post­

operatively within the first three days. However the long-term outcome of intraperitoneal 

chemotherapy to treat large tumour spills in animal models is unknown. The extension of 
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the study to six weeks provides evidence that either tumour cells are kil led early in the 

treatment, or are suppressed by prolonged exposure to paclitaxel by the controlled release 

formulation. The histological evidence suggests that no microscopic tumours were 

present. However, it cannot be assumed that all o f the tumour cells were kil led by the 

paclitaxel. The death of all the tumour cells could be only confirmed by harvesting the 

entire contents of the peritoneal cavity. 

The dose required to prevent the growth of gross tumours may not be the same as 

the dose required to k i l l all of the tumour cells (Itoi et al, 1996). In a study of mice that 

received cisplatin loaded P L G A microspheres and five mil l ion P815 mastocytoma cells 

by intraperitoneal injection, a dose dependent effect of tumour cell k i l l was observed. In 

a group of mice receiving 30 mg/kg cisplatin, one mill ion tumour cells were recovered 

from the peritoneal cavity 198 days after treatment. A t a dose of 70 mg/kg of cisplatin, 

no viable tumour cells were observed in the peritoneal cavity. 

5.7.2.3. Analysis of microspheres removed from the peritoneum after six weeks 

Microspheres removed after six weeks in vivo had aggregated together and 

microspheres in two of the three samples were surrounded by a capsule. (Figure 4 7 A and 

B) . The formation of a capsule around P L L A implants occurs in vivo as a response to 

foreign material (Leenslag et al., 1987, Pistner et al., 1993). Although polyesters are 

considered biocompatible, implants made of this type of polymer may cause a localised 

inflammatory reaction (Vert et al., 1992). Initially, the implant is surrounded by 

polymorphonuclear leukocytes, macrophages, giant cells and fibroblasts. Fibroblast 

activity results in the deposition of a capsule around the foreign material over several 

weeks and the number of macrophages and giant cells decreases as the capsule forms 
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(Pistner et al., 1993). The capsule would be expected to decrease paclitaxel release from 

microspheres. Measurement of the paclitaxel remaining after six weeks confirmed this. 

Nevertheless, between 40 and 50% of the initial amount of paclitaxel was released over 

six weeks from microspheres that were covered with a capsule. Most of this release 

would be expected to occur early in the study, during the burst phase of release and prior 

to the formation of the capsule. 
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6. SUMMARY AND CONCLUSIONS 

6.1. Solid-state characterisation of paclitaxel 

1. The existence of several solid forms of paclitaxel were identified for the first 

time. Paclitaxel was shown to exist in the solid state as anhydrous paclitaxel I, 

pac l i taxe l«2H 2 0 or amorphous paclitaxel. A polymorphic form of anhydrous 

paclitaxel, called dehydrated pacl i taxel«2H 2 0 was obtained by dehydrating 

pac l i taxe l»2H 2 0 by heating above 45°C. 

2. These findings were suggested to explain the wide range in the reported values 

of water solubility for paclitaxel. 

6.2. The effect of polymer blending on microsphere properties 

1. In microspheres made from lk/lOOk g/mol P L L A blends, the l k g/mol P L L A 

polymer was not completely incorporated due to its hydrophilicity. 

2. Blends of 2k/50k g/mol P L L A and lk/lOOk g/mol P L L A were completely 

miscible. Therefore, the effect of adding the low molecular weight component in 

the 2k/50k and lk/lOOk g/mol blends was to decrease the values of Tg, T m and 

degree of crystallinity of the polymer blend. 

3. Unexpectedly, the crystallisation behaviour of the 2k/50k g/mol P L L A blends 

was different from that of the lk/lOOk g/mol blends. Blends of 100k g/mol 

P L L A with l k g/mol P L L A - L A crystallised with the low molecular weight 

fraction acting as a diluent, being excluded from the crystallites, as predicted by 

Martinez-Salazer et al. (1996). However, blends of a 50k g/mol P L L A with 
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2k g/mol P L L A - P S crystallised with both small and large polymer chains being 

incorporated into crystallites. 

4. Paclitaxel was miscible in all single component and polyblend P L L A 

microspheres at all loading levels. However, the effect of paclitaxel on the T g of 

P L L A was different for 100k g/mol P L L A and PB60 blends. In 100k g/mol 

P L L A microspheres, paclitaxel acted as a plasticizer of the amorphous phase, 

reducing Tg, whereas in PB60 microspheres, paclitaxel acted to stiffen the 

amorphous phase through interactions with chain ends, increasing T g and 

reducing polymer crystallinity. 

5. Paclitaxel release from microspheres was modulated by blending high and low 

molecular weight P L L A in microspheres. The mechanism of in vitro paclitaxel 

release from 100k g/mol P L L A microspheres was different than from PB60 

microspheres. Release profiles for 100k g/mol P L L A indicated that paclitaxel 

was released by a diffusion controlled mechanism. In contrast, paclitaxel was 

released from PB60 microspheres by a diffusion controlled mechanism followed 

by an erosion controlled mechanism. 

6. Polymer blending is a convenient and effective method for modulating drug 

release profiles from polymeric matrices. 

6.3. In vivo characterisation of paclitaxel loaded microspheres. 

1. There was a maximum size of microspheres (around 20 um) that could be 

cleared from the peritoneum into lymphatic tissues, through fenestrations in the 

diaphragm of rats. However, the majority of fenestrations in the diaphragm 
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appeared to allow the clearance of microspheres with diameters only up to 

around 8 pm. 

2. Despite the effect of insufflation on diaphragmatic tension and patency of 

fenestrations (Abu-Hijelh et al., 1995), insufflation of the peritoneal cavity did 

not affect the clearance of microspheres through the lacunae in the diaphragm. 

3. A 100 mg dose of 30% paclitaxel loaded 35-105 pm P L L A microspheres 

administered intraperitoneally was sufficient to prevent tumour growth for six 

weeks in a rat model of intraperitoneal carcinomatosis caused by a tumour cell 

spill with or without cecotomy repair. 
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7. FUTURE WORK 

There is some preliminary evidence that paclitaxel forms solvates. Therefore the 

solid state characterisation of paclitaxel should be continued to examine the formation 

and properties of other solvated forms of the drug. Solvents of interest would include 

dichloromethane, which is used in the microsphere manufacturing process as well as 

other commonly used solvents such as methanol, ethanol, acetonitrile, and chloroform. 

Differences in the melting behaviour of the lk/lOOk and 2k/50k g/mol P L L A 

blend systems were an interesting observation since the Tm of lk/lOOk g/mol P L L A 

varied with the blend composition as predicted by Nishi and Wang (1975) whereas the 

Tm of the 2k/50k g/mol P L L A blends did not. Characterisation of the dependence of the 

kinetics of crystallisation and the composition of individual crystallites on blend 

composition for both 2k/50k and lk/lOOk g/mol P L L A blend systems could help to 

explain differences in mechanisms of crystallisation of these blends which result in the 

observed melting behaviours. 

The in vivo studies showed that the 100k g/mol P L L A microspheres tended to 

aggregate in the peritoneal cavity, forming plaques. The microspheres remained intact 

and did not release the entire amount of paclitaxel incorporated into the matrix. A 

microsphere formulation that would not aggregate in vivo and would erode over the 

course of the study, releasing all of the paclitaxel would represent an improvement in the 

formulation. Complete drug release over the course of the study could result in a lower 

dose of paclitaxel being required for efficacy in the model. Possible approaches to 

improving the formulation include the use of P L L A with molecular weights less than 10k 

g/mol that release paclitaxel and erode more quickly than the 100k g/mol P L L A 
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microspheres. Aggrega t ion cou ld be prevented b y alter ing the surface propert ies o f the 

microspheres. 
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A P P E N D I X I. S A M P L E C A L C U L A T I O N S OF M„, M w A N D P O L Y D I S P E R S I T Y 

1. Consider a polymer composed of twelve polymer chains (N= 12) having weights 
between 1 and 10 weight units. The weights of each of the chains are: 1, 2, 2, 2 ,4 , 5, 
5, 8, 8, 8, 9 and 10 weight units. 

2. The sum of the weights of each chain gives a total weight (W) of the polymer of 64. 

3. M n is calculated as follows: 

M X 

x = l 

M 

M . = 
12 

x l + ( 3 ^ 
x 2 + f 1 ' x 4 + 

r 2 % 

x 5 + 
r 3 n r i > 

x 9 + 
( 1 ^ x l + x 2 + x 4 + x 5 + x8 + x 9 + 

) {\2j J 2 , ,12, ,12, ,12; ll2> 
x lO 

M n = ^ = 5.33 
" 12 

where: n x is the number of polymer chains with molecular weight of M x , where x is 
a number from 1 to 10. 

4. M w is calculated as follows: 

Mw =2 Mx. w h e r e w x =n x x M , 
x=i V W ) 

M,„ = f l x l l x l + f3x2l x 2 + f l x 4l x4 + x5 + 
f 3 x 8 ^ f l x 9 l x9 + 

f l x lO" ] 
x l + x 2 + x4 + x5 + x8 + x9 + 

I 64 J I 64 J I 64 J I 64 J I 64 J I 64 J I 64 J 
xlO 

452 
^ = ^ = 7 . 0 6 

64 

where: w x is the total weight of polymer chains with molecular weight of M x , where 
x is a number from 1 to 10. 

5. The polydispersity index (PDI) is calculated as follows: 

P D I = ^ , Z ^ = 1 . 32 
M n 5.33 
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A P P E N D I X II. V A L I D A T I O N OF H P L C M E T H O D S 

Data used to determine precision within and between days for paclitaxel in 

acetonitrile are summarised in Table 21. Values of R S D of less than 10% for all average 

peak areas within and between days were obtained for standards at concentrations greater 

than or equal to 0.2 pg/ml, or a total amount of paclitaxel injected of 4 ng. A N O V A of 

peak area values at each concentration showed no statistical significance between days at 

concentrations greater than or equal to 0.2 pg/ml (see Table 21). Data used to express 

accuracy are shown in Table 22. Values of bias of less than 10% were observed for all 

concentrations of paclitaxel greater than or equal to 0.2 pg/ml. The average R 2 value for 

all twelve standard curves (four a day for three days) was 0.9998 ± 0.0002. 

Precision data within and between days for the paclitaxel standard curve in 60:40 

acetonitrile:water are summarised in Table 23. Values of R S D of less than 10% for all 

average peak areas within and between days were observed at all concentrations of 

paclitaxel down to 0.2 pg/ml, or a total amount of paclitaxel injected of 4 ng. A N O V A 

of peak area values at each concentration showed a statistical difference between average 

peak areas at 1 and 2 pg/ml, which was due to very low inter-day precision. Intra-day 

precision at 1 and 2 pg/ml was still very good, with a R S D of less than 3%. Table 24 

summarises the accuracy of injections of paclitaxel at each concentration on each day. N o 

more than 10% bias was observed for all concentrations of paclitaxel greater than or 

equal to 0.2 pg/ml. The linearity of all twelve standard curves, expressed as R 2 was 

0.9999 ± 0 . 0 0 0 1 . 

248 



T
ab

le
 2

1.
 

In
te

r-
 a

nd
 in

tr
a-

da
y 

pr
ec

is
io

n 
o

f a
 s

ta
nd

ar
d 

cu
rv

e 
of

 p
ac

li
ta

xe
l 

in
 a

ce
to

ni
tr

il
e.

 

P
ac

lit
ax

el
 

D
ay

 1
 

D
ay

 2
 

D
ay

 3
 

A
ll 

D
ay

s 
A

N
O

V
A

 
p 

va
lu

e0 
C

on
ce

nt
ra

ti
on

 

(p
g/

m
l)

 
P

ea
k 

A
re

aa 
R

S
D

b (
%

) 
P

ea
k 

A
re

a 
R

SD
 

(%
) 

P
ea

k 
A

re
a 

R
SD

 
(%

) 
P

ea
k 

A
re

a 
R

SD
 

(%
) 

A
N

O
V

A
 

p 
va

lu
e0 

0.
2 

20
52

8 
5.

08
 

16
15

5 
7.

26
 

15
69

6 
5.

16
 

16
33

2 
6.

51
 

0.
14

2 

0.
5 

45
42

0 
2.

78
 

44
22

8 
1.

20
 

42
82

2 
8.

23
 

43
81

4 
5.

67
 

0.
66

2 

1 
89

15
5 

7.
53

 
84

37
6 

3.
80

 
84

72
6 

6.
00

 
85

89
0 

5.
15

 
0.

36
4 

2 
18

00
69

 
2.

92
 

16
85

75
 

4.
56

 
16

39
92

 
3.

47
 

16
81

84
 

3.
89

 
0.

23
7 

5 
43

33
66

 
2.

89
 

43
24

22
 

3.
21

 
43

17
98

 
4.

25
 

43
30

71
 

3.
24

 
0.

95
3 

10
 

84
48

50
 

3.
48

 
84

94
52

 
3.

10
 

85
22

22
 

3.
55

 
85

48
33

 
3.

12
 

0.
79

0 

20
 

16
98

88
8 

3.
64

 
17

04
28

9 
1.

93
 

16
64

37
7 

4.
31

 
16

93
79

9 
3.

51
 

0.
51

4 

a 
P

ea
k 

ar
ea

 is
 t

he
 a

ve
ra

ge
 c

al
cu

la
te

d 
fr

om
 f

ou
r 

st
an

da
rd

s 
at

 e
ac

h 
co

nc
en

tr
at

io
n 

fo
r 

ea
ch

 d
ay

 (n
 =

 1
6 

fo
r 

al
l d

ay
s)

. 
b 

R
S

D
 (

R
el

at
iv

e 
st

an
da

rd
 d

ev
ia

ti
on

) 
is

 t
he

 r
at

io
 o

f t
he

 s
ta

nd
ar

d 
de

vi
at

io
n 

to
 th

e 
av

er
ag

e,
 e

xp
re

ss
ed

 a
s 

a 
pe

rc
en

ta
ge

. 
A

 v
al

ue
 l

es
s 

th
an

 1
0%

 in
di

ca
te

s 
su

ff
ic

ie
nt

 
pr

ec
is

io
n 

at
 e

ac
h 

co
nc

en
tr

at
io

n.
 

c  
A

N
O

V
A

 p
 v

al
ue

s 
ar

e 
le

ve
l 

o
f 

si
gn

if
ic

an
ce

 f
or

 s
in

gl
e 

fa
ct

or
 A

N
O

V
A

 t
es

ts
 b

et
w

ee
n

 e
ac

h 
da

y'
s 

pe
ak

 a
re

as
 a

t e
ac

h 
co

nc
en

tr
at

io
n.

 P
O

.0
5 

in
di

ca
te

s 
a 

si
gn

if
ic

an
t 

di
ff

er
en

ce
 b

et
w

ee
n

 p
ea

k 
ar

ea
s 

on
 d

if
fe

re
nt

 d
ay

s.
 

24
9 



T
ab

le
 2

2.
 

A
cc

ur
ac

y 
o

f s
ta

nd
ar

d 
cu

rv
es

 o
f p

ac
li

ta
xe

l 
in

 a
ce

to
ni

tr
il

e.
 

Pa
cl

ita
xe

l 
D

ay
 1

 
D

ay
 2

 
D

ay
 3

 
C

on
ce

nt
ra

tio
n 

(U
g/

m
l) 

Pr
ed

ic
te

d 
V

al
ue

3 
R

SD
b (%

) 
B

ia
sc (%

) 
Pr

ed
ic

te
d 

V
al

ue
 

R
SD

 (%
) 

B
ia

s 
(%

) 
Pr

ed
ic

te
d 

V
al

ue
 

R
SD

 (%
) 

B
ia

s 
(%

) 

0.
2 

0.
21

 
5.

39
 

3.
38

 
0.

19
 

5.
90

 
5.

51
 

0.
22

 
6.

73
 

8.
38

 
0.

5 
0.

51
 

3.
45

 
1.3

1 
0.

53
 

8.
97

 
5.

70
 

0.
54

 
1.4

1 
8.

84
 

1 
1.0

3 
6.

28
 

2.
86

 
1.

04
 

6.
12

 
4.

34
 

1.0
1 

4.
17

 
0.

94
 

2 
2.

01
 

3.
09

 
0.

47
 

1.
99

 
4.

17
 

0.
35

 
2.

01
 

5.
50

 
0.

65
 

5 
5.

06
 

3.
74

 
1.

15
 

5.
29

 
4.

44
 

5.
76

 
5.

20
 

0.
65

 
3.

99
 

10
 

10
.0

7 
3.

76
 

0.
69

 
10

.4
4 

3.
35

 
4.

40
 

10
.0

6 
3.

73
 

0.
60

 
20

 
19

.7
5 

4.
92

 
1.

23
 

20
.2

3 
5.

20
 

1.1
5 

20
.1

3 
2.

35
 

0.
63

 

a 
Pr

ed
ic

te
d 

va
lu

e 
is

 th
e 

av
er

ag
e 

(n
 =

 3
 fo

r 
ea

ch
 d

ay
) o

f v
al

ue
s 

of
 c

on
ce

nt
ra

tio
n 

ca
lc

ul
at

ed
 fr

om
 on

e 
sta

nd
ar

d 
cu

rv
e 

on
 e

ac
h 

da
y.

 
b 

R
SD

 (R
el

at
iv

e 
st

an
da

rd
 d

ev
ia

tio
n)

 i
s 

th
e 

ra
tio

 o
f t

he
 st

an
da

rd
 d

ev
ia

tio
n 

to
 th

e 
av

er
ag

e,
 e

xp
re

ss
ed

 as
 a

 p
er

ce
nt

ag
e.

 A
 v

al
ue

 le
ss

 th
an

 1
0%

 in
di

ca
te

s 
su

ffi
ci

en
t 

ac
cu

ra
cy

 a
t e

ac
h 

co
nc

en
tr

at
io

n.
 

0 
B

ia
s 

is
 th

e 
ra

tio
 o

f t
he

 d
ev

ia
tio

n 
of

 p
re

di
ct

ed
 v

al
ue

 fr
om

 th
e 

ac
tu

al
 c

on
ce

nt
ra

tio
n 

m
ea

su
re

d,
 e

xp
re

ss
ed

 as
 a

 p
er

ce
nt

ag
e.

 

25
0 



T
ab

le
 2

3.
 

In
te

r-
 a

nd
 i

nt
ra

-d
ay

 p
re

ci
si

on
 o

f a
 s

ta
nd

ar
d 

cu
rv

e 
of

 p
ac

li
ta

xe
l 

in
 6

0:
40

 a
ce

to
ni

tr
il

e:
w

at
er

. 

P
ac

lit
ax

el
 

D
ay

 1
 

D
ay

 2
 

D
ay

 3
 

A
ll 

D
ay

s 
A

N
O

V
A 

p 
V

al
ue

0 
C

on
ce

nt
ra

tio
n 

(U
g/

m
l) 

Pe
ak

 A
re

a3 
R

S
D

b (
%

) 
Pe

ak
 A

re
a 

R
S

D 
(%

) 
Pe

ak
 A

re
a 

R
S

D 
(%

) 
Pe

ak
 A

re
a 

R
S

D
 (%

) 
A

N
O

V
A 

p 
V

al
ue

0 

0.
2 

20
11

7 
1.

39
 

19
06

0 
8.

22
 

19
44

2 
1.2

8 
19

54
0 

4.
90

 
0.

31
 

0.
5 

49
04

1 
1.

76
 

49
63

0 
5.

98
 

48
86

8 
1.

40
 

49
18

0 
3.

43
 

0.
82

 
1 

99
09

2 
2.

03
 

96
12

3 
0.

87
 

99
53

8 
2.

03
 

98
25

1 
2.

26
 

0.
04

 
2 

20
25

76
 

2.
12

 
19

53
17

 
1.

10
 

19
93

91
 

1.
13

 
19

90
95

 
2.

09
 

0.
03

 
5 

48
99

60
 

1.
23

 
50

58
25

 
4.

48
 

48
78

96
 

0.
67

 
49

45
60

 
3.

02
 

0.
18

 
10

 
98

73
76

 
0.

74
 

97
78

35
 

0.
36

 
98

89
04

 
0.

90
 

98
47

05
 

0.
82

 
0.

1 
20

 
19

66
35

5 
0.

74
 

19
67

19
3 

1.
01

 
19

58
40

8 
0.

68
 

19
63

98
5 

0.
77

 
0.

71
 

a 
Pe

ak
 a

re
a 

is
 th

e 
av

er
ag

e 
ca

lc
ul

at
ed

 fr
om

 fo
ur

 s
ta

nd
ar

ds
 a

t e
ac

h 
co

nc
en

tra
tio

n 
fo

r e
ac

h 
da

y 
(n

 =
 1

6 
fo

r a
ll 

da
ys

). 
b 

R
S

D
 (R

el
at

iv
e 

st
an

da
rd

 d
ev

ia
tio

n)
 is

 th
e 

ra
tio

 o
f t

he
 s

ta
nd

ar
d 

de
vi

at
io

n 
to

 th
e 

av
er

ag
e,

 e
xp

re
ss

ed
 a

s 
a 

pe
rc

en
ta

ge
. 

A
 v

al
ue

 le
ss

 th
an

 1
0%

 in
di

ca
te

s 
su

ffi
ci

en
t 

pr
ec

is
io

n 
at

 e
ac

h 
co

nc
en

tra
tio

n.
 

c 
A

N
O

V
A 

p 
va

lu
es

 a
re

 le
ve

l o
f s

ig
ni

fic
an

ce
 fo

r A
N

O
V

A 
te

st
s 

be
tw

ee
n 

ea
ch

 d
ay

's
 p

ea
k 

ar
ea

s 
at

 e
ac

h 
co

nc
en

tra
tio

n.
 

P<
0.

05
 in

di
ca

te
s 

a 
si

gn
ifi

ca
nt

 d
iff

er
en

ce
 

be
tw

ee
n 

pe
ak

 a
re

as
 o

n 
di

ffe
re

nt
 d

ay
s.

 

25
1 



T
ab

le
 2

4.
 

A
cc

ur
ac

y 
o

f s
ta

nd
ar

d 
cu

rv
es

 o
f p

ac
li

ta
xe

l 
in

 6
0:

40
 a

ce
to

ni
tr

il
e:

w
at

er
. 

Pa
cli

ta
xe

l 
D

ay
 1

 
Da

y 
2 

Da
y 

3 
C

on
ce

nt
ra

tio
n 

(p
g/

m
l) 

Pr
ed

ict
ed

 
V

alu
e"

 
R

SD
b (%

) 
B

ia
sc (%

) 
Pr

ed
ict

ed
 V

al
ue

 
R

SD
 (%

) 
Bi

as
 (%

) 
Pr

ed
ict

ed
 

V
al

ue
 

R
SD

 (%
) 

B
ia

s 
(%

) 

0.2
 

0.2
0 

1.6
5 

2.0
8 

0.1
8 

1.9
7 

9.7
5 

0.2
0 

1.5
5 

1.0
4 

0.5
 

0.5
0 

1.9
3 

0.2
9 

0.5
0 

7.3
1 

0.0
1 

0.5
0 

1.5
9 

0.2
0 

1 
1.0

2 
1.7

3 
1.8

5 
0.9

7 
0.5

5 
3.4

2 
1.0

3 
1.8

3 
2.5

9 
2 

2.0
7 

2.5
8 

3.6
0 

1.9
7 

0.8
8 

1.6
7 

2.0
4 

1.1
3 

1.7
7 

5 
5.0

4 
0.5

7 
0.7

2 
5.1

6 
5.1

5 
3.1

9 
5.0

0 
0.8

2 
0.0

1 
10

 
10

.12
 

0.6
2 

1.2
0 

9.9
0 

0.4
2 

0.9
9 

10
.14

 
1.1

0 
1.3

6 
20

 
20

.13
 

0.8
2 

0.6
7 

19
.91

 
1.1

9 
0.4

6 
20

.12
 

0.5
5 

0.6
0 

a 
Pr

ed
ict

ed
 v

al
ue

 is
 th

e 
av

er
ag

e 
(n

 =
 3

 fo
r 

ea
ch

 d
ay

) o
f v

al
ue

s 
of

 co
nc

en
tr

at
io

n 
ca

lcu
la

te
d 

fro
m

 o
ne

 st
an

da
rd

 cu
rv

e 
on

 ea
ch

 d
ay

. 
b 

R
SD

 (R
ela

tiv
e 

sta
nd

ar
d 

de
vi

at
io

n)
 is

 th
e 

ra
tio

 o
f t

he
 st

an
da

rd
 d

ev
ia

tio
n 

to
 th

e 
av

er
ag

e,
 e

xp
re

ss
ed

 a
s a

 p
er

ce
nt

ag
e.

 A
 v

al
ue

 le
ss

 th
an

 10
%

 in
di

ca
te

s 
su

ffi
cie

nt
 

ac
cu

ra
cy

 a
t e

ac
h

 co
nc

en
tr

at
io

n.
 

0 
B

ia
s 

is 
th

e 
ra

tio
 o

f t
he

 d
ev

ia
tio

n 
of

 p
re

di
cte

d 
va

lu
e 

fro
m

 th
e 

ac
tu

al
 co

nc
en

tr
at

io
n 

m
ea

su
re

d,
 e

xp
re

ss
ed

 a
s a

 p
er

ce
nt

ag
e.

 

25
2 


