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SUMMARY

Poly-alpha-hydroxy-aliphatic esters constitute a group of biodegradable polymers
which have been actively investigated over the past three decades for the sustained
release of drug compounds. A literature review revealed that the mechanisms of drug

release from these esters had not yet been established for amphoteric compounds.

Amoxycillin is a commonly used penicillin which was chosen as a model amphoteric
drug, since sustained release antibiotics have potential commercial applications.
Drug/polymer discs were compressed from either mechanical mixture of the raw
powders (MM) or from films prepared through a solvent-evaporation procedure (SE).
Four polymers of varying molecular weight and monomer composition were used in
the investigation. Among the methods used to characterize the polymeric devices were
differential scanning calorimetry (DSC), X-ray diffraction (XRD) and scanning
electron microscopy (SEM). Drug release studies were carried out in phosphate buffer
pH 5.9, with drug concentration measured by UV spectroscopy and high-performance
liquid chromatography (HPLC). Polymer molecular weight and mass loss were

evaluated during drug release, both in drug loaded and drug-free discs.

In general, drug release profiles were dependant on the type of polymer used, the
preparative technique (ie. MM or SE) and the drug loading. A range of
physicochemical models were employed to fit the data and obtain model parameters for
the prediction of the release profiles. These may have application in predicting the
release of other amphoteric entities, such as peptides and proteins. For a given
polymer system, at low drug loading at least two drug release phases were observed:
an initial burst was followed by an induction period of negligible drug release and a
final polymer-degradation-controlled phase. At higher drug loading, the release

showed greater dependence with matrix diffusion.

A retardation of the polymer degradation in the presence of the amphoteric drug was
identified by means of comparative studies performed on drug loaded and drug-free
discs. The effect of the drug on the kinetics of polymer degradation contrasted with
the previously reported effect of basic drugs whereby similar polymers degraded at a

faster rate. Furthermore, an erosion mechanism consistent with the Hixson-Crowell



cube root model, and not commonly reported for poly-alpha-hydroxy-aliphatic esters,

played a part at long dissolution times.

The chemical stability of the penicillin carried in the polymeric matrices was evaluated
by means of extracting residual drug from discs subjected to partial release studies. A
mathematical model was proposed for the estimation of infact drug dissolved, using
parameters estimated from the profiles of fotal drug (degraded and non-degraded
drug) and the degradation rate constant of pure drug in solution. The new model was
subsequently modified by the inclusion of an additional parameter to account for the
degradation of drug dissolved in the microenvironment of the eroding matrix. It was
found that Amoxycillin’s degradation rate was accelerated due to the acidification of
the matrix microenvironment. The use of higher drug loadings, which promoted drug
release via a non-polymer-degradation-dependant mechanism, reduced the overall

proportion of drug released in a degraded form.
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Chapter 1. Characteristics of Amoxycillin trihydrate

CHAPTER 1. CHARACTERISTICS OF AMOXYCILLIN
TRIHYDRATE

1.1. PHYSICOCHEMICAL PROPERTIES OF AMOXYCILLIN
TRIHYDRATE

1.1.1. Amoxycillin trihydrate

Penicillins and cephalosporins have become the most frequently prescribed antibacterial
drugs during the past decades. Together with more recently developed analogues, e.g.
penems and monobactams, the compounds are referred to as -lactam antibiotics, due
to the common B-lactam ring structure, which is essential for antibacterial activity.
AMOX-H, similar to the other penicillins, contains a structure called 6-amino-
penicillanic acid (6-APA). Figure 1.1 shows the general structure of penicillins (Van

Krimpen et al., 1987).

amide
e
| R4—=-C -NH+— .
. I Bl 3 Wil ¥ | CH;
side chain ¢ /'/ N < =
(:' ,______,' (COH _
\\ ’
beta lactam carboxylic acid group

Figure 1.1. General structure of penicillins.

In addition, AMOX-H features a reactive a-amino group constituent of the acyl-amido

side-chain at position 6. The amphoteric nature of AMOX-H is due to its constituent
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acidic and basic moieties. The carboxylic group at position 3 is responsible for the
acidic properties of the drug, with a pK, of 2.67, (Tsuji et al. 1978). The pK, of the N-
atom of the beta-lactam ring is 7.11 and that of the phenolic group in the side-chain is
9.55, Tsuji et al. (1978). Other amphoteric penicillins studied by Tsuji et al. include:
Ampicillin anhydrate, Cyclacillin anhydrate and Epicillin anhydrate.

According to the Merck Index, 12" edition, various chemical names are used to
describe Amoxycillin, also known as Amoxicillin (official name given by the British
Pharmacopoeia 1999). Common names include 6-[D(-)-a-amino-p-hydroxyphenyl

acetamido] penicillanic acid and p-hydroxyampicillin.

The drug is available in the anhydrous and the trihydrate forms. It is also available as
the sodium salt. The trihydrate form and the sodium salt are currently used in the
manufacture of pharmaceutical products. Figure 1.2 shows a representation of the

two structures.

OH
O3
CliH—C-NH

S.__CHs
NH . 5N ' I CH;
CO,H —_

(a) Amoxycillin trihydrate Ci6H19sN305S.3H,0

OH
Q.2
('IJH-—C-NH

S<_CHs
NH; il ' IDCH;,
COzNa

(b) Amoxyecillin Sodium  C;sH;9N3;NaOsS

Figure 1.2. Structure of Amoxycillin trihydrate (a) and Amoxycillin sodium (b).
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1.1.2. Physical Properties

AMOX-H is a white or almost white odourless powder constituted by crystals that
present birefringence (British Pharmacopoeia). Van Krimpen et al. (1987) explained
that the absorption at wavelengths longer than 230 nm is due to the structure of the
side-chain. In ethanol, AMOX exhibits maximum absorption (Amax) at 230 nm and at
274 nm, reported by Bhattacharyya and Cort (1978). The authors also recorded the
infrared (IR) and the proton-nuclear magnetic resonance (‘H-NMR) spectra of the

drug. The latter was obtained with a sample of the drug in D,0.

X-ray diffraction was used in the characterization of the crystal structure of the
trihydrate. Bhattacharyya and Cort (1978) reported that the main signals were
observed at two theta values of 15.13°, 16.25°, 20.20°, 25.76°, 26.68° and 28.71°.

1.1.3. Solubility

AMOX-H exhibits lowest aqueous solubility in the pH range between S and 6 (Tsuji et
al., 1978). AMOX-H sodium exhibits higher aqueous solubility than AMOX-H. The
Merck Index, 12" Edition states that approximately 4 mg of the trihydrate form
dissolve in 1 ml of water. Table 1.1 lists solubility values for AMOX-H in various

organic solvents.

Table 1.1. Solubility of AMOX-H in various organic solvents (The Merck Index. 12"
Edition).

Solvent Solubility (mg/ml)
Methanol Tk
Ethanol (absolute) 34
Acetone 153
Ethyl Acetate INSOLUBLE
Hexane INSOLUBLE
Acetonitrile INSOLUBLE

Benzene INSOLUBLE
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1.1.4. Stability

The degradation of AMOX-H in aqueous solutions at a concentration of 5x10° M
units was reported to follow first order kinetics (Tsuji et al., 1978). It is recognized
that the introduction of the electron withdrawing a-amino group in the side-chain of
AMOX-H reduces acid degradation (Tsuji et al., 1978, and Van Krimpen et al., 1987).
In neutral to alkaline solution the a-amino group greatly increased the rate of

hydrolysis.

The rate of degradation was reported to increase along with the buffer capacity
increase (Tsuji et al., 1978), particularly at low pH values. The experiments were
carried out using different citrate buffer strengths at various pHs. The maximum

stability pH was approximately 6.

The degradation of penicillins in acid medium (Van Krimpen et al., 1987) leads to three
primary degradation products. Figure 1.3 is a schematic representation of the primary
degradation products all converted into benzylpenicilloic acid, when benzylpenicillin
was used as a model compound. The degradation in neutral and alkaline medium (Van
Krimpen et al., 1987) is represented in figure 1.4. P-lactam antibiotics containing an
o-amino group in their side-chain can undergo self-aminolysis (Van Krimpen et al.,
1987), as shown in figure 1.5. This is an intermolecular reaction resulting in the
formation of an oligomer, which can follow simultaneously more than one reaction

pathway.

The degree and rate of polymerization increases with increased initial concentration
and higher pH values. The degree and rate of polymerization depend also upon the
structure of the alpha-amino penicillin. The following is the rank order (from highest

to lower polymerization) reported by Tsuji et al. (1978):

Amoxycillin > Epicillin > Ampicillin > Cyclacillin.
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Figure 1.5. Structure of an oligomer of Amoxycillin, taken from the European Pharmacopeia,

1998.

1.1.5. Solid state degradation

Mendez et al. (1989) studied the degradation of AMOX-H in the solid state. They
showed that the time for 10% of AMOX-H to degrade at 20°C was 3 years, while only
1.25 years for the sodium salt. The effect of temperature on the solid state degradation
of AMOX-H was investigated for the range between 37°C and 110°C for up to 1400
hours. Semilogarithmic plots of residual drug (%) versus time were sigmoidal for

temperatures higher than 50°C and followed the Prout-Tomkins model.

Some of the degradation products identified by Mendez et al. (1989) using HPLC were
Amoxicilloic acid and piperazine-2,5-dione. They observed that the piperazine peak
increased with time, while the Amoxicilloic acid decreased. When degradation of the

sample was advanced, many small peaks appeared which possibly corresponded to
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dimeroates, trimeroates, tetrameroates, trimers and tetramers. A mechanism of
successive reactions in two steps was proposed to describe the solid state degradation

of the drug, where the first product serves as substrate for the second product.

Thermodynamic data for AMOX was found in The Merck Index (12" edition) for the
hydrochloride form, which browns at 90°C, then dehydrates, and finally decomposes at

216-218°C.

1.1.6. Effect of temperature on the degradation of aqueous solutions of

Amoxycillin

A study performed on the stability of the drug in normal saline and glucose (5%)
determined that the maximum stability of the solutions examined was at 0°C in normal
saline, with a shelf-life of 252 h, and at -26°C in glucose (5%) with a to, value of 25.5
h (Mc Donald et al., 1989).

A study by Concannon, et al. (1986) recommended that aqueous solutions of

Amoxycillin sodium should be stored below -30°C.

1.1.7. Comparison of the physicochemical properties of Amoxycillin trihydrate

and other oi-amino penicillins

AMOX-H constitutes a compound of interest due to its wide spectrum of antibacterial
activity, often used for veterinary purposes (Van Krimpen et al., 1987). It has been
reported (Tsuji et al., 1978) that the intrinsic solubility (C,) (solubility of the
electrically neutral form), dissolution rate and degradation rate of the trihydrate form
are lower than those of Ampicillin trihydrate. Comparison with other amphoteric

penicillins is shown in tables 1.2 and 1.3.
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Table 1.2. Intrinsic solubility (Cy) of various alpha-amino penicillins at 37°C and ionic

strength () of 0.5 units (Tsuji et al., 1978).

Amino Penicillin ~ Solubility, 10>Cy, M

Epicillin anhydrate

Amoxycillin trihyd

rate

Ampicillin anhydrate

Ampicillin trihydrate

Cyclacillin anhydrate

1.20

1.30

397

223

8.90

Table 1.3. Rate constants (kg and koy) for the degradation of various alpha-amino penicillins at

35°C and ionic strength () 0.5 units (Tsuji et al., 1978).

Penicillin
Epicillin
Amoxycillin
Ampicillin

Cyclacillin

o M

L35

1.68

1.82

461

107 ko, M BT
1.23
1.16

257
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CHAPTER 2. CHARACTERISTICS AND FORMULATION
ASPECTS OF PLA AND PLGA

2.1. INTRODUCTION

A variety of polymers are currently used as excipients for the sustained release of
drugs. Heller (1993) classified non-degradable and degradable polymers according to
their hydrophilic/hydrophobic properties, as shown in table 2.1. When implanted, non-
degradable systems require surgical removal once delivery of the drug is complete. In
applications where this is not important the use of non-degradable polymers, such as

silicone elastomers, has been a useful means of achieving sustained delivery.

Table 2.1. Polymers currently investigated for controlled parenteral delivery of peptides and

proteins.

Non-degradable Degradable

Hydrophilic  polyacrilamide hydrogels  crosslinked N-vinyl
pyrrolidone;

*crosslinked water

soluble polyesters;

Hydrophobic  ethylene vinyl acetate lactide/glycolides;
co-polymer; lactone co-polymers;
silicone elastomers poly(ortho esters);

polyanhydrides

* The preparation of these systems from fumaric acid and poly(ethylene glycol) is described by
Heller (1983).

10
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The work of this thesis concentrates on lactide/glycolide polymers. Since
approximately 1970 there has been considerable interest on these polymers as
biodegradable materials in dental, orthopaedic and drug delivery (Gilding and Reed,
1979).

For the purpose of this work, the term ‘poly-alpha-hydroxy-aliphatic esters’ refers to

poly-lactide (PLA), poly-glycolide (PGA) and poly-lactide-co-glycolide (PLGA).

2.2. SYNTHESIS OF POLY-ALPHA-HYDROXY-ALIPHATIC ESTERS

2.2.1. Direct polycondensation of monomers

The synthesis of homo-polymers by simple polycondensation of either lactic or glycolic
acid using antimony trioxide, resulted in compounds of low molecular weight (Gilding
and Reed, 1979). Fukuzaki et al. (1989) produced low molecular weight D,L-lactide
by direct polycondensation in the absence of a catalyst at 200°C and in a N,

atmosphere.

2.2.2. Ring opening polymerization of cyclic diesters

The preferred method for producing high molecular weight polymers is the ring
opening polymerization of the cyclic diester (glycolide or lactide). The reaction takes
place by heating with an acidic catalyst such as SnCl, (Heller, 1993). The synthesis is

shown in figure 2.1.

Frazza and Schmitt (1971) proposed a mechanism for the production of polyglycolide
(and polylactide) from the cyclic diesters, using tin catalysts and lauryl alcohol as a

chain modifier, as shown in figure 2.1

11
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Figure 2.1. Ring opening polymerization of the cyclic diesters glycolide and lactide to form the

corresponding homo-polymers, polyglycolide and poly(D,L-lactide).

A set of homopolymerizations of glycolide were carried out by Gilding and Reed
(1979) to gain insight into the rate of conversion and changes in molecular weight
distribution as a function of the reaction time. The results obtained for % conversion
versus time indicated that 80% conversion takes place within the first 30 minutes.
After 4 hours, 96% is the maximum polymerization that takes place. The molecular
weight results of polymer fractions characterized by gel permeation chromatography
indicated a range of propagation rates. They suggested that the broadening in
molecular weight distribution at 94-96% conversion was indicative of transfer

polymerization between chains, resulting in longer and shorter chains.

12
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Copolymers of lactic and glycolic acids are prepared by polymerizing an appropriate
mixture of lactide and glycolide in a similar reaction to that previously described for
the homo-polymers. Gilding and Reed calculated the relative reactivity of each
monomer in a series of copolymerizations. The % conversion and % composition of
the copolymers were obtained by thermogravimetric analysis. The results showed that
the copolymers initially obtained were considerably richer in glycolide compared to the
starting monomer mix. It was concluded that glycolide was preferentially polymerized
at low conversions, with lactide increasingly incorporated as the glycolide depleted.
Further investigation was performed using various monomer ratios in the initial

mixture, resulting in the synthesis of copolymers of broad compositional range.

The conditions of reaction have been found to affect the characteristics of the polymers
obtained. Avgoustakis and Nixon (1991) reported that during preliminary experiments
the recrystallization process was found to affect the polymerization. Significant
variation was obtained in the inherent viscosity of polymers synthesized under similar
conditions with different catalysts, whereby stannous octoate produced polymers of
higher viscosity compared to antimony trifluoride. Moreover, the effect of catalyst
concentration also determined the molecular weight of the product. Avgoustakis and
Nixon also studied the effect of temperature on the polymerization reaction. It
appeared that higher molecular weights were obtained with the lower temperature
investigated (130°C). These workers reported that the inclusion of lauryl alcohol in
the polymerization mixture caused both a lowering of the molecular weight and
percentage yield. This was in disagreement with the earlier reports by Schmitt et al.
(1969) that indicated an acceleration of the polymerization reaction in the presence of

lauryl alcohol.

De Luca (1993) explained that often ‘polyglycolic acid and polylactic acid’ are used
interchangeably with ‘polyglycolide and polylactide’. The latter should only be used to
describe polymers prepared from the cyclic dimers, in contrast to those obtained by

direct polycondensation.
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2.3. MORPHOLOGY AND CHARACTERIZATION OF POLY-ALPHA-
HYDROXY-ALIPHATIC ESTERS

Gilding and Reed (1979) investigated the mechanism of polymerization of glycolide
and lactide by means of characterization methods applied to the products obtained at
different reaction times. Such methods also served the purpose of identifying optimum
reaction conditions and admixtures that would produce copolymers with particular
characteristics. For instance, gel permeation chromatography determinations showed
increased molecular weights as the glycolide content increased. X-ray diffraction
analysis showed a certain degree of crystallinity for PGA and PLA, while poly-D,L-
lactide was completely amorphous. Copolymer composition determines the degree of
crystallinity. Gilding and Reed examined polymers with different ratios of monomers.
Glass transition temperatures (T,) were exhibited by all the polymers investigated.
Such transitions represent the temperature at which the polymer changes from the
glassy state to a more flexible state. Differential scanning calorimetry (DSC) showed
that PGA, PLA and PGLA (90:10) presented glass transition temperatures followed by
a crystallization exotherm and a melting endotherm. In contrast, the (30:70), (50:50)
and (70:30) glycolide/lactide copolymers presented by Gilding and Reed, were found
to be amorphous, with DSC thermograms that exhibited glass transitions only.
Examination of T,, melting and crystallinity as a function of composition showed that
the range of glycolide/L-lactide copolymers with compositions from 25-70 mol %
glycolide are amorphous. The amorphous region extended from 0-70mol% glycolide

when the D,L-lactide isomer was used.

Free volume, permeability and chain mobility are higher above the T,. This means that
formulations prepared with low molecular weight polymers displaying a T, below
37°C, would present significant differences in their in vivo drug release rates compared

to higher molecular weight systems.

The effect of copolymer composition on T, can be estimated by the following equation

(Pitt and Schindler, 1980):

14
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(1/ 7;) :(W/ Tg)A +(W/ 7;)3 equation 2.1

AB

where W represents the weight fraction of each monomer 4 and B in the co-polymer.
This equation was shown to be valid when examining the variation of T, of co-

polymers of caprolactone and D,L-lactide as a function of D,L-lactide.

Ford and Timmins (1989) have explained the effects of quenching and annealing on the
thermal history of a sample and the importance of standardizing the thermal history of
a polymer prior to its analysis. For instance, samples annealed at 45°C showed an
endothermic peak at their T,, but samples which had been rapidly quenched showed
only an endothermic inflection. This was attributed to a stress relaxation phenomenon
that occurred within the polymer when allowed to stabilize. Gilding and Reed (1979)
reported that amorphous polymers partially crystallized over 24-72 hours when placed
in water (or buffer). Crystalline compositions are necessary in cases where mechanical
integrity needs to be sustained, such as sutures and orthopaedic or dental applications.
However, as soon as hydrolysis begins to disrupt the grain boundaries, tensile strength

decreases.

Avgoustakis and Nixon (1991) characterized their polymers by DSC. Because D,L-
lactide was used, all copolymers produced were amorphous, showing only a glass
transition temperature. Amorphous polymers are preferable in drug delivery since the
active can be homogeneously dispersed in a monophasic matrix. The authors reported
an increase in molecular weight with an increase in the T,. An increase in the lactide
content also increased the T,. The increased number of methyl side groups in those
polymers containing higher lactide content was thought to contribute to an increase in

the difficulty of molecule rotation.

Schartel et al. (1997) suggested that not only the molecular weight but also the
polydispersity of the polymer influences drug release from PLGA systems. Some
properties, e.g. tensile and impact strength, are specifically governed by the short
molecules. The authors explained that thermodynamic properties can be described by

an equation of the type

Z=2Z,—AIM, equation 2.2
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where Z is the value of a specific property, Z, is the asymptotic value at a very high
molecular weight, 4 is a constant and M, is the number average molecular weight.
Based on equation 2.2 the authors postulated that by means of a reduction in the
number of short molecules, changes in physical properties could improve the release
of hydrophilic and low molecular weight drugs. The removal of short molecules by
ultrafiltration of the polymers resulted in reduced hydrophilicity of the polymers and
less water uptake during drug release studies. Employing dielectric measurements, it
was found that the glass transition shifts to a higher temperature value as the low
molecular weight fraction in the polymer is reduced. The dielectric investigations
allowed a quantitative interpretation of molecular motions taking place in the polymer
carrier within the temperature range of its application. Dynamic mechanical thermal
analysis (DTMA) was applied to the investigation of dynamic-mechanical properties of
two PLGA polymers supplied by Boehringer Ingelheim (RG 503 My, 39,500; RG 505
M,, 69,000) treated by ultrafiltration in dichloromethane to remove the short chains.
The ultrafiltration procedures resulted in copolymers of higher molecular weight,
higher molecular number and lower polydispersity. A more rapid mass loss was
observed for those polymers of lower polydispersity. At the glass transition
temperatures the rigidities of RG 503 (treated by ultrafiltration and untreated) declined
rapidly and as the temperature increased, the polymers appeared ‘in a rubbery flow’, or
even liquid state, corresponding to another transition of amorphous polymers. At
temperatures below the T, only vibrations of atomic groups exist in the glassy
polymer, independently of the chain length, i.e. molecular weight and polydispersity.
Above the T, the amorphous polymer is in the rubbery state, and the chain
entanglement becomes important. The positions of two transitions (glassy to rubbery
and rubbery to liquid) and the length of the region between these two transitions are

dependent on the molecular weight and polydispersity of the polymer.

2.3.1. Parameters used to describe polymer systems

Several important parameters are used to describe polymer systems. The most

common of these are the number-average molecular weight (M/,) and the weight-

16
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average molecular weight (M,,), represented by equations 2.3 and 2.4, respectively, as

defined by Painter and Coleman (1994):

equation 2.3

N, M’} WM
M, = %NIMI = ZZI:V 1 equation 2.4

where M, i1s the molecular weight or molar mass of a molecule corresponding to a
degree of polymerization i (consisting of 7 monomer units of a given molecular weight
M,) and N, and W, are the total number and weight of molecules of length i,

respectively. X; is the number fraction or mole fraction, defined as N/ZN,.

The number average M, is obtained by “sharing” the total weight of all the species
equally amongst each of the species. The weight average, in contrast, takes into
account the weight of each species. Therefore, M,, is always greater than M,, except
for the uncommon case of a monodispersed polymer (composed entirely of one
molecular weight). The polydispersity P of a polymer can be calculated by equation

2.5,

P=M,/M, > 1 equation 2.5

Polymer molecular weight can also be estimated through intrinsic viscosity (7))
determinations. The viscosity average molecular weight M, of a polymer is obtained

using the Mark-Houwink equation:

17
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n=KM 7~ equation 2.6

where K and a are constants that vary with the nature of the polymer, the solvent and
the temperature. The values of molecular weight obtained through this method are not

absolute.

Gallagher and Corrigan (1998) determined the 7 (= 0.5 dl/g) of RG 504 and used

equation 2.6 to calculate the M, which was reported as 13,070.

2.4. DEGRADATION OF POLY-ALPHA-HYDROXY-ALIPHATIC ESTERS

Polymer degradation has been defined as “the chain scission process that breaks
polymer chains down to oligomers and finally into monomers” (Gopferich, 1996).
Degradation is part of the erosion process, which is the loss of material from the
polymer bulk. The erosion process also involves water uptake and mass transfer.
Passive hydrolysis is the main mechanism of degradation for synthetic polymers. The
rate of hydrolysis is largely dependent on the chemical structure of the polymer, the
type of neighboring groups to the polymer bonds and the pH. Hydrolysis can be

catalyzed by either acidic or basic components.

Amorphous polymer regions are more susceptible to degradation and erosion than the
crystalline ones (Li et al., 1990). Amongst other factors, crystallinity changes during

erosion can occur due to the crystallization of degradation products (Li et al., 1992).

2.4.1. Surface erosion and bulk erosion

Polymer erosion has been classified as surface (or heterogeneous) erosion and bulk (or
homogeneous) erosion (Langer and Peppas, 1983). If the diffusion of water into the

polymer is faster than the degradation of the polymer bonds, the polymer may swell

18
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prior to erosion (bulk erosion). If polymer degradation is faster than water ingress,
polymer swelling may be of minor importance (surface erosion). During erosion, the
surface eroding polymer shrinks in its dimensions. In contrast, the matrix geometry of
bulk eroding polymer does not change for a substantial length of time. De Luca et al.
(1993) explained that heterogeneous degradation occurs at the surface of the device
where it is interfaced with the physiologic environment. The degradation rate is
constant and the undegraded carrier retains its chemical integrity during the process.
Homogenous degradation involves a random cleavage throughout the bulk of the
matrix. While the molecular weight of the polymer steadily decreases, the carrier can
retain its mass until the polymer has undergone significant degradation, i.e. as much as
90%, and reaches a critical molecular weight, at which time solubilization and mass
loss commences. Examples of typically bulk eroding polymers are PLA and PLGA.
Mass loss studies performed on pellets prepared with PLGA 50:50 resulted in
sigmoidal curves typical of polymers undergoing bulk hydrolysis (Schmitt et al., 1993).

In a study of the effect of temperature on mechanisms of drug release and matrix
degradation of PLA microspheres, Aso et al. (1994) showed that at temperatures
above the T, matrix degradation was a bulk process and drug release was a diffusion
controlled process. On the other hand, below the T,, degradation was restricted to the

surface of the matrix and drug release was caused by matrix surface erosion.

2.42. Polymer composition and polymer molecular weight

Copolymer composition can affect degradation. The increase in lactic acid content
decreases the degradation rate by reducing the access of water, which is restricted by

the bulky methyl groups (Miller et al., 1977).

Studies of the in vitro degradation of poly-D,L-lactide-co-glycolide in buffer pH 7.4 at
37°C were carried out by Hutchinson and Furr (1990) using polymer films or slabs of
known thickness and weight. They found an induction period prior to weight loss for
the high molecular weight polymers and that water uptake occurred to a lower degree
(and with more extended time scales) in those polymers with higher content of lactide.

The profiles of weight loss and change in molecular weight were consistent with
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hydrolysis mechanisms. High molecular weight polymers degraded to lower molecular
weight polymers and yet retained their water insolubility. Only after an extended time
of degradation, weight loss started to take place, in contrast to that of low molecular
weight polymers which can degrade with weight loss immediately. The results were
consistent with bulk hydrolysis under in vifro conditions, and correlated with
degradation of the polymers in vivo, suggesting that even in subcutaneous tissue,

enzymatic degradation is less important than simple hydrolysis.

Hutchinson and Furr (1990) explained that there is a linear relationship between the
logarithm of M, versus time until water uptake commences. Thereafter a discontinuity
arises in the linear relationship. Water uptake takes place by two processes. The first
stage is the ingress of water by diffusion, which occurs to a level depending on the
equilibrium swelling of the material. Secondly, or even during the initial diffusional
phase, more ingress of water is aided by the increase in the number of hydrophilic
groups arising from the degradation of the polymer. This is why profiles for high
molecular weight polymers show two water uptake phases, with hardly any water
ingress in between. For low molecular weight polymers, the profiles show continuous
water uptake. In conclusion, hydrolytic degradation is characterized by reduction in
molecular weight, enhanced water uptake and, finally weight loss of polymer.
Assuming a normal initial polydispersity and hydrolysis of the polymer as a random
process, equations were used to characterize the degradation, based on water uptake
and the appearance of carboxylic end groups. The water uptake is described by

equation 2.7,

b
aPM eia}d - b(] - eiah)

[Water], =al 1+ equation 2.7

Equation 2.8 describes the appearance of the carboxylic groups expressed as a function

of the number average molecular weight:
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M =M ’ah—b@ equation 2.8
n n e aP ¥

where M is the number average molecular weight at time 7, M is the initial number
average molecular weight, @ and b are constants related to polymer composition,
k = K [ester] derived from the normal kinetic equation for ester hydrolysis, and P is the

polydispersity.

The effect of H' liberated from hydrolytic cleavage of poly-alpha-hydroxy-aliphatic
esters on the permeability and degradability of the polymers was evaluated by Sah and
Chien, 1995. The concentration of hydrogen ions released into the bulk medium was
calculated from the change in buffer pH. The rate of release of H was found to be
dependent upon the polymer composition since blending high molecular weight
copolymers with lower molecular weight fractions drastically enhanced the hydrolytic

rates of the modified samples.

2.4.3. The presence of drugs and polymer degradation products

Drugs added to the polymer may play a part in its degradation kinetics. Basic drugs,
for example, have been reported to affect degradation through pH changes (Cha and
Pitt, 1989) when a series of four amines were incorporated in poly-alpha-hydroxy-

aliphatic esters.

Dependence of the release profiles on the chemical state of the drug was shown with
gentamycin base and gentamycin sulfate/poly(D,L-lactic acid) oligomeric systems
(Mauduit et al., 1993). For both types of mixtures biphasic release profiles were
observed, the first phase corresponding to a fast release where the proportion of
antibiotic released was greater for the sulfate form of the drug. Differences in the
release profiles were attributed to acid-base interactions between the carboxylic-acid
end-groups of the polymer and the cationic antibiotic, whereby the free base reacted

with the polymer during the preparation of the blends with the formation of ionic
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clusters known to crosslink the chains. An acid-base reaction, however, was not
permitted with the sulfate form of the drug due to its lower solubility in the
manufacturing solvent employed (acetone). The reaction between gentamycin sulfate
and the oligomer end-groups was postulated to occur at a later stage, upon contact

with water.

Polymer degradation products can also affect degradation rates. For most degradable
polymers, its monomers are protolytes with an acid functionality. These compounds
can then cause a marked deviation of the pH inside eroding polymers from the pH
value of the surrounding buffer medium. The effect has been investigated for polymers
such as poly(lactic acid) and poly(lactic-co-glycolic acid). The pH inside eroding
poly(lactic acid) and poly(lactic-co-glycolic acid) rods can be as low as 2 even when
exposed to a buffer of pH 7.4, as determined by Herrlinger (1994). Such pH changes
during erosion produce a feedback effect on the degradation rate of the polymers
(autocatalysis). The shorter the half-life of the polymer bonds, the faster monomers are
created upon degradation causing a rapid decrease of the pH. The higher solubility
and lower pKa of a-hydroxy acids compared to unsubstituted aliphatic carboxylic acids
(like sebacic acid) explained the lower pH values during degradation inside eroding
poly(a-hydroxy esters) matrices compared to poly(anhydride) matrices, for example

(Gopferich, 1996).

‘Inversely’ moving erosion fronts have been observed in PLA and PLGA rods and
discs (Herrlinger, 1994), for which there is increased polymer degradation inside the

matrices due to the activity of created monomers.

2.4.4. The surrounding medium

Makino et al. (1985) have found that the rate of hydrolytic degradation of PLA
microcapsules prepared by using D,L-PLA or L-PLA was extremely pH dependent,
lowest at around pH 5.0, higher in both strongly acidic and strongly alkaline solutions.
Later (1986) the same authors reported that at pH 5.4 the molecular weight of PLA
increased in the time range between 50 and 70 days. The explanation they gave was

that the molecular weight has a greater dependency on the weight of fractions with
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higher molecular weights and much less on the weight of fractions with low molecular
weights. The degradation of those fractions of lower molecular weight should be
followed by the removal of the degraded fractions into solution. Molecular weight
can increase if such removal is slower than the degradation of the higher molecular

weight fractions.

From the investigation of oligomers from poly(lactic acid), the hydrolysis rates were
found to be inversely proportional to the pH in the degradation medium (Herrlinger,
1994). Gopferich, (1996) estimated that a decrease of the pH from 7.4 to 2 would
increase the values for the first order rate constant of such oligomers from 10® to 107

s, closer to the value of the rate constants for surface eroding polymers.

Park et al. (1995) investigated the effect of both pH and low molecular weight
oligomers on the degradation of PLGA microspheres. The microspheres were either
incubated in closed containers or in a dialysis bag. The latter allowed the removal of
acidic degradation products of molecular weight lower than 3,500. After a period of
40 days, the pH of the closed container samples decreased from 7.4 to 3. During this
period, the pH in the dialysis bag remained unchanged. A slower degradation of
polymer was obtained by maintaining a constant pH due to removal of degradation

products.

Makino et al. (1987) studied the effects of plasma proteins on the degradation of
intermediate molecular weight PLA microcapsules. The degradation rate in aqueous
medium was accelerated by the addition of albumin, y-globulins and fibrinogen. For all
proteins, as their concentration increased, the released amount of lactic acid increased

at any time period.

Composition and ionic strength of the in vitro release medium affected the release
behavior of octreotide from branched poly(DL-lactide-co-glycolide-D-glucose)
microspheres (Bodmer et al., 1992). At a constant peptide loading of 6% the
fractional release decreased with increasing ionic strength of the medium. Independent
of the ionic strength of the medium complete release was achieved after four weeks in

acetate buffer and after five weeks in saline.
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2.4.5. Gamma-irradiation

Sanders et al. (1984) carried out a study on the effect of gamma-irradiation on the
intrinsic viscosity of a 69:31 copolymer and the performance in vivo of microspheres
made from that polymer loaded with LH-RH-analogue. There was a decrease of the
intrinsic viscosity of the polymer with increase in radiation dose and a concomitant
decrease in the time of onset of the final phase, as shown in profiles of estrus

suppression in rats.

Hausberger et al. (1995) investigated the effects of gamma-irradiation on molecular
weight and in vitro degradation of PLGA microparticles. A reduction in the initial
molecular weight distributions was observed. The onset times for mass loss decreased

with increasing irradiation dose, but no effect was observed on rate of mass loss.

2.4.6. Random chain scission and end-group scission

Gilding and Reed (1979), in a study of the effect of y-irradiation on the tensile strength
of Dexon® sutures found an unexpected more rapid fall of the M, than the M, of the
sutures. This suggested that random chain scission was not the primary mechanism of
degradation, and that large quantities of low M, fractions were formed by unzipping
(chain-end scission). Shih et al. (1995) reported that the hydrolysis of chain-ends was

approximately 10 times faster than the hydrolysis of internal PLA bonds.

In examining the effect of y-irradiation on the degradation of sutures, Chu and:
Campbell (1982) proposed that chain scission (which was considered to initially take
place through ester bonds) gradually exposed increasing number of CH, moieties,
promoting secondary crosslinking reactions through free radicals resulting in the

formation of a C-C bond.
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2.5, FORMULATION WITH POLY-ALPHA HYDROXY ALIPHATIC
ESTERS

There are several techniques under evaluation for the production of controlled release
systems with PLA and PLGA. Microspheres and nanospheres are certainly amongst
the most broadly investigated drug delivery systems at present. Routes of
administration are multiple for such systems (oral, intramuscular, subcutaneous and
inhalations) and many approaches have been made to their manufacture. Principal
techniques include emulsification and solvent evaporation, as well as some

contributions of spray drying.

The preparation of cylindrical implantable discs is amongst the simplest manufacturing

techniques. Therefore these systems will be reviewed in the first place.

2.5.1. Implants

Implants can be manufactured with large drug loading efficiency and acceptable
uniformity. Of course, there are some disadvantages too, such as the often necessity of
surgery or special equipment for their implantation, and safety concerns when they
carry large amounts of drug. The treatment of prostate cancer has been aided by a
PLA implantable market-product containing LHRH agonists (Zoladex®, ICI
Pharmaceuticals, UK) which releases the drug continuously over at least 28 days (Furr

and Hutchinson, 1992).

The various poly-alpha-hydroxy aliphatic esters are thermoplastics whose properties
can be adjusted depending on the intended use. As thermoplastics, they can be
processed at temperatures above their melting and glass transition point. In general,
low glass transitions, good solubility in common organic solvents and free flow of the
polymer powder have been reported (Boehringer Ingelheim Catalogue). Taking
advantage of these properties, many techniques such as direct compression,
compression moulding, solvent casting and extrusion have been developed for the

preparation of implants.
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A procedure combining solvent casting and extrusion was reported by Phillips and
Gresser (1984). Disulfiram composites were prepared from a cosolution of the drug
and PLGA in dichloromethane and cast as a thin film on a glass surface. The thickness
of the film was adjusted to 0.06 cm with a film spreader, air dried and then vacuum
dried at 45°C. Rods were extruded through a 0.3175 cm die at a temperature of 70-

80°C and pressure up to 140 psi.

A melt-press technique was used by Fitzgerald and Corrigan (1993, 1996) to produce
discs from PLGA drug loaded films. Preparation of drug/copolymer solution was
followed by solvent evaporation over a hot plate to form a film, which was dried under
vacuum for 24 hours. Films were then cut into segments and heated in a 13-mm die
for 15 minutes. The die was allowed to cool after which discs were compressed under
8000 kg/cm3 at room temperature for one minute. Direct compression of mechanical
mixtures of the drug and copolymer were also prepared. The powders were previously

mixed in a mortar and pestle.

A solvent-evaporation method employing a solution of dichloromethazone was
recently mentioned by Min et al. (1995). They mixed anhydrous ampicillin and PLA in
the solvent and homogenized for 24 hours (details not given), after which the mixture
was placed on a Teflon® cast with solvent removal at high temperature.

Semitransparent films were obtained.

In an attempt to provide a system with higher acceptance by patients, a liquid that may
be injected and solidified in situ was evaluated as a novel implant system (Shively et al
1995). The rationale for the investigation of such systems was that upon injection into
an aqueous environment, the biocompatible solvent diffuses out of the polymer while
water diffuses into the polymer matrix causing its precipitation. The study compared
formulations with PLA/PLGA concentrations above and below the precipitation
threshold, previously calculated by phase diagrams. In a similar work, Chandrashekar
and Udupa (1996) prepared in situ-gel forming diclofenac sodium systems. A solution
of (50:50) PLGA was prepared by stirring the polymer in triacetin at 50°C and cooled
to room temperature. Diclofenac sodium was incorporated into the PLGA solution as

a fine dispersion using sonication.
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Phase inversion dynamics of PLGA solutions related to drug delivery were recently
studied by Graham et al. (1999) when they prepared a gelled implant, which is a liquid
that solidifies upon injection to the body. Solutions of the polymer and biocompatible
solvents were prepared by mixing in a glass vial at room temperature, allowing several
hours for complete dissolution to occur. These workers studied the gelation rate,
which is the rate at which the solution is transformed into a semi-solid porous implant.
This determines the properties of the diffusional path that the drug molecules take as

they leave the implant and, consequently, the characteristics of drug release.

2.5.2. Microparticulate systems

In 1984 Sanders et al. prepared PLGA microspheres loaded with a LH-RH analogue
by a phase separation technique. An aqueous solution of the compound and a solution
of the copolymer in dichloromethane were emulsified to form a water-in-oil emulsion.
A nonsolvent for the copolymer was then added to precipitate out the polymer around
the aqueous droplets. The suspension of semi-formed microspheres was added to a
large volume of nonsolvent to cause them to harden and to complete the extraction of
dichloromethane. The microspheres were then sieved, washed and dried. The final

compound loading was approximately 1% w/w.

Jalil and Nixon (1990a) explained that microencapsulation of PLA can be prepared
using both O/W or W/O emulsion systems. In the O/W emulsion technique, also
known as emulsion-solvent evaporation, the polymer is dissolved in a solvent such as
methylene chloride. The core is either solubilized or suspended in this solution, which
is then emulsified with water containing a suitable emulsifier. Phase separation of the
polymer and core to produce a microcapsule occurs upon removal of the solvent, by
heat, vacuum or both. Iwata and McGinity (1992) prepared “multi-phase”
microspheres of PLA and PLGA by a multiple emulsion solvent-evaporation technique.
The first step was the preparation of a conventional W/O emulsion (aqueous solution
of drug in soybean oil). Then, a W/O-in-acetonitrile (W/O/°W’) emulsion was
prepared by dispersing the W/O emulsion in a polymer-acetonitrile solution. Compared

to conventional microspheres, multi-phase microspheres demonstrated a greater drug
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loading efficiency for water soluble drugs. Drug release profiles were different when
conventional microspheres were compared with multi-phase preparations (Iwata and
McGinity,1993). A lag-phase of 10-16 days was observed for conventional
microspheres. Multi-phase microspheres were characterized by an initial uniform

release for the first 20 days followed by a more rapid phase of drug release.

A modification of the emulsion-solvent evaporation method is the emulsion solvent
extraction, reviewed by Conti et al. (1992). The technique consists in preparing an
O/W emulsion and subsequently pouring it into a diluent phase miscible with the
polymer solvent, but not miscible with the polymer. As a consequence the solvent
migrates from polymer microdroplets into the diluent phase. The system is
continuously agitated until extraction of solvent from the polymer droplets is
completed. Solid microspheres are usually recovered by filtration, washed and dried
under vacuum. One of the advantages of the method is that it is possible to obtain
extraction of the solvent at low temperatures, without having to approach the solvent
boiling point. Kim et al. (1997) presented a modification of the solvent-extraction
method for the preparation of drug loaded PLA microspheres by which the loading

content increased. These workers used 2% v/v ethyl acetate as the diluent solvent.

Paul et al. (1997) described the preparation of pentamidine loaded poly(D,L-lactide)
nanoparticles by a nanoprecipitation method. The free base of the drug, phospholipids
and PLA were dissolved in acetone. This solution was mixed with an alkaline aqueous
solution (to improve the fixation yield) containing Poloxamer 188. After 15 min. of
stirring, the acetone and part of the water were evaporated in a rotor evaporator under
reduced pressure. The highest drug loading percentage (= 75%) was obtained with a
concentration of the phospholipid mixture of 1.25%. Under these conditions, 379 pg
of the drug were loaded per ml of suspension. Exponential dependence of the amount

of drug released on time was evidenced.

2.5.3. Miscellaneous formulation techniques

PLA hollow fibres for the controlled release of hormones (H-levonorgestrel) were

prepared using a dry-wet phase inversion spinning process (Eenink et al., 1987). A
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viscous spinning solution (polymer and solvent) was pumped through a heated tube
into the spinneret. The applied spinneret was a tube-in-orifice device with an orifice
diameter of 1.0 mm an injection tube outside diameter of 0.6 mm and an inside
diameter of 0.4 mm. The contents of the spinneret were not heated, except for
particular cases. A coagulation bath was placed at a specified distance from the
spinneret. From the coagulation bath the hollow fibre was transferred to a self-
advancing godet, the speed of which determined the withdrawal rate of the yarn from
the spinneret. The bundles of hollow fibre were air dried. Hollow fjhres wgre ﬁlleg
with a 25% dispersion of micronized hormone in castor oil. The hollow fibre
levonorgestrel release rates were found to be dependent on the membrane structure of
the hollow fibre wall. For the different hollow fibres, zero-order levonorgestrel release
rates were found with possible applications as a long-acting contraceptive delivery

system.

“Matrix formation” of PGA by annealing was reported by Ries and Moll (1994) in the
preparation of theophylline tablets. Annealing of the tablets after compression
influenced the physicochemical and mechanical properties of the tablets. This in turn
had an effect on the disintegration and in vitro release behavior of the devices, with
prolongation of the drug release profiles. The temperatures applied ranged between
40°C and 120°C for not less than 20 minutes. The values of the release rate constants

decreased for increasing temperature and duration of the treatment applied.

2.6. FORMULATION VARIABLES AFFECTING DRUG RELEASE FROM
PLA/PLGA

The influence of the polymer composition and molecular weight on drug release has
been studied by many workers. Increasing the proportion of lactide content in polymer
implants showed an increasing duration of drug release and lag time before onset of
degradation controlled release (Sanders et al., 1986a). Jalil and Nixon (1990b)
reported the influence of the molecular weight on the drug release kinetics. They

found higher rates for phenobarbitone released from microcapsules prepared with
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polymers of lower molecular weight; a linear correlation, however, was not found.
Sah and Chien (1995) showed that the adjustment of the hydrolytic rates of
microcapsules by blending polymers of different molecular weight was found to be
critical in achieving a controlled release of entrapped protein. The incorportation of
lower molecular weight polymer fractions drastically enhanced hydrolytic rates of

microcapsules.

The type of drug and the drug loading has a significant effect on the mechanism of
release from PLA/PLGA. Wakiyama et al. (1981) reported the release of an
anaesthetic changed from being diffusion controlled to degradation controlled, at
higher and lower drug loadings respectively. Incorporation of a tertiary amine, caffeine
base, into high molecular weight PLA showed an increase in the degradation rate of
the polymer at low drug contents (< 2%) (Li et al., 1996). The increase of polymer
degradation rate was not proportional to the caffeine content; this was due to the
combined effects of base/carboxyl end-group interaction, crystallization and matrix-

controlled diffusion of the drug.

Sato et al. (1988) assessed drug release for methylene blue and prednisolone acetate
PGA microspheres. Complete release of the highly water soluble methylene blue
occurred within 72 hours, while the less soluble prednisolone was released much more
slowly. The authors reported that release from these systems appeared to be governed
principally by the solubility of the drug. Suzuki and Price (1985) reported that the rate

of chlorpromazine release decreased as the PLA microcapsule size increased.

Fitzgerald and Corrigan (1993) reported the effect of processing conditions on the
release of diltiazem from PLA/PLGA matrices. Mechanical mixes of drug and polymer
resulted in diffusion based drug release. In contrast, systems prepared by solvent-
evaporation released the drug by a polymer degradation mediated mechanism.
Redmon et al. (1989) reported that differences in the release characteristics of
prednisolone loaded PGA microspheres prepared by solvent-extraction precipitation
and freeze drying were likely to be attributable to surface area differences of the two
products. The product with the greater surface area (solvent-extraction precipitation
method) released more drug initially whereas that with the lower surface area (freeze

dried product) exhibited sustained release of a greater amount of drug. They
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concluded that a major influence upon drug release was the porosity, as reflected in the

specific surface area.

2.7. EFFECTS OF STORAGE ON FORMULATIONS PREPARED WITH
PLA/PLGA

Aso et al. (1993) studied the changes in the physicochemical properties of PLA
microspheres that occurred during storage. Progesterone-loaded microspheres were
stored at 50°C and 30°C under dessicated and moist atmospheres. The surface
morphology did not change significantly under storage in any of the conditions studied.
The drug release rate of stored microspheres was faster than that of microspheres
before storage. The polymer crystallized when stored above the T, under moist
conditions. The T, of the systems stored at high relative humidity decreased
considerably, which may be attributable to the plasticizing effect of water absorption.
The drug release of these systems was faster compared to the systems stored under

dessicated conditions.

2.8. BEHAVIOR OF POLY-ALPHA-HYDROXY ALIPHATIC ESTERS IN
Vivo

Comparison of the in vitro and in vivo degradation of poly-alpha-hydroxy aliphatic
esters suggested similar polymer behavior in the two conditions (Gilding and Reed,
1981). Using white rabbits, Pitt et al. (1981) studied the in vivo degradation of drug-
free PLA implantable films and capsules. They reported that the rate of chain scission
increased after the commencement of weight loss. Linear relationships between the In
[7] or [M,] and time in vivo were observed for substantial time periods. Sanders et al.
(1984) studied the in vivo performance of nafarelin microcapsules prepared with high

molecular weight (50:50) or (69:31) PLGA. The data were consistent with the release
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of a compound by homogenous polymer erosion, with clear triphasic compound
release. Fukuzaki et al., (1991) obtained a typical S-degradation for the in vivo
degradation of pure PLGA, which characterizes a rapid degradation occurring some
time after an initial lag period during which the weight of the polymer remains

unchanged.

Le Ray et al. (1991) studied the distribution of radiolabelled PLGA nanospheres which
showed an obvious tropism for the liver (83% after 4 hours) and a lower but significant
affinity in the lungs and the spleen. Radioactivity was also confirmed in urine and

feces.

2.9. BIOCOMPATIBILITY INFORMATION AND PRODUCTS LICENSED

Long experience with homo- and co-polymers of lactic and glycolic acids has shown
that these matenals are inert and biocompatible in the physiological environment and
degrade to toxicologically acceptable products (Hutchinson and Furr, 1990). In a
study comparing the effects of systemic antibiotic and local therapy, PLA-ampicillin
films were placed in the maxillary sinus of rabbits with experimentally induced sinusitis.
Examination against the two control groups (group 1 without ampicillin and group 2
with ampicillin given intramuscularly) showed that the histopathological findings were
less severe in those animals receiving the ampicillin film (Min et al., 1995). Calhoun
and Mader (1997) have recently reported studies on animals using poly-alpha-hydroxy-
aliphatic esters for osteomyelitis infections.  Although not primarily intended to
evaluate toxicological aspects of the formulations prepared, the results of the studies
indicated clinical improvement in the cases treated with the formulations when
compared to the control groups (untreated with PLA/PLGA or treated with placebo
PLA/PLGA).

Products currently licensed for commercialization include luteinizing hormone
releasing hormone analogues such as the implant Zoladex® (ICI) and the microsphere

formulations Prostap SR® (Lederle) and Enantone® (Takeda Pharma GmbH Aachen,
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Germany). Parlodel LAR® (Sandoz) is a microsphere formulation for the once

monthly delivery of bromocriptine.
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CHAPTER 3. MECHANISMS OF DRUG RELEASE FROM PLA
AND PLGA DRUG DELIVERY SYSTEMS

3.1. INTRODUCTION

The mechanisms governing drug release from poly-alpha-hydroxy aliphatic esters are
dependent on both polymer and drug characteristics. For a given polymer system,
drug release appears to be highly dependant on loading and molecular size of the
compound carried. In general, macromolecules such as polypeptides are considered to
be released by polymer degradation control (Maulding, 1987). For the release of
smaller compounds, however, various mechanisms have been reported, ranging from
purely diffusion mechanisms to degradation controlled release. Release profiles of
many basic drugs appear to be dependent on the degradation of the polymeric matrix,
particularly at low loadings, for example, diltiazem co-evaporates (Fitzgerald and
Corrigan, 1993), fluphenazine hydrochloride (Ramtoola et al., 1992), doxepin
hydrochloride (Gido et al., 1994) and levamisole base microspheres (Fitzgerald and
Corrigan, 1996). Neutral compounds appear to have a matrix-controlled release. The
dissolution of dehydro-isoandrosterone from drug-polymer compressed discs of
constant surface area was found to be proportional to the square root of time
(Ramtoola et al., 1991). Drug release for acidic compounds such as phenobarbitone
microcapsules (Jalil and Nixon, 1990c) can be fitted to Higuchi's spherical matrix

model.

Existing equations proposed for the release of various drugs from PLA and PLGA
matrices are listed below. It is the combination of two main processes, diffusional
mechanisms and polymer degradation control, that is involved in the release of drug

from most systems.
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3.2. DIFFUSION MECHANISMS

Diffusion is defined as a process of mass transfer of individual molecules of a
substance, brought about by random molecular motion and associated with a
concentration gradient. The passage of matter through a barrier may occur by simple
molecular permeation, by dissolution of the permeating molecules in the bulk

membrane, or by movement through solvent-filled pores and channels (Martin, 1993).

Diffusional release of a dissolved or dispersed solute from a polymeric matrix is often
governed by complex release kinetics due to the presence of a moving diffusional front
separating the undissolved core and the partially extracted region. For an erodible
polymer matrix, the release kinetics are also determined by the presence of a second
moving boundary, the eroding polymer front, in addition to the diffusion front (Lee,

1980).

The more simple cases, for drug release occurring from a non-erodible matrix, will be

discussed in the next sections.

3.2.1. Reservoir systems

Reservoir systems are typically the case of a compound encapsulated within a polymer
membrane. If the case of a macroporous membrane impermeable to the drug is
assumed, then transport occurs exclusively through water-filled pores. The membrane
of area A and thickness / separates the drug reservoir (saturated solution with
concentration Cy) from a perfect sink. The concentration of drug within the pores at
position d along the membrane is Cy, (d). The steady-state flux J;; of drug out of the

pores is then given by Fick’s first law:

Jyo=-D eIf ﬁ—aiw equation 3.1
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The steady-state flow rate O, can be described by (Siegel, 1989):

Q.. = dg B pii— equation 3.2

where ¢ is the porosity of the membrane and D, is the effective diffusion coefficient of
the drug in water. Here D.;- F. D,, where F is the formation factor and D,, is the
aqueous diffusion coefficient of the drug. The formation factor reflects the amount by
which the porous structure affects the time scale of drug release through a specific
mechanism of drug transport retardation. The development of equation 3.2 assumes
the absence of boundary layer effects. If the membrane does not provide a great
resistance to drug flow, that is if /' is close to 1, then stagnant layers near the
membrane may contribute to the resistance to drug flow and boundary layer terms
should be added. In equation 3.2 it is clear that Q,, is independent of time, i.e., the
kinetics is of zero order. Such situation was described by a simple general equation

proposed by Ritger and Peppas (1987a):

M
M

gy equation 3.3
Here M,/M., is the fraction of drug released, &’ is the zero order rate constant and 7 is

time.

PLA hollow fibers loaded with levonorgestrel hormone (described in section 2.5.3)
showed zero-order release profiles. This was shown by the linear cumulative-amount-
released versus time plots obtained, and by the constant daily amounts delivered that
were observed when the rate was plotted versus time. The release rates were found to

be dependent on the membrane structure of the hollow fiber wall.

3.2.2. Monolithic devices

Release of drug from matrix or monolithic systems may occur by diffusion through the

polymer membrane or through solvent-filled pores. Fick’s second law can be used to
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ocC
ot

describe the change in concentration of diffusant with time from a thin polymer

slab, with one-dimensional diffusion in the direction d (Ritger and Peppas, 1987a):

oC #g2{
- od*

!
>

equation 3.4

where sink conditions apply and D is the diffusion coefficient of the diffusant.

3.2.3. Diffusion through the polymer matrix

Assuming a constant drug diffusion coefficient D, and sink conditions, the
trigonometric solution to Fick’s law for the one-dimensional fraction of drug released

at any given time from a thin polymer slab of thickness / can be approximated as:

M
M

L _ 4] Dat * " M, _
= fE or0 < R = 06 equation 3.5
TT.

e o

As indicated in equation 3.5, Fickian diffusional release from a thin slab is
characterized by an initial t** dependence of the drug released. Release at later time

periods is given by a more complex equation.

Higuchi (1961) proposed an equation for the release from planar matrix systems
containing suspended drug particles, where () is the amount of drug released at time 7

per unit area of exposure:

= ,/Dmt(ZA - CS)CS equation 3.6

Where A (the total concentration of drug) is larger than the C; the saturated solubility
of the drug in the membrane. The equation was derived for a system in which the

suspended drug is in fine state and sink conditions are maintained. For the common

case of (';<<A, the relationship is simplified to the expression Q = /24D, C 1.
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3.2.4. Diffusion through solvent-filled pores

Square root of time kinetics for the release of drug from a planar surface where the
rate determining process is diffusion was described by an equation proposed by

Higuchi (1963),

D¢ ;
= —(2A = g-CJ)CSt equation 3.7
"
where (J is the amount of drug released, D is the diffusion coefficient of the drug in the
permeating fluid, ¢ is the porosity of the matrix, 7 is the tortuosity of the matrix, C; is
the solubility of the drug in the solvent, 4 is the concentration of the dispersed drug in

the matrix and 7 is the elapsed time. The equation is valid for the first 60% of the total

released drug.

A reduced form of equation 3.7 may be written as follows:

X= Kyt equation 3.8
where X is the fraction of drug released at time 7 and K}, is the Higuchi rate constant.

Diffusion controlled drug release from matrices having either spherical, biconvex or

cylindrical shape was described by Cobby et al. (1974),
X=G 1.k t"-G. (k") +Gs. (k. 172)? equation 3.9

where X has the same meaning as in equation 3.8, £, is the rate constant, (5;, G, G; are
parameters that depend on the shape of the device and 7 is the elapsed time. In the

case of a cylinder the equation becomes
X =(q+2).k-1"-(2.g+1).(k.1"°) + q.(k.1") equation 3.10

with g as the shape parameter. The rate constant 4, relates to the Higuchi rate
constant K, by k, = 2 Kj; /q. The shape parameter ¢ is equal to the initial disc radius
(r;) divided by half the initial disc height (4;). Appendix I shows the Scientist software
model file corresponding to equation 3.10, where X is always < 1. Ramtoola et al.

(1992), used equation 3.9 to fit the release kinetics of fluphenazine from PLA and
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PLGA matrices. Diffusion or matrix controlled drug release has been fitted to the
general equation proposed by Ritger and Peppas (1987a) for the profiles obtained with
PLA microspheres containing dihydro-iso-androsterone (Ramtoola et al., 1991) and

pentamidine loaded PLA nanoparticles (Paul et al., 1997),
X=B.T7 equation 3.11

where X was defined in equation 3.8, B and » are constants and 7 is the elapsed time.
The diffusional exponent, n, specifies the mechanism of release. Originally introduced
for the description of solute release from non-swellable matrices, the use of equation
3.11 was later extended to drug release from swellable devices (Ritger and Peppas,

1987b).

3.2.5. Percolation theory

The topology or arrangement of pores plays a part in the mechanisms of drug release
from a solid system. At a critical loading the porosity of the matrix reaches the critical
percolation threshold porosity ¢. Below this value, all pore clusters are finite while
above it there exists a cluster of infinite extent. In this context, a cluster of pores
includes all those pores that are interconnected and P(¢) is the probability that a pore
belongs to an infinite pore cluster and that is therefore ultimately connected to the

surface of the matrix system. By definition of &., P(¢) must be zero for ¢ < &,

Another important parameter of percolation theory is the coordination number z. This
number is the maximum number of bonds that may emanate from each site or pore.
For three dimensional simulations (3-D lattice), the simple cubic lattice is the easiest to
work with, having a coordination number z = 6. The Voronoi representation of the
porous medium is more “random” than the regular lattice representation and appears to
be more realistic. The regular lattice models imply a degree of order that does not
exist in a porous polymer. A remarkable property of percolation is that the behavior of

P(¢g) near the percolation threshold ¢, is virtually independent of the lattice structure.
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When considering the fraction of releasable drug F., from a finite slab, it must be
considered that the drug contained in finite pore clusters connected to the surface also
contributes to F,. Mathematically this means that at a given porosity, F.(€) > P(¢).
Furthermore, in a slab of finite depth there is a finite probability that a pore (or hence a
drug particle) will reside on the surface of a slab, so that /., is nonzero for all values of

E.

The topological contribution a(¢) to the formation factor /' in the case of steady-state

diffusive flow is given by
a(e) ~ (5 - &, )# equation 3.12

where 1 is approximately 2.0 for a 3-D lattice.

At low porosities not all the drug is released and the kinetics become “droopier” than
ti2. Thus, for the topologically random systems, it appears that the diffusion equation
with a formation factor that is uniform throughout the membrane, does not adequately
describe transport processes. There are two possible explanations for the topology-
induced retardation and droopiness of the kinetic curves. First, the overall tortuosity
(tortuosity defined in Siegel’s terms as a specific mechanism of lengthening of the
diffusion path) does increase as & decreases. Second, dead-end pores exist. The

likelihood of encountering a dead-end pore increases as one goes into the membrane.

3.3. POLYMER DEGRADATION CONTROLLED DRUG RELEASE

Drug release dependent on polymer degradation and dissolution, may be described by

the Prout-Tomkins model (Fitzgerald and Corrigan, 1993):

c
ln—1 =k-t+m equation 3.13
-c
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This model assumes that oligomer/drug dissolution occurs only as a function of
polymer decomposition, where m = -k . 1, c is the drug released, 7 is time, k is the
acceleratory coefficient and 7, 1s the time when the extent of drug release is equal to
50% of the final drug concentration. Ramtoola et al. (1992) and Fitzgerald and
Corrigan (1993; 1996) have fitted the profiles of fluphenazine and levamisole

hydrochloride, respectively, to equation 3.13.

More recently (Corrigan et al., 1997), a model was proposed to account for the initial
burst of drug in a polymer degradation related release process. The release of
levamisole was fitted to equation 3.14:

e Kb Rt

-k
Ftot = Fby, (1 S bt)+(1-Fbw) 1 e i

equation 3.14
which was based on equations 3.13 and 3.15, the latter shown below:

Fp=Fby. (1 —e""”’) equation 3.15

where £ is the burst rate constant, F is the fraction of drug released by burst effect at

time 7 and /b, is the total burst fraction at time infinity.

Equation 3.15 describes a first order process as earlier presented by Wagner (1969). If

F'is the fraction of drug released by degradation at time infinity then,
Fbo+ F=1 equation 3.16

The fraction of drug released by degradation at time 7 (/) is related to ¢ (equation

3.13) by
Fae =16 equation 3.17

The total fraction of drug released at time 7 (F},) is given by
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Frot = Faeg + I equation 3.18

A model combining square root of time diffusive kinetics and polymer degradation-
dependent drug release was recently presented by Gallagher and Corrigan (1998)
applied to the release of drug from PLA and PLGA matrices. The model is described
by equation 3.19,

d ¢ Kt
F,, =B, (lertu_s —Gz(k,tos) +G3(k,t°'5)3) + (1- Fdx)(m)

equation 3.19

where /d, is the fraction of drug released by a diffusion mechanism at time infinity and
G, G,, Gs are parameters that depend on the shape of the device. In addition to
equations 3.14 and 3.19, a model comprising exponential burst, diffusion and
degradation dependent drug release was presented by the same authors (1998),

described by equation 3.20:

Fuot = Fb (1-€7) + Fd,, (G,k,z“ -G, (k™) +G3(k,t°'5)3)

kt—kt

+ (1-( Fby + Fdy)) (W) equation 3.20

For the case in which polymer-degradation-dependent drug released is followed by
degradation of the drug in the dissolution medium, an equation that takes into account
the formation of degradation products may be useful in estimating the release profile.

Gallagher and Corrigan (1998) introduced an equation for the rate of change of the

: : : , : .4
concentration of drug in the dissolution medium over time —;TP when drug release
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occurs by a bulk process (similar to the Prout-Tomkins model) and drug degradation

occurs by a first-order decay process:

df,

%
S Y-~ e equation 3.21
dt x[ x,o,) I :

where £ is the rate of drug released by a polymer degradation dependent mechanism, x
is the fraction of drug released via polymer degradation at time 7, x., is the total
fraction of drug released via polymer degradation, f» is the concentration or fraction of
drug in solution, A4, is the first-order degradation rate constant of the drug in the
dissolution media.

A theoretical model of bulk-erosion and macromolecular drug release from
biodegrading spherical microspheres was proposed by Batycky et al. (1997). The
principles of random chain scission and unzipping are both combined in the model
proposed. The analysis carried out in the derivation of the model assumed that the
microspheres radius remains fixed although the porosity changes with time. It was also
assumed that water and monomers are able to diffuse through the matrix (i.e. through
micropores), yet the macromolecular drug, by virtue of its size, is not able to diffuse
through the polymer matrix. For a polymer composed of monomers j, which appear in
the ratio j; - j> o .... : j;, where J is the number of different monomers, the equation

proposed for the prediction of drug release was expressed as

i D

= ¢dhurst( e'kdl) =8 (1 bursl _ ﬂi E S B

Jj=1 J

m, (t)
m, (0)

equation 3.22

where m, (0) and m, (t) are the mass of drug present in the microspheres at time zero
and 7 respectively, @,”"is the mass fraction of drug involved in the initial burst, A, is

the drug desorption rate constant, D, is the effective drug diffusivity, 7 is the induction

time before the final drug release phase and 7, is the initial microparticle radius.
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An initial burst originates from drug contained on the surface of the sphere. This is
followed by an induction time sufficient to allow for coalescence of micropores and
permit the passage of the macromolecular drug; i.e. drug release from the occlusions is
precluded until the mean pore radius exceeds the characteristic molecular radius of the
drug. The paradigm was applied to the case of (50:50) PLGA microspheres
encapsulating a glycoprotein with potential use as an AIDS vaccine. Interaction
between monomers (or oligomers) and pore walls have not been accounted for, nor
have the effects of variable pH accompanying the solubilization of acidic monomers

from a bulk-eroding polymer like PLGA.

As earlier introduced in Chapter 2, degradation controlled drug release has been
referred to as homogeneous bulk erosion and heterogeneous surface erosion
(Gopferich, 1996). Hixson and Crowell (1931) recognizing that the surface area of a
regular particle is proportional to the two-thirds power of its volume, derived their

classic “cube root law”, which may be written as:

1/3

WdJ .
=1-k.t tion 3.23

LW 2 equation

1

where W, is the initial weight of the disc, W, is the dry weight of the disc after exposure
to a dissolution process for time ¢, & is a rate constant having the dimensions of the
cube root of mass per unit time. This relationship applies to tablets where dissolution
takes place normal to the exposed surface area, and if the tablet dimensions decrease in
proportion to one another, the exact initial geometric shape of the tablet is maintained

at all times, such as for surface eroding systems.
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CHAPTER 4. ORIGIN AND SCOPE OF THE THESIS

4.1. Origin

Drug release from poly-alpha-hydroxy-aliphatic esters has been extensively
investigated for many basic drugs (Ramtoola et al., 1992; Fitzgerald and Corrigan,
1993; Gido et al., 1993; Fitzgerald and Corrigan, 1996). The release profiles of
neutral compounds, such as dehydro-isoandrosterone (Ramtoola et al., 1991), and
acidic compounds, such as phenobarbitone microcapsules (Jalil and Nixon, 1990), have
also been investigated. Physicochemical models were employed to describe the release
of basic (Fitzgerald and Corrigan, 1993), acidic (Jalil and Nixon, 1990) and neutral
(Ramtoola et al,, 1991) drugs. The preparation of amphoteric compounds in a
polylactide matrix was presented by Hutchinson and Furr (1990) as a product called
Zoladex®. These authors investigated the rates of polymer degradation and water
uptake; drug release was not fitted to physicochemical models. A more recent
publication on poly-alpha-hydroxy-aliphatic esters includes the amphoteric drug
ampicillin (Min et al., 1995), however the mechanisms of drug release from this

compound was not the primary focus of the report.

Many biological compounds have a complex chemical structure containing both basic
and acidic groups (amphoteric compounds or ampholytes). Therefore, the use of
mathematical models that aid the formulator to predict the release of biological
compounds from PLA/PLGA systems constitutes a field for research. Amoxyecillin is a
possible model drug for such purpose due to its amphoteric nature.  Delivery of
biological compounds from PLGA matrices has been investigated for tetanus toxoid
and synthetic malaria antigen using a mouse model (Thomasin et al., 1996). PLGA
microparticles for a controlled release HIV-1 vaccine (Singh et al,, 1997) constitute

another example of biologicals delivered by a polymer system.

The antibacterial spectrum of Amoxycillin is very broad. Due to its short residence
time in the body, current single-dose antibiotic therapy requires frequent

administration. This gives another reason for the development of a controlled release
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system for Amoxycillin, with potential applicability in various human and veterinarian
areas. PLA-ampicillin films for maxillary sinusitis (Min et al, 1995) and
gentamicin/PDLLA cylinders for osteomyelitis associated infections (Zhang et al.,

1994) are presently being investigated for administration to humans.

A single dose of a sustained release formulation has the potential to discharge in the
body an amount of drug equivalent to an overdose, should the device fail to comply
with its specifications. Drugs that posses high therapeutic indexes constitute safer
candidates for the formulation of sustained release dosage forms, such is the case of

Amoxycillin.

4.2. Objectives

From the above mentioned potential applications of an Amoxycillin-PLA/PLGA

system the following were the objectives of the present work:

1) to investigate the mechanisms involved in the release of Amoxyeillin from poly-

alpha-hydroxy aliphatic esters.

IT) to identify suitable physicochemical models represented by mathematical equations
to describe the release of Amoxycillin from within PLA/PLGA systems and predict the

release of larger amphoteric molecules, such as biologicals.

IIT) to assess the suitability of PLA/PLGA as carriers for Amoxycillin. For example, to

develop a system that releases intact Amoxycillin beyond 7 days.
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CHAPTER 5. MATERIALS AND EXPERIMENTAL METHODS

5.1. DRUG, POLYMERS AND SALTS USED

Material Supplier/Manufacturer

~ Amoxycillin trihydrate i Sigma Chemical Co., Switzerland
(BN 84H0450)

Disodium hydrogen phosphate-12- Riedel-de-Haén, Germany
hydrate

D,L-Lactic Acid approx. 98% Sigma-Aldrich Co., UK.
Magnesium chloride hexahydrate Sigma-Aldrich Co., UK.
Potassium dihydrogen orthophosphate BDH, U K.

Potassium hydroxide Sigma-Aldrich Co., UK.
Polystyrene molecular weight standards ~ Aldrich, U.K. and Tosoh, Japan
Resomer® RG 503 (BN 34033) Boehringer Ingelheim, Germany
Resomer® RG 504 (BN 34012) Boehringer Ingelheim, Germany
Resomer® RG 755 (BN 15047) Boehringer Ingelheim, Germany
Resomer® R 203 (BN 15004) Boehringer Ingelheim, Germany
Sodium chloride Riedel-de-Haén, Germany

Sodium dihydrogen phosphate-2-hydrate ~ Riedel-de-Haén, Germany

The manufacturer’s specifications for Amoxycillin trihydrate were 99% purity
(anhydrous basis) and 12.9% water content. For convenience, Amoxycillin trihydrate

will be referred to as AMOX-H. The term Amoxycillin will be abbreviated to AMOX.

The manufacturer’s specifications for the polymers used in the present work are listed

in table 5.1.
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Table: 5.1.

manufacturer’s specifications (Boehringer Ingelheim).

Chapter 5. Materials and Experimental Methods

Characteristics of the polymers used in the present thesis according to the

Polymer Composition Inherent viscosity (1)
RG 503 Poly(D,L-lactide-co-glycolide) 50 : 50 0.4
RG 504 Poly(D,L-lactide-co-glycolide) 50 : 50 0.5
RG 755 Poly(D,L-lactide-co-glycolide) 75 : 25 0.6
R 203 Poly-D,L-lactide 083
5.2. SOLVENTS USED
Solvent Supplier/Manufacturer

Acetone reagent grade
Acetonitrile HPLC grade

Cyclohexane

Chloroform

Dichloromethane (DCM) reagent grade
Dimethylformamide

Karl Fischer Hydranal®-Composite 5
Karl Fischer Hydranal®- Standard 5.00
Methanol HPLC grade

Tetrahydrofuran (THF) HPLC grade

BDH, U K.

Rathburn Chemical Ltd.,
Scotland

Riedel-de-Haén, Germany
Riedel-de-Haén, Germany
BDH, U K.
Riedel-de-Haén, Germany
Riedel-de-Haén, Germany
Riedel-de-Haén, Germany
Rathburn Chemical Ltd.,
Scotland

Sigma-Aldrich Co.,

Germany
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5.3. INSTRUMENTATION

Equipment/Instrumentation

Supplier/Manufacturer

Bransonic 200 sonic bath

EDX (Energy Dispersive X-ray analysis)
Gallenkamp oven

Heidolph stirrer RZR 1

Hamilton microliter syringes

Hettich Universal Centrifuge
HP 845 2A diode array spectrophotometer

Hot stage mounted on a Meopta microscope
IKA Ultra-Turrax T 25 Disperser

Leica Stereoscan 440 electron microscope
Leica Stereoscan 360 electron microscope
Malvern series 2600C, particle sizer

Marvac mechanical high vacuum pump

Methrom Karl-Fischer

AGB

PGT, US.A

AGB

AGB

Hamilton Bonaduz,
Switzerland

AGB

Hewlett Packard,
U.S.A

Meopta,
Czechoslovakia
IKA-Labortechnik,
Germany

Leica, Germany
Leica, Germany
Malvern, U K.
Marvac Scientific,
U.S.A

Methrom, Germany

Mettler AE 240 Analytical Balance

Mettler MT/UMT microbalance

Mettler Toledo DSC 821

Mettler Toledo TC 15/TG 50

Mettler Toledo STAR® Software version 5.1 for Thermal

Mettler, Switzerland
Mettler, Switzerland
Mettler, Switzerland
Mettler, Switzerland
Mettler, Switzerland
Analysis Evaluations

Millex-HV Hydrophilic PVDF filters, 0.45 um
NMR dpx400

Millipore
Bruker, Germany
Gelman Sciences,

US.A

Nylaflo® membrane filters 47 mm, 0.2 um
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Equipment/Instrumentation (continued)

Supplier/Manufacturer

Omnifix 5 ml Luer syringes
Orion Model 520A pH meter

Perkin Elmer 13-mm hydraulic press

Plunger-operated pipetter Transferpette, 0,5-5 ml

Polystyrene standards

Reciprocal shaking bath model 25

Retsch Ultra Centrifugal Mill ZM 100

Supor® membrane filters 47 mm, 0.2 um

Test sieve shaker (50 cycles) and laboratory test sieves
(brass frame, s/steel mesh)

Waters Styragel HPLC Column

Waters Novapack C18 HPLC Column

Waters LC Module I for HPLC

Waters Refractive Index Detector 410

Waters Millenium Chromatography Manager

X-Ray Diffractor, Siemens Diffraktometer, Germany

Braun, Germany
Orion, U.S A.
Graseby Specac,
U.S.A.

Brand, Germany
Aldrich Chemical Co.,
USA

Precision Scientific,
U.S.A.

Retsch, Germany
Gelman Sciences,
LL.S.A,

Endecotts Ltd., UK.

Waters
Waters
Waters
Waters
Waters

Siemens, Germany

5.4. PHYSICOCHEMICAL CHARACTERIZATION OF POWDERS

5.4.1. X-ray Diffraction Analysis (XRD)

Samples in the form of 13-mm compressed discs were analyzed by XRD in the range

of 5-35 26. Nickel filtered copper ko radiation was used, with a 1.00° dispersion slit,
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a 1.00° scatter slit and a 0.15° receiving slit. The X-ray tube was maintained at 40 kV

and 40 mA.

The relationship between the % drug load and the X-ray diffraction of a given
AMOX-H system was investigated, since the intensities of the individual patterns from
a mixture of components are known to be proportional to the concentrations of the
phases present. A linear relationship between the intensity of a diffraction line and the
weight fraction of a component, however, often may not exist. This may be due to
preferred orientation effects arising when the distribution of crystal orientations in a
sample is non-random, which result in the enhancement of some diffraction lines and
the reduction of others (Doff et al., 1986). By measuring multiple diffraction lines and
averaging the results, the influence of preferred orientation effects can be reduced
(Ellis and Corrigan, 1994). For Amoxycillin trihydrate, the average relative intensity
was calculated from the intensity values of two given diffraction lines. The reading
from each diffraction line was firstly corrected for background reading. Intensity
averaging was earlier applied in the XRD quantitative analysis of ibuprofen loaded

PLA and PLGA microparticles by Ellis and Corrigan (1994).

5.4.2. Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis
(TGA)

AMOX-H and polymer powders were characterized by DSC in the temperature range
0°C to 180°C at a rate of 10°C per minute. The amount of sample used varied from 5
mg to 15 mg depending on the type of material analyzed. DSC analyses were
performed in 40 pl aluminium crucibles that were sealed and pierced at the top, under
N, atmosphere. The heating and cooling cycle was repeated twice in all samples.
Glass transition temperatures estimated from the first and second heating curves were
found to be different in all the samples investigated. However, the T, values estimated

from the second and third heating curves were similar.

The glass transition temperature of a polymer can either be estimated from the first
heating curve (Park et al., 1995) or the second heating curve (Gallagher and Corrigan,

1998). In the present work, glass transition temperatures are quoted on the basis of
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the second heating scans. Appendix II shows a scheme illustrating the mode of T,

determination using the STAR® Software (Mettler Toledo).

Enthalpy changes attributable to the drug were estimated by integration of the

corresponding endothermic events using STAR® Software.

TGA was performed in the temperature range between 30°C and 250°C at 10°C per
min. These scans were performed under N, atmosphere using open crucibles. Similar

sample sizes were used in the various runs.

5.4.3. Particle Size Analysis

Particle size analysis of AMOX-H was performed by laser diffraction with the use of a
Malvern particle sizer. The 63-mm lens, which covers a particle size range between
1.2 and 118 microns was employed. The drug powder was dispersed in cyclohexane.

The mean particle size was calculated for three independent samples.

Particle size analysis of the polymers was performed by sieving approximately 1g of
powder through a set of laboratory sieves (mesh apertures: 1.00 mm; 500 pm; 355 pm;
250 um; 125 um) on an Endecotts laboratory sieve shaker for 5 minutes. The resulting
fractions were plotted as cumulative (%) undersize together with a histogram of the

distribution.

SEM imaging performed on gold-coated samples was used to examine the appearance
of the individual materials, drug and polymer powders, and that of mechanical mixtures

of the two.

5.5. STUDIES PERFORMED ON AMOXYCILLIN TRIHYDRATE

5.5.1. Drug solubility studies

Solubility studies were performed at 37°C in a jacketed-water vessel containing 50 ml
of buffer medium with three times the amount of drug expected to dissolve. ~The
vessel was linked to a temperature controlled (Heto) water bath. The buffers employed

(Pharmaceutical Handbook, 1980) were phosphate buffer pH 5.9 and phosphate buffer
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pH 7.4. Agitation involved the use of overhead stirrers (Heildolph). Each experiment
was performed in duplicate and materials employed for sampling purposes were

maintained at 37°C at all times.

Samples of 2 ml were taken every 10 minutes, immediately filtered through membranes
of pore size 0.2 um, and appropriately diluted in the relevant buffer for UV absorbance
determination at 230 nm. The solubility of the drug was determined by reference to
the calibration curve obtained with the relevant buffer. Sampling was continued for
approximately 2 hours by which time a constant solubility value was obtained; the pH

of the media was then recorded.

5.5.2. Degradation of drug in solution

Studies of the degradation of the drug in aqueous solutions were undertaken using a
reciprocal shaking water bath set at 37° C and 95 rpm. AMOX-H powder (30 mg) was
added to 100 ml of buffered media (table 5.2) contained in 100 ml conical flasks. Drug

degradation was monitored by means of the HPLC assay described in section 5.11.1.

Table 5.2. Composition of buffered media employed in AMOX-H degradation studies
(Pharmaceutical Handbook, 1980).

Buffer Medium Composition (g/1)

citrate buffer pH 5.0  Disodium hydrogen phosphate-12-hydrate 36.9; Citric acid
10.2
citrate buffer pH 5.9  Disodium hydrogen phosphate-12-hydrate 43.3; Citric acid 8.3

normal saline Sodium chloride 9

phosphate buffer 5.9  Sodium chloride 5.2 ; Disodium hydrogen phosphate-12-
hydrate 2.4; Sodium dihydrogen phosphate-2-hydrate 9.4

phosphate buffer 7.4  Sodium chloride 4.4 ; Disodium hydrogen phosphate-12-
hydrate 19.1; Sodium dihydrogen phosphate-2-hydrate 2.1

53



Chapter 5. Materials and Experimentall Methods

5.5.3. Determination of water content

Determination of water content in AMOX-H powder was performed using a Methrom
Karl-Fischer instrument. The working medium was methanol and the Karl Fischer
reagent was Hydranal®-Composite 5 (titre: 5 mg H,O/ml), which contains imidazole,
sulfur dioxide and iodine dissolved in diethylene glycol monomethyl ether. The titre of
the Karl Fischer reagent was determined anew with Hydranal®-Standard 5.00. This is
a mixture of solvents of a defined partial pressure of water which, under normal
atmospheric conditions, neither absorbs nor desorbs moisture (Riedel-de-Haén

Hydranal Manual, 1988).

The working medium was titrated to dryness with Hydranal®-Composite 5, following
which the drug was added and titrated using the same reagent. Determinations were

performed in duplicate.

5.5.4. Effect of ambient Relative Humidity on the solid drug

To examine the possibility of solid-state phase conversions of the drug under
atmospheric conditions, constant Relative Humidity (R.H.) environments were
generated in closed containers. The conditions of these environments were 9, 33, 76
and 95% moisture at room temperature (Pharmaceutical Handbook, 1980). To
generate these humidity conditions, 200 ml saturated solutions of various salts (table
5.3) were placed in plastic containers and sealed. A platform placed inside each
container supported a pan containing the drug sample (5 grams) which was then
monitored for weight changes over a period of 3 months. HPLC, TGA and XRD
analysis were performed on the samples at the end of the experiment to be compared

with the standard drug.
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Table 5.3. Saturated salt solutions used to generate constant humidity environments

(Pharmaceutical Handbook, 1980).

R.H. %  Salt used

9 Potassium hydroxide

3 Magnesium chloride hexahydrate

76 Sodium chloride

95 Disodium hydrogen phosphate-12-hydrate

5.5.5. Dehydration/re-hydration studies

Phase conversions upon dissolution of the drug in an organic solvent was investigated
using methanol, a good solvent for AMOX-H. A solution of the drug in methanol was
prepared in a wide-mouth container suitable for evaporation of the solvent at ambient
temperature. The container with the solution was placed overnight in a vacuum
dessicator. TGA, DSC and XRD were performed on the drug after evaporation of the

solvent.

Subsequently the powder was re-dissolved, using water this time, and allowed to dry
under vacuum until constant weight. XRD and TGA were performed on the dried

powder.

5.5.6. Hot stage microscopy

Hot stage microscopy was performed using a Reichert hot stage mounted on a
Meopta microscope. Samples were mounted in air and were examined with and

without crossed polarising filters.
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5.5.7. Effect of the addition of D,L-lactic acid to Amoxycillin solutions on the

pH of the dissolution media

The following aqueous solutions were prepared in order to monitor their pH changes

and to examine the effect of the addition of D,L-lactic acid on Amoxycillin solutions:

A) 100 ml saturated solutions of AMOX-H in phosphate buffer pH 5.9 were prepared

in duplicate. (Appearance: white powder in clear liquid)

B) 100 ml saturated solutions of AMOX-H in water were prepared in duplicate.

(Appearance: white powder in clear liquid)

C) 100 ml saturated solutions of AMOX-H in phosphate buffer pH 5.9 containing 1 g
of D,L-lactic acid (Sigma) were prepared in duplicate. (Appearance: white powder

in clear liquid)

D) 100 ml solutions of D,L-lactic acid in phosphate buffer pH 59 (1 g in 100 ml

buffer) were prepared in duplicate. (Appearance: clear liquid)

Solutions were placed in a shaking water bath at 95 cpm/37°C and monitored over 480
hours. The pH of freshly prepared phosphate buffer (blank sample) was determined at

25°C and 37°C, presenting similar values at both temperatures.

5.6. GEL PERMEATION CHROMATOGRAPHY (GPC)

This technique was employed in the characterization of polymer powders and discs. In
the case of discs exposed to drug release studies, GPC analysis was undertaken on

samples obtained from dried discs.

Approximately 5 mg samples were weighed in a 10 ml volumetric flask subsequently
filled with THF and allowed to stand overnight. The system employed was similar to

that described by Gilding and Reed (1981). It consisted of a Waters Styragel column
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with THF as the mobile phase, set at a flow rate of 1ml/min with a Waters 510 pump,
and a Refractive Index Detector RI 410 from Waters. The internal and external
temperatures were 30°C and 25°C respectively. Millenium Chromatography software
version 2.0 was employed to integrate the peaks and calculate the results. Samples
were evaluated against a series of polystyrene standards of My, 2,500, 13,000, 90,000
(Aldrich) and 5,970, 37,900 (Tosoh, Japan). Samples were injected at least in
duplicate.

5.7. NUCLEAR MAGNETIC RESONANCE (NMR)

The sample preparation for these studies involved the dissolution of approximately 5
mg polymer samples in 2 ml CDCls, aided by sonication when required. The “C-NMR
acquisitions were performed under the following parameter settings: SW 31€.4919
ppm, TD 32,768 and TE 300.0 K. The data was processed at 100.6127690 MHz. In
the case of the "H-NMR acquisitions, the parameters employed were: SW 2(.5524
ppm, TD 32,768 and TE 300.0 K. Processing was carried out at 400.1300090 MHz.

5.8. MANUFACTURE OF POLYMER DISCS BY MECHANICAL MIXTURE
(MM)

5.8.1. Method 1: simple mechanical mixtures

Known amounts of drug and polymer were ground and mixed in a mortar and pestle
for 5 minutes. 120 mg portions of the powder mixture were then transferred to a 13-
mm hot (45°C) press (pre-heated in an oven). Discs were compressed at 10,000

3 .
kg/cm” for 10 minutes under vacuum.

The rationale for the use of temperature during compression was based on the method

employed by Ries and Moll (1994) for matrix formation of polyglycolic acid tablets by
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annealing. Smoothening of the surface structure was observed for tablets that had
been thermally treated after compression; the data could be fitted well to the square
root of time-law. The temperature range used in the compression of AMOX-H discs
(45°C) was chosen taking into account the reported solid-state thermal stability of the
drug (Mendez et al., 1989). Temperatures above 50°C were reported to affect the

chemical stability of the drug.

5.8.2. Method 2: mechanical mixtures with particle size control

The technique involved the use of a Retsch ultra centrifugal mill ZM 100 for particle
size reduction and sieving of the powders. The pin-rotor attachment was employed to
grind the larger polymer particles at 18,000 rpm for 10 seconds. Finer polymer and
drug powders were ground and sieved using the 24-tooth rotor and the 200 um mesh
ring-sieve. A known quantity of polymer and drug passed through the 200 um mesh
were mechanically mixed for 1 minute and 120 mg portions were compressed under

the conditions stated for method 1.

Drug loadings are quoted as the nominal % w/w, unless otherwise stated.

5.9. MANUFACTURE OF POLYMER DISCS BY SOLVENT EVAPORATION
(SE)

5.9.1. Preparation of drug loaded SE discs
Drug loaded solvent evaporation systems were prepared by the following procedure:

A known amount of polymer was dissolved in DCM using sonication and an Ultra
Turrax T 25 mixer at 8,000 rpm for 5 minutes. AMOX-H was dispersed in a mixture
of DCM and Acetone (50:50) in a separate container using sonication. The polymer
solution was then added to the drug suspension and homogenised with the mixer (Ultra
Turrax T 25) for a further 5 minutes. The homogeneous suspension was cast on a

Teflon plate. Evaporation of the solvent took place at room temperature and the film
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was subsequently dried in a vacuum dessicator for not less than 2 days. The dried film
was then cut into smaller segments and transferred to a 13-mm hot press (45°C) to be

compressed at 10,000 kg/cm’ for 10 minutes under vacuum.

The assayed drug content of SE discs was not less than 90% w/w of the nominal

loading.

Drug loadings are quoted as the nominal % w/w, unless otherwise stated.

5.9.2. Preparation of drug-free SE discs

Drug-free solvent evaporation systems were prepared by dissolving the polymer in the
solvent system (DCM and Acetone) of section 5.9.1. This was aided by sonication
followed by mixing with an Ultra Turrax T25 homogenizer at 8,000 rpm for 10
minutes. The resulting solution was poured onto a Teflon plate. Evaporation of the

solvent and compression of the film took place as described in section 5.9.1.

5.10. DRUG RELEASE EXPERIMENTS

Release experiments were performed in a shaking water bath set at 95 cpm and 37°C
using 25 ml conical flasks containing 25 ml of phosphate buffer pH 5.9 (table 5.2).
2 ml samples were withdrawn and replaced with an equivalent amount of buffer at
regular intervals. In the first day discs were transferred into fresh buffer in order to
ensure sink conditions, unless otherwise stated. For subsequent time points, buffer
replacements took place every 5 to 10 days to eliminate degradation products

generated in the release media.

The duration of experiments varied between 10 days and 7 months, depending on the

type of polymer used and drug loading.

Drug release experiments were performed at least in duplicate. Completion of drug
release was determined by comparison of the cumulative release with the initial

nominal load or by extraction for residual drug.
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Unless otherwise stated: The mean fraction of total drug released was calculated
relative to the amount of total drug recovered upon completion of release. The mean
fraction of intact drug released was calculated relative to the amount of intact drug

recovered upon completion of release.

Variations in the release profiles were calculated using standard deviations (SD), as
described in section 5.15, when the number of replicates was at least 3. The range of

the data was used otherwise.

5.11. ANALYSIS OF DRUG CONCENTRATION

HPLC analysis was employed to determine the concentration of infact AMOX. When
degradation was apparent, quantification of fotal drug (intact AMOX and degradation

products) was performed by UV analysis.

Drug release profiles presented in this thesis should be understood to correspond to

fotal drug unless the wording ‘intact drug’ was specifically stated.

5.11.1. HPLC assay

The method employed was based on that described in USP XXIII. The composition of
the mobile phase was adjusted, as indicated in the official monograph, to enhance

resolution of the Amoxycillin peak.

The chromatographic system consisted of a reversed phase Novapack C18 column and
a Microbondapack C18 guard-column, through which the mobile phase was pumped at
a flow rate of 0.9 ml/min. The composition of the mobile phase changed exponentially
over the first 10 minutes of elution time from 100% buffer A to 90% of buffer A and
10% of acetonitrile. Buffer A was prepared by dissolving 6.8 g potassium dihydrogen
orthophosphate in 1000 ml of water and adjusting to a pH of 5.0 +0.1.

Samples and standards were injected (60 pl) alternately. The run time per sample was

18 minutes, plus 7 minutes for compositional recovery between injections.
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Chromatography was performed at room temperature with the detector wavelength set

at 230 nm.

Calibration curves were obtained from at least five solutions of AMOX-H in phosphate
buffer pH 5.9 (as per table 5.2). Dilutions of the samples, when required, were
performed with phosphate buffer pH 5.9. The limit of quantification was set to 2
ug/ml, based on the signal-to-noise ratios obtained. Relative standard deviations were
examined on five replicate injections as outlined in the USP XXIII. The HPLC method

proved to be consistent between days.

Amoxicillin trihydrate samples contain Amoxicilloate as the main impurity (De Pourcq
et al., 1985). The preparation of Amoxicilloate followed the method reported by these
authors. The compound was formed in solution by dissolving 100.0 mg of AMOX-H
in 20 ml of 0.1 N potassium hydroxide. After standing overnight, the solution was
neutralized to pH 7.0 with 0.2 M potassium dihydrogen phosphate and diluted to 50.0

ml with water.

5.11.2. UV assay

Samples obtained from the release experiments were assayed at A=230 nm in a Hewlett
Packard UV/visible spectrophotometer. Calibration curves were obtained from five
solutions of AMOX-H in buffer pH 5.9, ranging between 5.0 and 40.0 pg/ml. Drug
release samples required dilution to fall within the linear range of concentration.

Dilutions were done with phosphate buffer pH 5.9.

The UV method was examined as an assay for the quantification of total drug
(Amoxycillin and degradation products). Solutions of AMOX-H in phosphate buffer
pH 5.9 were allowed to degrade in a shaking water bath maintained at 37°C for a
period of two weeks. The experiments were carried out in duplicate and at two
concentration levels, as will be shown in Chapter 6. Samples were analyzed by UV
spectroscopy and HPLC (5.11.1). Absorbance values obtained by UV spectroscopy as
a function of time were compared to the absorbance at time zero (intact Amoxycillin).

The variation in the readings, expressed as the coefficient of variation, was less than

3.2%.
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In order to investigate the absorption levels of polymer sub-units, the dissolution media
obtained from eroding drug-free systems was analyzed at 230 nm. Samples were
diluted with phosphate buffer in similar manner as for drug release studies. The
absorbance values obtained were below the detection level of the drug, indicating that
there was no significant interference from polymer components at 230 nm in diluted

samples.

5.12. DRUG STABILITY INSIDE PLA/PLGA MATRICES

Solid-state stability studies of formulated AMOX-H involved the extraction of drug

from polymer discs and subsequent assay of the extracted drug.

Polymer discs were dissolved in 5.0 ml DCM using sonication. 5.0 ml of an aqueous
phase were subsequently added to the flask containing the dissolved polymer and the
suspended drug. The mixture was then centrifuged at 4000 rpm for a fixed time and
the drug was extracted from the upper phase. A second extraction was performed to
the organic phase. Quantification of the extractions was proceeded by HPLC analysis
following appropriate dilution of the samples to fall within the linear range of
concentration. The relevant calibration curves were obtained with a set of drug

standards treated in similar manner to the samples.

The technique was tested with freshly prepared samples of known concentration and

the average drug recovery, based on the results of three samples, was 98.3%.

5.13. POLYMER MASS LOSS STUDIES

5.13.1. Polymer mass loss from drug-free discs

Mass loss was monitored for a series of drug-free discs placed in phosphate buffer pH

5.9 using a shaking water bath (37°C and 95 cpm). The buffer was periodically
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changed, as described for drug release experiments (5.10). A disc was removed at
intervals and was then dried in a dessicator until constant weight was achieved.
Comparison of the initial weight (#)) and the final dried weight (/#,) was used to

calculate the fraction of residual mass (/) by means of the following equation:

equation 5.1

=|=

Ee

5.13.2. Polymer mass loss from drug loaded discs

These studies were performed as described in section 5.13.1. The mass loss of drug
loaded discs was corrected for the loss of drug determined as described in section 5.11.
Equation 5.2 was used to obtain the fraction residual polymer mass (Fzpu):

W, - (W, + M,)

Fopy = ’ W —D

equation 5.2

where W, and W, have the meaning given in equation 5.1, M is the mass of drug
released until removal of the disc from the dissolution media and D; is the initial drug

loading expressed in % w/w.

5.14. SWELLING STUDIES

Swelling studies were performed on drug-free and drug loaded discs. Each sample
was placed in a glass vial containing 2 ml DCM, stoppered and observed for a given
period of time. The appearance of the samples was recorded, such as colour changes
and integrity. Apparent changes in the dimensions of the discs were measured using a

vernier callipers. Photographs were taken in some cases.
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5.15. MATHEMATICAL MODELLING OF RELEASE PROFILES

Drug release and polymer mass loss profiles were fitted by non-linear regression to
various mathematical models. Micromath Scientist software version 1.05 was
employed to fit the data to a particular model at 95% confidence level. Estimated
parameters and standard deviations (SD) were generated by the software. The
goodness of fit was judged by the values of the coefficient of determination (r*) and the
model selection criterion (MSC) obtained, where higher values indicated a better fit.

Relevant equations are defined below (Scientist User Handbook, 1995):

nYx*-(Tx)’
Sh= ion 5.3
\ ‘/ oD equation

where 7 is the number of arguments in the study.

" ot S equation 5.4

where 7 is the number of arguments or data points in the study, w; are the weights

applied to each argument, V., ¥ , Y are the observed data points, the model-predicted

data points and the weighed mean of the observed data respectively.

MSC = In| = =] e equation 5.5

where p, is the number of parameters estimated and the rest of the symbols have the

same meaning as in equation 5.4.
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The coefficient of determination is a fraction of the total variance accounted for by the
model. It is a more appropriate measure of the goodness of fit than correlation
(Scientist User Handbook, 1995). The MSC is a normalized modification of the
Akaike Information Criterion (AIC) and gives the same rankings between models but is
independent of the scaling of the data points. The MSC attempts to represent the
“information content” of a given set of parameter estimates by relating the coefficient
of determination to the number of parameters (or degrees of freedom). When
comparing two models with different number of parameters, the MSC places a burden
on the model with the more parameters so that the system has to return a better
coefficient of determination. This takes into account how much better the fit should

be for the model with the higher number of parameters to be deemed more appropriate.

Equal weights were used for all the data.
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CHAPTER 6. CHARACTERIZATION OF RAW MATERIALS
AND PRELIMINARY EXPERIMENTS

6.1. AMOXYCILLIN TRIHYDRATE

6.1.1. X-ray Diffraction (XRD)

The diffractogram obtained for the drug powder is shown in figure 6.1. The profile
displayed diffraction peaks associated with the scattering of X-rays from crystal faces

(Young and Lovell, 1991).
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Figure 6.1. X-ray diffractogram of AMOX-H powder.

6.1.2. Determination of water content

Determination of water content in AMOX-H powder was performed by Karl Fischer
analysis as described in section 5.5.3. The mean water content was determined as
13.7% w/w. This is within the limits for water specified for the drug (11.5-14.5%
w/w) in the British Pharmacopoeia (1993). Based on the molecular formula of

Amoxycillin trihydrate three moles of water account for 12.9% w/w, which indicates
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that the current batch of drug (Sigma) contained circa 0.8% w/w of water in excess to

that required to form the trihydrate.

6.1.3. Thermal Analysis

Results obtained by DSC (a) and TGA (b) of AMOX-H powder are shown in figure
6.2. An endothermic peak (143.3°C) with onset at approximately 70°C is observed in
the DSC trace. Such transition has a corresponding event in the TGA scan, where
12.0 % w/w of mass was lost up to 100°C. The Karl-Fischer results obtained in the
previous section support the concept that the mentioned thermal transitions correspond
to the loss of three moles of water. After 180°C, further weight loss was observed in

the TGA scan, probably due to decomposition of the drug at higher temperatures.

AMOX-H 13-mm discs, prepared with drug only, were analyzed by DSC and TGA for
use as a yardstick in thermal analysis of drug-polymer discs. Figure 6.3 compares the
DSC traces of AMOX-H powder (a) and 100% AMOX-H discs (b). The dehydration
event appears to be ‘continuous’ in the case of the powder and ‘discontinuous’ in the

case of the compressed system.
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Figure 6.2. DSC (a) and TGA (b) of AMOX-H powder.

Aexo

Figure 6.3. DSC of AMOX-H powder (a) and 100% AMOX-H discs (b).
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Figure 6.4 illustrates the results obtained by TGA of AMOX-H powder (a) and 100%
AMOX-H discs (b). Mass loss was consistent with the initial dehydration of
AMOX-H followed by decomposition at higher temperatures. When the drug was
compressed (b) dehydration took place beyond 100°C whereas for the powder
dehydration appeared to be complete by 100°C (a). This is in accordance with the
DSC results previously shown in figure 6.3 where a ‘discontinuous’ trace had been
obtained for the compressed sample, possibly due to a different dehydration profile in

the centre and the surface of the disc.
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Figure 6.4. TGA of AMOX-H powder (a) and 100% AMOX-H discs (b).

6.1.4. Dehydration/re-hydration experiments

Dissolution of AMOX-H in methanol and subsequent drying at ambient temperature

under vacuum showed absence of the dehydration transition, associated with the
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trihydrate form, when the treated material was analysed by DSC. XRD analysis of the
treated material resulted in a scan with absence of peaks, indicating that the drug
treated with the organic solvent was amorphous. Appendix II shows the relevant XRD

scan.

The amorphous material was then dissolved in water and dried in a dessicator until
constant weight. TGA of the re-hydrated material showed results consistent with the
loss of three molecules of water and DSC analysis exhibited the dehydration transition
attributable to the trihydrate. ~ XRD analysis showed a pattern matching that of

crystalline AMOX-H (previously shown in figure 6.1).

6.1.5. Constant Relative Humidity experiments

Constant Relative Humidity environments (9, 33, 76, 95%) were generated for
exposure of AMOX-H to different ambient conditions, as described in section 5.5.4.
Weight changes were only evident at the 95% environment, where a slight weight
increase (approximately 3%) in the powder sample occurred upon storage over 3

months.

None of the samples exhibited changes in their physicochemical properties when
examined after the three month period. HPLC analysis did not show degradation
products. XRD analysis confirmed that the drug was in the same crystalline form as
the starting material. In all cases, including the 95% R.H. sample, TGA showed a
dehydration event corresponding to the loss of three molecules of water. It appears
that the weight increase that was observed in the sample at 95% R H. corresponded to
water in excess to that necessary to form the trihydrate, no longer present when the

TGA analysis was carried out.

6.1.6. Particle size analysis

Particle size analysis of AMOX-H performed on a Malvern 2600 instrument resulted in
an average size of 10 microns with 90% of the particles below 30 microns. Appendix

IT shows the overall profile of the particle size distribution.
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Figure 6.5 shows photographs obtained by scanning electron microscopy of the drug
powder magnified 235 (a) and 1K times (b) respectively. AMOX-H is composed of
small, rod-shaped particles, the majority of which appears to be less than 30 um in

length, in agreement with the (Malvern 2600) particle size analysis results.

a) b)

Figure 6.5. Scanning electron microscopy of AMOX-H powder magnified 235 times (a) and

1K times (b).

6.1.7. Hot stage microscopy

AMOX-H observed under the microscope appeared as a white powder composed of
irregular and rod-shaped particles. Birefringence (interference colors) was observed
under polarized light, in compliance with the crystallinity requirement stated in the

official monograph (USP Pharmacopeia, XXIII).

Structural changes of the particles were not apparent upon heating in the hot stage.
Browning of the material commenced at approximately 120°C. Further coloration was
observed at 180°C concomitantly with a strong decomposition smell. Alterations in

the shape or size of the particles were still not evident past 230°C.
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6.2. ANALYSIS OF AMOXYCILLIN CONCENTRATION

6.2.1. Examination of the HPLC method as a stability indicating assay

Amoxycillin solutions were spiked with a) aqueous solutions of decomposed
Amoxycillin, b) commercially available related substances (6-APA) and c) the
degradation product Amoxicilloate, prepared as described in section 5.11.1.  The
chromatograms obtained showed that Amoxycillin eluted at approximately 7.5
minutes; 6-APA and Amoxicilloate eluted at 4.5 and 5.5 minutes, respectively. Drug
samples previously decomposed in aqueous media mainly contained degradation
products that eluted after the Amoxycillin peak, i.e. after 8 minutes. These peaks were
not identified but possibly corresponded to oligomers of the drug originated from self-
aminolysis reactions (Van Krimpen et al., 1987). An example of a chromatogram from

a degraded Amoxycillin sample is shown in section 6.4.2, figure 6.11 (d).

6.2.2. UV spectroscopy for the quantification of total drug

The UV method was examined as an assay for the quantification of total drug
(Amoxycillin and degradation products). As explained in section 5.11.2, absorbance
values at 230 nm obtained for degraded Amoxycillin solutions were compared with the
readings from non-degraded samples (absorbance at time zero). Figure 6.6 shows the
resulting plots obtained for two concentration levels of the drug (20 and 230 pg/ml).
The results show that, for the period investigated, the total absorbance values (drug
and degradation products) are randomly distributed around the unity. The coefficient

of variation obtained at each concentration level was less than 3.2%.
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Figure 6.6. Fractional absorbance (230 nm) obtained for pure Amoxycillin degraded in
phosphate buffer pH 5.9. The absorbance value at each time point was normalized by the

absorbance at time zero.

The sum of HPLC peak areas in a degraded sample was compared to the
corresponding UV absorbance values. Figure 6.7 shows the resulting plot obtained for
samples of initial concentration levels ranging between 2 and 230 pg/ml conserved
between 5 to 10 days in phosphate buffer. A linear relationship was found. The

coefficient of determination was 0.9956.
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Figure 6.7. The sum of HPLC peak areas (sum of degradation components) versus UV
absorbance values for Amoxycillin solutions (2 to 230 pg/ml) which degraded in phosphate

buffer for a period of 5 to 10 days.
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6.3. DRUG SOLUBILITY STUDIES

Solubility studies of AMOX-H were performed in phosphate buffers of pH 5.9 and 7.4
as described in section 5.5.1. The average results are shown in figure 6.8. A higher
solubility was obtained in the media of higher pH, as expected from the results of Tsuji
et al. (1978). The pH values measured at the last sampling points were 5.8 and 7.3 for

the lower and higher pH buffers, respectively.

Equilibrium solubility measurements should be taken when all solid phase conversions
are complete (Ledwidge and Corrigan, 1997). In the case of AMOX-H,
dehydration/re-hydration experiments (section 6.1.4) have shown that AMOX
stoichiometrically binds to water to ultimately form a trihydrate, which is the form
supplied by the manufacturer. Therefore, solubility studies with AMOX-H did not

require the kinetics of solid phase conversion to be taken into account.
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Figure 6.8. Solubility of AMOX-H at pH 5.9 and pH 7.4.

Tsuji et al. (1978) reported that the intrinsic solubility (C,) of AMOX-H, measured at
37°C and ionic strength 0.5 units, was 0.013 M (5.45 mg/ml). This value was
determined from the solubility of the electrically neutral zwitterion, which exists at a
pH of approximately 5.5, and is the minimum solubility of the drug. In the present

work, however, the solubility at pH 5.9 was 4.2 mg/ml (figure 6.8). Differences in the
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solubility results may be due to variations in the ionic strength of the dissolution media
employed, as reported by Hou and Poole (1969) for the parent drug ampicillin. These
authors observed both a ‘salting in’ and a ‘salting out’ effect, at low and high
concentrations respectively. Tsuji et al. (1978) also investigated the effect of the ionic
strength on the solubility of penicillins. They reported for Amoxyecillin trihydrate that
the solubility of the drug was not affected by the concentration of potassium chloride
in the media. However, such studies did not cover solutions of lower ionic strength

(i.e., below 0.4 units), unlike Hou and Poole (1969).

6.4. DRUG DEGRADATION STUDIES

6.4.1. Effect of the pH of the media on the degradation rate

The degradation of the drug was studied in various aqueous solutions with the aim to
select a suitable media for subsequent use in drug release studies. Figure 6.9 shows the
plots of residual Amoxycillin (log pg/ml) versus time, determined as described in
section 5.5.2. The results indicate pseudo-first order degradation profiles. Table 6.1
lists the estimates obtained for the degradation rate constants (kac,). These values were
dependent on the pH of the media. Normal saline and distilled water (pH determined
as 6.05 and 5.90, respectively) showed the slowest degradation rates. Amongst the
buffered media, phosphate buffer pH 5.9 showed the slowest degradation rate. Tsuji et
al. (1978) reported the slowest degradation rate for citrate buffer pH 5.5, at 35°C and
ionic strength equal to 0.5 units. These authors did not investigate the effect of the
phosphate buffers. They experimented with other citrate buffers (pH 2.80; 3.13; 3.80;,
4.23 and 6.80) for which the rates of degradation obtained, expressed as the pseudo-

first order rate constants, were higher than the rate at pH 5.5.
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Figure 6.9. Pseudo first-order plots of residual Amoxycillin (log pg/ml) in various aqueous
media as a function of time, determined by HPLC analysis. The dissolution media used were
A normal saline, @ distilled water, ll phosphate buffer pH 5.9, O phosphate buffer pH 7.4, 4
citrate buffer pH 5.4, € citrate buffer pH 5.0.

Table 6.1. Estimates of the pseudo first-order degradation rate constants for the degradation of

Amoxyecillin in aqueous media.

Medium Kaeg (h) r MSC

“water (pH 5.90) 6.08x 10°+48x10° 09653 286
normal saline (pH 6.05)  3.04x 10*+2.6x10° 0.9806 3.28
phosphate buffer pH 5.9 143 x10°+74x10° 09781 3.42
phosphate buffer pH 7.4  2.57x10°+52x10° 09970  5.35
citrate buffer pH 5.0 322x10°+43x10* 09353 207

citrate buffer pH 5.4 3.13x10°+3.4x 10" 0.9456 234

A piot of the pseudo-first order rate constants versus pH is shown in figure 6.10. The
data appears to be distributed along a U-shaped curve consistent with the results

obtained by Tsuji et al. (1978) which are shown in Appendix II.
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Based on the results of figures 6.9 and 6.10, phosphate buffer pH 5.9 was selected as
the media to be used in drug release experiments. It is expected that a buffered media
will control the pH as dissolution of the polymeric matrix and concurrent generation of

free lactic acid proceed.
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Figure 6.10. Pseudo first-order degradation rate constants for Amoxycillin trihydrate as a

function of the pH.

6.4.2. Degradation pattern (HPLC)

Figure 6.11 shows a degradation sequence determined by HPLC for Amoxycillin
aqueous solutions after 24 (a), 120 (b), 290 (c) and 500 (d) hours at 37°C and 95 cpm.
Degradation increased with time, this was evidenced by the increasing number of peaks

observed in the chromatograms.
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a) 24 hours b) 120 hours

¢) 290 hours d) 500 hours

Figure 6.11. HPLC traces corresponding to the degradation of Amoxycillin (7.5 minutes) in

phosphate buffer pH 5.9 at 37°C and 95 cpm after 24 (a), 120 (b), 290 (c) and 500 (d) hours.

As previously described, two peaks were matched with well recognized degradation
products:  Amoxicilloate, prepared as described in section 5.11.1, and 6-amino-
penicillanic acid (6-APA) (Sigma Chemical Co.). Degradation components that eluted
after the drug’s elution time were unidentified. Depending on the progress of the
degradation process, which is dependant upon the initial concentration of drug (Van
Krimpen et al., 1997), some samples showed a main peak at approximately 8.5
minutes, others showed two main peaks eluting between 12 and 15 minutes. The

development of some peaks appeared to occur at the expense of others. One of the late
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eluting components may possibly correspond to the piperazine-2,5-dione reported by

Mendez et al. (1989).

Analysis of samples exposed to degradation for more than one month showed that all
the components appear to convert to a product eluting at approximately 11 minutes.
Scheme 2.3 showed that when benzylpenicillin was used as a model penicillin the

degradation in acidic media finally leads to benzylpenicilloic acid.

6.5. CHARACTERIZATION OF POLYMERS

6.5.1. X-ray Diffraction of polymers

X-ray diffractograms of RG 503, RG 504, RG 755, R 203 polymer powders showed
complete absence of defined peaks (figure 6.12). This confirmed the amorphous

nature of these polymers.
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Figure 6.12. X-ray diffractogram of RG 503 (a), RG 504 (b), RG 755 (c) and R 203 (d)

powders.
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6.5.2. Particle size analysis of polymers

As described in section 5.4, a study of the size distribution of the polymer particles was
carried out by means of sieving a sample of the raw materials supplied by Boehringer
Ingelheim. Figure 6.13 shows the cumulative undersize (%) plot corresponding to RG
503, RG 504, RG 755 and R 203 polymer powders. Approximately 15% of RG 504
particles were larger than 500 um. This fraction increased for R 203 and RG 503
where approximately 60% of the particles showed a size between 500-1000 um. RG
755 displayed the highest fraction of particles in the large particle size range, with 80%
of the material aggregated as particles greater than 500 um. This polymer could not be

size reduced in a mortar and pestle. Appendix II shows SEM of the polymer powders.
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Figure 6.13. Cumulative % undersize versus particle size (micrometres) plot obtained for the

sieving results of RG 503, RG 504, RG 755 and R 203 polymer powders.

6.5.3. Gel Permeation Chromatography

RG 503, RG 504, RG 755 and R 203 powders were characterized by GPC. Table 6.2
shows the M,,, M, and polydispersity (P) values obtained for each polymer. The

results obtained for My, differed from the estimated molecular weight values declared
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by the manufacturer (Boeringher Ingelheim Catalogue). However, the methodology
employed by the manufacturer in the determination of molecular weight was not
specified.  Viscosity average molecular weight (M,) determinations performed by
Gallagher and Corrigan (1998) resulted in values (M, 13,070 and 10,064 for RG 504
and R 203, respectively) consistent with the molecular weight values declared by the

manufacturer (table 6.2).

Table 6.2. My, M, and P values determined by GPC for RG 503, RG 504, RG 755, R 203.

Molecular
Polymer M, (daltons) M, (daltons) P weight
(manufacturer)
RG 503 34,896 21,235 1.66 9,000
RG 504 54,123 33,878 1.60 12,000
RG 755 73,854 35,902 2.06 18,000
R 203 26,613 16,211 1.64 16,000

Schartel et al. (1997) reported the molecular weight of RG 503 supplied by Boehringer
Ingelheim as 39,500. Values reported by Gallagher and Corrigan (1998) for RG 504
(50,343 M,,; 33,292 M,) and R 203 (24,173 M,; 15,015 M,) are consistent with the
M,, and M, results obtained in the present work (table 6.2), for the same batches of
product. Thomasin et al. (1996) reported average weight molecular weight values
determined by GPC for Boeringher Ingelheim polymers RG 503, RG 755 and R 203 as
35,100; 68,600 and 23,300 respectively. These values are consistent with the results

obtained in the present work.

6.5.4. Thermal analysis of polymers

It has been reported Fitzgerald and Corrigan (1993) that TGA of RG 504 showed

decomposition after 230°C. This is in line with the results obtained in the current work
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where TGA of RG 503 powder did not exhibit any significant mass loss in the

temperature range between 30 and 250°C.

Traces obtained by DSC of RG 503 powder are shown in figure 6.14. The first scan
gave a glass transition temperature of 51.2°C (a). The sample was then quenched and
immediately re-scanned. The results of the second scan showed a decrease in the value
of the T, (b). Subsequently, the same sample was allowed to stand overnight at room
temperature and scanned the following day (c), then quenched and immediately re-
scanned (d). The T, values obtained for traces (b), (c) and (d) were similar. This
indicated that once the thermal history of the polymer has been standardized the glass

transition for RG 503 occurs at 45.0 + 1.8°C.
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Figure 6.14. DSC of first (a), second (b), third (c¢) and fourth (d) scan of RG 503 untreated

powder.
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Table 6.3 below compares the T, values obtained for the reruns of RG 503, RG 504,
RG 755 and R 203 polymers. Appendix Il shows DSC traces obtained for the first
and second heating scans of RG 504.

Table 6.3. Glass transitions obtained for DSC reruns of RG 503, RG 504, RG 755 and R 203

polymer powders.

System T, (°C) from first scan T, (°C) from second scan

RG 503 o2 45.0
RG 504 3Z.7 46.8
RG 755 58.2 49.7
R 203 53.0 46.6

6.6. FILMCASTING STUDIES

6.6.1. Solvents tested for filmcasting

Various solvents were tested with the purpose of obtaining a homogeneous solution of
the drug and polymer utilizing a minimum amount of fluid. The rationale for the
combination of solvents tested was the reported solubility of each compound
(Boehringer Ingelheim catalogue for the polymers and Bhattacharyya and Cort (1978)
for the drug).

PLGA and drug films prepared with Chloroform were smooth and showed a
homogeneous dispersion of the drug. However since this solvent has been banned by
the FDA for use in foods, drugs and cosmetics (The Merck Index, 12™ Edition) it was

not employed in any further tests.

Both AMOX-H and PLGA dissolved in DMF upon sonication. Evaporation of the

solvent at ambient pressure, however, required the use of heat. Solutions obtained
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with DMF and subsequently poured onto a Teflon plate showed browning of the film

upon heating at 70°C for 30 minutes.

As shown in table 6.4, 20 mg of drug were added to a range of solvents of constant

quantity (5 ml). PLGA (100 mg) was dissolved in a separate container using DCM.

The results obtained when the polymer solution (DCM) was added to the drug
solution/suspension are listed in table 6.4. Systems 1 and 4, prepared with Methanol,
which is also a toxic solvent, and Ethyl acetate respectively, resulted in the formation
of a precipitate. In contrast, systems number 2 and 3 resulted in homogeneous
suspensions. Consequently, Amoxycillin-polymer films were prepared with DCM and
Acetone, as previously described in section 5.9. Since Acetone has a higher boiling
point than DCM (56.5°C versus 39.75°C) the amount of Acetone used to disperse the

drug was kept to a minimum, to prevent the entrapment of residual filmcasting solvent.

Table 6.4. Solvent systems tested for use in the preparation of Amoxycillin/PLGA films.

System AMOX-H (20 mg) RG 503 (100 mg)  Resulting mixture

1 Methanol DCM precipitates out as white flakes
2 Acetone DCM homogeneous suspension

3 Acetone/Methanol DCM homogeneous suspension

4 Ethylacetate DCM precipitates out

DCM and Acetone mixtures have been previously used to prepare PLGA films such as
in the case of diltiazem and levamisole systems, prepared by Fitzgerald and Corrigan
(1993). DCM has been used to date in innumerable applications with polylactic
polymers in the pharmaceutical field (Schlicher et al, 1997; Calhoun and Mader, 1997).
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6.6.2. Drug distribution in polymer films

The uniformity of drug distribution in the films was examined. This firstly involved the
extraction of drug from three different sections of a single film. Quantification of the
drug extracted was then carried out by HPLC analysis, with resulting chromatograms

showing the absence of degradation products in the films.

Table 6.5 lists the results obtained for PLGA films at 20% drug loading. The standard

deviation between sections was 1.34.

Table 6.5. Distribution of Amoxycillin in a 20% drug loaded PLGA film manufactured by

solvent evaporation.

Weight of film section (mg) drug present (%)  average(%) and S.D.

25007 19.97
28.76 18.18 19.65 1+ 134
29.36 20.82
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CHAPTER 7. RG 503 AND RG 504 SYSTEMS

7.1. INTRODUCTION

Previous work carried out by Fitzgerald and Corrigan (1993) indicated that the #,,, for
polymer mass loss of drug-free RG 504 discs was approximately 25 days. This is
longer than the release period of seven days set as an objective of the present work and
previously introduced in Chapter 4. On this basis, it was expected that a lower
molecular weight copolymer of similar composition, such as RG 503 (MW 34,896),

would bring the value of 7, closer to seven days.

RG 503 is a copolymer constituted by equal amounts of lactide and glycolide. Discs
were prepared by mechanical mixture with AMOX-H (MM discs) and by a solvent
evaporation technique (SE discs). In the second part of this chapter results obtained

with RG 504 (MW 54,123) will be discussed.

72. RG 503 SYSTEMS PREPARED BY MECHANICAL MIXTURE (MM
SYSTEMS)

7.2.1. Physicochemical and morphological characteristics of RG 503 MM discs

RG 503 MM discs were prepared from mechanical mixtures of the drug and the
copolymer powders. Characterization of MM discs manufactured by methods 1 and 2
(section 5.8) resulted in similar DSC, TGA and X-ray diffraction scans. HPLC analysis
of drug extracted from the discs resulted in chromatograms having a single peak,

indicating the absence of degradation products.

X-ray diffraction patterns obtained for RG 503 powder (a), RG 503 MM discs at 10%
(b), 20% (c), 35% (d) drug loading and AMOX-H powder (e) are shown in figure 7.1.
The scan obtained for the pure copolymer powder (a) was typical of amorphous
materials. No differences were found in the location of the peaks between the

diffractograms of the pure drug (e) and those corresponding to the preparations of
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drug and copolymer (b, ¢, d). These results indicated the presence of crystalline drug
in RG 503 MM discs.

>

Intensity

Two theta (degrees)

Figure 7.1. X-ray diffractogram of RG 503 powder (a), RG 503 MM discs at 10% (b), 20%
(¢), 35% (d) drug loading and Amoxycillin trihydrate powder (e).

From the results of figure 7.1 it appears that the diffraction intensity increased in rank
order with the drug load. Therefore, the average intensity of two main peaks corrected
for background counts (section 5.4.1) was plotted versus % drug load as shown in
figure 7.2. A linear trend through the origin (r’=0.9897; MSC=4.07) suggests that the

intensity is directly proportional to the drug load.
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Figure 7.2. Relationship between drug load (%) and X-ray diffraction intensity for RG 503
MM discs.
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Figure 7.3 shows the traces obtained by DSC on first heating RG 503 powder (a),
AMOX-H powder (b), RG 503 MM discs at 20% (c), 35% (d) drug loading. Traces
(c) and (d) showed endotherms characteristic of the copolymer and the drug. The
magnitude of the endothermic events corresponding to the drug were in rank order
with the drug load of the systems. The transition corresponding to the polymer
occurred at lower temperatures in the discs compared to the polymer powder (44.2°C

(c) and 44.3°C (d) versus 51.4°C (a)).

Ford and Timmins (1989) explained the importance of standardizing the thermal
history of a polymer when performing comparative studies. These authors also
mentioned that a reduction in the polymer T, could be due to a plasticising effect of the
drug. To examine this possibility, a thermal treatment simulating the manufacturing

conditions was then applied to RG 503 powder.

Aexo

Figure 7.3. First DSC heating scans of pure RG 503 powder (a), pure AMOX-H powder (b),
and RG 503 MM discs containing 20% (c) and 35% (d) drug loading.
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Figure 7.4 shows the DSC traces obtained for the thermally treated copolymer powder
(heated to 45°C for 15 minutes and then rescanned) versus the scan obtained for
untreated RG 503. The results showed that the thermal treatment decreased the value

of T, by approximately 4°C.

Aexo
!—_. : e
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Figure 7.4. DSC of untreated (a) and thermally treated (45°C for 15 min) (b) RG 503 powder.

Figure 7.5 compares the TGA scans of RG 503 MM discs at 20% (a) and 30% (b)
drug loading with the scan of AMOX-H powder (c). Mass loss was observed in all the
samples, with traces corresponding to drug loaded polymer discs mirroring that of the
drug powder. As explained in section 6.5.4, TGA results from RG 503 powder did
not show any significant mass loss in the temperature range between 30°C to 250°C.

The loss of volatile components in figure 7.5 is therefore attributable to the drug.

Karl Fischer results for the drug powder (Chapter 6) confirmed that the first horizontal

step displayed in trace (c) corresponds to the loss of three molecules of water from the
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trihydrate. The second horizontal step possibly relates to decomposition of the

pencillin at higher temperatures.

Figure 7.5. TGA traces for RG 503 MM discs at 20% (a), 30% (b) drug loading and AMOX-
H powder (c).

Figure 7.6 shows a plot of percentage mass loss per unit weight of sample, obtained
from the first horizontal steps of the previous figure, versus the percentage drug load.
A linear trendline fitted the data with a coefficient of determination equal to 0.9963,

indicating that the mass loss is in reasonable agreement with the drug load.
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Figure 7.6. Percentage mass loss per unit weight sample (determined by TGA) versus drug

load for RG 503 MM discs and AMOX-H powder.

SEM was used to examine the particle characteristics of mixtures of drug and

copolymer. An example is given in figure 7.7, corresponding to 20% AMOX-H and
80% RG 503 powders, mixed as described in method 1.

Previously in Chapter 6, SEM images of the individual materials showed that the drug
particles are rod-shaped and have a length of approximately 20 um. In contrast, the
copolymer is composed of larger, irregular particles (SEM images in Appendix II).
This suggests that, in the mixture of figure 7.7, small rod-shaped drug particles

adhered to the copolymer particles giving a ‘flaky’ appearance to the surface of RG
503.
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|-=SE] EHT= 20.0 KV  WD= 23 mm MAG= X 3. PHOTD= 142
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Figure 7.7. SEM of a 20% AMOX-H and RG 503 mixture obtained by manufacturing
method 1.

7.2.2. Preliminary drug release studies with RG 503 MM discs prepared by
Method 1

Preliminary release studies were performed with MM discs containing between 10%

and 35% of AMOX-H prepared by Method 1 (section 5.8.1) over an eight-day period.

Initially, aliquots of 2 ml were withdrawn at regular intervals for the first 48 hours, at
which time the buffer was sampled and discarded and the discs placed into fresh
medium. Drug release was determined by HPLC which enabled evaluation of chemical

stability.
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Figure 7.8 shows the drug release profiles of systems containing 10%, 20% and 35%
AMOX-H, expressed as amount of intact drug released (I) and fraction of intact drug
released (relative to the initial loading) (II). There is an initial phase of rapid drug
release which slows after the first two days. The amount of drug released at a given
time increased with the drug load (I), with greater fractions of drug being released at

the higher loads (II).

Figure 7.9 shows a conventional drug release versus square root of time plot. A linear
trend was observed for the data of the first 24 hours although the line appeared to
deviate from the origin. Therefore, a constant was added to the model to account for
the initial burst in the release resulting in an equation of the form O = B . % + ¢,
where () is the amount of drug released at time 7 and B and ¢ are constants. At the
10% drug loading the goodness of fit was poor (table 7.1). Higher r* and MSC values
were obtained for the higher drug loads which suggests significant matrix type release
in those systems containing between 20% and 35% AMOX-H. The parameters

obtained are also listed in table 7.1.

This release model was obeyed in the first day only, the fit being very poor when the

data points thereafter were included.
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Figure 7.8. Effect of the initial load on the release profiles of RG 503 MM discs prepared by
Method 1 at 10% (@), 20% (B), 35% (A) AMOX-H loading, expressed as amount of intact
drug released (mg) (I) and fraction of intact drug released (II) versus time. Error bars indicate

the range of the data.
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Figure 7.9. Release of intact Amoxycillin from RG 503 MM discs prepared by Method 1 at
10% (), 20% (&), 35% (A) loading, plotted against the square root of time for day one.

Table 7.1. Parameters and statistics obtained for the first day of Amoxyecillin release from RG
503 MM discs prepared by Method 1 at 10%, 20%, 35% drug load plotted versus the square

root of time.

10% AMOX-H 20% AMOX-H 35% AMOX-H

slope B (mg.h™) + SD 0.515+0.071 1.995+0.138 5290 + 0.226

intercept ¢ (mg) + SD 1.006 +0.215 1264 +0.417  1.030 + 0.685
r 0.9290 0.9813 0.9927
MSC 1.98 331 4.26

Fractional drug release profiles were fitted to equation 3.8, as shown in figure 7.10.
The fit obtained for the 10% system was very poor, with higher coefficients of
determination and MSC obtained at the higher drug loads. Table 7.2 lists the

corresponding statistics.
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Fraction of intact drug
released
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Figure 7.10. Release of intact Amoxycillin from RG 503 MM discs prepared by Method 1 at

10% (@), 20% (B), 35% (A) drug loading, fitted to equation 3.8 which describes drug release

by matrix control.

An alternative approach in the investigation of the mechanistic aspects of drug release
is to consider that the initial release is due to a “burst effect” which could be described
by an exponential equation (Gallagher and Corrigan, 1998). Therefore, the data was
fitted to equation 3.15 describing drug release for the case in which sink conditions are
maintained and the surface area available for dissolution decreases exponentially with
time. Figure 7.11 shows the results obtained for the three systems. The fit was poor,
as indicated by r* values below 0.96 and MSC below 2.6.  Very little improvement
was shown when only the first four points (8 hours) were used. Table 7.3 lists the
statistics obtained using equation 3.15. The goodness of fit increased with increasing
drug load, both for the exponential and the previously described square root of time

model. At the lower drug loading, the results obtained with both equations were poor.
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Figure 7.11. Release of intact Amoxycillin from RG 503 MM discs prepared by Method 1 at

10% (@), 20% @), 35% (M) drug load, fitted to

dissolution process.

equation 3.15 describing a first-order

Table 7.2. Statistics obtained for the first day of intact Amoxycillin release from RG 503 MM

discs prepared by Method 1 at 10%, 20% and 35% drug load fitted to equation 3.8.

" RG 503 MM System r? MSC
10% AMOX-H 0.5266 0.41
20% AMOX-H 0.9385 2.45
35% AMOX-H 0.9885 4.13

Table 7.3. Statistics obtained for the first day of intact Amoxycillin release from RG 503 MM

discs prepared by Method 1 at 10%, 20% and 35% drug load fitted to equation 3.15.

RG 503 MM System r’ MSC
10% AMOX-H 0.9031 1.66
20% AMOX-H 0.9463 2.26
35% AMOX-H 0.9618 2.60
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In order to distinguish between first-order dissolution kinetics and matrix controlled
kinetics, Schwartz et al. (1968) proposed a test based on predicted rate equations
derived from each of the models. First-order kinetics would be operative when the
rate (dQ/dr) plotted as a function of the amount released (Q) yields a straight line. In
contrast, a straight line obtained when the rate was plotted versus the reciprocal of the
amount released would be indicative of matrix diffusion. This treatment was applied
to the fraction drug release data from 35% AMOX-H discs, previously shown in figure
7.8. Figure 7.12 illustrates the plot obtained for rate versus drug released, where a
linear relationship was not obtained. In contrast, figure 7.13 shows that the analogous
plot of reciprocal fraction of drug released obeyed a linear trend (r’=0.9731),

supporting a release mechanism consistent with square root of time kinetics.
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Figure 7.12. Rate versus fraction intact drug released for RG 503 MM discs containing 35%
AMOX-H.
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Figure 7.13. Rate versus reciprocal fraction of intact drug released from RG 503 MM discs
containing 35% AMOX-H.

Since matrix-type mechanisms appear to predominate in determining drug release from
RG 503 MM discs containing above 10% AMOX-H, an additional square root of time
model was then assessed (equation 3.10). This model takes into account dimensional
changes of the surface area from which release is occurring. Figure 7.14 shows the
plots obtained with equation 3.10 when a shape parameter (g) of 16.25 was used,
calculated with 7, (initial radius) equal to 6.5 mm and A, (half the initial height) equal to
0.4.

Comparison of the results obtained with equation 3.10 with those previously shown in
figure 7.10 indicates that the inclusion of the shape factor in the square root of time
model improved the goodness of fit for 10%, 20% and 35% drug loaded systems (table
7.4).
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Figure 7.14. Plot of intact fraction drug released versus time for RG 503 MM discs prepared
by Method 1 at 10% (@), 20% (&), 35% (&) loading fitted to equation 3.10.

Table 7.4. Statistics obtained for the first day of intact Amoxycillin release from RG 503 MM
discs prepared by Method 1 at 10%, 20% and 35% drug load fitted to equation 3.10.

RG 503 MM Equation 3.8 Equation 3.10
AYRIE P MSC P MSC
10% AMOX-H 0.5266 0.41 0.5528 047
20% AMOX-H 0.9385 2.45 0.9497 2.66
35% AMOX-H 0.9885 4.13 0.9929 4.62

After the first two days, release appeared to have ceased in the 10% drug loaded discs.
Referring back to the plot of these systems in figure 7.8, there was a downward trend
in the profile between 30 to 80 hours which may have been the result of drug
degradation in the surrounding medium. This was consistent with the presence of
degradation peaks in the relevant HPLC traces, not evidenced at the higher drug

loadings where drug continued to be released.
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By approximately 200 hours of release studies, drug release from discs at 10%, 20%
and 35% AMOX-H was minimal. Discs were then removed from the medium for

HPLC analysis of drug potentially entrapped in the matrices.

The significant amounts of residual intact drug found in the discs indicated that longer-
term experiments were required and that further drug release should be expected after a
lag time. Analysis of the drug extracted from the discs suggested that the degradation
of Amoxycillin, over the short-term release study, was mainly occurring outside the
matrix, in the surrounding medium. This was in agreement with the well known
instability of penicillins in aqueous media (previously discussed in Chapter 1). Mass
loss and drug release data (quantified by HPLC analysis) resulted in a difference of less

than 4%, indicating that polymer loss was negligible over the period studied.

Amoxycillin released during the first 24 hours of the studies resulted in approximately
20% saturation of the surrounding medium. A short experiment was then undertaken
to assess the effect of these concentration levels on the release profiles. Figure 7.15
shows the results obtained when the buffer was replaced during the first 24 hours, in

order achieve more effective sink conditions.

Fraction of intact drug
released

0 5 16 1I5 20 25
Time (hours)
Figure 7.15. Intact drug release profiles, obtained under sink conditions, for RG 503 MM

discs at 10% (M), 20% (A) loading prepared by Method 1. The data was fitted to equation
3.10.
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The fraction of drug released (relative to the initial load), determined by HPLC
analysis, significantly increased for the 20% MM discs during day one (figure 7.14
versus 7.15). To a lesser extent, enhanced release was also observed for the 10%
systems. The fitted lines in figure 7.15 were obtained with equation 3.10. The values
of r* and MSC are listed in table 7.5.

Table 7.5. Statistics obtained for intact Amoxycillin release profiles of RG 503 MM systems
prepared by Method 1 at 10% and 20% loading, fitted to equation 3.10. Sink conditions were

maintained.

RG 503 MM System r MSC

10% 0.8571 1.61

20% 0.9501 2.66

The square root of time plots of these systems (figure 7.16) gave the best results at the
higher drug loading, as indicated by r* and MSC. A positive intercept on the y axis
may be due to the release of drug located at the surface. Initial rapid release appeared
to predominate in the first 2 to 4 hours, which would explain the poorer fit previously
obtained with equation 3.10. Table 7.6 lists the statistics obtained for the square root
of time plots together with the corresponding results from the experiment in figure 7.9
obtained under less effective sink conditions. In both cases, agreement with square

root of time kinetics improved at the higher drug load. The fit to this model was

poorer at the lower drug load.
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Figure 7.16. Profiles of intact Amoxycillin released under sink conditions from RG 503 MM
discs prepared by Method 1 containing 10% (B) and 20% (&) drug loading plotted in square

root of time fashion. Error bars indicate the range of the data.

Table 7.6. Statistics obtained for the square root of time plot of drug release profiles from RG

503 MM discs under 20% saturated media versus a perfect sink.

RG 503 MM 20% saturated media sink conditions
System r MSC 2 MSC
10% AMOX-H 0.9290 1.98 0.8751 1.41
20% AMOX-H 0.9813 3.31 0.9967 5.05

The first-order plots for the 10% and 20% systems obtained under more effective sink
conditions are shown in figure 7.17. At the lower drug load the fit was described by an
r’* equal to 0.9395 and a MSC equal to 2.14, which were higher than the values
previously obtained for the square root of time model. At the 20% load, the fit to the

exponential model was poor.
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Figure 7.17. First-order plot (equation 3.15) for the release of intact Amoxyecillin from RG
503 MM discs at 10% (B) and 20% (&) load.

The preliminary studies discussed above showed that drug release was slowed down in
partly saturated media. In order to better approximate sink conditions, the dissolution
medium should be replaced during the first day of drug release. This was therefore

incorporated into subsequent release studies, as per section 5.10.

A square root of time mechanism appeared to determine drug release in RG 503 MM
systems, particularly at the higher drug loads. Initial fast release of drug directly in
contact with the surface may be the reason for the positive intercepts with the y axis.

At the lower loading (10%), the goodness of fit was better for the first-order plots.

7.2.3. Long-term studies with RG 503 MM discs prepared by Method 1

As discussed in the previous section, extraction of drug from discs removed after 200
hours of dissolution (figure 7.8) showed that release profiles obtained over this period

were incomplete. Therefore, release studies were undertaken beyond 200 hours.

Total drug released was measured simultaneously with mass loss, by means of

removing discs at various time intervals (figure 7.18).

Fractional drug release profiles were calculated relative to the drug recovered, as

outlined in section 5.10. Approximately 70% of the drug was released in the first two
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days while polymer loss was apparent only after 600 hours, at which time further drug
release occurred. Drug release in the final phase appeared to parallel polymer mass
loss, suggesting a release mechanism mediated by polymer degradation. Only 30% of

the polymer had been lost when drug release was completed.

Fraction released

& _— .
~-— g y ¥ } ———

200 300 400 500 600 700 800

Time (hours)

Figure 7.18. Relationship between fraction of drug released (&), fraction of polymer mass loss
(n=2) (®) and time for RG 503 MM discs at 20% drug load, prepared by Method 1.  Error

bars indicate the range of the drug release data.

Figure 7.19 shows a photograph of discs removed from the release medium at
successive time intervals. There is an evident colour change from off-white to dark
yellow as the experiment proceeded, particularly after 400 hours of experimental time.
These colour changes of the discs resembled those observed in the medium during

degradation studies of AMOX-H solutions, introduced in Chapter 6.

A time-dependent decrease in the diameter of the discs is also evident and suggested
that surface erosion (Gopferich, 1996) could be contributing to the degradation
process. However, differences between the surface and the core of the discs were not

evidenced, with similar colour changes evident throughout.

The same discs were photographed on a light box (Hancocks, UK.) to provide a
translucent image of the matrices (figure 7.20). To the eye, however, the colour of the

discs was that of the previous photograph, shown in figure 7.19.
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The images obtained with the light box suggested that during the initial phase of drug
release a “ghost” area was formed, such as the process described by Cobby et. al
(1974). This may relate to the boundary retreat distance of the dissolution front

mentioned by these workers.

At 743 and 936 hours the “ghost” portion was not apparent, supporting the view that

at this stage drug release was entirely determined by the degradation of the polymer.

HlIlI”Hll,llglHH'Hg'lIII,HZ‘HH'HQIIHI|lﬂ;]lllllllg‘llI

Figure 7.19. Photograph of 20% drug loaded RG 503 MM discs after 76, 318, 411, 582, 743

and 936 hours of drug release studies (top to bottom). Scale in cm.
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Figure 7.20. Photograph of 20% drug loaded RG 503 MM discs after 76, 318, 411, 582, 743,
936 hours of dissolution studies (top to bottom). A (Hancocks, U.K.) lightbox with 15W tubes

was used to provide transparency to the discs. Scale in cm.

Scanning electron microscopy was performed on discs upon removal from the
dissolution medium. Figure 7.21 illustrates the results obtained at successive tirne
points, as indicated beside each image. The magnification was fixed at X 235 for

comparative purposes.

Initially, the surface of the discs was relatively smooth (a). Brighter regions attributable
to higher atomic contrast (i.e. sulphur containing) possibly reflected the presence of
drug at the surface. After 76 hours of a release study (b) increased porosity was
observed, consistent with the dissolution of drug at the surface. Large interconnecting
pores were observed after 582 hours of dissolution (c). This was in agreement with
the commencement of polymer mass loss and the onset of the final drug release phase,

both of which occurred around this time.
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The last image (d) corresponds to a disc exposed to 936 hours of dissolution, showing
a hollow inside. The surface of the disc (bottom right-hand area of the photo) appeared
to be relatively intact compared to the center of the matrix. This may be related to the
findings of Park and Crotts (1995). The authors reported a heterogeneous bulk
degradation mechanism for drug-free PLGA microspheres, with center/surface
differential degradation rates. Enhanced autocatalytic reaction occurs in the central
region of the matrix while the surface region in contact with bulk medium degrades at
a slower rate. The autocatalytic reaction is caused by protonated carboxylic acid end

groups generated by cleavage of the ester bonds.

Similar hollow carcasses have been recently reported by Gallagher and Corrigan

(1998) for drug-free PLA discs, observed during polymer mass loss studies.

By 936 hours of dissolution the discs were apparently depleted of drug. Therefore, it is
conceivable that the mechanism reported by Park and Crotts (1995) for drug-free
PLGA was operative in the final degradation stages of the RG 503 MM discs described

in the current section.
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a) 0 hours b) 76 hours

c) 582 hours d) 936 hours

Figure 7.21. SEM (X 235) of Amoxycillin loaded RG 503 MM discs after 0 (a), 76 (b). 582
(c) and 936 (d) hours of drug release studies.

7.2.4. Studies with RG 503 MM discs prepared by Method 2

To control the particle size of the drug and the polymer, Method 2 (section 5.8.2) was
employed in the preparation of further MM discs. A recent model proposed by
Gallagher and Corrigan (1998) shows that the fraction of drug available for direct

surface release is dependent upon the particle size of the drug.

Figure 7.22 illustrates long-term profiles of total drug release for RG 503 MM discs at
20% and 30% AMOX-H loading. Between 70% and 80% of the drug load was
released during the first 48 hours. This was followed by an induction period of

approximately 600 hours (25 days) after which time the remaining drug was released.
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The study was continued until 1600 hours, to find that small solid pieces of material
were still present in the dissolution media. Recovery of the pieces by filtration and

subsequent analysis by extraction failed to reveal the presence of drug.
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Figure 7.22. Drug released (mg) from RG 503 MM discs at 20% () and 30% (B) AMOX-H

load, prepared by Method 2. Error bars indicate the range of the data.

Figure 7.23 shows the plot obtained for fractional drug release over the first 24 hours
fitted to equation 3.10, a square root of time model that accounts for shape changes.

Table 7.7 lists the corresponding statistics.
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Figure 7.23. First day of drug release from RG 503 MM discs prepared by Method 2 at 20%
(®) and 30% (B) loading fitted to equation 3.10.

Table 7.7. Estimates of the rate constant and statistics obtained for the first day of release

from RG 503 MM discs prepared by Method 2 fitted to equation 3.10.

Drug loading (%) k, (h") + SD r MSC
20 0.0099 + 0.00049  0.9561  2.79
30 0.0111 +0.00045 09713  3.21

The effect of grinding and sieving procedures on the initial drug release profiles was
investigated by comparison of the systems containing similar drug loading prepared by

manufacturing Methods 1 and 2.

Table 7.8 lists the parameters and statistics obtained when the individual and the
average data of 20% systems (data from figures 7.15 and 7.23) was fitted to equation
3.10. It is apparent that the two manufacturing methods are equivalent in terms of the

resulting drug release profiles although Method 1 was possibly more variable.
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Table 7.8. Estimated release rate constant and statistics obtained for the fit to equation 3.10 of

first day release profiles from RG 503 MM discs, 20% loading, prepared by Methods 1 and 2.

RG 503 MM
0ls S k (h°%) + SD r’ MSC
METHOD 1
disc 1 0.0114 +£0.0005  0.9404 2.49
disc 2 0.0085 +0.00041 0.9407 2.49
average data 0.0099 + 0.00099  0.9500 2.66
METHOD 2
disc 1 0.0094 + 0.0004 09538 274
disc 2 0.0104 +0.0006  0.9308 234
average data 0.0099 + 0.00049  0.9561 259

In order to describe the total drug release, a more complex model, which accounts for
not just the initial square root of time diffusion phase but also the degradation-
dependant drug release, is described by equation 3.19. Figure 7.24 shows the
complete drug release profiles obtained for 20% and 30% RG 503 MM discs fitted to
this equation.  The initial phase accounts for most of the drug release, with only a
small proportion of drug being available for degradation control at approximately 700-

800 hours.

Table 7.9 lists the parameters and statistics obtained with equation 3.19. Agreement
with this release model was good, as indicated by the values of r* and MSC. The
estimate of /'d,, was greater for the 30% system. No differences were apparent in the
values of the square root of time rate constants 4, as these values overlap when the
standard deviations are taken into account. The degradation parameters predict similar
kinetics for 20% and 30% loading, with #,,. occurring at approximately 700 hours. The

large variation in these parameters, particularly at the higher drug loading, was possibly
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related to the relatively low slopes of the profiles in the second phase, at around 600

hours.
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Figure 7.24. Drug release from RG 503 MM discs prepared by Method 2 at 20% (4) and
30% (B) loading fitted to equation 3.19, describing initial diffusion followed by degradation-

dependant drug release.

Table 7.9. Parameters and statistics obtained for release profiles of RG 503 MM discs. 20%
and 30% drug load, fitted to equation 3.19.

Drug loading (%) 20 30

k. (h*°) + SD 0.0135+0.0006 0.0118 + 0.0004

Fd,, +SD 0.79 +0.02 0.95 +0.02
k (h)+ SD 0.0116 +0.0058 0.0110 + 0.0252
tmax (N) + SD 685 + 49 713 + 224

2 0.9884 0.9901

I

MSC 3.89 4.05
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The drug release data of the 20% and 30% systems was then fitted to the two-term
release model describing an exponential phase followed by a polymer degradation

phase (equation 3.14). These results are shown in figure 7.25.

Fraction drug released

0 200 400 600 800 1000 1200
Time (hours)

Figure 7.25. Drug release profiles of RG 503 MM discs, 4 20% and B 30% load, fitted to

equation 3.14.

The parameters estimated with this model (table 7.10) were similar to the estimates
previously obtained with the square root of time-polymer degradation model, however
the fit improved. Estimates of Fd,, and Fb,, were of similar order. The degradation

parameters, /.. and &, obtained with equations 3.14 and 3.19 were comparable.

The preliminary results presented in section 7.2.2 had suggested that the initial release
profiles (i.e. the first 24 hours), particularly at the higher drug loadings, were better
approximated by a square root of time related mechanism, with the final phase of
release determined by polymer degradation. In the current section, comparison of the
results obtained with equations 3.14 and 3.19 indicates that the overall release profile
prior to polymer degradation is better approximated by an exponential than by a square

root of time mechanism.
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Table 7.10. Parameters and statistics obtained for drug release data from RG 503 MM discs

fitted to equation 3.14.

Drug loading (%) 20 30

k, (") + SD 0.1952+0.0120  0.1330 + 0.0050
Eb,, 0.78 +0.01 0.94 + 0.008

k (h") + SD 0.0103 +0.0037 0.0088 + 0.0073

fmax (h) + SD 677 +39 696 + 102
r 0.9923 0.9982
MSC 4.39 5597

Equation 3.20 is a three-term equation which describes a pseudo first-order dissolution
process followed by square root of time diffusion and a final release phase controlled
by polymer degradation. Figure 7.26 shows the data fitted to equation 3.20 and table

7.11 lists the parameters and statistics obtained.

Fraction drug released
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Figure 7.26. Drug release from RG 503 MM discs, 4 20% and B 30% loadings. fitted to
equation 3.20.
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Table 7.11. Parameters and statistics obtained for drug release from RG 503 MM discs fitted

to a three-term model (equation 3.20).

Drug loading (%) 20 30
Fb,, 0.47+0.15 0.81+0.13
ky (h™) 0.240 + 0.034  0.1340 + 0.0083
Fel., 0.32+0.15 0.134 + 0.127
k") 0.0111+0.0011  0.0111 + 0.0022
fonst (D) 690 + 31 711 + 101
k(b 0.0124 +0.0042  0.0103 + 0.0099
i 0.9964 0.9985
MSC 4.76 5.65

The degradation parameters estimated with the three-term equation paralleled those

obtained with the corresponding two-term models previously described. The fraction

of drug released by a non-degradation mechanism was determined by both first-order

and square root of time kinetics, given by Fb,, and Fd.,. At low drug loading the

release profiles of the phase prior to onset of polymer degradation appeared to obey an

exponential mechanism. At the higher drug loadings, square root of time kinetics also

played a part in the release mechanism.
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73. RG 503 SYSTEMS PREPARED BY SOLVENT EVAPORATION (SE
SYSTEMS)

7.3.1. Physicochemical and morphological characteristics of RG 503 SE discs

X-ray diffractograms obtained for RG 503 SE systems at 10%, 20%, 30% drug load
are shown in figure 7.27 compared to the scans of pure RG 503 and pure AMOX-H.

Crystalline samples produce diffraction line patterns that are highly specific. In
contrast, broad patterns, lacking in intense, defined peaks, are typically associated with
amorphous samples. The results indicate the presence of crystalline AMOX-H in the
discs. Since the drug is barely soluble in the filmcasting solvent employed, it was
expected that most of the particles dispersed remained in the polymorphic form and

crystal size of the starting material (Ford and Timmins, 1989).
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Figure 7.27. X-ray diffractograms of RG 503 powder (a), RG 503 SE discs at 10% (b). 20%
(c), 30% (d) drug load and pure AMOX-H powder (e).

A plot of the diffraction intensity versus drug load (%) is shown in figure 7.28 for SE
discs (*=0.9616 and MSC=2.76). The corresponding trendline previously obtained for
MM discs (r*=0.9897 and MSC=4.07) was superimposed on the graph, whereby the
fitted lines overlap. Despite the poorer fit obtained for SE systems the trend was still

the same and deviation from the origin was not significant. From the limited data
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available, there appears to be a direct proportionality between the % drug load in SE

discs and the XRD intensity.
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Figure 7.28. Relationship between average X-ray diffraction intensity and percentage drug
load for () RG 503 MM and (A) RG 503 SE discs. (Fitted lines overlap).

As outlined in section 5.4.2, two consecutive DSC determinations were performed on
the same disc sample following the methodology proposed by Ford and Timmins
(1989) to provide a constant thermal history to the polymer. The glass transition
temperature of drug-free SE systems was reduced from 51.1°C to 31°C and further
reduced to 20-25 °C when the drug was added. However, the rerun samples displayed
T, values in agreement with that of the untreated copolymer powder, suggesting that
the lowered T, values observed with the first heating cycles reflected the presence of
residual filmcasting solvent in the samples. Table 7.12 shows the T, results, quoted for
the second heating scan, together with those obtained for MM discs (previously

discussed in section 7.2.1).

DSC scans of drug loaded RG 503 discs displayed endothermic events attributable to
the drug, as previously discussed in section 7.2.1. Reruns of the same samples did not
display transitions attributable to the drug, which is consistent with dehydration of

AMOX-H in the first heating cycle.
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Table 7.12. Glass transition temperatures of RG 503 MM systems versus SE systems
determined by DSC.

RG 503 System - y".l:;("C)
copolymer powder 450
10% AMOX-H MM 454
20% AMOX-H MM 46.8
30% AMOX-H MM 458

35% AMOX-H MM 46.9

drug-free SE 442
10% AMOX-H SE 43.6
20% AMOX-H SE 45.5
30% AMOX-H SE 46.4

Figure 7.29 shows the plots of enthalpy change (J/g) due to dehydration of the drug as
a function of the drug load (%), in RG 503 MM and SE systems. Linear least square
regression analysis fitted the data well, as measured by r’=0.9862, MSC=3.62 for MM
systems and r’=0.9951, MSC=4.32 for SE systems.

The intercept on the ordinate axis was higher in the processed systems (SE). By least
square regression analysis it was determined that this intercept occurred at 3.13 + 2.5
% w/w, expressed in unit weight of drug per unit weight of disc. The formation of a
molecular dispersion of the drug in the polymer (Corrigan and Holohan, 1984; Benoit
et al., 1986) may account for the positive intercept. The effect of organic solvents on
the crystalline structure of Amoxycillin was previously discussed in section 6.1.4.
Based on these findings, it is conceivable that some of the water of crystallization was
removed during the solvent-evaporation procedure of the filmcasting technique
resulting in a small proportion of amorphous drug. However, the presence of

amorphous Amoxycillin was not evidenced in the XRD analysis and, given the value of

119



Chapter 7. RG 503 and RG 504 Systems

the relative standard deviation of the DSC estimate, it is possible that in the statistical

sense there were no significant differences between MM and SE discs.
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Figure 7.29. Plot of change of enthalpy (J/g) determined by DSC versus drug load (%) for RG
503 MM (I) and SE (II) discs. Error bars indicate the range of the data.

Figure 7.30 illustrates TGA results for RG 503 SE systems at 0% (a), 20% (b) and
30% (c) AMOX-H. All three scans showed loss of volatile components from the
samples. The loss of mass before 100°C was consistent with the dehydration of the

drug (sections 6.1.2 and 6.1.3) and the evaporation of residual filmcasting solvent. A
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second event, possibly due to decomposition of Amoxycillin, was observed after

approximately 200°C in traces (b) and (c).

Estimation of the percentage of residual filmcasting solvent in the samples was
calculated by comparison of the (%) mass loss of drug loaded discs (as marked in
figure 7.30) and pure drug (section 6.1.2) attributable to dehydration. Table 7.13
shows the actual values determined by TGA and the values predicted on the basis of
12.59% water loss from pure drug samples. By difference, the maximum value
predicted for residual filmcasting solvent in these systems is approximately 0.6% w/w.
This is in the order of the mass loss (1.4%) determined for drug-free SE discs, as

marked on trace (a) in figure 7.30.

In the past, Benoit et al. (1986) estimated the proportion of dichloromethane
entrapped in P-dILA microspheres loaded with 23% progesterone using TGA. The
values reported by these workers were between 1.8 and 4.7%. More recently,
Gallagher and Corrigan (1998) showed that the drug release characteristics of RG 504
discs were not altered by the presence of residual filmcasting solvents in the systems

compared to discs incubated in a vacuum oven at 40°C for 96 hours.
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Figure 7.30. TGA scans of RG 503 SE systems containing 0% (a), 20% (b), 30% (c)
AMOX-H.

Table 7.13. (%) Mass loss obtained by TGA for RG 503 SE systems containing 20%, 30%
AMOX-H and predicted residual solvent (%) based on 12.59% dehydration of the pure drug.

Mass loss determined by TGA (%)

Predicted residual solvent (%)

Drug loading (%)
20 30
3.16 3.60
~0.6 0
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7.3.2. Drug release studies with RG 503 SE discs

The total amount of drug released from RG 503 SE discs as a function of time is
plotted in figure 7.31 for systems containing 10%, 20% and 30% drug loading. Two
separately manufactured batches of 20% drug loaded SE discs are superimposed (M,

Q).

The release profiles at 10%, 20% and 30% loading showed an initial fast release in the
first day which was followed by an induction period of approximately 400 hours and a
final drug release phase lasting until 700 to 900 hours. In contrast to MM discs, the

greater proportion of the drug load was delivered in the final phase.
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Figure 7.31. Drug released (mg) versus time plot for RG 503 SE discs containing 10% (@).
20% (M. ©) and 30% (E) AMOX-H.

To investigate possible mechanisms determining drug release from these systems the
mathematical models introduced for MM systems were evaluated. The release profile
obtained over the first 24 hours for the 20% drug loaded discs is expanded in figure
7.32, which shows a plot of fractional drug release versus time. The data was fitted to
a first-order release model (equation 3.15) and gave a k, value of 0.58 + 0.074 h™' (r’=

0.9829; MSC=3.3).
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Figure 7.32. First day of drug release from RG 503 SE discs loaded with 20% AMOX-H,

fitted to an exponential model (equation 3.15).

The first day data was also fitted to an equation describing square root of time kinetics
(equation 3.10). In contrast to the results previously obtained with MM discs, SE

discs showed very poor agreement with the square root of time model.

Figure 7.33 shows the plot of fraction drug released versus time for the overall profiles
of 10%, 20%, 30% systems fitted to equation 3.14 describing first-order kinetics
followed by degradation control. The data of the 20% system results from
amalgamating the two experiments of figure 7.31 (Appendix IIl shows the fits to

equation 3.14 obtained for the individual experiments).

The initial release was lower than in the corresponding MM systems, leaving a larger
proportion of drug to be released in the second phase. The estimated parameters and
the goodness of fit are listed in table 7.14. There was a trend towards a higher
agreement with the model at the higher drug loading, indicated by (r*) and the (MSC)

obtained.

Greater proportion of drug was released in the rapid initial phase at the higher drug
loads. The burst fractions (/b.,) estimated by the two-term equation conformed with

these observations. The estimates obtained for the first-order rate constants &, showed

large standard deviation. This was dependent on the number of experimental points
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available in the exponential phase, as shown in Appendix III for the 20% drug loaded

systems.

Approximately 80-90% of the release profile is concentrated on the second phase, i.e.
determined by polymer degradation. The onset of degradation control occurred earlier
in the lower drug loads, indicated by the values of #,... This may be due to the lower
relative proportion of drug available for release by degradation control at the higher
drug loading. Estimates obtained for the degradation controlled release parameter &

were of similar order of magnitude at all the drug loads.
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Figure 7.33. Drug released (fraction) versus time for RG 503 SE discs containing 10% (@),
20% (#) and 30% (Bl) AMOX-H fitted to equation 3.14.

Table 7.14. Estimated drug release parameters for profiles obtained with RG 503 SE discs at
10%, 20% and 30% AMOX-H fitted to equation 3.14.

Drug loading (%) 10% 20% 30%
ky (h™) 0.26 + 33 0.49 +0.51 030+ 17
Fb,, 0.056 + 0.023 0.081 +0.015 0.203 +0.012
k (h) 0.0130+0.0014 0.0146+0.0014  0.0110 + 0.0009
e () 462 + 10 514 + 8 598 +9
2 0.9970 0.9920 0.9979
MSC 4.66 4.42 5.20
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Figure 7.34 shows the profiles of RG 503 MM discs versus RG 503 SE discs at
equivalent drug loads. Lower fractions of drug were released in the initial phase of SE
systems compared to MM systems. The onset of degradation occurred in a shorter
time with SE systems, possibly reflecting an effect of processing on the polymer

decomposition kinetics.

Fraction drug released
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Figure 7.34. Release profiles of RG 503 MM versus SE systems at 20% (€), 30% (O)
loading in MM discs and 20% (). 30% (B) loading in SE discs.

7.3.3. Polymer mass loss studies with RG 503 SE discs: drug-free and drug
loaded

Since the degradation process of poly-alpha-hydroxy-aliphatic esters may be affected
by the physicochemical properties of the drug formulated with these polymers, the

mass loss profile of both drug-loaded and drug-free discs was investigated.

Figure 7.35 shows polymer mass loss versus drug release for RG 503 SE discs at 20%
load. The mass loss profile presents an initial lag time of 400 hours with negligible
oligomer dissolution. At 400 hours, an increase in the rate of drug release was
accompanied by a considerably slower increase in the rate of polymer loss. It was only
when 80% of the drug was released that the kinetics of polymer degradation were
dramatically accelerated. In the corresponding MM systems (figure 7.18) the polymer

degradation rate increased when 70% of the drug load had been released.
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Figure 7.35. The relationship between fraction of drug released (4) and fraction of polymer

remaining (@) during drug release from RG 503 SE discs containing 20% AMOX-H.

Equation 3.13 was used to fit the polymer loss data of the 20% drug loaded discs. To
distinguish between the #,,, estimated from drug release profiles and that obtained from
polymer mass loss data, the latter will be referred to as f#,.r. Degradation rate
constants estimated from polymer mass loss data will be referred to as k». The
resulting estimated #,.,» was 707 hours and the rate constant k» was 0.0098 h™,

r’=0.9935.

In figure 7.36 the profile of polymer mass loss from the 20% drug loaded systems is
compared with a polymer mass loss profile generated using drug release parameters
tne= 514 hand 4=0.0146 h™ ). It appears that the second phase of drug release begins
around the same time as polymer mass loss but occurs at a faster rate. Once significant
polymer mass loss occurs, trapped drug has access to the dissolution media thereby

allowing further release.
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Figure 7.36. Polymer mass loss profile (@) of RG 503 20% drug loaded SE discs fitted to
equation 3.13 and predicted polymer loss profile (heavier line) simulated with parameters from

drug release data from the same systems.

To explore the possibility of an interaction between the drug and the polymer species,

the mass loss profile of SE drug-free discs was also investigated (figure 7.37).
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Figure 7.37. Fractional polymer mass remaining in drug-free (O) and 20% drug loaded RG
503 SE discs (@) fitted to equation 3.13.

The profile obtained for the drug-free systems was qualitatively similar to that of the
20% drug-loaded discs. After 400 hours, however, the degradation rate of drug-free
discs appeared to be the highest, with estimates for 7,...» and kp equivalent to 669 hours

and 0.011 h™' respectively, r*=0.9951. These results compared to those of the 20%
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drug loaded systems suggest that the degradation of the polymer was slowed down by

the presence of AMOX.

7.3.4. Preliminary stability tests on RG 503 formulations

The previous release studies with RG 503 SE discs monitored fotal drug release. In
order to establish the extent of drug degradation, the dissolution media of drug release

experiments performed was sampled at regular time intervals for HPLC analysis.

The drug in the formulation appeared to be chemically stable during the first 400 hours
of the release study. This was apparent from the chromatography traces obtained over
this period which were qualitatively similar to that previously shown in figure 6.11 (a),
corresponding to a solution of the pure drug prepared within 24 hours of analysis. In
contrast, by 530 hours of release study the chromatograms obtained for the dissolution
media of the 20% drug loaded discs showed presence of degradation products, such as
illustrated in figure 7.38. This degradation, however, appears to be less than for the
unformulated drug after a similar period of time (figure 7.38 versus 6.11 (d)), indicated

by the relative areas of intact drug to degradation peaks.

Figure 7.38. HPLC trace corresponding to a sample of the dissolution media obtained after

530 hours of drug release studies with 20% AMOX-H loaded RG 503 SE discs.
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In the previous section, the 7., of RG 503 in the presence of 20% AMOX-H was
estimated as approximately 707 hours. This value represents the time at which the
initial polymer mass is reduced to 50%. Applying calculations for first-order kinetics,
the onset of degradation may be estimated by subtracting 4 half-lives from #,,..». This
gives a value of 424 hours, corresponding to 6.25% polymer decomposition, which
supports the view that the commencement of AMOX-H degradation (shortly after 400
hours) is triggered by the onset of polymer degradation and indicates a decrease in the

local pH.

7.3.5. RG 503 SE versus RG 503 MM

The release profiles of systems prepared with RG 503 were characterized, both for
MM and SE discs, by an initial burst of drug release followed by an induction period
lasting between 400 to 600 hours and a final phase of drug release controlled by the
degradation of the polymer. The proportion of the drug released in each phase was

dependant upon the processing method.

Drug release during the final phase does not parallel polymer degradation but is faster.
The practical consequence of such release/polymer degradation kinetics is that the drug
is protected in the non-degraded matrix. However, upon degradation of the polymer

the drug does degrade.

Pulse delivery of Amoxycillin is conceivable combining the properties of MM and SE

discs into one final dosage form.
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74. RG 504 SYSTEMS PREPARED BY SOLVENT EVAPORATION (SE
SYSTEMS)

In this section, the release of drug from SE systems prepared with RG 504 will be
reported. RG 504 is a copolymer of similar composition and higher molecular weight

than RG 503 (M,, 54,123 versus 34,896 respectively).

7.4.1. Physicochemical and morphological characteristics of RG 504 SE discs

Dispersion of 20% AMOX-H in the polymeric solution resulted in smooth, flexible

films subsequently compressed into discs, as described in section 5.9.

XRD scans of RG 504 systems are shown in figure 7.39. The results show that the
polymer powder was amorphous. A 20% loading disc showed a pattern of peaks

matching that of the pure drug.

intensity P

Two theta (degrees)

Figure 7.39. X-ray diffraction scans obtained with RG 504 powder (a), RG 504 SE disc at
20% drug load (b) and AMOX-H powder (c).

Figure 7.40 shows DSC scans obtained for the first heating cycle of RG 504 systems.
Thermograms for 0% (a) and 20% (b) SE systems presented glass transition

temperatures at approximately 25°C. This represents a significant decrease in the T, of
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the polymer, compared to that of the untreated powder (52.7°C). Subsequent reruns
of SE samples resulted in new and constant T, values, as previously found with RG
503. Table 7.15 lists the T, values corresponding to the second heating scans. These
results when compared to those previously shown for the lower molecular weight
copolymer (table 7.12) indicate that the physicochemical properties of SE discs
prepared with RG 503 and RG 504 are similar.

AMOX-H formulated with RG 504 (b) presented an endothermic event possibly
corresponding to water loss, parallelling that observed for AMOX-H powder (section

6.1.3).

kKo

Figure 7.40. First heating scan obtained by DSC of drug-free (a) and 20% drug loaded (b) RG
504 SE systems.
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Table 7.15. Glass transition temperatures determined by DSC for the second heating cycle of

RG 504 systems.

RG 504 System (0
"""""""" copolymer powder to:d
20% AMOX-H MM B
drug-free SE el
20% AMOX-H SE ot

7.4.2. Drug release from RG 504 SE discs

Figure 7.41 illustrates the fotal drug release profile of RG 504 SE 20% AMOX-H
discs. An initial rapid release is followed by a gradual release of drug up to 600 hours,
at which time there is an apparent increase in the rate of release possibly related to

polymer degradation.
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Figure 7.41. Drug release (mg) from RG 504 SE discs (120 mg) containing 20% AMOX-H.

Error bars indicate the range of the data.

133



Chapter 7. RG 503 and RG 504 Systems

Figure 7.42 shows the data of the first 500 hours fitted to equation 3.10 (square root
of time model). Agreement with square root of time was good, indicated by r’=0.9939

and MSC=491. The first-order equation displayed a poorer fit.

Fractional drug release

0 100 200 300 400 500 600

Time (hours)

Figure 7.42. Drug release from RG 504 SE 20% AMOX-H (#) fitted to a square root of time
model, r’= 0.9949.

Figure 7.43 shows the fractional drug release data of the 20% loading fitted to
equation 3.19, the two-term release model combining square root of time followed by
polymer degradation control. The fit to this equation was substantially better than that
obtained with equation 3.14 (first-order followed by polymer degradation), confirming
that the initial release phase obeys square root of time kinetics. The three-term
equation (equation 3.20) comprising first-order, square root of time and degradation
release phases gave a poorer MSC than equation 3.19. The results obtained for the

various models are given in table 7.16.
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Figure 7.43. Fractional drug release from RG 504 SE discs at 20% AMOX-H loading fitted to

equation 3.19.

Table 7.16.

Parameters estimated for drug release profiles of 20% drug loaded RG 504 SE

discs loaded fitted to equations 3.14, 3.19 and 3.20. (n.a. = “non applicable™)

Equation 3.14

Equation 3.19

Equation 3.20

ks (07
Fb.,

k, (h?)
Fd.,

k (h™)

nax (D)

2
r

MSC

0.0423 +0.0184
0.265 + 0.364
n.d.

n.a.
0.0076 + 0.0010
523 +22
0.9949

4.66

n.a.

n.a.
0.0032 + 0.0001
0.44 +0.02
0.0127 +0.0011
604 + 9
0.9994

8,15

0.692 +2.64
0.0079 + 0.0124
0.0039 + 0.0004

0.56 + 0.044
0.0138 +0.0014

e b
0:9993

6.46

SEM images of the surface of RG 504 SE discs before dissolution studies and during

the initial drug release phase, magnified 235 times, are shown in figure 7.44. Initially,
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the surface of the discs is relatively smooth, i.e. without pores. After 12 hours of drug
release extensive pore formation is already observed, which increases by 20 hours of

dissolution.

a) 0 hours

b) 12 hours ¢) 20 hours

Figure 7.44. SEM images of RG 504 SE discs at 20% drug load before dissolution studies (a)

and by 12 hours (b) and 20 hours (c) of the same studies, magnified 235 times.

7.43. Polymer mass loss studies with RG 504 SE discs: drug-free and drug
loaded

Figure 7.45 compares drug release and polymer mass loss versus time for 20% drug
loaded systems prepared by the solvent-cast method. Two batches of discs, prepared

and assayed 12 months apart, are compared. Similar profiles were obtained for the
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two batches. Less than 4% of polymer mass loss was observed for the period up to
400 hours, at which time circa 50% of the drug was already released. After this
period, there is an increase in both the polymer loss and the release of drug suggesting

that the degradation of the polymer contributes to the final phase of drug release.

&

Fraction

0 200 400 600 800 1000 1200

Time (hours)

Figure 7.45. Fractional drug release (@, ) and fractional polymer mass remaining (4, )
for RG 504 SE discs loaded with 20% AMOX-H. Two separately manufactured batches of

discs are compared.

Figure 7.46 shows the plot of polymer mass loss from drug-free versus 20% drug
loaded discs. From the graph, it is suggested that the inclusion of the drug has an
effect on the polymer degradation kinetics, retarding its degradation rate. This effect
was also observed with RG 503. Table 7.17 lists the estimated parameters and
statistics obtained for the polymer loss from 20% drug loaded and drug-free RG 504
systems fitted to equation 3.13, showing that the presence of drug increased the value
of #...r and decreased the degradation rate constant k». In the terminology of the
current report, the 7,..p for drug-free discs reported by Gallagher and Corrigan (1998)
was 655 h and the k» was 0.00647 h'. Differences with the k» values obtained in the
present work may originate from variability inherent to the raw materials employed

(different batches).
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Figure 7.46. Fractional polymer mass versus time plot for drug-free (O) and 20% drug loaded
(@) RG 504 SE discs fitted to equation 3.13.

Table 7.17. Parameters estimated for the polymer mass loss of drug-free and 20% drug loaded

RG 504 SE systems fitted to equation 3.13.

drug-free discs 20% drug loaded

() 674 +9 886 + 10

kp (W) 0.01227+0.00143 0.00818 + 0.00052
r 0.9941 0.9922

MSC 4.64 4.45

At 20% loading, #,.. obtained for drug release was lower than the estimate for polymer
mass 1088 (#ap), 1.€. 604 hours versus 886 hours. A similar situation was previously
observed with RG 503 SE discs (section 7.3.3). These results possibly indicate that at
least some of the drug released by a degradation mechanism is not “bound” to the
polymer. Drug bound to the polymer would not be released prior to dissolution and
mass loss of the matrix. However, drug entrapped but unbound may be released upon

onset of degradation which is normally preceeded by ingress of water.
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7.5. RG 503 VERSUS RG 504 SYSTEMS

Release from RG 504 SE discs compared to RG 503 SE discs of similar AMOX-H
content, differed in the mechanism determining the pre-degradation phase of the
profile. Figure 7.47 compares the drug release and polymer mass loss profiles of SE
discs prepared with RG 503 (O, H) and RG 504 (¢, @) at 20% drug loading. An
initial rapid release of surface drug was observed for both systems during the first day
of the study. Subsequently, RG 503 discs showed a lag-time for a period of
approximately 400 hours until the onset of degradation control. In contrast, RG 504
discs did not present a lag-time, showing continuous drug release, with possible square
root of time kinetics, up until onset of the final phase at approximately 600 hours. The
formulation with lower molecular weight copolymer showed greater proportion of
drug released by degradation control than the equivalent higher molecular weight

copolymer. Time for completion of drug release was similar for both formulations.

Polymer loss from RG 503 was apparent after 400 hours, when only 20% of the initial
drug loading had been released. Higher proportion of drug (50% of the initial loading)
was released from RG 504 before onset of polymer loss in this system. Approximately
80% of the drug was released from both systems when only 20% of the polymer was

lost, as indicated in the figure by the intersections of the profiles within each system.

Onset of degradation control occurred in the order expected for these polymers
(Gopferich, 1996), earlier for the lower molecular weight compound, RG 503. Since
both copolymers have similar composition of constituent sub-units, the differences
found in their drug release behavior may be attributed solely to the effect of the
molecular weight differences, and hence the time to reach the molecular weight of

soluble oligomers.
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Figure 7.47. Comparison of fractional drug release (M) and fractional polymer mass remaining
(@) in RG 503 SE discs containing 20% drug loading with the equivalent RG 504 drug release
(©) and polymer mass (@) profiles.

Figure 7.48 shows a photograph of five discs from each formulation. The samples
were removed from the release experiment at comparable times, indicated by the
labels. There is a time-dependant change in the colour of the discs, particularly
noticeable in RG 503 systems (polymer 1). The period of yellow coloration of RG
503 discs coincides with the degradation phase of the drug release profile. In addition,
degradation of the drug during this period is supported by HPLC chromatograms
containing multiple peaks (see Chapter 9 and Appendix V) suggesting that AMOX-H
has degraded into yellow compounds. Around the onset time of polymer degradation,
RG 504 discs (polymer 2) also presented a yellow coloration (364 h). However, this

coloration was not evident at further time points (550 and 1179 hours).
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Figure 7.48. Photograph of RG 503 (polymer 1) and RG 504 (polymer 2) SE discs containing
20% AMOX-H during similar stages of drug release experiments, as per the indicated times

(hours). Scale in cm.

7.6. CONCLUSIONS

Profiles obtained from RG 503 MM discs showed greater proportion of drug released
prior to onset of polymer degradation than the corresponding SE discs. Equation
fitting to these profiles resulted in longer 7,4 values than those obtained for SE discs.
Hence, the manufacturing method plays a major role in defining drug release

characteristics.

Drug release profiles for RG 503 and RG 504 SE discs showed an initial phase of drug
release governed by dissolution-diffusion mechanisms followed by a polymer
degradation controlled phase. For RG 503, the initial phase was rapid and relatively

small compared to the higher molecular weight system, RG 504. The latter, showed
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continuous drug release up to the commencement of polymer mass loss. Both systems

exhibited a final phase of drug release governed by degradation of the polymer.

Release profiles for poly-alpha-hydroxy-aliphatic esters of similar polymer composition
but different molecular weight are both bimodal, with an earlier degradation controlled
phase for the lower molecular weight copolymer (RG 503) and larger proportion of
drug released prior to polymer degradation found in the higher molecular weight
copolymer (RG 504). The initial release phase appears to be governed by dissolution
kinetics of two kinds: more contribution from a first-order mechanism for RG 503
systems while square root of time kinetics appear to determine drug release from RG

504 systems.

Polymer mass loss profiles of RG 503 and RG 504 discs showed that there is a
retardation of the onset of polymer degradation due to the presence of AMOX-H in

the discs compared to the equivalent drug-free systems.

Drug release from preparations with RG 503 and RG 504 continues for approximately
30 days, with chemical breakdown of the drug (shown in the HPLC traces of RG 503
discs) commencing concurrently with polymer degradation. The formulation of systems
with PLGA of slower degradation rate resulted in higher proportion of drug released
prior to onset of polymer mass loss (RG 503 versus RG 504 systems). With the aim to
increase the proportion of intact AMOX-H delivered from within poly-alpha-hydroxy-
aliphatic esters a combination of high loadings and polymers of slower degradation

rates is investigated in Chapter 8.
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CHAPTER 8. RG 755 AND R 203 SYSTEMS

8.1. INTRODUCTION

The present chapter explores both MM and SE systems prepared with RG 755 (My
73,854). The work with SE systems was later extended to R 203 (My 26,613), a
polymer solely composed of lactide units. This expands the compositional range of
poly-alpha-hydroxy-aliphatic esters covered in this thesis to between 50% and 100% of
poly(D,L-lactide).

82. RG 755 SYSTEMS PREPARED BY MECHANICAL MIXTURE (MM
SYSTEMS)

8.2.1. Physicochemical and morphological characteristics of RG 755 MM discs

The manufacture of RG 755 MM systems was performed by Method 2 as described in
section 5.8.2. X-ray diffraction, DSC and TGA were used in the characterization of

these systems. The results obtained are discussed below.

X-ray diffraction scans of RG 755 powder (a), RG 755 MM discs at 20% (b) and 30%
(c) load and AMOX-H powder (d) are shown in figure 8.1. The diffractogram
corresponding to the polymer powder was typical of amorphous materials, indicated by
the absence of defined peaks. In contrast, AMOX-H powder and the 20% and 30%
systems displayed diffractograms containing defined peaks, typical of crystalline

materials.
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Figure 8.1. X-ray diffractograms of RG 755 powder (a), RG 755 MM discs at 20% (b) and
30% (c) drug load and AMOX-H powder (d).

As outlined in section 5.4.2, to provide a constant thermal history of the polymer (Ford
and Timmins, 1989) samples were evaluated after two consecutive heating cycles.
Table 8.1 summarizes the T, results obtained for the reruns of RG 755 systems.
Comparable glass transition temperatures were obtained for the copolymer powder and

the polymeric discs.

As previously described in Chapter 6, powder AMOX-H displays an endothermic
inflexion due to the loss of water of crystallization. Similar inflexions were displayed

by drug ioaded RG 755 MM discs, consistent with the presence of crystalline drug.

Table 8.1. Glass transition temperatures determined by DSC for the second heating cycle of

RG 755 systems.

RG 755 System F: ("C)
copolymer powder 49.5
20% AMOX-H MM 50.7
30% AMOX-H MM 49.7
50% AMOX-H MM 498
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8.2.2. Drug release from RG 755 MM systems

Total drug release profiles obtained with 20%, 30% and 50% MM systems are shown
in figure 8.2. These systems released most of the drug during the first 100 hours of the
study; drug release was in rank order with the % initial load. At the lower drug loads,
drug was still entrapped after 1000 hours of dissolution, the remaining release
occurring thereafter over 800-1000 hours. Thus, there would appear that there is an
induction period at 20-30% loading. At the 50% loading, drug release after 1000

hours of dissolution was not apparent.

By 2000 hours, solid discs of smaller dimensions were still present. The discs were
then removed from the dissolution medium, dried in a dessicator to a constant weight
and treated as described in section 5.12 to extract any residual drug. HPLC analysis of

the extractives confirmed that at 2000 hours the discs were depleted of drug.

During the initial phase, up to 100 hours, the formulations showed no evidence of
AMOX-H degradation in the HPLC traces. In contrast, after 1000 hours, the HPLC
chromatograms of samples from the dissolution media resembled those obtained with

degraded drug during the preliminary stability studies described in Chapter 6.

Drug released (mg)

0 300 600 900 1200 1500 1800 2100

Time (hours)

Figure 8.2. Drug release (mg) versus time for RG 755 MM discs at (9) 20%, (@) 30%, (A)
50% drug load.
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The data of the first day obeyed square root of time kinetics, as shown in figure 8.3.
The statistical output was better for the 50% (r*=0.9772; MSC=3.45) and 30%
(r’=0.9881; MSC=4.10) systems than for the 20% system (r’=0.9534; MSC=2.73).

Drug release (mg)

0 5 10 15 20 25

Time (hours)

Figure 8.3. First day of drug release (mg) from RG 755 MM systems at 20% (@), 30% (B)
and 50% (A) drug loading fitted to equation 3.8. Error bars indicate the range of the data.

The criteria for distinguishing between matrix diffusion and first order release outlined
by Schwartz (section 7.2.2) was applied to the 50% release data and suggested a
matrix controlled process. Linearity was obtained when the rate of drug release was
plotted against the reciprocal of fraction drug released (r°=0.9832), consistent with
square root of time kinetics. First-order plots assessed for RG 755 MM systems at

20%, 30% and 50% loading resulted in poorer fits.

Since both the 20% and 30% loaded discs showed the presence of an induction period
in advance of the final drug release phase (figure 8.2), the overall release data from
these systems was fitted to equation 3.19 which takes into account both a matrix and a
degradation controlled phase (figure 8.4). The initial phase had a duration of
approximately two days, after which time there was a lag period characterized by
leaching of small proportions of drug until onset of the final phase after 1000 hours.
The final phase was of larger proportion at the lower drug loading. This was in

agreement with the relative amounts of drug available for release in the last phase.
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Figure 8.4. Fractional drug release profiles of RG 755 MM systems at 20% (@), 30% (B)
drug loads fitted to equation 3.19.

Table 8.2 shows the parameters and statistics obtained. The values of Fd, and k&,
increased with the drug loading. The values of the degradation parameters, #,.. and &,
increased with increasing proportion of drug, however the differences may be

statistically non-significant.

Table 8.2. Estimated parameters for drug release profiles of RG 755 MM systems at 20%,
30% loading fitted to equation 3.19.

Drug loading (%) 20 30
Fd,, 0.84 +0.02 0.92 +0.0074
k, (h°-%) 0.0012 + 0.0007 0.0071 + 0.0002
(1)) 1460 + 187 1621 + 104
k (b 0.0042 + 0.0020 0.0066 + 0.0040
r 0.9748 0.9972
MSC 3.24 5.45
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At the 50% loading drug release appeared to be entirely controlled by dissolution of
the drug from the polymeric matrix, occurring during the first 100 hours of dissolution
(figure 8.2). Therefore, the drug release profile of this system was fitted to equation
3.10 describing square root of time kinetics (table 8.3).

Table 8.3. Parameters estimated for drug release data of RG 755 MM discs at 50% loading,
fitted to equation 3.10 describing square root of time kinetics.

k, (%) 0.0098 + 0.00023
r’ 0.9916

MSC 4.66

8.2.3. RG 755 versus RG 503 MM discs

Figure 8.5 compares RG 755 with RG 503 MM systems. The graph suggests that, at a
given drug load, the two copolymers release a similar proportion of drug in the first
day. RG 503 systems showed greater agreement with initial exponential release than

with square root of time (sections 7.2.4).
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o 06 @ @ 20% MM RG 755
4 0.5 W 30% MM RG 755
S 0.4 ©20% MM RG 503
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- 0.2
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Figure 8.5. Comparison of drug release from RG 503 and RG 755 MM discs at 20% and 30%
loading.
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However, these systems were still well described by the square root of time models,
therefore being valid to compare the parameters estimated by equation 3.19 for RG

503 and RG 755. The comparison is shown in tables 8.4 and 8.5 for the 20% and 30%

drug loadings, respectively.

Table 8.4. Comparison of the parameters estimated for drug release from 20% drug loaded

MM discs prepared with RG 503 and RG 755, fitted to equation 3.19.

T —
k, (0°?) 0.0135+0.0006  0.0012 + 0.0007
Fil. 0.79 + 0.02 0.84 +0.02
k (b 0.0116 +0.0058  0.0042 + 0.0020
e (h) 685 + 49 1460 + 187
2 0.9884 0.9748
MSC 3.89 3.24

Table 8.5. Comparison of the parameters estimated for drug release from 30% drug loaded

MM discs prepared with RG 503 and RG 755, fitted to equation 3.19.

e e
k(W) 0.0118 + 0.0004  0.0071 + 0.0002
Fd., 0.95 + 0.02 0.92 + 0.0074
k (h) 0.0110+0.0252  0.0066 + 0.0040
e (h) 713 + 224 1621 + 104
2 0.9901 0.9972
MSC 4.05 5.45
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It appears that for those systems containing between 20% and 30% AMOX-H the
proportion of drug released in the initial phase is not determined by the type of
polymer but it reflects dissolution/release of drug from interconnected surface particles
which leaves pores upon release, facilitating the ingress of water and the rapid

dissolution of more drug.

The induction period observed with RG 755 is longer than that reported in section
7.2.4 for RG 503, as expected from the differences in polymer composition. The rate
constants, &, and &, were lower for the higher molecular weight copolymer. This is
consistent with the findings of Jalil and Nixon (1990b), where higher rates of

phenobarbitone release was reported with polymers of lower molecular weight.

83. RG 755 SYSTEMS PREPARED BY SOLVENT EVAPORATION (SE
SYSTEMS)

8.3.1. Physicochemical and morphological characteristics of RG 755 SE discs

RG 755 SE discs were manufactured by the solvent evaporation technique described in
section 5.9.  Figure 8.6 shows the X-ray diffraction scans of RG 755 copolymer
powder (a), RG 755 SE discs at 10% (b), 20% (c), 30% (d), 50% (e) and AMOX-H
powder (f). The patterns obtained for the discs contained defined peaks consistent
with the presence of crystalline AMOX-H in the discs. The intensities obtained
appeared to be in rank order with the drug load. Figure 8.7 shows the relevant plot,

where data points corresponding to MM discs have been superimposed.
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Figure 8.6. X-ray diffractograms of RG 755 powder (a), RG 755 SE discs at 10% (b), 20%
(¢), 30% (d), 50% (e) loading and AMOX-H powder (f).

For SE discs, a linear relationship between the diffraction intensity and the drug load
was observed (r*=0.9696 and MSC=2.69) in figure 8.7. The intercept on the ordinate
axis was estimated as 3.38 + 5.11%. On the basis of the range of the 95% confidence
interval obtained for the intercept value (-12.89 to 19.66), there was no evidence that
the line obtained deviated in the statistical sense from the origin. This is similar to the
results previously obtained for RG 503 SE systems in Chapter 7. However, in RG 755
systems the superimposed MM data points (figure 8.7) showed higher intensity values
than the corresponding SE data points. A Student t-test (Statistics, An Introduction,
1998) was subsequently performed on the limited data of figure 8.7 to evaluate the

significance of the differences observed between MM and SE intensities.
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Figure 8.7. Relationship between X-ray intensity and % drug load for RG 755 SE systems
(&), where data points obtained for MM discs (B) have been included .

The paired-test performed on the data is shown below:

The Null Hypothesis (Hy) was that there were no differences between the XRD

intensity values obtained for MM and SE systems: Hy d=0

and the Alternate Hypothesis (H;) was that there were differences between the two

systems: H, d+0

under Hy equation 8.1 holds,

e equation 8.1
,s“
n

where 7 is the test statistic, d is the mean difference between the paired observations

=

(MM and SE), s is the standard deviation of the differences between the paired
observations, » is the number of paired observations or arguments and v is the degrees

of freedom, which is equal to (n-1).
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A summary of the data used for the test is shown in Appendix III. On application of
equation 8.1, the computed z-value (10.81) was compared to the critical value (12.71)

for 1 degree of freedom at 95% confidence level in the #-distribution table.

The result of the test indicated that the average long run difference between the XRD
intensities, at 95% confidence level, for MM and SE RG 755 systems was statistically
non significant. The p-value (probability value) computed using Excell (Microsoft)
was 0.059, which is consistent with the decision of not to reject the null hypothesis of

no differences.

Therefore, from the data of figure 8.7 there was no evidence to support the existence

of a phase transformation of the drug during processing with RG 755.

The T, values obtained with the second heating scans of SE systems are listed in table

8.6.

Table 8.6. T, values obtained by DSC for the second heating scans of RG 755 powder and SE
systems at 0%, 10%, 20%, 30%, 40%, 50%, 60% AMOX-H loading.

RG 755 system S i Y
copolymer powder 49.5
SE drug-free 47.1
SE 10% AMOX-H 493
SE 20% AMOX-H 499
SE 30% AMOX-H 49.7
SE 40% AMOX-H 495
SE 50% AMOX-H 50.2
SE 60% AMOX-H 49.5
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Similar T, values were displayed by the drug-copolymer systems and the pure
copolymer. Benoit et al. (1986) proposed that when the glass transition of a polymer
is not lowered by the presence of the drug this is indicative of little mutual miscibility
of the materials. All the drug loaded systems investigated displayed dehydration
endotherms similar to the events observed in RG 503 discs, consistent with the

presence of crystalline drug.

Enthalpy changes corresponding to the drug, calculated as described in section 5.4.2,
increased in rank order with the drug load. Figure 8.8 shows the plots of enthalpy
change (J/g) versus nominal drug load (%) obtained for RG 755 SE and MM discs for
loadings in the range 10% to 60%. Linear least squares regression analysis fitted the
data as indicated by r’=0.9829, MSC=3.07 for MM systems and r’=0.9973, MSC=5.25
for SE systems. The intercept on the ordinate of SE systems showed a value of 5.17
+ 0.89 %w/w which was significant in the statistical sense, as indicated by the 95%
confidence range limits (1.84 and 8.5). This was in contrast to the results previously
obtained for RG 503 SE systems, where the data of SE and MM systems was not

significantly different.

As already discussed, it is conceivable that during the filmcasting procedure a
molecular dispersion of Amoxycillin was formed, and may be the reason for the
positive intercepts observed in the DSC results of RG 755 systems. However, these

results were not supported by the XRD results previously shown for the polymer.
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Figure 8.8. Plot of enthalpy change (J/g) determined by DSC versus nominal drug load (%) for
RG 755 MM (B) and SE (A) discs. Error bars indicate the standard deviation of the data.

TGA was performed on RG 755 SE discs loaded with 10%, 30% and 50% of drug.
There was an initial loss of volatile components occurring prior to 110°C and no
further mass loss until after 190°C. These results were qualitatively similar to those
previously shown for the lower molecular weight copolymer RG 503, ie. the

dehydration and decomposition events paralleled those of the pure drug.

8.3.2. Drug release studies with RG 755 SE discs

Drug release profiles obtained with RG 755 SE discs are shown in figure 8.9, for
systems at 10%, 20%, 30%, 40%, 50% and 60% loading.

The amount released was in rank order with the drug load. There is a trend towards
increasing the time for completion of drug release as the drug load decreases. Release
was completed in less than 600 hours for those systems containing 40% drug load or

greater.
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Figure 8.9. Drug release profiles of RG 755 SE discs containing 10% (&), 20% (@), 30%
W), 40% @). 50% (@) and 60% (O) AMOX-H. Error bars indicate the standard deviation
of the data, with the exception of the 50% system for which the error bars show the range of

the data.

For further evaluation the profiles were divided into two groups. The 10%, 20%,

30% systems being investigated in the first place.

To explore the contribution from matrix control, the drug release data was plotted
versus the square root of time. The fit was very poor for the 10% drug loaded system
but improved at the higher drug loadings. The 20% and 30% systems showed a linear
trend up to approximately 600 hours. Deviation from linearity occurred when the data
points of the final profile (after 600 hours) were included. Least squares regression
resulted in higher r* and MSC values for the 30% system than the 20% system (table
8.7). Both 20% and 30% systems showed a positive intercept with the y axis
suggesting that there is an initial release of drug obeying different kinetics, possibly due

to drug being released directly from the surface of the discs.
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Table 8.7. Parameters estimated by linear least square regression for the square root of time

plot of drug release data from RG 755 SE discs at 10%, 20%, 30% load.

10% 20% 30%

slope (mg.h™?) 1915+ 695  0.63 +0.021 0.95 + 0.029

intercept (mg) -478 + 274 1054031 0.9356 +0.46
'a 0.6554 0.9852 0.9962
MSC 0.3988 3.95 491

Equation 3.19 describing square root of time kinetics and degradation dependant drug
release was then used to fit the full profiles of the 10%, 20%, 30% systems (figure
8.10). At the lower load, approximately one third of the drug was released in the first
two days. There was an induction period of approximately 750 hours observed with
all three loadings. The final release phase, consistent with polymer degradation
control, accounted for approximately 60% of the overall profile. At 20% and 30%
loading, square root of time diffusion accounted for circa 80% of the release profile,
with approximately 10% of the initial load being released in the first day. An induction
period commenced at 600 hours until onset of the final phase at 1500 hours. The final

phase had very little contribution to the overall release profile.

At the end of the release study (1400-1700 hours depending on the loading), polymer
discs were still formed. The weight and diameter of the discs was considerably smaller

compared to the initial dimensions.
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Figure 8.10. Drug release profiles of RG 755 SE at 10% (&), 20% (#), 30% (M) drug load
fitted to equation 3.19.

The statistics and parameters obtained with equation 3.19 are listed in table 8.8. Fd
increased with increasing drug load while 4, decreased from 10% to 30% load. There
was an increase in the value of #,.. with increasing load, probably due to the relative
amount of residual drug available in each system for release in the final phase. The
values of the degradation rate constant, k, were in the same order of magnitude for all

the systems although showed large standard deviation values at the higher loads.

On the basis of the results obtained with RG 503 SE systems, which indicated better
agreement with first-order than square root of time kinetics, the drug release data was
then fitted to the two-term release model described by equation 3.14. The fit obtained
for the 10% system is shown in figure 8.11, with estimated parameters that better
describe the release profile (table 8.9). This is in agreement with the results obtained
for the first-order plot of day one of the release, where the 10% system showed higher

agreement (r’=0.9234; MSC=1.91) than with the square root of time equation.

For the 20% and 30% systems the fit was better with the model comprising square

root of time followed by polymer degradation.
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Table 8.8. Parameters and statistics obtained for drug release profiles of RG 755 SE systems
at 10%, 20%, 30% load fitted to equation 3.19.

10%]load  20%load  30%load
k, (h°?)x 10° 410 +39 241+ 0.57 225 +0.50
Fd,, 0.48 +0.020 0.85 + 0.0096 0.93 +0.0134
k (b 0.0117+ 0.0028 0.0269 + 0.0248 0.0158 + 0.0266
e (h) 1167 +27 1572 + 26 1597 + 104
e 0.9804 0.9958 0.9938
MSC 3.21 54 4.48

Comparison of the parameters and statistics listed in tables 8.7 and 8.8 indicates that
drug release at the 10% load is better described by first-order than by square root of

time kinetics.

The predominance of a particular mechanism determining the initial release of AMOX-
H from RG 755 SE discs is possibly related to the extent to which the drug particles
are interconnected in the matrix. At the lower loading, it is expected that the particles
are isolated, the initial release primarily being determined by rapid dissolution of
surface drug. With increasing drug content, the particles are closer to each or may be
interconnected. Dissolution of interconnected particles favors the ingress of water to
the inner layers of the matrix promoting further drug release. In the terminology of
Bonny and Leuenberger (1991) this is referred to as percolation. When the drug load
is at or above a critical loading, the dissolution kinetics are in agreement with the

square root of time law, such as for the 20% and 30% systems.

The three-term model, equation 3.20, was also examined. However, the results did not

improve compared to the two-term equations.
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Figure 8.11. Drug release profile of RG 755 SE discs at 10% loading fitted to equation 3.14,

which describes first-order kinetics followed by degradation control.

Table 8.9. Parameters and statistics obtained for RG 755 SE systems at 10% loading fitted to

equation 3.14.

Fby 0.48 +0.017
kb(h") 0.016 +0.0027
k(h™) 0.0115 £+ 0.0024

lmax(h) 1165 + 23
r 0.9850
MSC 3.48

Degradation of the drug contained in highly loaded systems (40% to 60%) was
relatively low. This was apparent during observation of the HPLC chromatograms
obtained with samples from the release medium, which were therefore not analysed by
UV spectroscopy. The drug release profiles that will be discussed in the rest of the

current section correspond to intact Amoxycillin.

RG 755 SE discs containing 40%, 50% and 60% drug load appeared to release all the
drug prior to commencement of polymer mass loss. The square root of time plots of

40%, 50% and 60% systems are shown in figure 8.12. Agreement with the model was
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good, linear trendlines were obtained by least square regression analysis. Table 8.10
shows the estimated parameters and statistics. The slope increased with increasing
drug load. Higher intercepts with the y axis were obtained compared to the 20% and

30% systems previously shown.

Intact drug release (mg)

0 2 4 6 8 10 12 14 16
Square root of time (h°'5)

Figure 8.12. Intact drug release versus square root of time plot for RG 755 SE discs at 40%
@), 50% (@) and 60% (O) drug load. Fitted lines were obtained by linear least squares

regression.

Table 8.10. Parameters and statistics obtained by linear least square regression analysis for the

square root of time plot of drug release data from RG 755 SE discs at 40%. 50%, 60% load.

Drug loading (%)

40 50 60

slope (mg.h™’)  2.55+0.136 2.94 +0.093 728 +0.18

intercept (mg) 1.88 +0.79 1.83 +0.65 1.81+0.78
r 0.9831 0.9909 0.9969
MSC 3.58 435 521
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The fractional drug release data of 40%, 50% and 60% systems was then fitted to
equation 3.10, describing square root of time kinetics with the inclusion of a shape
factor. The exponential model, equation 3.15, was also examined. Figure 8.13 shows
the results obtained with both models for these systems. All the drug was released
within 150-500 hours, depending on the drug load. As expected from the square root
of time plots, the data was in better agreement with equation 3.10. Tables 8.11 and
8.12 list the parameters and statistics obtained for the square root of time model and
the first-order model, respectively. Higher r* and MSC values were obtained with the

square root of time model.

Table 8.11. Parameters and statistics obtained for drug release from RG 755 SE discs at 40%,

50% and 60% loading, fitted to equation 3.10 describing square root of time kinetics.

Drug loading (%)

40 50 60
k, (h"?)x 10* 39+ 2 38+0.7 71+ 0.6
' 0.9743 0.9935 0.9991
MSC 3.53 4.92 6.78

Table 8.12. Parameters and statistics obtained for drug release from RG 755 SE discs at 40%.

50% and 60% loading, fitted to equation 3.15 describing first-order kinetics.

Drug loading (%)

40 50 60

Fy 0.93 +0.028 0.96 + 0.032 0.98 + 0.067
ky (h")  0.016 +0.003 0.015 +0.002 0.045 + 0.0096
2

r 0.9612 0.9623 0.9560

MSC 2.98 3.03 2.63
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Figure 8.13. Fractional intact drug release profiles of RG 755 SE discs at 40% (I), 50% (1)
and 60% (III) load fitted to equations 3.10 (heavier line) and 3.14.
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By 1000 hours of release studies, 40% drug loaded discs had a yellowish colour. This
suggested that drug was still entrapped. Therefore, one disc from each the 40% and
the 60% systems was monitored in the release buffer to 4000 hours (5.5 months). The
dissolution medium continued to be analyzed and replaced at regular intervals. At
approximately 2000 hours, a small peak matching that of AMOX-H was detected by
HPLC analysis, at both the 40% and 60% loads. When the discs were examined at
2400 hours the 40% drug loaded system no longer showed a yellow coloration and
further drug release was not detected; both discs were very thin and appeared to be
fragil. Subsequently, both discs broke into pieces while replacing the buffer at the
next time point (2550 hours). The pieces continued to be monitored until 4000 hours,

at which time some irrecoverable pieces from the original discs were still left.

8.3.3. RG 755 MM versus RG 755 SE discs

A comparison of the drug release profiles obtained with RG 755 MM and RG 755 SE
at 20% and 30% drug load is shown in figure 8.14. For clarity, the simulated profiles
are used. There is very little contribution from a degradation phase in any of these
systems. The initial release was faster in MM systems, the proportion of drug released
in this phase increasing in rank order with the load, for both preparative methods.
Comparable #,.. estimates were obtained for MM and SE discs, the degradation rate

constant, &, being greater for the processed systems.

17 30% MM 30% SE
0.9 + L

0.8 + 20% MM 20% SE

Fraction drug released

f t t , f f : f —i -
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time (hours)

Figure 8.14. Comparison of simulated drug release profiles from RG 755 SE systems (heavier

line) at 20% and 30% drug loading versus RG 755 MM systems of equivalent load.
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8.3.4. RG 503 SE versus RG 755 SE

Drug release profiles of 10%, 20% 30% systems are compared in figure 8.15 to the
corresponding profiles previously obtained with RG 503. The overall release time is
approximately 50% shorter for RG 503 than for RG 755 SE discs. A greater
proportion of drug released by polymer degradation control was observed with RG
503, as expected from the compositional and molecular weight differences between
these two copolymers. Within each system, onset of the degradation phase appears to

be prolonged at the higher drug loadings.

In the initial phase, first-order kinetics appear to prevail in RG 503 compared to RG
755. The latter showed better agreement with square root of time kinetics, particularly

with increased drug loading.

Fractional drug release
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Figure 8.15. Drug release profiles of RG 503 SE discs at 10% (A), 20% (€) and 30% (@)
drug load versus equivalent profiles of RG 755 SE discs at 10% (&), 20% (@) and 30% (M)
drug load.

8.3.5. Polymer mass loss studies with RG 755 SE discs: drug-free and drug
loaded

Figure 8.16 illustrates the polymer loss profiles and the drug release profiles obtained
for RG 755 SE discs at 20% loading. The intersection of the two curves occurred at

the 0.9 fraction indicating that most of the drug was released when only 10% of the
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polymer was dissolved. In addition, this appeared to indicate that the small final phase

of drug release mirrored the polymer mass loss profile.

As will be shown in Chapter 9, GPC performed on 20% drug loaded discs after 1050
hours of release studies showed considerable reduction of the polymer M,,. Polymer
degradation dependent drug release, however, was not evidenced until circa 1500

hours.

Fraction

0 500 1000 1500 2000 2500 3000
Time (hours)

Figure 8.16. Fractional drug released (M) and fractional polymer mass remaining (9) in RG
755 SE discs at 20% AMOX-H load.

Figure 8.17 compares polymer mass loss for drug-free and 20% drug loaded SE discs
fitted to equation 3.13. Mass loss from drug-free discs showed a lag phase of
approximately 800 hours, #,..» occurring at approximately 1050 hours. Related time
points were chosen for 20% drug loaded discs. Interestingly, the effect of the drug on
the polymer degradation kinetics was greater than that expected from the results with
RG 503 and RG 504. By 1100 hours, time taken for a 75% mass loss for drug-free
discs, no apparent polymer degradation was evident in the drug loaded systems. It was
then decided to continue observation of the remaining discs until complete dissolution
occurred. The discs were monitored for more than 2000 hours. Complete dissolution

did not occur during the time of the study.
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Figure 8.17. Polymer mass remaining versus time for 20% drug loaded () and drug-free RG
755 SE discs (©).

Table 8.13 lists the parameters and statistics obtained for the mass loss profiles of RG
755 SE drug-free and 20% drug loaded discs fitted to equation 3.13. The estimated
value of the degradation constant kp is lower for the drug-loaded discs, with greater
tmaxp Values for these discs. In the previous section it was found that discs maintained
in the dissolution medium for a prolonged period of time, 40% and 60% systems,
released a small amount of drug at approximately 2300 hours. This time is in the same

order of the #,,,.» estimated for the 20% systems.

Table 8.13. Parameters and statistics estimated for RG 755 SE drug-free and 20% drug loaded
discs fitted to equation 3.13.

drug-free discs 20% drug loaded discs

ke (h")  0.0116 +0.0017 0.0034 + 0.00057

Lnse (1) 993 + 16 2099 + 94
r 0.9824 0.9899
MSC 3.68 4.15
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It would be expected that after all the drug was apparently released from a system
(1650 hours for 20% AMOX-H discs), the kinetics of polymer degradation should be
restored to those of the native polymer (drug-free discs). Interestingly, the simulated
profile (figure 8.17) suggests that the degradation rate of drug loaded discs continued

to be slower even after all the drug was apparently released from the discs.

Figure 8.18 is a photograph of the 20% systems, showing the appearance of the discs
before drug release studies and after 727 and 874 hours of the studies. Size changes

were not apparent in the photograph.

Polymer 3 pro20

0 727 874

T S A T
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Figure 8.18. Photograph of 20% drug-loaded RG 755 SE discs before release studies (time

zero) and after 727 and 874 hours of drug release studies.
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Figure 8.19 shows the polymer loss in drug-free discs compared to that obtained with
40% and 60% AMOX-H loaded discs. Completion of drug release took place in
approximately 600 and 150 hours at 40% and 60% loading respectively, as shown in
the previous section. According to the degradation kinetics of drug-free discs (©)
80% of the initial polymer mass should be dissolved by circa 1100 hours.
Notwithstanding this solid discs were still present at this time, both at 40% and 60%
loading, while the diameter of the discs was approximately 10 mm (measured at 1411
hours). The appearance of drug-free discs after 900 hours of the study, was that of a
semi-solid system which stuck onto paper upon removal from the dissolution buffer.
Table 8.14 lists the diameters and heights recorded for 40% and 60% drug loaded
systems. There was a decrease in the diameter of the discs with increasing dissolution

time. At 1723 hours, it appears that the height of the discs has slightly increased.
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Figure 8.19. Fractional polymer remaining in RG 755 SE drug-free (€) and 40% (H), 60%
(A) drug loaded discs.
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Table 8.14. Diameters and heights of RG 755 SE discs at 40% and 60% drug load measured

during drug release studies. (n.r. = not recorded)

Time (hours) 40% 60%

diameter  height | diameter height?

(mm)  (mm) | (mm)  (mm)

0 130 0.75 13.0 0.80 '
1411 10.3 n.r. 9.3-9.5 n.r.
1723 94 1.4 8.6 1.0

The results from 20% AMOX-H RG 755 SE discs indicated that some of the drug was
physically trapped in the polymeric matrix and was not released until bulk mass loss
occurs. At the higher drug loading, however, a distinct degradation controlled release
phase was not observed since completion of drug release occurred prior to onset of

mass loss.

8.4. R 203 SYSTEMS PREPARED BY SOLVENT EVAPORATION (SE
SYSTEMS)

As pointed out previously, R 203 is not a copolymer but is a homopolymer composed
of D,L-lactic acid units. The investigation of R 203 systems concentrated on solvent-

cast discs.

8.4.1. Physicochemical and morphological characteristics of R 203 SE discs

R 203 discs were prepared by the solvent-cast technique described in Chapter 5. The

characterization of these systems was undertaken by XRD and DSC m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>