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SUMMARY

Hydrophilic polymers, which both swell and erode, are widely used to produce sustained release 

of drugs from monolithic matrices, and have been extensively reviewed in the literature 

(Alderman 1984), (Peppas and Korsmeyer 1987). In the present work gravimetric swelling and 

erosion studies were completed on such matrices, since the extent of water uptake and thus 

swelling is an indication of the extent of soluble drug release by diffusion. The rate of erosion of 

the polymer is an indication of the extent of poorly soluble drug release by erosion. It was 

atten^ted to describe any relationships noted mathematically, as a preliminary step to future 

development of a simple mathematical model describing drug release based on swelling and 

erosion of a monolithic swellable pol5oner matrix, since the models already in the literature 

show a number of approximations.

The extent of swelling and erosion of pure hydroxypropylmethylcellulose (HPMC) matrices was 

found to be significantly influenced by the use of different polymer molecular weights and by 

increases in agitation rate, but to a lesser extent by changes in dissolution medium. Dissolution 

medium uptake followed square root of time kinetics, and erosion followed cube root kinetics.

When model drugs and excipients were included in the HPMC matrix, the presence of drug was 

seen to increase the rate of erosion of the matrix, especially above a 75% drug loading for the 

higher molecular weight polymer (K15M), and above 50% for a lower molecular weight 

polymer (KIOOLV). The maximum swelling occurring was higher with drugs and excipients of 

higher solubility than those of lower solubility.

Drug release from HPMC matrices was foimd by dissolution studies to be generally dependent 

on the solubility of the drug used, the dissolution medium, the polymer molecular weight, and 

for low polymer molecular weights, the agitation rate. Drug release was fitted using an 

empirical equation known in this work as the Korsmeyer and Peppas equation. To further 

elucidate the mechanisms of release, the swelling and erosion studies were combined with the 

drug release studies to produce mass balance graphs, which showed the behaviour of the 

individual drug and polymer components.

A second hydrophilic polymer type, polyethylene oxide (PEO), was used in swelling and erosion 

studies, and the extent and pattern of swelling and erosion were seen to be different to those seen 

for HPMC. The extent of swelling and erosion was foimd to be dependent on dissolution 

medium, drug loading and drug solubility, but to a lesser extent than seen for HPMC. Drug 

release was found to be dependent on drug loading, drug solubility and agitation rate, but not on 

polymer molecular weight in the range studied. Mass balance graphs showed that for the



systems studied, release was predominantly by diffusion with some contribution of matrix 

relaxation leading to the anomalous release kinetics seen.

When stearic acid was used to replace HPMC in swelling and erosion studies, the maximum 

swelling occurring was seen to decrease with increasing stearic acid loading. The erosion rate 

constant increased slightly with increasing stearic acid loading, and then showed a large 

decrease above a 50% stearic acid loading. Stearic acid was shown by DSC and XRD to 

undergo an interaction, apparently with phosphate buffer, which led to the possible formation of 

an acid-soap. Drug release was examined from HPMC and PEO matrices containing stearic 

acid, and was found not to be statistically significantly different to release fi’om two-component 

drug/polymer matrices, except at the high drug loading of 75%. HPMC matrices showed a 

decrease in benzoic acid release at high stearic acid ratios, an effect not seen for PEO.

Finally, the erosion rate constant of the polymer component of mixed matrices containing a low 

molecular weight HPMC combined with a poorly soluble drug, was related to the erosion rate of 

the drug component. This enabled the prediction of the release of this drug at different drug 

loadings, from this polymer. For systems where drug release was by diffusion only, drug release 

could be predicted using the equation of Cobby (1974) and knowledge of the extent of swelling 

of the system.
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Symbol Explanation

20 degrees Diffraction angle

a Dissolution medium uptake rate constant (Equation 5.3)

A Surface area

ai Constant for power law equation (Equation 5.7)
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(Equation 8.1)

A„ Constant for exponential equation (Equation 8.3)
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drug loading in percent
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Dpa Average diffusion coefficient of the polymer across the diffusion layer
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DSC Differential scarming calorimetry

F Percentage of drug released
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g gram

G Intrinsic dissolution rate

G1,G2,G3 Cobby shape factors (Equation 2.4)

h Diffusion layer thickness

h' Height of disc

He-Ne Helium Neon

h" Initial height of disc

HPMC Hydroxypropylmethylcellulose

hr hour

hrs hours

J Joule

k Kinetic constant

k ' Relative contribution of Fickian mechanism (Equation 2.32)

k " Relative contribution of Case II relaxation mechanism (Equation 2.32)

kj Hixson-Crowell erosion rate constant
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k i s Kinetic constant for Fickian component of release (Equation 2.29)

k2 Erosion rate constant (Equation 2.14)

k2% Erosion rate constant of pure polymer
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kzp Erosion rate constant of polymer component

k 2 s Kinetic constant for Case II component of release (Equation 2.29)
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ks Kinetic constant (Equation 8.3)

ke Kinetic constant for "uptake mixture" model

k? Kinetic constant (Equation 7.1)

Ka Dissociation constant of acidic drug

Kab Kinetic constant for "swelling/erosion 2" model

Kbc Kinetic constant for erosion used for "swelling/erosion 2" model and "swelling 

erosion 3" model
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^ d r u g Constant for drug (Equation 10.13)
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kL Kinetic constant for weight loss (Equation 8.2)

kla Kinetic constant (Equation 2.31)
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kp Kinetic constant (Equation 2.27)
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Chapter 1 -  Diffusion and dissolution

1 CHAPTER ONE

1.1 INTRODUCTION - DIFFUSION AND DISSOLUTION

In this chapter, the mechanisms of dissolution and diffusion relevant to the present work will be 

reviewed. Diffusion is defmed as the process of mass transfer of individual molecules of a 

substance brought about by random molecular motion and associated with a concentration 

gradient (Martin 1993 Chpt 13). Steady state difRision of a solute is governed by Pick's first 

law which states that the amount of material flowing through a unit cross-section of barrier in 

unit time is known as the mass flux (J) and is proportional to the concentration gradient. This 

can be represented as follows:

dx

Equation 1.1

Where;

D = the diffusion coefficient of the penetrant in cmVsec 

C = concentration of penetrant in g/cm^

X  = distance in cm, of movement perpendicular to the surface of the barrier

Diffusion occurs in the direction of decreasing concentration and thus the flux is always 

positive. Temperature, pressure, solvent properties, and the chemical nature of the diffusant can 

affect Z) values.

Pick's second law examines the rate of change in concentration with time at a particular location. 

It states that the change in concentration with time in a particular region is proportional to the 

change in the concentration gradient at that point in the system. It refers in general to a change in 

concentration of diffusant with time at any distance x, i.e. non-steady state flow and can be 

expressed as follows (Martin 1993 Chpt. 13):

SC _ ^ S ^ c  
St ~ Sx^

Equation 1.2

Pick's second law of diffusion can also be expanded to describe diffusion in three dimensions.

1



Chapter 1 - Diffusion and dissolution

Dissolution is the process by which a solid dissolves and enters into solution. Noyes and 

Whitney (1897), on studjrag the release of lead chloride and benzoic acid from rotating 

cylinders of drug, developed Equation 1.3 to describe dissolution. It is based on Pick's second 

law of diffusion and shows first-order kinetics. They assumed that the surfece area remained 

constant. The assumption for all the following equations is that the rate-limiting step is the 

transport process to and from the interface and not the rate of reaction at the interface.

at

Equation 1.3
Where:

dC/dt = Rate of change of concentration with respect to time i.e. dissolution rate 

K  = Dissolution constant

Cj=Concentration of saturated solution of the solute in the dissolution medium 

C, = Concentration of solute at time t

Nernst and Brunner (1904) proposed the film-model theory which considers that a solid particle 

immersed in a liquid imdergoes two consecutive steps; the first being dissolution of the solid at 

the interface into a thin stagnant layer or film around the particle of thickness h. A solid- 

solution equilibrium exists at this interface. The second step is the diflfiision from this layer at 

the boundary to the bulk where rapid mixing occurs, and no concentration gradients are present. 

This second step is the rate-determining step. Thus the dissolution rate is determined by 

Brownian motion of molecules in the diffusion layer. An assumption of this theory is that the 

reaction at the interface is much fester than the transport of the reactants to, and products from 

the interfece. These steps occur when no disintegration and no chemical reaction of the solute 

with the solvent occur (Wagner 1971). Nernst and Brunner (1904) expanded Equation 1.3 to 

include the diffusion coefficient (D), the thickness of the stagnant diffusion layer (h), and the 

volume of the dissolution medium (V), and the surface area (A), to give the following equation;

dt Vh^ '

Equation 1.4
Where:

D = diffusion coefficient 

A = surfece area

V= volume of dissolution medium 

h = diffusion layer thickness

2



Chapter I - Diffiision and dissolution

It can be seen that Equation 1.4 is similar to Equation 1.3 giving:

DA
K  =

Vh

Equation 1.5
When sink conditions occur, that is \n^en the concentration of solute in the bulk phase is much 

less than the drug solubility. Equation 1.4 can be written;

dC DA 
dt Vh '

Equation 1.6
An expression for the intrinsic dissolution rate (G), that is the amount of drug dissolved per unit 

surface area per unit time can be obtained, and expressed as:

Equation 1.7

As and D are constants for a particular drug, and if h remains constant under experimental 

conditions, then G too becomes a constant and a zero-order kinetic process occurs. G can be 

obtained from the slope of a plot of amount of drug released divided by surface area, versus time 
(Wagner 1971).

Hixson and Crowell (1931) modified the Noyes-Whitney equation to develop a dissolution 

equation based on changing surface area, since they recognized that the surface area of a regular 

particle is proportional to the two-thirds power of its volume. This equation expresses the rate 

of dissolution based on the weight of uniformly sized drug particles and can be written (Abdou 
1989):

, 1 
i i f  4;r/on̂ 3 DC^

V  ̂ )  hp

Equation 1.8
Where:

Wo = initial powder weight 

w = powder weight at time t 

p  = particle density 

rj = viscosity

3



Chapter 1 -  Diffiision and dissolution

D = diffusion coefficient 

Cj= solubility

h = diffusion layer thickness

If all the constants are then incorporated into one constant Equation 1.9 results, which is 

known as the Hixson-Crowell cubic root law.

1 1 
- w ^  =  k^t

Equation 1.9
Levich (1962) described the rate of dissolution from a rotating disc by the following equation, 

which assumes laminar flow and a diffusion controlled process.

y  = 0.62£>3v6<y2Q

Equation 1.10
Where:

J  = mass flux 

D = diffusion coefficient 

V = kinematic viscosity 

03 = angular rotation

Cs = solubility of the compound in the medium

This equation was adapted by Ju et al. (1997) to determine polymer dissolution flux from 

HPMC matrices, as this process is considered to be similar to the dissolution process for a 

crystal in a fluid. Using literature relationships, they described an equation expressing the 

polymer difRision coefficient in terms of molecular weight and concentration. The polymer 

concentration at the gel layer/diffusion layer interface, also known as the polymer 

disentanglement concentration, was used. They determined an average diffusion coefficient 

across the diffusion layer, which could be used with the equation of Levich (1962). Although 

there is a change in the surface area of these systems the approximation was slight, leading to 

the calculated relationship being close to that determined experimentally.

1.2 FACTORS AFFECTING SOLUBILITY

Solubility can be defined quantitatively as the concentration of a solute in a saturated solution at 

a certain temperatxu'e. The solubility of a compound depends on the physicochemical properties 

of the solute and solvent and on such other fectors as temperature, pressure and the pH of the

4



Chapter I - Diffusion and dissolution

solution (Martin 1993 Chpt. 10). As solubility is an important determinant of the rate of 

dissolution, two fectors affecting solubility in the present work are reviewed.

1.2.1 Solubility of a weak electrolyte as influenced by pH

The drugs studied in this work consisted of a weak acid, benzoic acid and its salt sodium 

benzoate, which is the salt of a strong base and weak acid. The ester methyl /?-hydroxybenzoate 

was also studied. Therefore the solubilities of weak electrolytes were considered as they can be 

strongly influenced by pH. The solubility of a weak acid can be described by the following 

equation (Martin 1993 Chpt. 10) \

C = C' ^ s  ^ u 1+
V jy

Equation 1.11
Where:

Ka = Dissociation constant of acidic drug

Cj = Total solubility Q  which is the concentration of the undissociated and ionized forms of the 

acid

C„ = Solubility of undissociated species 

[HjO*] = hydrogen ion concentration

By an analogous method the solubility of a weak base can be written (Sokoloski 1995) \

C = C' ^ s  ' ^u

Equation 1.12

Where:

Kb ~ Dissociation constant of basic drug 

K„ = Dissociation constant of water

1.2.2 Ionic strength

Ionic strength can be defined as the contribution to the electrostatic force in a soltition from ions 

of all types. Many diverse phenomena such as the mean ionic activity coefficient, the solubility 

of sparingly soluble substances, rates of ionic reactions, and the effects of salts on the pH of 

buffers are functions of ionic strength (Niebergall 1995). The mean ion activity coefficient is the 

ratio of the activity or "effective concentration" of an electrolyte in concentrated solution to its 

concentration, as ions in solution can associate which decreases the value obtained for

5



Chapter 1 - Diffusion and dissolution

colligative properties as compared to those expected on the basis of ion concentration. The ionic 

strength (n) of a solvent depends on the number of ionic charges in a solution and not on the 

specific properties of salts present in the solution. The equation for ionic strength is as follows, 

and was used to determine the ionic strengths of the dissolution media used in the present work 

(Martin 1993 Chpt. 6):

1 V  2
^  1

Equation 1.13
Where;

c, = concentration in moles per litre of particular ion 

z, = valence of that ion
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Chapter 2 - Sustained release

2 CHAPTER TWO

2.1 INTRODUCTION - METHODS OF OBTAINING SUSTAINED RELEASE

Sustained release dosage forms are advantageous in that they aid patient compliance and in 

some cases provide better control of plasma drug levels. They can also be a means of patenting a 

new formulation before expiration of patent (Alderman 1984). One of the simplest methods of 

obtaining sustained release of drug is to exploit the characteristics of the matrix former with 

which the drug is combined, to prolong release. Two such methods of obtaining sustained 

release, the use of an inert matrix former and the use of hydrophilic swellable polymers as the 

matrix former, will be discussed.

2.2 EVERT MATRICES

The first method is the use of an inert insoluble matrix former such as a hydrophobic fatty acid, 

which is blended with drug and compressed. In this way the drug is leached out of the matrix 

slowly which sustains release. Such matrices have been used by Kaewvichit and Tucker (1994). 

For these matrix devices, the controlling step in drug release is the concentration difference, and 

the drug release mechanism is by diffusion (Peppas and Korsmeyer 1987). The drug diffusion 

coefficient is constant, leading to release kinetics being termed "Fickian" and water penetration 

into and drug release out from these matrices follows square root of time kinetics. Such 

matrices were briefly studied in the preserrt work, however the equations to describe drug release 

which were derived for such systems have also been applied to swellable hydrophilic matrices 

and therefore are discussed here.

Higuchi (1962) reported that release of drug in solution from a single surfece of a homogenous 

ointment could be described by Equation 2.1 for up to 30% release. The assumption is that 

Pick's law is obeyed, therefore the diffusion coefficient is constant with respect to time and 

position in the ointment layer. It is assumed that only the drug can diffuse out of the layer, that 

the drug is removed rapidly from the receptor compartment/ointment boundary and that only a 

single drug species is important in the ointment:

\ 7 T  J

Equation 2.1
Where;

Q = Amount of drug released per unit area of apphcation 

Co = initial concentration of drug in the ointment

7



Chapter 2  -  Sustained release

D -  diffusion coefficient of drug in the ointment 

t = time after application

This equation could be adapted to describe drug release from an inert plastic matrix initially

saturated with a drug solution of concentration Co by including tortuosity and porosity terms. 

The equation is expressed as follows (Desai et al. 1965) :

Where;

Q = Amount of drug released per unit area 

D = diffusion coefficient of drug in the release medium 

X = tortuosity factor of the capillary system 

Co = concentration of the saturating drug solution 

E = porosity of the matrix 

t = time

Higuchi (1963) presented an equation for release of suspended drug from a planar surface of a 

heterogenous granular matrix, where diffusion occurs in intergranular pores, which is shown 

below. The derivation of the equation is based on the assimiption that a pseudo-steady state 

condition is present during release, that the drug particles are small relative to the average 

diffusion distance and are uniformly distributed in the matrix. The external geometry of the 

tablet is considered to remain constant. This equation is valid where A ' is greater than sCs by a 

factor of 3 or 4, so that the drug is in suspension:

Where:

Q = amount of drug released after time t per unit exposed area 

D = Diffusion coefficient of the drug in the solvent 

T = tortuosity fector of the capillary system 

A ' = total amount of drug present in the matrix per unit volume 

C, = solubility of the drug in the permeating fluid 

e = porosity of the matrix

Equation 2.2

Equation 2.3

8



Chapter 2 - Sustained release

This equation was further developed by Cobby (1974) to describe drug release from tablets of 

different geometric shapes. The equation for a cylinder was as follows:

- G , { K / y

Equation 2.4
Where:

ft  = fraction of drug released at time t 

Gi = shape factor = q-^2 

G2 = shape factor = 2q+l 

G3 = shape factor = q

q = initial radius r„ divided by half initial height of tablet h„

Kr = release rate constant which from the Higuchi equation for release of suspended drug from 

granular matrices, (Equation 2.3) can be described as:

Equation 2.5

Lapidus and Lordi (1968) considered that the Higuchi equations for release of sohd drug from 

insoluble matrices (Equation 2.3), and release of drug in solution for up to 30% release from 

homogenous ointments (Equation 2.1) could be applied to drug release from a single face of 

hydrophilic swellable matrices. Changes in the surface area, volume and diffusion coefficient 

porosity and tortuosity occur when the matrix is hydrated which may cause significant changes 

in drug release.

Percolation theory is a method of explaining drug release kinetics from inert matrix-type tablets 

over a range of drug loadings. The amount of drug released Q(t) from one tablet surface after a 

certain time, t, is proportional to /*, where the exponent k  depends on the percolation probability 

that is the probability that a "cluster" that is a single particle or group of particles of a particular 

type, just percolates the matrix. At low drug loadings i.e. low porosity, most of the drug is 

encapsulated by the matrix through which it cannot diffuse, therefore not all of the drug is 

released. At the lower percolation threshold, pci^ the drug particles just form a connective 

network and at this point anomalous release kinetics are seen, with ^ « 0.2 in three dimensions. 

Between the upper and lower threshold limits, normal matrix controlled diffusion occurs with k 

= 0.5. At the upper percolation threshold, pc2, the matrix particles become isolated and the 

matrix can disintegrate, therefore zero-order kinetics occur and = 1. Therefore through 

knowledge of the percolation thresholds, matrix tablets can be designed which give square root 

of time release (Bonny and Leuenberger 1991). The Higuchi equation for release of suspended
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drug from a planar surface of a heterogenous granular matrix, where diffusion occurs in 

intergranular pores, is widely used to describe the release of drugs from these matrices between 

pci and pc2. In the present work several observations were tentatively attributed to the presence 

of percolation thresholds in the matrix at a particular loading.

2.3 SWELLABLE HYDROPHILIC POLYMER MATRICES

A second type of matrix, which sustains release of drugs by the use of swellable hydrophilic 

polymers, was the main sustained-release system used in the present work. In these systems the 

polymer is blended with drug and added excipients, and compressed to form a matrix. The 

matrices are swellable but non-erodible when a cross-linked pol5oner or an uncross-linked 

polymer of high viscosity is used. In the present work the focus is on matrices comprised of 

imcross-linked polymers which both swell and erode, and for which the movement of the 

swelling front is the controlling step for drug release, and the mechanism of drug release is 

predominantly by relaxation-dependent diffusion. This leads to their being described as 

"swelling-controlled" systems (Peppas and Korsmeyer 1987). The ph)^icochemical properties 

of the polymers used will be discussed in Chapter Three.

2.3.1 Theory o f swelling in matrix systems

The drug/polymer matrices are initially in a dry state. The pol5flmers used in sustained release 

are usually amorphous and exhibit a glass transition temperature, that is the temperature at 

which the polymer changes from a glassy state to a rubber due to liie onset of co-ordinated 

molecular motion in the polymer chain (Sperling 1992 Chpt. 8). Semi-crystalline polymers are 

also used and these have amorphous domains, therefore they also exhibit a glass transition 

temperature (Painter and Coleman 1994 Chpt. 8).

On exposure to the dissolution medium, which in studies for human use is aqueous, the polymer 

hydrates. If the medium is thermodynamically favourable, the medium swells the polymer 

chains, as the attraction o f the polymer chains for the medium is greater than the polymer- 

polymer interactions (Hamley 2000). The presence of the solvent causes stresses, which are 

accommodated by an increase in the radius of gyration and the end-to-end distance of the 

polymer molecules i.e. the chains get solvated. Polymer molecules in solution are present in the 

form of coils. The radius of gyration is a measure o f the average distance o f a chain segment 

from the centre of mass of a coil, and the end-to-end distance is the average separation of the 

chain ends. The increase in the radius of gyration is seen macroscopically as swelling. The 

apparent volume occupied by these expanded coils is known as the hydrodynamic volume. The

10
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time taken for the increase in the radius of gyration is characteristic for each solvent/polymer 

system and is a relaxation phenomenon (Ranga Rao et al. 1988).

A sharp boundary is then present between the hydrated rubbery region and the dry region, due to 

the movement o f the solvent molecules towards the matrix core. The presence of the solvent 

allows the drug to begin to diffiise out of the matrix. Simultaneously the thickness of the 

swollen rubbery region increases with time in the opposite direction. The gel layer formed slows 

the diffusion o f drug out of the matrix, due in part to the increase in the difflisional path length 

i.e. the path the drug must take to diffuse out of the matrix and also to the molecular mesh 

formed by the swollen polymer chains (Peppas and Franson 1983). Release from these 

swelling-controlled matrices does not follow square root of time kinetics as the burst effect is 

lessened, and the continued swelling and increased water content of the polymer increases the 

diffusion coefficient of the drug (Shah et al. 1991). Erosion may also occur. These two effects 

avoid tailing-off as is seen for square root of time diffusion. Apicella et al. (1993) and Kim 

(1998), showed that drug release would follow zero-order kinetics when synchronization of the 

movement of the swelling and erosion fronts occurred, although this is not a prerequisite for 

zero-order release. In imcross-linked polymers of low molecular weight the end stage of 

swelling is an aqueous solution of the polymer (Peppas and Korsmeyer 1987). At the eroding 

front, the polymer reaches its "disentanglement concentration", that is the concentration below 

which the pol5mier chains detach off the matrix and cross the diffusion layer to the bulk solution 

(Ju et al. 1995). The poljmer chains disentangle by a process of "reptation", a snake-like 

motion, by a Brownian diffusion process, with increased medium content (Hamley 2000). The 

different fronts in a swelling-controlled matrix, which contains drug, are illustrated in Figure 

2 . 1.

SD OE

Figure 2.1 Fronts in swelling-controlled hydrophilic matrix during swelling, (S) Swelling front 

between glassy core and rubbery hydrated matrix, (D) Drug diSusion front seen with poorly 
soluble drug or high loading, (O) Original diameter of matrix, (E) Erosion front between rubbery 
matrix and bulk solution.

Drug release from a non-swelling, non-erodible polymer follows Fickian diffusion principles. 

Alfrey et a l (1966) considered that for diffusion in glassy polymers, two limiting cases exist. 

The lower limiting case is Fickian (Case I) diffusion, where a constant diffusion coefficient 

exists, and the penetration of medium into the matrix and increase in gel layer thickness was
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prqpoitional to the square root of time in a slab. The upper limiting case is called Case II 

kinetics and shows a sharp diffiising boundary moving at a constant velocity, and leads to the 

weight gain of the polymer being directly proportional to time in a slab (i.e. zero-order). Case II 

kinetics are a consequence of swelling-induced relaxation i.e. structural changes in the polymer 

induced by the penetrant, and occur where diffiision through the swollen pol)aner is rapid 

compared to the rate of polymer relaxation so that relaxation is the rate controlling step 

(Hopfenberg and Hsu 1978). In between these two limits anomalous diffusion kinetics occur. 

Both Fickian diffusion (Case I) and Case II release behaviour are characterised by a single 

parameter. For Fickian diffusion this is the diffusion coefficient, whereas for Case II transport 

this is the characteristic relaxation constant (Ritger and Peppas 1987b). Hopfenberg and Hsu 

(1978) also considered that erosion of erodible delivery systems was an analogous concept to 

Case II transport, as they considered that a chemical relaxation of the host polymer containing 

drug could occur as a rate-determining step to drug release, prior to polymer hydrolysis or 

dissolution.

It has been considered that if the mechanisms of swelling and erosion are understood and can be 

described mathematically, then the relationships derived can be used to predict the release of 

drug from these matrices. Therefore equations to describe the swelling process and the erosion 

process will be examined. The most frequently used equations to describe drug release kinetics 

will also be reviewed.

2.3.2 Swelling and erosion measurement

Many methods have been used to examine the swelling and erosion of the polymer, to better 

understand drug release from swelling-controlled release systems. Many of these methods 

involve advanced technology and do not mimic conditions prevailing in the gastrointestinal 

tract.

The first and simplest of these is by gravimetric studies, which examine the dissolution medium 

uptake of the polymer as it swells, when placed freely in a vessel, and the erosion of the polymer 

if the disc is removed and dried. These methods have been used by the following authors to 

describe swelling; Kwei and Zupko (1969), Peppas and Franson (1983), Shah et al. (1991), 

Papadimitriou et al. (1993b), Tahara et al. (1995), Gubbins (1996), Ebube et al (1997). The 

gravimetric studies have the disadvantage that while the gross uptake of dissolution medium into 

the matrix can be examined, no indication of the depth of paietration of the gel layer is obtained. 

This was overcome in a later study by Tahara et al. (1996) who scraped off the gel layer to 

expose the core. Kim et a l (1997) combined gravimetric studies and photomicrography to
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examine swelling and erosion. Talukdar et al. (1995) measured changes in axial swelling by 

mounting the disc brtween a sintered glass and a membrane filter and using a dial indicator 

whereas radial swelling was measured by placing the disc in a beaker on graph paper. Erosion 

only was measured gravimetrically by Katzhendler et al. (1997) and Reynolds et al. (1998).

Wan et al. (1991) used a sintered glass filter attached to a graduated capillary tube to measure 

uptake of phosphate buflFer of HPMC/ibuprofen matrices. In later studies (1993) and (1995), 

they mounted discs between two sheets of filter paper and examined the increase in thickness 

with time.

Other methods include colourimetric analysis using a brightly coloured drug to determine 

relative positions of fi'onts in matrix in a device to limit axial swelling (Colombo et al. 1995). 

Image analysis was used by Talukdar et al. (1998), Papadimitriou et al. (1993a), and Le Neel et 

al. (1997) to measure changes in area. Gao et al. (1996a, 1996b) used image anal}^is to measure 

changes in tablet dimensions and gel layer thickness, but also determined the polymer 

concentration profile across the gel layer, based on intensity of light scatter of the gel.

Thermomechanical analysis was used hy Mitchell et a l (1991) and (1993a), in expansion mode 

to record the increase in axial and radial dimensions, and in penetration mode to record the gel 

layer thickness. Yang et al (1998) measured gel thickness using texture analysis profiling.

Ultrasound was used by Konrad (1998), to continuously measure the position of the eroding 

fi-ont. A Plexiglass device which restricted axial swelling was used by Pham et al. (1994) and 

Bettini etal. (1994) to examine fi'ont movement and increase in diameter. A swelling device was 

also used by Panomsuk et al. (1995) to measure changes in matrix thickness.

The release of hydroxypropylmethylcellulose fi"om matrices undergoing dissolution was 

measured by means of gel permeation chromatography with viscometric detection by Skoug et 

al. (1993), Ju e ta l (1995a) and Sung et a l (1996) subsequent to dissolution.

Nuclear magnetic resonance microscopy was used to measure gel layer and core thickness, and 

overall changes in dimensions, hy Rajabi-Siahboomi e ta l (1994) and to determine self diffusion 

coefficients in HPMC gels by Gao et a l (1995) mdMadhu et al. (1998)

Differential scanning calorimetry was used by Mitchell et al (1993d) on wafers of polymer, to 

measure the rate and extent of hydration pf the sample by considering that the enthalpy of fusion 

of ice measured related to the amount of unbound water in the polymer.
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2.3.2.1 Equations describing swelling of polymer matrices

Many equations have been developed to describe the swelling o f these hydrophilic polymer 

matrices, ranging from mathematical models based on fundamental matrix properties and giving 

analytical solutions, to empirical descriptions o f ejq>erimental results. Swelling controlled

slow relaxation of the polymer leading to changes in the diffusion coefficient o f the medium and 

deviations from Fickian transport. Therefore various approximations have been used by different 

authors in describing swelling in these systems. Dissolution o f  the polymer was not considered.

Frisch (1969) considered that solvent uptake in swelling controlled release systems could be 

described using a modified transport equation, which includes terms for both Fickian diffusion 

and polymer relaxation. This equation is often used as a starting point for development o f  

mathematical models to describe penetrant uptake in these systems:

Where;

Cl = concentration o f  water in the polymer

Z)i,2 = diffusion coefficient o f water through the gel

Ve =  velocity o f the glass/rubber front (can also be interpreted as a pseudoconvective term 

associated with swelling agent penetration, or a swelling stress contribution to transport (Peppas 

and Korsmeyer (1987)).

Mathematical approaches that have been used to describe penetrant uptake and swelling can be 

grouped into three categories (Lee 1985). The first is the consideration of penetrant uptake in 

terms of "Diffiision with convection", where a constant swelling front velocity due to Case II 

diffusion is incorporated into the boundary conditions or into the diffusion equation as a 

convective term as seen in Equation 2.6. Approximations used by various authors using this 

approach include assuming that the swollen region offers no resistance to transport, or dividing 

the polymer into swollen and unswollen regions with different diffusion coefficients. Other 

assumptions were those of a constant diffusion coefficient, or penetrant velocity, and that the gel 

is in an equilibrium state (Peppas and Korsmeyer 1987). Secondly, the "Differential swelling 

stress models" relate the velocity o f the swelling front to the swelling stress exerted by the 

penetrating solvent on the glassy matrix at the moving front. In solving this diffusion problem 

assimiptions made by various authors include considering that the polymer can only expand in 

the direction o f penetration, assuming that the penetrant diffiision coefficient was an exponential

systems are complex to model mathematically due to changes in the boundary positions and

Equation 2.6
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function of the concentration, ignoring difiiision in the glassy region. The third category 

includes the "Molecular relaxation models" where the slow penetrant-induced polymer 

molecular relaxation is taken into account using time-dependent diflftision or solubility 

coefficients or variable surface concentrations. While much work has been done on the swelling 

of polymers, many of these studies deal with non-aqueous systems and the results of these 

studies are not readily applied to water as its interaction with polymer can be quite different to 

that of other solvents {Peppas and Korsmeyer 1987). Therefore care is required when choosing 

to apply models which have been described and verified for non-aqueous systems, to aqueous 

systems.

Vrentas et al. (1975) proposed a dimensionless parameter, which can be used to characterise the 

physical and mathematical conditions that determine the mechanism of difflisional release from 

these matrices. They described diffusive processes in swellable polymers by means of a Deborah 

number, which is defined as follows:

n  ^De = —e
Equation 2.7

Where:

De = Difflisional Deborah number

X = characteristic stress relaxation time o f the polymer/solvent system 

6 = characteristic diflfijsion time of the solvent defined as:

d = - ^
D s

Equation 2.8

4 = thickness

Ds -  Diffusion coefficient of solvent

For zero-order release of drug to occur the Deborah number must be of the order of 1 so that 

non-Fickian solvent transport can occur. Fickian diffusion occurs if De is much greater than or 

less than 1 (Vrentas et al. 1975).

The experimentally observed swelling of matrices has been defmed in the literature by the use of 

swelling indices. Such indices can be described generally as follows (Talukdar et al. 1995), and 

were used by Wan etal. (1995):
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SI = X , - X „
x l O O

Equation 2.9

Where:

Xo = initial diameter or height of the matrix 

Xt = diameter or height at time t.

A swelling ratio corresponding to height of matrix at time t, relative to original height was used 

by Colombo (1990), Papadimitriou (1993a) and Panomsuk et al. (1996). The corresponding 

ratio for area was used by Colombo (1990) and Papadimitriou (1993a). Ebube et al. (1997) 

defined percent water uptake (WUt)  into matrices as:

WUt =
W,ST

w, -1 Xl OO
DT

Equation 2.10

Where:

WsT = weight of swollen tablet 

Wdt = Dry weight of tablet (original)

The kinetics of swelling of limited swelling polymers such as gelatin, were examined by Schott 

(1990), who considered that first-order kinetics were followed when the rate was controlled by 

diffusion and Pick's laws were obeyed. These conditions applied only in the initial stages of 

swelling. The first order swelling is described by:

In
W00

-W  ,V 00 "  J

kt

Equation 2.11

Where:

Wa, = Maximum or equilibrium uptake 

W= uptake at time t

Second-order swelling kinetics, which described fixll swelling accurately with respect to the 

unrealised swelling capacity, is given by Equation 2.12 where ^ is a constant:

W
kWlt

\ + k W j
Equation 2.12
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2.3.3 Equations describing erosion o f polymer matrices

Lee and Peppas (1987) developed a mathematical model to describe polymer dissolution by a 

thermodynamically compatible penetrant in swellable controlled release systems. Assumptions 

made in the derivation of the model included that polymer dissolution could be ejq)ressed in 

terms of Fickian diffusion. An approximate analytical solution of the model could be used to 

predict polymer dissolution by predicting the changing thickness of the gel layer and the 

velocity of each front as a function of time. To justify the use of the approximate solution it was 

assumed that a pseudosteady state was present i.e. that the solvent volume fraction could be 

expressed as a linear fxmction of distance after a certain time. The approximate solution also 

only applies to the initial stages of dissolution where a glass/rubber front still exists. The 

simplified equation developed was;

Ca = equilibrium polymer volume fraction at rubber/solvent front

Qh = m  initial thickness of slab

D]'’ = volume based solvent diffusion coefficient

The model, which indicates that the thickness of the gel layer is proportional to the square root 

of the swelling time, was verified by comparing experimentally determined gel layer thickness 

to the prediction of Equation 2.13 for polystyrene dissolution in methylethylketone.

The following equation, based on the cube root law of Hixson and Crowell (1931) Equation 1.9, 

was used by Tahara et at. (1995) to describe the erosion of HPMC matrices and was used 

extensively in the present work. The Tahara erosion rate constant (k̂ ), if multipUed by the cube 

root of the initial weight, gives the Hixson-Crowell erosion rate constant.

Equation 2.13

Where:

5 = normalized gel layer thickness

c* = solvent concentration at glass/mbber interfece

(W d\i
= 1 - V

Equation 2.14

Where;

Wd = Dry weight of the matrix at time t 

Wi = Initial weight of matrix
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k.2 = Erosion rate constant (Tahara)

The percent weight loss (Wi) corresponding to erosion was defined by Ebube et al. (1997) as:

1 -
'H T

'fro
x l O O

Equation 2.15
Where:

TffT - Dry weight of matrix remaining after erosion at time t 

Two ~  Dry weight of tablet at time t„

Bonferoni etal.(1992), Tahara etal. (1995), Katzhendler etal. (1997) and Reynolds (1998) also 

considered percentage erosion, as determined from the weight loss of the matrix at each time 

point.

2.3.4 Equations describing drug release

Many equations have been derived to describe the release of drugs from hydrophilic swellable 

polymers. This section considers both mathematical models, which can predict drug release 

based on fundamental matrix properties, and empirical descriptions of experimental results.

Complete mathematical analysis of drug release from dynamically swelling polymers is difficult 

due to the number of physical characteristics to be considered, such as diffusion of water into the 

device, swelling, drug diffusion out of the device and polymer dissolution. Other considerations 

include axial and radial transport in a three dimensional system, concentration dependent 

diffusivities, changing matrix dimensions, porosity and composition, and moving boundaries 

(Siepmann et al. 2000). Two approaches are generally used to deal with moving boundaries, the 

first being to solve the diffusion equation in fixed co-ordinates but with a boundary moving at 

some velocity, which is known as a Stephan problem. The second is to use a non-linear fixed 

boundary equation, which requires the use of complex mathematical techniques (Korsmeyer and 

Peppas 1987). For a mathematical model to be successful it should be able to predict the range 

of release kinetics from Fickian to zero-order which can occur with swellable matrices. Some of 

the approaches considered more successful are discussed briefly here, along with the 

assumptions made in their derivation.

Peppas et al. (1980) developed a model to describe drug release from a single surface of 

swellable polymers exhibiting significant volume expansion. They assumed that the diffusion of
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drug in the dry polymer and in the swollen polymer and diffusion of the countercurrent swelling 

agent could be described by Fickian diffusion equations. By assuming constant diffusion 

coefficients and isotropic volume expansion they were able to simultaneously solve these three 

equations. Using apprcq)riate initial and boundary conditions and a mass balance equation, a 

model was derived which in dimensionless form and simplified for long times can be expressed 

as:

1-^, _ C . t f - P )  y,\
~  exx{-^  124.)

Equation 2.16

Where;

= dimensionless position of the glass/rubber interface(^= x*/LJ where L„ original thickness of 

the tablet and x* is the position of the glass/rubber interface 

C. = concentration of drug at the rubber/solvent interface

p  = dimensionless constant (=M^Jp) where Ms is the molecular weight of the swelling agent. So 

is its constant concentration in the extemal medium and p  is its density

xf/ = ratio of diffusion coefficient o f drug in the solvent-free polymer to that of the drug in the 

rubber phase

The model could be used to predict release rates and interface positions, which could then be 

verified by comparison with results of KCl release, concentration profiles and diffusion 

coefficients in HPMC tablets. The model predicted only a Fickian mechanism of drug release 

and erosion was not considered.

Lee (1980) developed approximate analytical solutions to describe release from erodible and 

non-erodible matrices into both perfect sink and constant finite extemal volume conditions, by 

applying an integral method to moving boundary problems. Planar and spherical geometries 

were considered for non-erodible matrices and planar geometry only was considered where the 

matrix was erodible. Cylindrical geometry was not considered. The swelling o f the matrix, the 

concentration dependence of diffiision and the extemal mass transfer resistance were ignored 

although it was considered that these could be easily included. The analysis only applies to the 

early stage of dissolution before the diffusion fronts overlap at the centre although it is 

considered that most of the release has occurred by this point. This method was capable of 

predicting constant delivery rates from planar erodible matrices, which occurs when the ratio of 

the erosion rate to the matrix permeability is high and front synchronization occurs, and the dmg 

loading is greater than its solubility.
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Harland et al. (1988) developed a mathematical model which could predict the drug released 

from and the gel layer thickness of controlled release matrices which both swell and erode as a 

function of time, if the difilision coefficients were assumed constant. Swelling is considered the 

first stage in polymer dissolution and the model developed can describe both the initial increase 

in gel layer thickness known as the early swelling region, and the gel synchronisation region 

where a gel of ccmstant thickness occurs with time. The equation developed for the normalized 

gel layer thickness, which assumed one-dimensional diffiision, was:

 ̂ - ^ s ) f *  + c ,  - C j  - c J + D ^ ( c ,  -CfcXg* +gJJ
kcj ( l-c *

xln
D , { l - c  -c ,)(c*  + c , - c ^ - c ^ ) + D ^ { c ,  -Cfc)(c* + c j

+  /  — 0

Equation 2.17

And the equation to describe drug release was;

^ = 0  ^ c d P d ^ t

1 r
 ]<^bPd

+ c  -<̂ d -Cb)+Dd{(^s - C b )  +  jDd ICbjc^ -Cfc)

Equation 2.18

Where:

Cj= drug solubility (expressed as volume fraction) at the glass/rubber interfece 

Cb = drug volume fraction at the rubber/solvent interface

c" and Cd are the polymer volume fraction at glass/rubber and rubber/solvent interface 

respectively

Ccd and Cep are the drug and polymer volume fraction in the glassy core respectively 

Ds = solvent diffusion coefficient in the drug/polymer matrix 

Dd= drug diffusion coefficient m the swollen polymer system 

k = mass transfer coefficient of the dissolved drug at the glass/rubber interface 

thickness of original tablet 

Pd= density of drug 

d = normalized gel layer thickness 

M/Moo ~ Fractional amount released

By combining these two equations drug release can be predicted. It was recommended that a 

computer algorithm be used to calculate the drug release in the early swelling region by putting
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Harland et al. (1988) developed a mathematical model which could predict the drug released 

from and the gel layer thickness of controlled release matrices which both swell and erode as a 

function of time, if the difilision coefficients were assumed constant. Swelling is considered the 

first stage in polymer dissolution and the model developed can describe both the initial increase 

in gel layer thickness known as the early swelling region, and flie gel synchronisation region 

where a gel of constant thickness occurs with time. The equation developed for the normalized 

gel layer thickness, which assumed one-dimensional diffiision, was;

V I - C s \ *  + c ,  - C j  -cj+£>̂ (c, +gJJ
( l-c *

X In l _  _________  ( l - g * ________ - r — ^
D s ( 2 - c *  +c,  -Crf - C f , ) +Dj { c ^  + ^ s \

+ t ^ 0

Equation 2.17

And the equation to describe drug release was;

^cdPd^t

1 r
 \^bP d \

- D s ^ s  - g r f - Cb )+Dd{c , -C i,) + {Dj /CfcXg. -gfc) + kc^ \dt

Equation 2.18

Where;

Cs- drug solubility (expressed as volume fraction) at the glass/rubber interfece 

Cb -  drug volume fraction at the rubber/solvent interfece

c* and Cd are the polymer volume fraction at glass/rubber and rubber/solvent interface 

respectively

Ccd and Cep are the drug and polymer volume fraction in the glassy core respectively 

Ds = solvent diffrision coefficient in the drug/polymer matrix 

Dd= drug dififiasion coefficient in the swollen polymer system 

k = mass transfer coefficient of the dissolved drug at the glass/rubber interface 

thickness of original tablet 

P d =  density of drug 

d -  normalized gel layer thickness 

M/Ma, = Fractional amount released

By combining these two equations drug release can be predicted. It was recommended that a 

computer algorithm be used to calculate the drug release in the early swelling region by putting
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the changing gel layer thickness values S  versus time into Equation 2.18 and integrating. The 

physicochemical parameters o f the model could be approximated using fundamental polymer 

properties such as the glass transition temperature. At a later time where gel synchronisation 

occurs the value o f gel layer thickness is constant and can be placed in Equation 2.18 and the 

fraction released calculated. The equations were verified for drug release in the front 

synchronisation region by considering sodium diclofenac release from PVA matrices and 

measuring the swelling and eroding fronts using a penetrometer. The drug loading used was high 

(50%) and the effect of this high concentraticai on drug diffusion was not considered and the 

model does not consider the region o f  decreasing gel layer thickness. Drug release over the 

period where front synchronisation occurs was seen to be zero-order.

Ju et al. (1995b) developed a model to predict swelling/dissolution behaviour and soluble drug 

release for HPMC matrices, taking into account a concentration dependent drug diffusion, 

polymer swelling and pol5mier dissolution. The pol3aner disentanglement concentration and a 

diffusion layer were introduced into the model, which considered radial difftision only. 

Assumptions made were those of homogenous swelling, no disentanglement o f polymer before 

reaching disentanglement concentration, no interference o f drug with matrix hydration, only 

diffusion of drug considered and that drug diffusion coefficients decay exponentially with 

polymer concentration. The model calculates the time dependent structure of the swollen matrix 

and through a mass balance method leads to prediction o f  drug and polymer release. Two 

scaling laws were developed to predict release o f  HPMC polymer and soluble drug from 

hydrophilic matrices based on the polymer disentanglement concentration and the diffusion 

layer. The model predicted that fractional drug and polymer release, (m /tj/m /oo)) and 

(mp(t)/mp(oo)), scaled with molecular weight M„ as in (Equation 2.19) and (Equation 2,20) 

respectively, showing that polymer release is more sensitive to molecular weight than drug 

release;

m ^ (o o )  «

Equation 2.19

m (t)
P O . M  - 1 0 5

m (oo) ”
P ^

Equation 2.20

Ju et al. (1995) determined that the disentanglement concentration, the diffusion layer, the 

concentration dependent solvent and drug diffusion coefficients, and the molecular weight 

dependent are the primary determinants for the water/HPMC system. The model was only valid 

for low drug loadings (2.5%), and when soluble drug was used. However, Narsimhan and
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Peppas (1997) considered that ignoring the glass-rubber interface where the glassy core was still 

present, as in the model of Jm etal. (1995), was incorrect and led to erroneous results.

Narasimhan and Peppas (1997) proposed a model, which could be used to predict drug release 

from dissolution-controlled polymer matrices which also swell, based on fundamental matrix 

properties. They considered that polymer molecular weight, water, drug, and polymer diffusion 

coefficients, and a water/polymer interaction parameter controlled the mechanism and rate of 

drug release. Water and drug transport equations for the glass/rubber interface and the 

rubber/solvent interface were written and assuming steady state conditions, the following 

equation was developed to predict drug release:

Equation 2.21
Where;

Md = amount of drug released

M j CO = amoimt of drug released at infinite time

Vrfeq and v /  are the drug volume fraction at equilibrium at the rubber/solvent interface, and 

drug volume fraction at glass/rubber front respectively.

4 = initial slab thickness 

a  = A */B* where /I * is described as:

Vj + V ^  _

1

Equation 2.22
And B* '\s described as:

Equation 2.23

Where:

Di and Dj are the water and drug diffusion coefficients respectively in the polymer 

kd = disentanglement rate

V/ e^and V/* are the water volume fractions at equihbrium at the rubber/solvent interface, and at 

the glass/rubber front.
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The rubber/solvent conditions could be calculated from thermodynamic properties of the system

and the glass/rubber conditions from structural characteristics of the drug and polymer. The 

disentanglement rate could be calculated from rheological measurement and light scattering 

techniques and the diffusion coefficients from nuclear magnetic resonance studies. This model 

was suitable for predicting release of high drug levels as it was verified for poly(vinyl alcohol) 

matrices containing 50% of cimetidine hydrochloride, diclofenac sodium or diprophylline. 

However the effect of drug concentration on water and drug difflisivity was not considered.

Katzhendler et al. (1997) developed a mathematical model based on an equation by Hopfenberg 

to describe the release of drug from cylindrical erodible matrices, such as HPMC. The model 

assumes that erosion is the rate-limiting step in drug release, and matrix swelling is ignored, 

assuming that swelling is slow compared to drug release or it occurs before drug release. Unlike 

the model oiLee (1980) which considered only planar geometry in release from erodible tablets, 

the model takes into account the radial and vertical erosion rate constants of the tablets and can 

be expressed as follows:

Where:

M/Mx, = fraction of total drug released at time t

Co = uniform initial concentration of drug in the matrix

Oo and bo are the initial radius and thickness of tablet respectively

ka and A:* are the erosion rate constants in the radial and axial directions respectively

A dimensionless number called the Swelling interface number (Peppas and Franson 1983), can 

be used to characterize mechanisms of difflisional solute release from swellable non-eroding 

matrices. It describes the relative mobilities of the penetrant and solvent in the presence of 

macromolecular relaxations in the polymer, and can be defined as:

= \ - ( \ - k J I C , a J ( \ - 2 k , l l C X )
^ 0 0

Equation 2.24

D

Equation 2.25

Where:

Sw = Swelling interface number

D = drug diffusion coefficient in the swollen polymer phase 

Ve= velocity of the penetration front (swelling interface)
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S(t) = time dependent thickness of the swollen layer

This equation was verified experimentally by examining the release of theophylline into water 

from poly(HEMA-co-MMA) matrices. When Sw is less than 0.01, the rate of solute transport 

through the solvated region of the polymer is fester than the rate at which the glass/rubber front 

advances, and Case II transport occurs, resulting in zero-order release. When is much 

greater than 5, the swelling front moves faster than the release of drug, and diffusion occurs 

through a near equilibrium swollen gel, therefore drug release Fickian diffusion occurs 

following square root of time kinetics. When is approximately equal to one, anomalous 

release (that is release showing kinetics between Fickian and zero-order) occurs (Peppas and 

Franson 1983). The swelling interface number was included in a model by Klier and Peppas 

(1988) which predicted penetrant-activated solute release from glassy swellable polymers that 

exhibit anomalous (neither Fickian nor zero-order) penetrant transport behaviour, by considering 

one-dimensional penetrant and solute transport. This was a theoretical prediction 

unsubstantiated by comparison with experimental data.

Colombo et al. (1992) suggested a new dimensionless number for description of drug release 

kinetics from swellable matrices to replace the solvent front mobility of Equation 2.25 with the 

three-dimensional matrix swelling expansion characteristics. This new number is the Swelling 

area number, Sa and is easier to determine experimentally than the Swelling interface number. 

The Swelling area number is defined as;

1 dAS a -  — X — ■
D dt

Equation 2.26

Where;

Sa = swelling area number

dA/dt -  rate of releasing area change

D = drug diffusion coefficient in the swollen polymer

This equation relates the ratio of the matrix surface area expansion rate to the drug diffiisivity, 

and so is a measure of the relative contribution of swelling and drug diffusion to release. If the 

matrix expansion rate shows a value similar to the drug diffiision coefficient then near-constant 

release may occur. This equation was developed for high molecular weight HPMC polymers, 

which do not erode.

It can be seen that all the previous models which can be used to predict drug release from 

swellable systems show approximations which mean that they are not entirely appropriate to
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describe release from the matrices used in the present work. Many models were developed for 

polymers that do not erode, or show minimal swelling. Other models do not describe three- 

dimensional release or do not predict the complete range of release occuring during swelling, 

front syndironisation and erosion of the gel layer in a cylinder. Therefore further scope to 

develop a comprehensive mathematical model exists. However drug release from matrices could 

be evaluated without the use of complicated models and guide the researcher to subsequent 

formulations.

In parallel to the mathematical models considered above, the empirical equation of Korsmeyer 

and Peppas (1983) was considered as a simple means of describing deviations from Fickian 

release. Korsmeyer and Peppas (1983) analysed release of drugs from PVA matrices using the 

following equation for up to 60% drug release:

— = * / " ■A /. "
Equation 2.27

Where:

a,-fractional drug release 

t = release time

kp = kinetic constant characteristic of drug/polymer system 

= exponent

This equation is a generalization of the observation that the superposition of two apparently 

independent mechanisms of drug transport, a Fickian diffusion and a Case II transport describe 

in many cases the dynamic swelling and drug release from glassy polymers. The limitations to 

the use of this equation for analysis of drug release are (Peppas 1985) \

1) The drug diffusion coefficient must be concentration independent.

2) For spheres and cylinders the same equation can be used, but it will only tell if  zero-order 

release or release approaching zero-order is occurring, and will not show the transport 

mechanism, unless the limits of Up are redefmed to show Fickian diffusion and Case II 

transport for that geometry.

3) The analysis requires good reproducibility and statistical analysis using 95% confidence 

limits, such that for slabs, the exponent is always greater than 0.5.

4) The initial portion of the release curve, up to 60% release only, should be used.

5) Diffusion should be one-dimensional, that is that the widthAhickness ratio be 10/1.

6) Use of this equation where diffusion occurs through pores as well as through the polymeric 

structure will shift the exponent to less lhan 0.5 for slabs.
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7) If = 1 release is zero-order regardless of mechanism of drug transport.

8) Perfect sink conditions must apply.

The equation is valid only for those systems, which swell moderately that is 25%, or 

approximately 1.3 times. Table 2.1 shows the drug release mechanism for different geometries 

corresponding to the values of the exponent np (Ritger and Peppas 1987b).

Table 2.1 Exponent rip values and corresponding difiusional release mechanism for swellable non-eroding 

controlled release systems (Ritger and Peppas 1987b).

Film Cylinder Sphere Drug release mechanism

0.5 0.45 0.43 Fickian difiusion

0.5<np<1.0 0.45< «j,<0.89 0.43 <«p <0.85 Anomalous (Non-Fickian)

transport

1.0 0.89 0.85 Case-n transport

Harland et al. (1988) considered that release of drug from these matrices could be described by 

the following equation, where both diffiision and relaxation contribute to release:

t  1/2— -  =  + y t

Equation 2.28

The first term on the right hand side corresponded to the Fickian difiiision term and the second 

term corresponded to the relaxation term, and a  and y are constants.

Peppas and Sahlin (1989) suggested a method based on the empirical equation of Korsmeyer 

and Peppas (1983) to examine the relative importance of diffusion and relaxation in drug 

release. They used a coupled Fickian diSusion and Case II release model, and used tbe symbol 

nip to define the Fickian exponent. Since the Case II exponent is always twice the Fickian value 

irrespective of the geometry of the matrix, the Case II e^xponent was defined as 2mp. This gave 

the following equation where the first term on the r i ^  hand side is the Fickian contribution and 

the second term is the Case II relaxation contribution.

Equation 2.29

Where:

Mt/Mco— Fraction o f drug released (%) at time t

kj, - kinetic constant for Fickian component of release
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k2 , = kinetic constant for Case II component of release

nij, — Fickian diffusion exponent for a device o f any geometric shape

To examine the relative contribution of the Fickian and Case II mechanisms to overall release, 

several steps were suggested by Peppas and Sahlin (1989). Firstly, the aspect ratio 

(diameter/thickness) o f the device should be determined. Using this value and the cubic spline 

graph, which they used to relate aspect ratio and the difiRisional exponent m, the value of m for 

that device could be determined. The experimental release data up to 60% release was then 

fitted to Equation 2.29 and and k2 s were calculated. The percentage of release due to the 

Fickian component could then be calculated using the following equation:

F  =

1 + ̂ r  
V K  )

Where;

F =  percentage of drug released due to Fickian mechanism.

Equation 2.30

The Korsmeyer and Peppas equation was also modified by Ford et al. (1991) to take into 

account the lag time before drug release occurs that may be seen in certain systems. This was 

attributed to the hydration o f the polymer that must occur before drug release. Data between 5% 

and 60% drug release was used to fit this equation in the present work, where the equation is 

known as the Ford lag time model.

Equation 2.31

Where:

Mt/Mao = Fraction of drug released (%) at time t 

k,a = kinetic constant 

I = lag time 

Hia = exponent

A further modification was made by Ford et al. (1991) to the equation of Peppas and Sahlin 

(1989) to take into account the lag time before release, which may occur. Release data between 

5 and 60% release was used in fitting this equation in the present work:
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Equation 2.32
Where;

Mt/Mao = percent drug released

k ' -  relative contribution of Fickian mechanism

k ' ' = relative contribution of Case II relaxation mechanism

I = lag time

rif= Fickian diffusion exponent

Finally, in the present work the fractional drug release data corresponding to either 60% release 

or 100% release, was fitted to an exponential equation of the following form:

Equation 2.33
Where:

W a = amoimt of drug released at time t 

Waoo = amount of drug released at time oo 

kx = kinetic constant

A modified form of Equation 2.33 was used hy Xu et al. (1995) and Kurahashi et al. (1996) to 

examine the drug release rate fi'om HPMC matrices.

Tahara et al. (1995) considered the release of drugs from HPMC matrices, which both swell and 

erode, as used in the present work. They considered that the release of soluble drugs from a 

hydrophilic swellable matrix could be described by the Higuchi equation for release of solid 

drugs from a granular heterogeneous matrix. This was only an approximation however, as the 

swelling of the matrix changes the tortuosity and porosity of the matrix as a ftinction of time, 

and the drug diffusion distance is not constant. Where drug release occurs faster than erosion of 

the matrix, two situations can occur depending on the total amount of drug loaded in the matrix 

(A") and its solubility in the medium (C^. When the value of £C.yis equal to or greater than A" 

where f  = porosity of the matrix, drug dissolution occurs quickly. Drug release then depends on 

the diffusion coefficient of the drug in the infiltrating medium (D) and the amount of drug 

released per unit area (Q) can be expressed by the following equation:
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Q =A "
CD

Equation 2.34

Where the value o f 0Cs is slightly less than A", corresponding to a situation where the amount of 

drug loaded in the matrix is high or the drug is only reasonably soluble, drug release can be 

described by the following equation:

Q
\  y

n O.5

Equation 2.35

For a drug of poor solubility where the dissolution o f the drug occurs after release of the 

particles from the matrix the drug release can be described by the following three equations;

Q,=A"(l-kjY
Equation 2.36 

Equation 2.37 

Equation 2.38

Where:

Qt = Amount of drug remaining in the tablet 

k2 = Tahara erosion rate constant

Qg = Amount of particulate drug released but not yet dissolved 

k4 -  Dissolution rate constant for the drug particle 

Qd = Amount of drug dissolved

When drug dissolution is considerably slower than tablet erosion the dissolution profile of the 

drug is described by:

Qj = A ' \ - ( \ - k , t Y \
Equation 2.39

Therefore the authors concluded that at high solubility, release was controlled by the rate of 

water uptake into the disc, and independent of loading and solubility and therefore release of
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highly soluble drug could be adjusted by mixing two polymers or adding lactose. As the 

solubility decreased, the apparent dissolution rate decreased with increasing loading and 

decreasing solubility. Finally drugs of poor solubility showed a decrease in release from drug 

particles with decreasing solubility and drug release could be controlled by controlling the 

erosion of the tablet, for example by using a lower molecular weight poljoner. These controlling 

factors of drug release as elucidated by Tahara et al. (1995), namely the rate of infiltration 

which follows square root of time kinetics and the cubic rate of erosion, were studied in the 

present work to clarify the mechanisms of drug release.
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3 CHAPTER THREE

3.1 INTRODUCTION - POLYMERS

In this chapter the polymers used for sustained release are reviewed. 

Hydroxypropylmethylcellulose (HPMC) is reviewed first then polyethylene oxide (PEO). Two 

definitions are included here, which can be used to characterize polymers, as polymers generally 

show a distribution of molecular weights. The first is number-average molecular weight M„, 

which depends on the number of molecules Nj having a molecular w e ig h ty  (Sperling 1992):

.  .  S.MM,
" ' LN-

Equation 3.1
The second definition which can be used, is the weight average molecular weight (MyJ, where Ni 

is the number o f molecules of molecular weight M  ;

Equation 3.2

3.2 HYDROXYPROPYLMETHYLCELLULOSE

3.2.1 Introduction

Hydroxypropylmethylcellulose (HPMC) is a non-ionic, water-soluble, synthetically modified, 

cellulose ether. It has many uses in the pharmaceutical industry. These include use as a 

thickener, susp^ding agent, emulsifier, tablet binder, and as a film former (Doelker 1987). 

However in the present work, its use in sustaining the release of drugs, when it is included as a 

matrix former in tablets, has been examined. Hydroxypropylmethylcellulose has an advantage 

over many other polymeric materials commonly used in sustained release matrices in that it has 

been granted "Generally Recognised as Safe" (GRAS) status by the FDA (Food and Drug 

Administration). It also easily formulated using existing technology to give reproducible results 

and can be used to incorporate large doses of drug. Another advantage of this material is that it 

is commercially produced (Alderman 1984). All hydrophilic matrices are less prone to "dose 

dumping" than other types of formulation e.g. enteric coated systems (Vazquez et al. 1992a). 

Commercial tablet formulations which include HPMC are Natrilix SR® containing indapamide
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(Servier), Zydol SR® containing tramadol hydrochloride (Searle) and Epilim Chrono® 

containing sodium valproate (Sanofi Winthrop) (Data Sheet Compendium 1999-2000).

3.2.2 Physicochemical Characteristics

3.2.2.1 Description

Hydroxypropylmethylcellulose is an odourless, tasteless, white to creamy-white, fibrous or 

granular powder (Handbook o f  Pharmaceutical Excipients 1986). CAS Registry number [9004- 

65-3].

3.2.2.2 Solubility

HPMC is soluble in cold water forming a viscous colloidal solution. (Handbook o f  

Pharmaceutical Excipients 1986). HPMC is insoluble in hot water (Doelker 1987).

3.2.2.S Density

The apparent density of HPMC powders ranges from 0.25 g/cm^ to 0.70g/cm^ (Handbook o f  

Pharmaceutical Excipients 1986).

3.2.2.4 Cliemical properties

Figure 3.1 shows the chemical structure of hydroxypropylmethylcellulose (Handbook o f  

Pharmaceutical Excipients 1986).

I R J I , O C ' l i k  H

(HI

) i  CM I I . C  I K ,  S I ,
I
016

( ' i l v O i i

Figure 3.1 Chemical structure of hydroxypropylmethylcellulose

Hydroxypropylmethylcellulose is a cellulose-based polymer, which is substituted with methoxyl 

and hydroxypropoxyl groups. The brand used in these studies was Methocel®, which is the 

tradename for HPMC market ed/manufactured by Colorcon. Methocel® is available in a range of 

substitution types that vary in their relative percentage of methoxyl and hydroxypropoxyl 

substitution. The methoxyl substituent is relatively hydrophobic whereas the hydroxypropoxyl
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substituent is hydrophilic. Therefore, grades that contain higher proportions o f hydroxypropoxyl 

substituents tend to be of a more hydrophilic nature, and this would be expected to lead to a 

fester hydration rate according to the manufecturers. Two substitution types o f HPMC were 

used in the present worit, E and K. Each substitution type is assigned a four-digit number in the 

USP 24, the first two numbers relate to the approximate percentage o f methoxyl substitution and 

the second two relate to the percentage of hydroxypropoxyl substitution. The percent 

substitution o f these two grades are shown in Table 3.1 below:

Table 3.1 Substitution of HPMC grades.

Polymer grade % Methoxyl % Hydroxypropoxyl USP type

Methocel K 19-24 7-12 HPMC 2208

Methocel E 28-30 7-12 HPMC 2910

Methocel® polymers are also classified according to their viscosity, where the letters LV, and M 

stand for low and medium viscosity respectively. The polymers used in the present work were 

E50LV, KIOOLV, K4M, K15M and KIOOM. Their specifications are listed in Table 3.2 below.

Table 3.2 Methocel® properties (Colorcon product literature).

Polymer E50LV KIOOLV K4M K15M KIOOM

USP Substitution type 2910 2208 2208 2208 2208

Nominal viscosity of a 2% solution in 50 100 4000 15,000 100,000

water at20“C(cP)

Moisture % (as packaged) max. 3 3 3 3 3

Ash, max % 1.5 1.5 1.5 1.5 1.5

Sodivun Cfaloridc max. % - 1.0 0.75 0.75 0.75

Heavy metals as Pb max % 10 10 10 10 10

Arsenic as Pm max ppm. 3 3 3 3 3

“Nimiber average molecular weight 22000 26000 86000 120000 247000

“Personal Correspondence with Dow Coming Chemical Company

3.2.2.S Interaction of polymer with water

There are three different types o f water present in hydrophilic polymer gels. These are firstly, 

Type I, fi'ee (unbound) water, which shows the same transition enthalpy and peak shape as pure 

bulk water. (Type II) fî eezing boimd water has a phase transition temperature lower than that of 

bulk water due to a weak interaction with the poljmier diain. Bound water (Type ID) is strongly 

associated with the hydrq)hilic group of a polymer and does not freeze (Me Crystal 1997).
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3.2.2.6 Thermal characteristics

HPMC displays a broad endotherm from 60“C to 140“C due to moisture loss from the pol3mier, 

using DSC. The determination o f glass transition temperature (Tg), of HPMC has been 

problematic due to the non-homogenity o f the polymer and variations in moisture content, 

resulting in estimates by various authors from 152“C where 1% water was present, to 180“C as 

obtained by powder determination (Ford 1999).

3.2.2.1 Rheology

The Philpoff equation (Equation 3.3) describes the inter-relationship of polymer concentration 

and viscosity in gel-forming matrices, and can be used to predict the effect of using different 

grades of HPMC, relative to a known formulation showing the desired drug release rate 

(Colorcon product literature). The assumption made is that the constant Kp„ for a blend o f two 

polymers would be equal to the proportional amounts of the contribution from each of the 

components.

v,=i^ + K ^ C f f

Equation 3.3

Where:

V, = viscosity in cPs in gel forming matrix

Apo= constant for each individual polymer

Cf= concentration of polymer expressed as a fraction

HPMC can undergo thermal gelation, that is the formation of a structured gel upon heating 

above a certain temperature called the "gel point". This is due to dehydration of the polymer, 

which causes the interaction of the polymer chains, and a weakening of hydrogen bonding 

between the water molecules (Doelker 1987). More specifically, this interaction is due to the 

hydrophobic interaction between molecules containing methoxyl groups (Alderman 1984). 

HPMC can also be "saked out" of solution, where electrolytes or water-soluble materials 

compete for the available water of hydration of the polymer. This dehydrates the polymer 

leading to interaction of the polymer chains, decreasing its solubility and causing precipitation 

(Alderman 1984). A  measure of the "salting out" effect in polymer solutions is the "cloud point", 

the temperature at which light transmittance of a polymer solution reaches 50% of its original 

value due to precipitation (Mitchell et al. 1990). Both the thermal gelation temperature and the 

cloud point are affected by electrolytes in a similar maimer i.e. an electrolyte that reduces the 

cloud point will reduce the thermal gelation temperature (Mitchell et a l 1990). The opposite
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effect, "salting in" of the polymer* where the solubility of the polymer is increased by increase in 

levels of certain ions was described by Touitou and Donbrow (1982).

3.2.2.S Compatibility

HPMC, as a non-ionic ether, is not susceptible to chemical interaction with multivalent cations 

or charged polymers. The "salting out" of polymer was considered above. Despite the generally 

excellent compatibility of cellulose ethers, some complexing may occur, for example, 

methylcellulose has been reported to interact with the preservative parabens, cetylpyridinium 

chloride, tetracaine hydrochloride and dibutoline sulphate (Doelker 1987). HPMC has been 

reported to be inconqjatible with extreme pH conditions and oxidising agents (Handbook of 

Pharmaceutical Excipients 1986). Alderman (1984) suggests that long-term stability of 

formulations containing highly acidic drugs should be checked, since in the presence of strong 

acids, heat and water, degradation by chain scission of the pol5mier can occur, leading to a lower 

polymer molecular weight.

3.2.3 Factors affecting swelling and erosion o f HPMC

Polymer swelling and erosion are considered together as HPMC polymers tend to erode faster 

with higher swelling, as more of the polymer reaches its disentanglement concentration, the 

critical polymer concentration at which polymer chains detach off a gelled matrix that is 

undergoing simultaneous swelling and dissolution. The factors that have been shown by various 

authors to affect the swelling and erosion of HPMC matrices are reviewed here. As an aid to 

comparison, drug solubilities in water (Merck 1996) are included where available, expressed in 

general descriptive terms (B.P. 1998), as reproduced in Appendix Four. These terms are 

presented in brackets.

3.2.3.1 Effect of HPMC substitution type

The manufacturers, (Colorcon), product literature states that Methocel substitution types hydrate 

fastest in the order K > E > F > A. Mitchell et al. (1993a) investigated the effect of HPMC 

substitution type on swelling and erosion using a wide range of experimental methods. They 

found little difference in hydration rates of HPMC E4M, F4M, K4M or methylcellulose A4M in 

DSC studies. These studies measured the amounts of water boimd by wafer samples of 
compressed polymer over a range of time periods, from 30 seconds to one hour. Mitchell et al 

(1993a) used a laser method to measure changes in dimensions of swelling tablets over six 

hours, a similar time scale as used in the present work. The greatest increase in volume over six 

hours was seen for K4M matrices, then E4M and finally F4M, reflecting the more hydrophihc
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nature of K4M. A4M matrices disintegrated within ten minutes. No difference in the rate of 

swelling was seen up to two hours for these matrices, however after this time, a faster rate of 

swelling was seen for K4M than the other matrices. Thermomechanical analysis in penetration 

mode showed that the increase in gel layer thickness was similar for all substitution types over 

seven hours, except for A4M which disintegrated. The cloud points of HPMC gels of the 

different substitution types were measured as an indication of the hydration status of the 

polymers. The concentration of gel providing the cloud points at 37“C were 3.2, 15.2, 16.8 and 

21.5%w/w for A4M, E4M, F4M and K4M respectively (Mitchell et al. 1993a). This trend 

reflects the presence of hydrophilic hydroxypropoxyl substituents in K4M relative to A4M, and 

is an indication of the poorer ability to hydrate of A4M. The ability of the polymer to hydrate 

forming a protective gel layer was considered important to maintain the integrity of the matrix 

(Mitchell et al 1993a), although a low cloud poiot is not necessarily an indication that the 

matrix will disintegrate, as seen from Mitchell et al (1990). Mitchell et al. (1993a) showed that 

the gel strengths of 6% HPMC gels measured using a cone penetrometer, which were an 

indication of resistance to erosion, decreased in the order A4M, K4M, E4M, and F4M. This 

showed that the polymer with no hydroxypropoxyl substituent gave the highest gel strength, and 

the order of decreasing gel strength for the other polymers corresponded to decreasing percent of 

hydroxypropyl substituent.

3.2.3.1 Effect of HPMC molecular weight

Wan et ai (1993) noted that HPMC matrices of higher molecular weight swelled to a greater 

capacity and at a faster rate, when they examined a range of HPMCs showing 2% solution 

viscosities from 4380cPs to 44400cPs, corresponding to K4M and K50M respectively. Gao et 

al. (1996b) noted that systems containing K4M, K15M and KIOOM showed a similar three-fold 

increase in axial swelling at twelve hours, whereas the extent of radial swelling was 1 4-fold. 

KIOOLV however, showed a much lower extent of swelling, attributed to its faster erosion rate. 
Wan et al (1995) showed that the normalized increase in matrix thickness after thirty minutes of 

swelling for HPMC matrix tablets, was higher for higher molecular weight HPMC grades. They 

attributed this to the larger hydrodynamic volume occupied by higher molecular weight chains 

when hydrated. Gel layer thickness measurements as completed by Pham et al. (1994) showed 

increases in gel layer thickness with time that were independent of viscosity grade for matrices 

containing either K4M, K15M or KIOOM, when fluorescein;HPMC matrices were examined in 

de-ionized water. However, the increase in gel layer thickness with time for each polymer was 

higher with increasing fluorescein loading (as sodium salt)(freely soluble). Gao et al (1996) 

showed identical increases in average axial and radial gel layer thicknesses with time for K4M 

K15M and KIOOM, but KIOOLV developed a thirmer gel layer due to its faster dissolution rate.
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Yang et al. (1998) also noted a lower gel layer thickness occurring with time for KIOOLV than 

for either K4M or K15M, which showed identical values. No front synchronisation between the 

swelling and erosion fronts, which would lead to a constant gel layer thickness, was seen. When 

polymer erosion was considered. Sung et al. (1996) showed lower polymer release rates from 

adinazolam mesylate-containing tablets consisting of higher molecular weight HPMC. It was 

noted that rate of release of KIOOLV was substantially higher than that of K4M, K15M or 

KIOOM. However, they considered that for the range of HPMC polymers studied, no "limiting 

HPMC viscosity" for polymer release was seen, i.e. a viscosity value beyond which no further 
reduction in erosion rate occurred.

Gao et al. (1996b) also showed lower polymer release rates with increase in polymer molecular 

weight, with the largest difference being between KIOOLV and K4M. Katzhendler et al (1997) 

noted that the erosion rate constant for a formulation containing KIOOLV was higher than for a 

formulation containing K4M. A higher erosion rate constant for KIOOLV than K4M was also 

noted by Reynolds et a l (1998). It can be concluded that in general the extent of swelling is 

higher with higher molecular weight polymers, although the gel layer thicknesses for K4M, 
K15M and KIOOM are similar whereas that of KIOOLV is lower. Tlie greater swelling may be 

attributable to the higher hydrodynamic volume occupied by longer polymer chains when 

hydrated. The lower erosion rate at higher polymer molecular weight may be attributed to lower 

disentanglement concentration values of higher molecular weights. This occurs due to greater 

entanglement of the longer polymer chains, although it has been considered that the 

disentanglement concentration is independent of polymer molecular weight at high molecular 

weights (Ju et al. 1995a).

3.2.3.3 Effect of HPMC loading

Wan et al. (1993) showed that the extent of swelling at each of the time-points measured and the 

swelling rate of HPMC:ibuprofen matrices in phosphate buffer pH 7.2, increased with 

increasing HPMC content of the matrix, and also found an inverse relationship between the 

matrix swelling rate and the square root of time drug release rate constant. Ibuprofen is 

relatively insoluble. Wan et al. (1995) noted th<rt although increases in HPMC content in 

HPMC;ibuprofen matrices increased the swelling rate, a steady state occurred for HPMC levels 

higher than 40%, where further increase in HPMC content caused relatively lower increases in 

swelling rate. Gao et al (1996b) found an exponential pattern of increase in tablet size in the 

axial direction caused by swelling, the extent of the increase at ten hours being in rank order 

with the HPMCilactose ratio in the tablet, with greater swelling occurring where the proportion 

of HPMC was higher. The radial swelling was independent of the HPMC:lactose ratio. Sung et
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al. (1996) showed that the rate of release of HPMC increased with increasing lactose loading, 

from matrices containing varying ratios of lactose (freely soluble) to HPMC.

3.2.3.4 Particle size

Mitchell et al. (1993d) noted from water uptake studies using DSC, that up to one hour, a higher 

water uptake at each time point was noted for larger sized fractions (>355|im) of K15M polymer 

than for smaller sized fractions (<75fim). This would lead to a fester formation of the gel layer. 

After one hour no difference was seen. Nokhodchi et a l (1997a) also showed a higher water 

uptake at time points up to thirty minutes for large particle sizes of K4M (250-350|o,m) relative 

to smaller particle sizes (<45 ̂ .m).

3.2.3.5 Effect of inclusion of drugs

Inclusion of drugs in a HPMC matrix can affect the swelling and erosion of the matrix by a 

number of mechanisms. Reynolds et al. (1998) noted from studies in de-ionized water, that the 

erosion rate constant of KIOOLV and K4M matrices, was higher relative to the pure polymer 

when drugs sudi as propranolol HCl (soluble) and theophylline (slightly soluble) were included, 

which they attributed to fewer polymer-polymer entanglements being present. Wan et a l (1995) 
suggested that a high proportion of soluble propranolol HCl in HPMC matrices improved the 

surfece wetting of the matrix leading to fester hydration relative to the corresponding systems 

containing poorly soluble ibuprofen. This was determined from the relative changes in matrix 

thickness with time for both systems. The normalized thickness at thirty minutes showed a 
higher degree of swelling for propranolol HCl matrices, than for the corresponding matrix 

containing ibuprofen. Propranolol HCl was considered to then leach out of the matrix to a 
greater extent than ibuprofen from the corresponding matrix, leaving a highly porous and weak 

matrix.

Panomsuk et al. (1996) noted from studies in de-ionized water, that the extent of swelling of 

HPMC matrices as measured by the maximum swelling index was lowered by the presence of 

drug relative to the pure polymer. They also foimd that the maximum swelling index measured 

at each drug loading up to the maximum loading of 50% used, was nearly the same for 

theophylline, indomethacin (practically insoluble) and mannitol (freely soluble), despite their 

different solubilities. They suggested that the extent of swelling of the hydrophilic matrix was 

proportional to the amoimt and not the solubility of the drug. However the apparent diffusion 

coefficient of water in the matrix was foimd to be higher with higher drug solubility. They 

introduced the term "critical drug loading" which they considered was the percent of drug 

beyond which the properties of the matrix was governed by the property of the incorporated 

drug for a particular matrix. For highly soluble drugs, they considered that the structural
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resistance of the matrix is mainly governed by the drug, whereas the main influence is the 

polymer where the drug is poorly soluble, a concept which may have relevance to the present 

work where high drug loadings are used. Konrad et al. (1998) showed no difference in the 

movement of the swelling front between K4M matrices containing 10% of either a soluble or a 

slightly soluble drug, however the erosion front moved outwards faster for soluble drug forming 

a thicker gel layer. The swelling of HPMC K4M matrices in water, either alone or including 

propranolol HCl, tetracycline HCl (freely soluble) or indomethacin (practically insoluble) was 

examined hy Mitchell et al (1993a) using tiiermomechanical analysis. Pure polymer swelled to 

the greatest extent over 100 minutes, followed by tetracycline HCl, propranolol HCl which 

decreased in size before the end of the test, and indomethacin systems. They showed that the 

maximum swelling occurring over 100 minutes for matrices containing 50% of drug, was 

greater than 50% of the maximum swelling value for matrices containing K4M alone, 

suggesting that the addition of even an insoluble drug increased the extent of swelling. Larger 

tablets were used to examine gel layer thickness and the gel layer formed was thickest after five 

hours (the end of the e?q)eriment) for the propranolol HCl matrix, then tetracycline HCl, 

followed by indomethacin. Where no drug was present, the gel layer thickness increased 

continuously up to four hours and became thicker than where drug was present.

Mitchell et al (1993c) considered the effect of drugs on the swelling of the matrix in terms of 

"salting in" and "salting out" effects on polymer solubility. These studies were made in water. 

They noted that the decrease in the extent of swelling occurring for indomethacin matrices 

relative to the pure polymer occurred through dilution, by decreasing the proportion of polymer 

present, hidomethacin did not improve the integrity of A4M matrices as it had no "salting in" 

effect. However, when propranolol HCl or tetracycline HCl were included in cellulose matrices 

they maintained the integrity of methylcellulose A4M matrices for longer, relative to the pure 

polymer system in swelling studies using thermomechanical analysis. This was a "salting-in" 

effect, which was greater for propranolol HCl. Thus, the presence of drug can have complex 

effects on the swelling of the polymer due to dilution, solubility effects and interactions with the 

polymer.

3.2.3.6 Agitation rate

Konrad et al (1998) showed that the velocity of the swelling front of the K4M matrices studied 

was not significantly different between matrices at varying agitation rates, whereas the rate of 

advance of the erosion front outwards decreased with increasing agitation rate. This led to a 

lower gel layer thickness forming for systems at higher agitation rates, relative to systems at 

lower agitation rates over the duration of the experiment. Katzhendler et al. (1997) noted an 

increase in the erosion rate constant of tablets containing 20% KIOOLV, as the agitation rate
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increased from 50 to 200rpm. When a plot of log of erosion rate constant versus log of agitation 

rate was drawn, the slope was found to be 0.22, indicating a low susceptibility to agitation. This 

value compares with a slope of 0.19 for a system containing 25% benzoic acid and 75% 

KIOOLV used in the present work. Reynolds et al. (1998) noted that the erosion rate constants 

of KIOOLV and K4M matrices increased with increased agitation rate. This susceptibility of 

HPMC matrices to increases in agitation was also seen in the present work.

3.2.3.T Relative axial and radial swelling

Papadimitriou et al. (1993a) investigated the preferential axial to radial swelling of HPMC 

matrices through coating with paraffin wax and concluded that the faces and edges of compacts 

behaved in an identical way allowing equal access to water. They attributed the difference to a 

relief of compression stress. Rajabi-Siahboomi et al (1994) showed that the preferential axial 

swelling resulted almost equally from the increase in the gel layer thickness and a growth of the 

ungelled core. Gao et al (1996) showed that the concentrations of HPMC, and the gel layer 

thicknesses developed equally in the axial and radial directions. They also showed anisotropic 

swelling as the tablet axial length increased with time while the radial diameter remained 
constant. Mitchell et al. (1993a) attributed the preferential axial swelling occurring for HPMC 

E4M, K4M and F4M matrices to the presence of the glassy core which limited radial swelling.

3.2.3.S Front movement

Colombo et al (1995) considered that when synchronisation of the swelling front and the 

erosion fronts occurred in a swellable matrix, resulting in a constant gel layer thickness, zero- 

order drug release was a high probability. Using a highly coloured, freely soluble drug, 

buflomedil pyridoxalphosphate at high loadings, they were able to identify the presence between 

the swelling and erosion fronts, of a front dividing regions containing dissolved and undissolved 

drug, which they called the drug diffrision front. They therefore proposed that the rate of the 

diffusion front movement leading to changes in the dissolved drug gel layer thickness, was a 

more important indication of drug release rate than the movement of the swelling front or the gel 

layer thickness between the swelling and erosion front. They noted however, that the swelling 

and drug diffusion fronts coincide at low drug loadings. The rate of drug diffusion front 

movement was found to depend on the solubility of the drug and the type of polymer used and 

where its rate of movement was higher the drug release rate was higher. However, the 

visualisation methods used in their work are impractical for most drugs which are uncoloured, 

and the diffusion layer was extremely difficult to identify below a 30% drug loading, even for 

the highly coloured drug used.
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3.2.4 Factors affecting drug release from HPMC systems 

3.2.4.1 HPMC substitution type

Mitchell et al (1993a) showed little difference in effect on the dissolution of propranolol 

hydrochloride in distilled water over a range of pol5mier levels between HPMC E4M, F4M and 

K4M, despite differences noted previously in Section 3.2.3,1 in the behaviour of these polymers. 

Little difference in the apparent difiusion coefficients of propranolol hydrochloride between the 

different substitution types of cellulose ethers, K4M, A4M, E4M and F4M, was shown by 

Mitchell et al. (1993b) and the diffusion coefficients obtained were approximately half the value 

estimated where no polymer is present.

3.2.4.2 HPMC molecular weight

Salomon et al (1979) showed in studies of potassium chloride in acid, that increasing the 

viscosity of HPMC used (from lOOcP to 15000cP) had no effect on the square root of time rate 

of drug release. It did however increase the lag time before square root kinetics became 

established, as seen from the square root of time plots of drug release. Ford et al (1985a) 

showed no difference in drug release rate of promethazine hydrochloride (freely soluble) in 

distilled water, from matrices containing K4M, K15M or KIOOM whereas the corresponding 

KIOOLV matrices showed fester release. The difference for KIOOLV was attributed to its 

forming a gel with a higher apparent diffusion coefficient for promethazine HCl or a lower 

tortuosity. No relationship between the lag time before square root kinetics became established, 

as seen from the square root of time plots of drug release, and HPMC viscosity was seen, imlike 

the work of Salomon et a l (1979). A similar trend was seen for the release of propranolol 

hydrochloride and aminophylline by Ford et al (1985b) where the release rates in distilled water 

were similar for K4M, K15M, and KIOOM, but faster for KIOOLV. Again no relationship 

between the lag time before square root kinetics became established as seen from the square root 
of time plots of drug release, and viscosity was seen. For indomethacin (practically insoluble) 

however. Ford et a l (1985c) showed that the release rate constant, determined in water, 

decreased as the viscosity grade of the HPMC increased.

Vazquez et al (1992a) showed a decrease in the release rate constant of diclofenac sodium from 

KIOOLV to K4M. Mitchell et a l (1993b) showed similar diffusion coefficients and release rate 

constants of propranolol hydrochloride from K4M and K15M in distilled water, from which they 

concluded that molecular weight was not an important factor in controlling release rate of this 
drug. Rak et a l (1993) appeared to show slightly higher release rate constants for theophylline 

in purified water using HPMC K15M than K4M, at HPMC loadings above 15%. Colombo et al. 

(1995) showed an increase in release rate constant of freely soluble buflomedil
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pyridoxalphosphate from KIOOM to K15M but no further increase was seen with K4M. Sung et 

al. (1996) showed decreasing adinazolam mesylate release rate constants with increase in 

molecular weight from KIOOLV to K4M to K15M, however no difference was seen between 

K15M and KIOOM, an effect that they attributed to a "Umiting viscosity" occurring, beyond 

which no further retardation of drug release occurred. Vazquez et al. (1996) showed a decrease 

in the release rate constant of ataiolol from HPMC tablets in O.IN HCi if KIOOM was used 

instead of KIOOLV. Kurahashi et al. (1996) showed a decrease in release rate constant in water 

of isoniazid (freely soluble), thec^hylline (slightly soluble), anhydrous caffeine (sparingly 

soluble), salicylic acid (slightly soluble) and indomethacin with increase in HPMC molecular 

weight and thus viscosity. This decrease was less pronounced however, after a viscosity of 

4000cP was reached. Reynolds et al. (1998) separated release, determined in water, of both 

theophylline and prqjranolol hydrochloride from KIOOLV matrices, into diffiisional and 

erosional components and considered that difrusional release was independent of the molecular 

weight, whereas the erosional release was molecular weight dependent. A decrease in release 

rate of melatonin with increase in HPMC viscosity was seen by Lee et al. (1999). Therefore, it 

appears that in general a decrease in rate of release occurs with increase in polymer viscosity, 

however, this release is more pronounced between KIOOLV and K4M. This decrease can be 
attributed to the longer polymer chain length of these molecules which causes them to swell 

more forming a longer diffrisional pathlength, and their lower rate of erosion.

3.2.4.3 HPMC loading

As a general rule, increasing the proportion of polymer decreases the drug release rate due to the 

longer dififusional pathlength formed by swelling, and the lower erosion rate of the matrix. The 

decrease in drug concentration also decreases its rate of diffusion. Salomon et al (1979) showed 

that the release rate constant of KCl in acid increased as the content of HPMC decreased at a 

constant drug content, which they attributed to the greater surface area occupied by KCl at lower 

HPMC loadings. Ford etal (1985a) considered that the major controlling fector in the release of 

freely soluble promethazine hydrochloride into water at a constant drug level from HPMC 

tablets, was the drugrHPMC ratio, and noted a straight-line relationship between the Higuchi- 

type release rate constant and the tablet HPMC content. No relationship between the lag time 

before square root kinetics became established as seen from the square root plots of drug release, 
and HPMC concentration was noted. Ford et al (1985b) also showed that for propranolol 

hydrochloride and aminophylline at a constant drug level, the release rate constant decreased as 
the HPMC ccMitent increased. A linear relationship was noted between the log of the HPMC 

content and the log of the release rate constant of these water-soluble drugs, which was 

attributed to the influence of HPMC on the surfece area of the matrix. Ford et al. (1985c) 

showed that the release rate constant of indomethacin at a constant drug content from HPMC
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tablets, decreased as the polymer loading increased for K4M, K15M, KIOOM but was 

independent of concentration for KIOOLV.

Mitchell et al. (1993b) however, showed that >sdien the polymer content was held constant and 

the level of propranolol hydrochloride decreased from 160mgto 20mg, the release rate constant 

increased, especially for methylcellulose A4M matrices. They attributed this finding to an 

inability of the low drug level to salt in the polymer, resulting in an apparent feilure to maintain 

matrix integrity. They also showed that as the polymer concentration of K4M and K15M gels 

increased from 5% to 15%, the propranolol hydrochloride diffusion coefficient decreased, which 

was attributed to increased polymer chain entanglement, leading to a longer divisional pathway. 

Xu et al (1995) showed fliat as the indomethacin content increased at constant HPMC level, the 

release rate constant decreased. At a constant drug content, a decrease in the release rate 

constant of indomethacin occurred as the HPMC content was increased (Xu et al. 1995). Gao et 

al. (1996b) showed a lower extent of release at fifteen hours at constant drug content, when the 

HPMC content of the matrix was increased. They also noted incremental increases in the 

apparent adinazolam mesylate diffusion coefficient, measured at one and four hours, with 

decreases in the ratio of HPMC to lactose. Kurahashi et al. (1996) showed a decrease in the 

release rate constants determined for soluble and poorly soluble drugs at a constant drug content 
as the HPMC to lactose ratio increased, however this decrease was of greater magnitude for 

soluble drugs. Vazquez et al. (1996) showed a decrease in the release rate constant of atenolol as 

the loading of HPMC in the tablet increased from 40% to 80%, leading to a corresponding 

decrease in lactose content. Nokhodchi et al. (1996b) showed that the time to 50% release (Tso"/.) 

for diclofenac sodium from HPMC K4M matrices, increased with increase in HPMC content, 

and that this relationship was linear. Veiga et al (1997) also showed an increase in the time to 

50% theophylline release at constant drug content with increase in HPMC loading. Velasco et 

al. (1999) showed that with increasing levels of polymer at constant drug level the square root of 

time release rate constant of diclofenac sodium, in distilled water, decreased significantly, and 

the lag time before square root kinetics became established increased.

S.2.4.4 HPMC particle size

Alderman (1984) considered that coarse fractions of HPMC Methocel K4M, the fractions that 

did not pass through a 40-mesh screen, did not hydrate fast enough to provide adequate 

sustained release of soluble riboflavin, when used to formulate a matrix tablet. Mitchell et al 

(1993d) showed that generally the propranolol hydrochloride release rate constant decreased as 

the particle size of HPMC decreased from >355|xm to 150-210^ni into distilled water, however 

no further decrease in release rate with further decrease in particle size was seen. Burst release 

occurred at large particle size and low HPMC content. Velasco et al (1999) showed that the
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square root release rate constant of diclofenac sodium, and the lag time before square root 

kinetics became established as determined from the square root of time plots, both decreased as 

the particle size of HPMC increased from between 45-75jmi to 150-250|jm. The extent of this 

effect was dependent on the level of HPMC present.

3.2.4.5 HPMC polymer mixtures

Vazquez et al. (1996) showed a decrease in the release rate constant of atenolol in O.IN HCl as 

the proportion of KIOOM to KIOOLV in the tablet increased. Halsas et al. (1998) showed an 

increase in the time to 50% release of ibuprofen when half of the KIOOLV content of the matrix 

was replaced by K4M. When KIOOLV and K4M were combined in different ratios by 

Eyjolfsson (1999), the percent of an insoluble drug released at one and four hours was seen to 

increase with increased levels of the lower molecular weight pol5mer in a non-linear fashion. 

Combining HPMC polymers of different viscosities was also discussed in Section 3.2.2.7.

3.2.4.6 Drug solubility

Generally the release rate of drug from HPMC matrices increases as the solubility of the drug 

increases. Ford et al. (1987) showed a decrease in the release rate constant with decrease in 

drug solubility, from a range of drugs from promethazine hydrochloride to indomethacin. They 

also showed an increase in lag time before square root kinetics were established as the solubility 

of drug released from HPMC matrices decreased. This effect may be attributable to the lower 

rate of dissolution medium uptake, where poorly soluble drug is present in the matrix, as was 

discussed in Section 3.2.3.5. When the exponent for the Korsmeyer and Peppas equation 

(Equation 2.27) was determined, it was found to increase with decreasing drug solubility, from 

0.65 for promethazine hydrochloride to 0.90 for indomethacin. Kurahashi et al. (1996) also 

confirmed a decrease in the release rate constant with decrease in drug solubility, for a different 

range of drugs than were used by Ford et a l (1987).

3.2.4.7 Drug particle size

Drug particle size was reported to be a significant variable in the release of poorly water-soluble 

drugs from HPMC matrices. Ford et al (1985a) showed that increasing the particle size range of 

freely soluble promethazine from 45-63p,m to 500-700^m only produced a 12% increase in drug 

release rate constant. Ford et al. (1985b) showed that changes in particle size, from between 

63|j,m-90|j,m to between 250fim-500nm, did not significantly affect the release of aminophylline 

at the drug loading examined. Propranolol HCl only showed an increase in release rate constant 

at low levels of HPMC (approximately 25%w/w) and at a large drug particle sizes (250-500fim). 

Release rate constants were found by Ford et al (1985c) to decrease when the particle size of 

indomethacin (practically insoluble) was increased from between 60-90|um to between 125-
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180|iim in K15M matrices. Velasco et al. (1999) showed that for diclofenac sodium release from 

K15M matrices, the root time release rate constant, the release ejqjonent and the lag time before 

square root kinetics became estabUshed, all increased with increasing particle size.

3.2.4.S Dissolution medium

Vazquez et al (1992b) showed that the release of the weak electrolyte atenolol in phosphate 

buffer pH 6.8 was abnormally rapid in formulations containing a low (40%) proportion of K4M, 

K15M or KIOOM and ’wiiich had been manufactured at a low compression pressure. They 

attributed this to the phosphate ions adversely affecting the gel consistency. Che tty et al. (1994) 

showed a loss of sustained release effect in diclofenac sodium;E15LV matrices in phosphate 
buffer pH 6.8 as the ionic strength increased over 0.5M.

3.2.4.9 Excipients

In general the addition of excipients, either soluble or insoluble, appears to increase drug release 

from HPMC matrices. Lapidus and Lordi (1968) showed an increase in release rate constant of 

chlorpheniramine maleate when HPMC was replaced by a soluble or insoluble diluent, which 

they attributed to a decrease in tortuosity of the gel by the soluble lactose and a dilution of the 

HPMC concentration by tricalcium phosphate. The increase in release rate constant seen for 

both excipients was similar up to a 33% excipient loading, above which drug was released more 

rapidly from lactose systems than calcium phosphate containing systems. Alderman (1984) 

stated that insoluble but swellable fillers such as microcrystalline cellulose or cross-linked 

carboxymethylcellulose accentuated the burst release from HPMC matrices. Non-swellable 

insoluble fillers such as dicalcium phosphate were considered to inhibit the uniform swelling of 

the gel layer and cause cracks in the matrix, thus destroying sustained release at levels above 

10% excipient loading. Ford et al (1987) showed that replacing HPMC in the matrix by 

calcium phosphate or lactose increased the release rate constant of promethazine hydrochloride. 

Differences in release rates between the systems containing the soluble and insoluble excipients 

were only seen at high levels of diluent i.e. above 50%. Xu et a l (1995) showed that there was 

an increase in the release rate constant when increasing levels of additives were included in the 

formulation to replace HPMC. The greatest increases in release rate constant with increase in 

excipient loading were seen for the addition of microcrystalline cellulose, followed by lactose, 

and then comstarch. Veiga et a l (1997) showed no difference in release of theophylline from 

HPMC matrices containing lactose or tricalcium phosphate, which they attributed to the low 

levels of these excipients in the tablets studied (11% and 22%).
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3.2.4.10 Manufacturing variables

Lapidus and Lordi (1968) showed no diflFerence in drug release patterns between HPMC tablets 

compacted at 3,000 and 10,0001bs. Ford et al. (1985a) showed that the release of very soluble 

promethazine hydrochloride was not affected by changes in compaction pressure between 93 

N/m^ and 1395N/m^ or by the presence or absence of 0.75% magnesium stearate as a lubricant. 

Veiga et al. (1997) (mi comparing compression forces, that gave hardness levels of between 3.5- 

4kg and 5.5-6kg, showed that the tablets of lower hardness showed some disintegration during a 

disintegration test. Velasco et al. (1999) also showed that changes in compression forces 

between 3 and 12KN, has no effect on the release of diclofenac sodium from HPMC matrices 

although a smaller lag time before square root kinetics became estabhshed was seen with a 

compression force of 3N than the other forces. The apparent insensitivity of HPMC matrices 

to compaction pressure can be attributed to the porosity of the hydrated matrix being 

independent of the initial porosity.

3.2.4.11 Tablet shape

Ford et al. (1987) showed a linear relationship between the square root of time release rate 

constant of promethazine hydrochloride and surface area of HPMC tablets. Veiga et al (1997) 

showed no difference in theophylline release from flat-faced and convex tablets, which they 

attributed to the small difference in surface area between them (1.978cm^ v. 1.884cm^)

3.2.4.12 Agitation rate

Sheu et a l (1992) showed statistically insignificant differences in the release of soluble 

diclofenac sodium from HPMC matrices when the stirring speed was increased from 50 to 

lOOrpm using a paddle apparatus. Reynolds et al. (1998), on separating the diflRisional and 

erosional contributions to drug release, showed that increased agitation did not affect the 

diffiisitmal release of drug but increased the erosional rate of release from KIOOLV matrices. A 

different mechanism was considered to exist for the increase in erosional release with increase in 

agitation rate from K4M.
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3.3 POLYETHYLENE OXIDE

3.3.1 Introduction

Polyethylene oxide is a non-ionic water-soluble polymer, which is available in a range of 

molecular weights. On ejq)osure to water, certain molecular weights o f this polymer both swell 

and erode, and can be used in the manufacture o f sustained release matrices. High molecular 

weight PEO has been used in Tavist® tablets containing clemastine fiimarate by Sandoz. It is 

directly compressible using existing technology, contributing to its ease o f  use in matrix-type 

formulations (US Patent 5,273,758). Graham et al. used cross-linked polyethylene oxide to 

produce stable vaginal pessaries containing prostaglandin E2, and also suppositories containing 

morphine to induce post-operative analgesia (Rango Rao et al. 1988). High molecular weight 

PEO is also muco-adhesive (Apicella et al. 1993). Several novel dosage forms o f PEO have been 

developed to attain zero-order release o f  drugs, such as donut-shaped (Kim 1995b), self- 

correcting floatable assymetric configuration (Yang and Fassihi 1996) and triple layered tablets 

(Yang and Fassihi 1997a, 1997b).

3.3.2 Physicochemical characteristics

3.3.2.1 Description

Polyethylene oxide, under the trade name POLYOX ® as marketed by Union Carbide, is a white 

to off-white powder, which has a mild ammoniacal smell. CAS [25322-68-3] (Union Carbide 

Material Safety Data Sheet 1997).

3.3.2.2 Solubility

Polyethylene oxide, under the trade name POLYOX ® as marketed by Union Carbide, is 100% 

soluble by weight in water at 20“C (Union Carbide Material Safety Data Sheet 1997).

3.3.2.3 Density

The bulk density o f the polyethylene oxide grades used is approximately 500kg/m^ (Union 

Carbide Material Safety Data Sheet 1997).

3.3.2.4 Chemical properties

Polyethylene oxide is a non-ionic homo-polymer of ethylene oxide, which can be represented by 

the formula:
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(OCH2CH2)x

The average number of repeating oxyethylene xmits is represented by the letter x. High 

molecular weight polyethylene glycols are also called polyethylene oxides (Schott 1995). The 

polyethylene oxide used in the present work was manu&ctured by Union Carbide, and is 

marketed under the brand name POLYOX ®. It is a linear water-soluble resin, which is available 

in a range of molecular weights. The POLYOX ® grades used in the present work are Usted 

below {Union Carbide Material information sheet) -.

(g )Table 3.3 NF Grades of POLYOX polyethlyene oxide water soluble resins.

POLYOX NF® grade Approximate molecular Viscosity range of a 1% solution at 25°C
weight (cP)

WSR Coagulant 5x10^ 4,500-7,500
WSR-303 7x10® 7,500-10,000

3.3.2.5 Thermal characteristics

The glass transition temperature (TJ o€ polyethylene oxide is stated to be -60“C. (Ranga Rao et 

al. 1988). The crystalline melting point is between 62"C and 67“C (Union Carbide Material 

Safety Data Sheet 1997). Apicella et al. (1993) determined a melting point of between 63 and 

65“C for pure polyethylene oxide from Aldrich Chemical Co.

3.3.1.6 Rheology

One significant difference between PEO and HPMC is that at the experimental temperature 

(37“C) used in the present work, PEO is above its glass transition temperature. It is a semi

crystalline polymer and as such the amorphous domains are in the rubbery state. The crystalline 

regions behave as a filler phase and also act as a type of physical cross-link holding the polymer 

together (Sperling 1992 Chpt 8). Therefore PEO does not undergo the same macromolecular 

relaxations at the swelling front as HPMC, which is initially in a glassy state. However it is 

expected that some macromolecular relaxation occurs to allow swelling of the polymer by the 

penetrant. A slow melting out of the crystallites by water may occur. Peppas and Korsmeyer 

(1987) considered that cross-linked semi-crystalline PEO matrices formed a different type of 

swelling controlled system based on a crystalline/amorphous transition instead of a glass/rubber 

transition. Since the amorphous regions of imcross-linked semi-crystalline PEO are in the 

rubbery state, these polymers may also show different swelling kinetics to HPMC, where a 

glass/rubber transition of the swelling controlled release system occurs. Lee et al. (1992) in 

studies of polydimethylsiloxane, attributed zero-order release from rubbery matrices which did
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net undergo a glass transition during the experiment to the high level of initial swelling 

occurring, and the corresponding increases in surface area and diflfiision coefficient.

S.3.2.7 Compatibility

Union Carbide Material information sheet states that because POLYOX® resins are non-ionic, 

no interaction between drugs and polymers is to be expected. However studies by Patel et al. 

(1965) have shown that aromatic carboxylic acids such as benzoic acid and its derivatives can 

form hydrogen bonds between the hydrogen of the carboxyl group and the oxygen ether atoms 

of the polyethylene glycol portion of cetomacrogol. The extent of this interaction was shown to 

decrease on dissociation of the acid. PEO can undergo "salting out" and thermal gelation in a 

similar manner to HPMC (Schott 1995).

3.3.3 Factors affecting the swelling and erosion o f PEO matrices

3.3.3.1 Water penetration

Apicella et al. (1993) noted that the pattern of penetration of water into PEO matrices of 

molecular weight of 4x10* was initially rapid and then slowed, penetrating at a constant rate. 

The swelling front advancing rate constant decreased with increase in polymer molecular 

weight. Yang and Fassihi (1997b) showed a higher normahzed volume after eight hours 

swelling for PEO compacts of molecular weight of 4x10* than 1x10*. Yang et al (1998) showed 

that the axial and radial movement of the water penetration front into PEO of molecular weight 

5x10* was proportional to the square root of time, when measured up to three hours.

3.3.3.2 Gel layer thickness

After an initial rapid increase, the measured gel layer thickness between the swelling and 

eroding fronts as measured by Apicella et al. (1993) became constant with time for a PEO 

molecular weight of 600,000. This was unlike a molecular weight of 4x10*, which showed a 

continual increase in gel layer thickness with time. TTierefore they considered that zero-order 

release would only occur for the lower molecular weight polymer. Kim (1995a) also noted 

attainment of constant gel layer thickness with time, for polymers of molecular weights of 

0.9x10* and 2x10*, but continuous increase with time for 4x10*. Yang et al. (1998) showed that 

a constant gel layer was only apparent for PEO of molecular weight 600,000 and not for 1x10* 

or 4x10*. However, although the probability of zero-order release is high when a constant gel 

layer thickness is present (Colombo et al 1995), front synchronisation is not a pre-requisite for 

zero-order release (Mockel et al. 1993).
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3.3.3.3 Erosion

Yang and Fassihi (1997b) showed that the rate of erosion of PEO of molecular weight 1x10** 

was higher than that of PEO of molecular weight 4x10*.

3.3.4 Factors affecting drug release from PEO matrices 

3.3.4.1 Polymer molecular weight

Apicella et al. (1993) showed zero-order release of etofylline (freely soluble) from PEO matrices 

of molecular weight 600,000 in distilled water. This was attributed to the gel layer of constant 

thickness, having a time-independent drug distribution profile moving towards the centre of the 

tablet. The constant drug release was controlled by the constant rate of medium penetration or 

drug dissolution rate. For PEO of molecular weight of 4x10®, for which etofylline release was 

slower than for 1x10®, they considered that the drug release was govemed by the drug 

dissolution rate in the initial stages of release, then by drug diffusion through the swollen gel 

layer in the final stage. Kim (1995a) noted that the rate of release of theophylline (slightly 

soluble) was lower with an increase in molecular weight of the poljraer from 0.9x10® to 4x10®, 

and that the drug release rate was constant for the lowest molecular weight. Faster release of 

theophylline, and diltiazem hydrochloride from systems manufactured using PEO of molecular 

weight 1x10® relative to release from PEO 4x10® systems, was shown by Yang and Fassihi 
(1997b) in a triple layer system. Dimitrov et al. (1999) showed an increase in the time to 50% 

verapamil hydrochloride (soluble) release in buffer pH 7.0, as the PEO molecular weight 

increased from 0.9x10® to 8x10®.

3.3.4.2 Polymer concentration

Pillay and Fassihi (2000) showed no decrease in the rate of release of metoprolol tartrate from a 

two-component drug/polymer matrix, when the matrix weight was increased from 300mg to 

600mg by the addition of PEO 7x10®. This finding was attributed to the high swelling of the 

matrix and high drug solubility.

3.3.4.3 Drug solubility

Release of drugs from low molecular weight PEO (0.9x10®) was foimd not to vary for diltiazem 

hydrochloride and theophylline, two drugs of different solubilities, as shown by Kim (1995a). 
However for the higher molecular weight polymer (2x10®), the release of diltiazem 

hydrochloride was faster than that of theophylline. Yang and Fassihi (1997b) showed an 

increase in release rate with increase in solubility between dihiazem HCl and pr<^ranolol HCl at
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a constant drug loading in a triple layer asymmetric system in O.IN HCl, although the release 

profiles for theophylline and propranolol HCl were identical. This indicates that there may be a 

drug solubility, above which drug release is independent of drug solubility. The increase in drug 

release rate with increase in drug solubility was considered to be due to the enhanced osmotic 

stress in the matrix which increases water penetration into the matrix and leads to increased drug 

difEusivity and increased matrix erosion. As the drug solubility increased the duration of 

linearity was shown to decrease due to more rapid exhaustion of the core (Yang and Fassihi 

1997b). Kim (1998) showed lower drug release rates occurring with decreases in drug solubility 

in PEO 4x10*. No "limiting solubility", above which no difference in drug release occurred, as 

was seen by Yang and Fassihi (1997b), was noted. An increased tendency for zero-order release 

to occur was also noted as the drug solubility decreased, as the drug release became erosion- 

controlled (Kim 1998).

3.3.4.4 Dissolution medium

Kim (1995a) showed that the release of theophylline was not significantly affected by the pH of 

the dissolution medium when acid pH 1.5, phosphate buffer pH 7.4, and distilled/de-ionized 

water were compared, which may indicate less susceptibility to dissolution medium variables 

than HPMC.

3.3.4.5 Drug loading

Release of theophylline, and diltiazem hydrochloride from low molecular weight PEO (0.9x10®) 

was seen by (Kim 1995a) not to be affected by the drug loading used (either 20% or 39%). They 

attributed this effect to matrix erosion being more important than drug diflRision as a mechanism 

of release from low molecular weight PEO's. However for the higher molecular weight polymer 

(2x10®) the release of soluble diltiazem hydrochloride is faster at a 39% drug loading than a 20% 

drug loading. Yang and Fassihi (1997b) showed no significant difference in the release rate of 

diltiazem hydrochloride from a triple layer system containing PEO 7x10® as the loading 

increased from 33.4% to 50%. They suggested that there was no significant increase in the rate 

of water penetration in this system which would increase the rate of drug diffusion. Kim (1998) 

showed that the effect of drug loading was dependent on solubility. Drugs of solubiUty 

approximately 2.5%w/v in water, showed a higher release rate with an increase in drug loading 

from 20% to 39% in PEO 4x10® matrices, as drug diffusion was the controlling mechanism of 

release. Drug diffusion was enhanced by the increase in medium penetration caused by the 

presence of a higher loading of soluble drug. Drugs of medium solubility showed a lower rate of 

release with increase in drug loading, as drug release was dependent on the rate of drug 

dissolution prior to drug diffusion. Very poorly soluble drugs (solubility below 0.2%w/v)
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showed an increase in release rate with increasing drug loading, as release was predominantly by 

erosion of the matrix and a weaker matrix was formed at higher drug loadings.

3.3.4.6 Agitation rate

Kim (1995a) showed that for release of theophylline from both the low and high molecular 

weights of PEO studied, the release was faster with an increase in agitation rate from 50 to 

lOOrpm. No fiiither increase in release rate was seen with any subsequent increase in agitation 

rate. Yang and Fassihi (1997b) showed faster release of theophylline from a triple layer system 

as the agitation rate was increased from lOrpm to lOOrpm, for systems of both low molecular 

weight (1x10®) and high molecular weight (4x10*) PEO. This increased rate of release can be 

attributed to faster erosion at higher agitation rates, since the lower boundary layer thickness 

decreases thus increasing the rate of mass transfer.

3.3.4.7 Effect of excipients

Kim (1998) showed that when lactose at a 19% level was added to diclofenac sodium in PEO 

4x10* where the drug is at a 20% level, the rate of release increased to a level comparable with a 

39% drug loading. For salicylic acid, which is of lower solubility, the addition of lactose (as a 

39% salicylic acid + 19% lactose system), increased the rate of release over that obtained with 

systems containing 20% or 39% drug and no excipients. This increase was attributed to the 

reduction in polymer content and increased hydration of the matrix due to the increased osmotic 

effect.
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ORIGIN AND SCOPE

Hydrophilic polymers, which both swell and erode, are widely used in matrix systems to sustain 

drug release. Such systems have been extensively considered in the literature, in terms of their 

swelling and erosion (Peppas and Korsmeyer 1987), (Reynolds 1998), and in terms of drug 

release (Vazquez et al. 1992a). The extent of dissolution medium infiltration and thus swelling, 

and the extent of erosion occurring, influences the release of soluble and poorly soluble drugs 

respectively (Tahara et al 1995). Many studies in the literature which examine factors affecting 

swelling and erosion of polymer use techniques which subject the matrix to very different 

conditions than occur in vivo, such as restricting swelling in one direction (Colombo et al. 1995), 

or the sample preparation required for NMR studies (Fyfe and Blazek 1998). Previous work by 

Gubbins (1996) used a gravimetric method to examine the swelling and erosion of HPMC 

matrices loaded with sodium caseinate or lactose, in order to prepare a sustained release solid 

dosage form of diclofenac. It was considered that this gravimetric method could be used to 

further examine the influences of physicochemical variables such as agitation rate or dissolution 

medium composition on polymer swelling and erosion, since this method allowed unrestricted 

swelling and erosion of the matrix to occur. The extent of swelling and erosion of pure polymer 

and drug-loaded polymer matrices could be then be correlated to drug release Mathematical 

models have been derived in the literature to describe swelling, erosion and drug release from 

such matrices (Lee 1980), (Harland et al. 1988), (Ju et al. 1995b), however all these models use 

a number of approximations. As of yet, a simple model to predict drug release from these 

hydrophilic polymer matrices based on the fundamental properties of the polymer, is not 

available. The aims of the current work were to:

♦ Study the swelling and erosion of pure and drug-loaded HPMC matrices, and determine 

contributory factors.

♦ Examine drug release from HPMC matrices and determine contributory fectors.

♦ Investigate any systems giving zero-order release.

♦ Fit swelling and erosion, and drug release using suitable mathematical models.

♦ Relate drug release to swelling and erosion and determine mechanism of drug release, using 

mass balance curves.

♦ Develop mathematical relationships to predict drug release based on fundamental matrix 

properties and behaviour.

♦ Compare HPMC with another hydrophilic polymer, PEO, to see if relationships hold and 

models are still suitable.

♦ Examine the effect of combining hydrophilic polymers with stearic acid in a matrix, since 

these are two different types of sustained release matrix former.
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4 CHAPTER FOUR

4.1 INTRODUCTION - MATERIALS AND METHODS

In this chapter the materials and methods used in the present work are reviewed.

4.2 MATERIALS

Material Stated Purity Lot no. Supplier
Benzoic acid 99.5% 105H0291 Sigma

Methocel® HPMC E50LV - KF14012N21 Colorcon

Methocel® HPMC KIOOLV - C523 Colorcon

Methocel® HPMC K15M - 84052506K Colorcon

Methocel® HPMC K4M - KD19012NI2 Colorcon

Methocel® HPMC KIOOM - KF27012NI Colorcon

Hydrochloric acid (fuming) 37% several Merck

D(+)-Lactose Monohydrate extra pure 62550 Riedel de Hara

Methyl /j-hydroxybenzoate 99% 73714 Aldrich

POLYOX® Coagulant - C6076 Union Carbide

POLYOX® WSR-303 - 155836 Union Carbide

Propyl /»-hydroxybenzoate 99+% 51213026 Aldrich

Sodium benzoate 99.5% 20770 Riedel de Ham

Sodium chloride 99.5-100.5% several Merck

di-Sodium hydrogen 

phosphate dodecahydrate

99-100.5% several Merck

Sodium di-hydrogen 

phosphate dihydrate

98-100.5% several Merck

Sodium stearate 99+% 111H8482 Sigma

Stearic acid flakes 

(synthesis grade)

97% 51616775 Merck
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4.3 INSTRUMENTATION

Instrument Supplier Model No.

Analytical balance Mettler Toledo MT5

Analytical balance Mettler AE240

Automatic pipette Socorex -

Ball mill Retsch MM2

Differential scanning Mettler Toledo DSC82r
calorimeter

Dissolution bath Sotax AT6

Dissolution bath Erweka DT6

Hydraulic press Perkin Elmer

Jacketed dissolution vessel

Evacuable pellet die set Perldn Elmer

Mixer Glen Creston Turbula T2C
Oven Binder

Particle sizer Malvern Series 2600c

pH meter Orion 520A

Sieve shaker &idecotts

Sieve Bidecotts 63jiim sieve

Stirring motor Heidolph RZR-1

Stirring motor Citenco KQTS-15

UV photodiode array Hewlett Packard 8452A

spectrophotometer

Ubbelohde viscometer Poulten Selfe Lee Size 1

Vernier calipers

X-ray difl&actometer Siemens D500
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4.4 COMPUTER SOFTWARE

Package Version Instrument
Malvem

Micromath® Scientist™ for 

Windows™

Star'

UV-VIS qjerating software 

Diffirac 500 

Widows

4.5 METHODS

4.5.1 XRD powder diffracdon studies

Samples of powder of approximately 200mg were introduced by means of a conventional cavity 

holder into the Siemens D500 wide-range goniometer which was linked to a DACO-MP 

microprocessor. The sur&ce of the sample was level with the surface of the holder. The Cu 

anode X-ray tube was operated at 40kV and 30mA. TTie aperature diaphragms were in the 1“, 

1“, 1“, 0.15“ ccmfiguration. A Ni filter was used to screen out Kp rays and the resultant rays 

were monochromatic K a rays of wavelength 0.1542nm. Readings were taken from 5 20 degrees 

to 35 29 degrees in stq>s of 0.05. The value of 20 degrees is called the diffraction angle. The 

scans of intensity against diffraction angle gave characteristic profiles, showing the crystalline 

pattern of the powder sample. These scans were compared with other samples by notiag at 

which value of 20 degrees the peaks occur.

4.5.2 DSC

Differential scanning calorimetry studies were carried out using the Mettler DSC821e linked to a 

TCI5 TA processor. Sanq)les of powder of approximately 5mg were introduced into a 

preweighed 40|jJ aluminium sample pan and accurately weighed, to allow weight normalisation 

of results. The pan was then sealed with an aluminium lid, which was subsequently pierced 

three times, to allow for the escape of gases that evolved during the heating process. A 

reference cell consisting of a similar empty aluminium pan sealed and pierced was also used as a 

comparison. The cells were purged with nitrogen. Sanq}les were heated from 25‘‘C to 150“C at 

a rate of lO^C/minute. The peaks were integrated and the onset temperature of the peak, the

2600B.0 Malvem Particle Sizer

VI.0 PC

V5.1

HP89531A MS-DOS 

VI. 1A 

98

DSC

UV spectrometer

XRD

PC
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peak temperature, the melting point and the peak area calculated in J/g were determined using 

the Star® software package.

DSC was used to quantify the amount of stearic acid remaining in stearic acid:K100LV 

matrices. A calibration curve based on powder samples consisting of increasing ratios of stearic 

acid to polymer was estabhshed, by determining the increase in stearic acid peak area with 

increase in stearic acid content. The value for peak area was normalised for the weight of sample 

used so that the amount of stearic acid remaining in the dry powdered discs after dissolution 

could be determined.

4.5.3 Particle sizing

Powders were ground where required in a Retsch stainless steel ball mill for 10 minutes at an 

instrument specific intensity level of 90. The required particle size of sub 63|im was obtained by 

passing through a 63|im stainless steel meshed test sieve.

4.5.4 Particle size analysis

4.5.4.1 Sieve method

A sample of 20g of powder was used as received, and placed on the top sieve of a sieve stack. 

The sieve stack was arranged in order of decreasing aperture size from top to bottom in a root- 

two sieve series. The stack was placed on a sieve shaker and shaken for five minutes after 

which time the manufacturer's specifications were confirmed. The amount of powder remaining 
on each sieve was determined by removing the powder and weighing on an analytical balance. 

The average particle size at each level was considered to be the arithmetic mean of the two sieve 

apertures and a cumulative percentage imdersize curve was then drawn.

4.5.4.2 Malvern particle sizing method

Methocel ® KIOOLV was subjected to particle size analysis by a laser diffraction method using a 

Malvern 2600C particle size analyser. The laser used was a 2mW He-Ne laser with a 

wavelength of 633nm. A 300mm lens was used as this has a measurement range of S.Spm to 

564|4,m. The lens was first aligned and the instrument zeroed to measure the background 

scattering. The dry powder feeder was used. The compressor was turned on to a pressure of 3 

bar working pressure and the vacuum was used to draw the powder through the laser beam and 

break up agglomerates. An obscuration value, which corresponds to the flection of laser power 

lost to diffraction, of between 0.15 and 0.4 is required. Small particles refi'act the light at larger
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angles than large particles and so from the annxxlar ring detector, a particle size distribution can 

be obtained. The median volume diameter o f the powder was then recorded.

4.5.5 Mixing of powders

Where two or more powders were to be mixed the powders were placed in a glass jar which was 

filled to one-third of its capacity. The powders were then agitated using a Turbula mixer at 

medium speed for six minutes.

4.5.6 Preparation o f discs

200mg of powder was placed in the cylindrical bore of a 13mm Perkin Elmer stainless steel 

evacuable pellet die set, between two stainless steel pellets. The cylinder body was then placed 

on the base o f the set. A plunger was introduced into the cylinder body on top o f the top pellet. 

The whole assembly was subject to 7000kg of pressure for ten minutes, after which time the disc 

was ejected from the pimch and die set and accurately weighed.

4.5.7 Preparation o f dissolution media

The components required, and the corresponding quantities for the manufacture of five litres of 

dissolution medium are tabulated below. The components were made up to five litres with either 

deionised (for early studies) or distilled water. TTie phosphate buffer pH 7.4, the saline 0.9%w/v 

and the acid system are iso-osmotic. The formulation for the phosphate buffer was obtained 

from the Pharmaceutical Handbook (1980).

4.5.7.1 Phosphate buffer pH 7.4

Component Quantity (g/5 Litres)

di-Sodium hydrogen phosphate 

dodecahydrate (Na2HP0 4 .12H2 0 )

Sodium di-hydrogen phosphate di-hydrate 

(N a H 2 P 0 4 .2 H 2 0 )

95.5

10.5

Sodium chloride 22
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4.5.7.2 Acid medium pH 1.5

Component Quantity (for 5 Litres)

Hydrochloric acid 37% 35ml

Sodium chloride 20.011g

4.5.7.3 Saline 0.9%w/v

Component Quantity (g/5 Litres)

Sodium chloride 45

4.5.7.4 Saline = 0.25

Component Quantity (g/5 Litres)

Sodium chloride 72.5

4.5.8 Viscosity determinations

The viscosities of different media were determined using an Ubbelohde viscometer, size 1. The 

method as stated in the British Pharmacopoeia 1998, AMO was used.

4.5.9 Dissolution studies

The USP ^paratus 2 (paddle) dissolution bath was used in these studies. The temperature of the 

bath was maintained at 37"C and the rotational speed was set to 50, 100, 150, or 200rpm. 

lOOOmls of dissolution medium was measured into each of the six vessels and aUowed to 

equihbrate before starting the e^qperiment. The vessels were covered with lids to minimise 

evaporation. The discs to be tested were introduced into the vessels at two-minute intervals to 

allow adequate time brtween sanqiling each vessel. At pre-determined sanq)ling times, usually 

every fifteen minutes for the first two hours and every thirty minutes thereafter, a 5ml sample 

was withdrawn manually firom each of the vessels. This was then filtered through a 0.45(im 

membrane filter and a 1ml sample of filtrate was suitably diluted if necessary. Five mis of fî esh 

dissolution was added back to the dissolution vessel after sanq)ling to maintain a constant 

dissolution volume. The filtered and diluted samples were then analysed by ultraviolet 

spectroscqjy and compared to a calibratiOT curve to establish the release profile of drug from 

the discs. Graphs of percent release versus time were drawn, and the error bars included on 

these graphs represent cme standard deviation of the raw data.
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4.5.10 Solubility studies

4.5.10.1 Overhead stirrer method

Twenty mis of phosphate buffer at pH 7,4 was placed into a 50ml jacketed vessel and 

maintained at 37“C by means of a circulation pump water bath. An amount of drug, equivalent 

to three times its expected solubility in the amount of medium used, was placed in the vessel and 

agitated at approximately 150rpm, using a Heidolph or a Citenco overhead stirrer with a g lass 

paddle. Samples of 2ml were taken at certain time intervals and filtered through a 0.45|om 

membrane filter. The filtrate was then suitably diluted and analysed by UV spectroscopy. The 

average of three determinations was used. The amount of drug in solution increased to a plateau 

level with time. Hie maximum amount of drug dissolved per ml was the saturated solubility. 

All filters, pipette tips, containers, syringes and needles used in these experiments were 

preheated to 37“C in an oven.

4.5.10.2 Gravimetric method

hi this method the solubility of drug was determined by preparing a series of known quantities 

of drug in 5ml of phosphate buffer pH 7.4, and noting the concentration below which 

precipitation fi-om solution occurred after leaving the solutions to stand overnight. The new 

volume achieved was also measured and the solubility in mg/ml could then be calculated. These 

studies were carried out in sealed glass vials and the temperature controlled to 37“C.

4.5.11 Ultraviolet spectroscopy

A Hewlett Packard ultraviolet spectrophotometer was used to analyse drug release, hiitially a 

calibration curve was established by making a range of standard solutions of drug in the relevant 

dissolution medium and determining their absorbance readings at the maximum wavelength for 

the drug. The standards were also read at a reference wavelength where no absorbance was 

expected to allow a correction to be made for a fluctuating baseline, and the machine was also 

blanked to correct for the absorbance of the medium itself. Three determinations were made for 

each of five different concentrations. A graph of the absorbance readings against the 

concentration of the standards in mg/ml was drawn and the resulting calibration curve, was then 

used to calculate the craicentration of a sample of the drug whose absorbance was known.

4.5.12 Wet and dry weight studies

This method was based on a method used by Tahara (1995) as modified by Gubbins (1996). In 

these experiments a USP apparatus 2 (paddle) dissolution bath was used. The temperature of the
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bath was set to 37“C and the rotational speed could be set as required to 50, 100, 150 or 200rpm. 

For static studies the discs were impaled on drawing pins. 1000 mis of dissolution medium was 

measured into each of the six vessels of the bath and allowed to equilibrate before starting the 

experiment. Discs of 13mm diameter were introduced into eadi of the vessels at five-minute 

intervals to allow adequate time between sanpling. The experiment consisted of allowing the 

discs to dissolve in the medium at the chosen agitation rate for certain time periods before they 

were removed into a pre-weighed weighing boat. The excess dissolution medium was drained 

and blotted from around the disc without touching the disc. The disc and boat were then 

weighed to establish the wet weight of the disc. The discs were then dried to a constant weight 

in an oven at 37“C. Each determination at eadi time point was performed in triplicate. Graphs 

of wet weight against time, and dry weight against time were then drawn. The error bars 

included on the graph rqjresent one standard deviation of the raw data.

Several indicators of the extent of swelling and erosion occurring were considered. The relative 

swelling, calculated as the ratio of the wet weight to the initial weight was determined, as an 

indication of the extent of matrix swelling. The average of the three values at each time-point 

was calculated, and the maximum average value occurring noted.

Ww
Relative swelling = -----

Wi

Equation 4.1

Where:

JVw = the wet weight of the disc at a time t 

Wi = the initial weight of the disc

The maximum measured dissolution medium uptake occurring over the duration of the 

experiment was estimated by subtracting the dry weight of the disc fi-om its wet weight at each 

time point. TTie three values at each time-point were averaged and the maximum average value 

occurring noted.

Dissolution medium uptake = Ww -  Wd

Equation 4.2

Where;

Ww = the wet weight of the disc at a time t

Wd = the dry weight of the disc after dissolution for time t
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The dissolution medium uptake per weight of matrix remaining was calculated at each time- 

point for a particular matrix, to correct for the effect of erosion and dissolution in the 

measurement of degree of dissolution medium uptake. This rate of hydration was obtained by 

subtracting the dry weight from the wet weight at each time point and dividing this value by the 

dry weight at that time point. The values for water uptake per unit matrix remaining were then 

fitted to a square root equation for the initial points where a linear relationship existed between 

uptake and square root of time, and the rate of dissolution medium uptake was estimated from 

this.

Dissolution medium uptake per unit polymer remaining

 ̂ Ww-Wd 
Wd

Equation 4.3

Where:

Ww = wet weight of polymer at time t

Wd -  dry weight of polymer after dissolution for time t

4.5.13 Changes in disc dimensions

The diameters and radii of certain discs after dissolution were measured using a Vernier 

callipers, which was accurate to 0.01 cm. The volumes and surface areas were then calculated 

using the usual mathematical formulae for a cylinder.

4.5.14 Mass balance studies

Mass balances were calculated using the dissolution data, and the dry weight curves of 

drug/polymer systems as determined by swelling and erosion studies. The amount of drug 

remaining in the matrix as determined by dissolution experiments was subtracted from the dry 

weights of the drug/polymer matrices to determine the quantity of polymer remaining. The 

assumption of these mass balance curves is that the drug dissolves rapidly on release into the 

bulk medium. The percent remaining was also calculated.

4.5.15 Statistical analysis

Several statistical terms and methods have been used throughout this work. These include 

algebraic mean, median, standard deviation, variance, standard error, and coefficient of 

variation. For definitions of these terms see Bolton (1990).

62



Chapter 4 -Materials and Methods

4.5.16 Statistical hypothesis testing

In this section the comparison of means from two independent samples in a two-sided t-test 

where the variance is unknown, is considered. Since the assimiption underlying this test is that 

the variances for the two groups are the same, an F-4est (Bolton 1990) is first completed to 

confirm this.

4.5.16.1 t-test

If the F-test showed no differences, the data was then analysed using a two-sided t-test, which 

was a "two independent groups test with variance unknown". The t-test consists of the difference 

between the two means divided by the estimated standard error of this difference. This value is 

then compared to a critical t-statistic based on the number of degrees o f freedom in the t-test, at 

the 0.05 probability value. This implies there is a probability o f 0.05 that the t  value will be 

beyond these points if  there is no long run difference between the means. The two sided t-test 

used was as follows:

■  ^
Equation 4.4

Where:

Ybar y = mean of set 2 

Ybar v = mean of set 1 

n' = sample size in each group 

s.d.p= pooled standard deviation

The t-statistic was based on (ni-l+  n2- l )  degrees of freedom and was determined at the 0.05 

probability level.

When two means are being compared based on the same sample size, the value s.d.p ,̂ which is 

an average of the variances of the two samples for the t-test is calculated as follows:

, 2  +s.d.~,^
^—

Equation 4.5
When two means are being compared which are based on different numbers of data points a 

pooled variance based cm a weighted average is used, which is defined as follows:
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2 _  (/?!■ + { n ^ . - \ ) s . d . ^ ^

^  riy +  « 2' -  2

Equation 4.6

The estimated standard error of the pooled standard variance, for different sample sizes, which is 

the denominator of the t^est, is then calculated as:

Equation 4.7

T-tests were used to compare the mean of three data points of one series with the mean of three 

data points of another series, both means taken at the same time point.

4.5.17 Mathematical analysis

The mathematical ̂  similarity calculation (Moore et al. 1996) was used as a second method of 

examining differences between two sets of data. It was used as a complimentary test to the t- 

test, since in the t-test only the mean of three data points were compared, and the individual time 

points were considered separately instead of the whole profile.

4.5.17.1 Similarity factor

This method is used as a means of mathematically comparing two dissolution profiles. The 

similarity factor equation is also known as theyS equation and has the following form (Moore et 

al. 1996).

1- 0.5

/ j  =501og,o

Where:

f 2  = similarity factor value 

n = number of dissolution time points 

Wt= optional weighting system 

Ri= reference dissolution value at time t 

T,= test dissolution value at time t

n f= i

x l O O

Equation 4.8

The two profiles are considered to be the same or equivalent when t h e v a l u e  is between 50 and 

100, which equates to an average difference in dissolution profiles of up to 10%. The
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equation is useful in that a single number is obtained to describe the data. This method is 

endorsed by the FDA for the comparison of dissolution profiles and adopted in several guidance 

documents (O'Hara etal. 1998).

There are several considerations in the use of this equation in analysing release data. The FDA 

recommends the use of the ^  equation when more than three dissolution time points are 

available. TTie reference and test values should be the mean of 12 dosage units when using this 

equation as a basis for accepting post approval changes. It is implied that the within batch 

coefficient of variation should be not greater than 20% for the earher time points and not greater 

than 10% at later time points. ITie ^  equation does not take into account the variability or 

correlaticMi structure in the data and the values of are sensitive to the number of dissolution 

time points used. Another consideration is that since this method is non-statistical it is not 

known what the probability of concluding that the test and referaice are the same when they are 

actually different, or vice versa (O'Hara et al. 1998). Therefore in view of these limitations the 

fz method was used as a secondary test to the t-test.

4.5.18 Mathematical modelling

Scientist ™, a program for non-linear curve fitting was used to fit the experimental data to 

mathematical models as follows: Estimates of the expected parameters were used initially. A 

simplex calculation was then used repeatedly to locate the region of the minimum sum of 

squares of the residuals. The data was then subjected to least squares fitting to minimise the 

sum of square residuals. Methods for optimising fitting were to fit one parameter at a time, to 

focus on non-linear parameters and to simulate data. Where physical limits on parameters 

existed, their values were limited. A simplex search was completed after the least square fit to 

find other minima. The fitted parameters and their corresponding goodness-of-fit values were 

then obtained. These are defined in the following sections {Scientist users manual).

4.5.18.1 Simplex

This was the initial step in least-squares minimization as it requires less computation per 

iteration than Powell's method {Scientist users manual). Simplex is therefore a method of 

making a quick coarse seardi for the minimum. Simplex does not rapidly converge as Powell's 

algorithm does when the minimum is approached, and therefore it was used here as a tool to 

generate the starting values for Powells algorithm in situations where the estimates were so far 

from the minimum that Powells algorithm foiled.
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4.5.18.2 Least squares fit

The basic algorithm for the minimization of the sum of the square residuals was described by 

Powell and is a method of finding the zero of a system of non-linear equations.

4.5.18.3 Sum of square deviations (SSD)

The sum of square deviations of a data column is defined as follows:

ZU-rjf
/= !

Equation 4.9
Where:

« = the number of data points in the data column 

y  = individual values in j  data column 

y  bar = algebraic mean of y  data column

4.5.18.4 Coefficient of determination (CD)

The coefficient of determination is a measure of the fi"action of total variance accoimted for by 

the model and is considered to be a more appropriate measure of the goodness-of-fit than the R̂ . 

It is defined by the formula:

- i ; »',(!;*«
7=1_______________________________ 7=1___________________________

;= 1

Equation 4.10

Where:

n = number of points

Wi = weights applied to each point

Y bar oj, = the weighted mean of the observed data

Ycai = the calculated mean

Yobs = the observed value
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4.5.18.5 Model Selection Criterion (MSC)

The Model Selection Criterion (MSC) is a modified version of the Akaike Information Criterion 

(AIC) and is used as a goodness-of-fit estimate. The AIC is defined as fijllows:

^/C = «ln -'Ta.u'f
V /=1

Equation 4.11
Where:

p = number of parameters 
n = number of points

The AIC relates the coefficient of determination to the number of parameters that were required 

to obtain the fit, and the smallest value obtained indicates the most suitable model. Two models 
with different numbers of parameters can be compared, as the model with more parameters must 
have a better coefficient of determination for the model to be deemed more appropriate.

Scientist ™ uses a modified AIC called the Model Selection Criterion (MSC) which is defined as 

follows:

MSC = In /=1

V /= i

n

Equation 4.12

The MSC has an advantage over the AIC that it is indq)endent of the scaling of the data points. 

The most appropriate model will have the largest MSC value.
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5 CHAPTER FIVE

5.1 INTRODUCTION - SWELLING AND EROSION OF PURE HPMC 
MATRICES

The swelling and erosion of HPMC discs was examined according to the method of Tahara et 

al. (1995), as modified by Gubbins (1996). The details of this method are described in Chapter 

Four. The wet weight is a measure of the extent of water infiltration into the disc and thus is an 

estimate of the degree of swelling occurring in the disc. The dry weight is an estimate of the 

extent of erosion occurring. Since soluble drugs are considered to be released by diffusion in the 

infiltrating medium and poorly soluble drugs are likely also to be released by erosion of the 

polymer matrix, it is important to examine the extent of swelling and erosion occurring. The 

susceptibility of these processes to physicochemical variables was also considered.

Several indicators of the extent of swelling and erosion over time, such as the maximum average 

relative swelling and the maximum average dissolution medium uptake, were considered. 

Details of these calculations are shown in Chapter Four.

The rate of hydration of the matrix was considered as it affects the disentanglement of HPMC 

molecules fi'om the surfece of the matrix, the first step in polymer erosion (Reynolds et al. 

1998). The dissolution medium uptake rate constant was therefore calculated as described in 

Chapter Four. The disentanglement of the polymer chains at the surface of the matrix occurs at a 

concentration, known as the "disentanglement concentration". This concentration depends on the 

properties of the solvent and polymer (Reynolds et al. 1998). Since the disentanglement 

concentration is critical in estabUshing a concentration gradient for polymer mass flux, ways of 

estimating the disentanglement concentration for various polymers in this study were 

considered. The polymer concentrations at the wet weight peak, also called the "experimental 

disentanglement concentrations" were determined as an approximation of the disentanglement 

concentration. This was done by examining where the average wet weight profile reached a peak 

for each polymer, since at this point a drop in the water holding capacity of the polymer 

occurred, despite the constant rate of erosion of polymer fi'om the start. The ratio of dry weight 

to wet weight for each of the three discs at this time point was calculated. The average of these 

three values gave the weight fi-action of polymer present at that time. The density of the swollen 

polymer was assumed to be equal to that of water at 0.99325g/cm^ and the concentration of 

polymer at that time could therefore be calculated in mg/ml.
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The second step in polymer erosion involves the transport of these molecules away from the 

surface of the matrix across the diffusion layer, the width of which can be decreased by 

increasing agitation. This second step is considered to be the rate-limiting step in polymer 

dissolution and therefore the effect of agitation on the polymer was examined.

Finally the values for the dry weights were fitted to the cube root equation (Equation 2.14) based 

on the equation from Tahara et al. (1995) to determine the apparent rate of erosion of the 

polymer alone, or drug-loaded polymer matrix. Three values of dry weight and initial weight at 

each time point were used.

S.2 POLYMER MOLECULAR WEIGHT

The extent of swelling and erosion occurring for five different molecular weight HPMC 

polymers, after dissolution in de-ionized water at 37”C, at an agitation rate of lOOrpm, was 

determined. The polymers used were KIOOM, K15M, K4M, KIOOLV and a low viscosity 

polymer, E50LV, which is slightly more hydrophobic due to increased methoxyl substitution. 

Physicochemical details of these polymers are discussed in Chapter Three, where it can be seen 

that these polymers show a wide range of viscosities w^ich may cause diflFerences in their 

swelling and erosion behaviours.

5.2.1 E xtent o f  dissolution m edium  uptake

Results for the extent of water uptake into the polymer and thus the extent of swelling of the 
polymer are illustrated in Figure 5.1. The wet weight data indicates that the higher molecular 

weight polymers swell and increase in wet weight over the course of the experiment whereas the 
lower molecular weigjit polymers tend to decrease in wet weight before the end of the 

experiment. TTiis reflects the different rates of the swelling and erosion processes for different 
polymers. The maximum swelling seen occurs in the order: KIOOM, K15M, K4M, KIOOLV and 

E50LV.
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Figure 5.1 Wet weights of different molecular weight polymers at lOOrptn in de-ionized water

(■ ) KIOOM, < A} K15M, (X) K4M, (♦ )  KIOOLV, (•) E50LV.

The maximum average relative swelling data, as detailed in Table 5.1, shows that the E50LV 

polymer swells to approximately three times its original weight whereas the KIOOM swells to 
seven times its original weight. This swelling can be attributed to an increase in gel layer 

thickness due to water penetration and the possible presence of water vapour in the core, which 

has been reported to expand (RajabiSiahboomi et al. 1994). The degree of water uptake into 

the different polymers is also shown in Table 5.1, v^ere it can be seen that the higher molecular 
weight polymers show the highest maximum average dissolution medium uptake, an indication 

of the amount of water infiltrating the discs. Katzhendler et al. (2000) also showed, using 

nuclear magnetic resonance studies, that higher molecular weight HPMC systems showed higher 

water absorption capacities.

The higher molecular weight polymers also show the Icmgest time before the maximimi 

dissolution medium uptake is adiieved, which may indicate either a slower rate of water uptake 

or a lack of erosion of the polymer, allowing a higher amount of water per unit polymer to be 

absorbed.

The experimentally determined disentanglement concentrations are higher for the lower 

molecular weight polymers, indicating that these polymers tend to erode at lower water contents 
than higher molecular weight polymers. This in tum leads to a higher concentration gradient for 

mass flux. Tliis effect was illustrated by Ju et al. (1995a) as longer chained polymers have a 

larger void volume, which must be filled before they disentangle.
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Table 5.1 Dissolution medium uptake analysis for different molecular weight polymers at lOOrpm Lti de

ionized water.

Polymer Maximum average Maximum average Time to reach Experimental

relative swelling dissolution medium maximum average disentanglement

Ww/Wi (+/-s.d.) uptake dissolution medium concentration

W-w-WcHm^ uptake ^pdis(exp)

(+/-s.d.) (hrs) (mg/ml)(+/-s.d.)

E50LV 2.91+/-0.22 411+/-47 1 292+Z-22

KIOOLV 3.12+/-0.13 476+7-24 2 235+7-9

K4M 4.42+/-0.41 773+/-10 9 134+7-4

K15M 6.00+/-0.69 1032+/-60 15 93+7-4

KIOOM 7.03+/-1.47 1271+/-112 15 83+7-1

The values for maximum average dissolution medium uptake over the duration of the 

experiment were then examined as a function of the molecular weight of the polymers. The 

number average molecular weights of these polymers are detailed in Chapter Three. This 

relationship is illustrated as a log-log plot in Figure 5.2 and indicates that as the molecular 

weight of the polymers increase, an increase in the water holding capacity of the polymer 

occurs. The logarithms of these values have been fitted to a linear equation (Equation A l.l) 

(Appendix One). A slight leveling off of the maximum average dissolution medium uptake may 

be occurring at molecular weights over 120,000. Parameters and estimates of fit are shown in 

Table 5.2.
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Figure 5.2 Relationship between the log of the niunber average molecular weight of polymer and 

the log of the maximum average dissolution medium uptake for polymers of different molecular 

weight at lOOrpm in de-ionized water.
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Table 5.2 Parameters and estimates of fit to a linear equation (Equation Al.l) for log number average 
molecular weight versus log maximum average dissolution medium uptake for polymers of different 
molecular weight at lOOrpm in de-ionized water.

Parameters m (log mg)(+/-s.d) c (log mgX+/-s.d) SSD MSC CD
Values 0.48+/-0.04 0.55+/-0.17 0.003 3.30 0.98340

Therefore from Table 5.2 the relationship between number average molecular weight and 

maximum dissoiuticHi meditmi uptake is;

log(Ww -  Wd)^^ = 0.481ogM„ + 0.55
Equation 5.1

When the maximum average dissolution medium uptake was corrected for the original weight of 

the disc, Wi, by dividing by 200, the relationship is as follows:

log
{^w-W d\

Wi
= 0.481ogA/„ -1.75

Equation 5.2

5.2.2 Rate o f dissolution medium uptake

The dissolution medium uptake rates of these polymers were then estimated as detailed in 

Chapter Four. The dissolution medium uptake rate constant (a) and the estimates of fit are all 

shown in Table 5.3. A square root relationship between apparent mediimi content to matnx 

remaining and time for pure HPMC systems was also seen by Tahara et al. (1995). The 

equation for dissolution mediimi uptake was:

Wd

Equation 5.3

Where:

Ww = wet weight of polymer at time t

Wd = dry weight of polymer after dissolution at time t
a = dissolution medium uptake rate constant

It can be seen from the profiles shown in Figure 5.3 that the low molecular polymers show a 

rapid increase to infinity of the dissolution medium uptake per unit polymer remaining profile 

after several hours. This occurs at two hours for E50LV and at five hours for KIOOLV, This 

diange occurs at a time after the maximum dissolution medium uptake for these systems has
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occurred, which was noted at one hour for E50LV and at two hours for KIOOLV. This may be 

attributed to a general loss of coherence of the matrix forming a collection of loose strands. 

Therefore only the initial linear portion of the square root graph of values was used for fitting.

12

10 -

I
I

2 4 6 8 10 12 14

Time (hrs)

Figure 5.3 Dissolution medium uptake per unit polymer remaining for different molecular 

weight polymers in de-ionized water at lOOrpm. (■ ) KIOOM, (A ) K15M, (X) K4M, ( ♦ )  

KIOOLV, ( • )  E50LV.

Table 5.3 Dissolution medium uptake rate data and estimates of fit for different molecular weight 

polymers in de-ionized water at lOOrpm.

Polymer Dissolution medium 

uptake rate constant 

a (hr‘”^)(+/-s.d.)

Fitted to

(hrs)

SSD MSC CD

E50LV 2.22+/-0.06 2 0.48 3.25 0.96625

KIOOLV 2.40+/-0.04 5 0.89 4.16 0.98585

K4M 2.47+/-0.03 7 0.62 4.83 0.99267

K15M 2.78+/-0.04 12 4.68 4.00 0.98286

KIOOM 3.04+/-0.03 15 3.66 4.81 0.99236

Figure 5.4 shows that as the molecular weight of the polymer increases there is slight increase in 

the value of the dissolution medium uptake rate constant (a), which approximates to a linear 

relationship. The parameters and estimates of fit to this relationship are shown in Table 5.4. 

IVan et al. (1993) also saw an increase in the swelling rate of HPMC polymers with increase in 

viscosity grade of the polymer.
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Figure 5.4 Relationship between the dissolution medium uptake rate constant (aj and the number 

average molecular weight of the polymer (M„).

Table 5.4 Parameters and estimates of fit to linear equation (Equation Al. 1) of dissolution medium uptake 

rate constant (a) versus molecular weight (M^.

Parameters m Off^^)(xlO^+/-s.d.) c (+/- s.d.) SSD MSC CD

Value 3.42+/-0.61 2.24+/-0.08 0.037 1.65 0.91375

Using the parameters shown in Table 5.4, the linear equation (Equation A l . l )  can be written as:

a = 3.42xlO~®M„ +2.24
Equation 5.4

It was seen in Table 5.1 that the time at which the maximum dissolution mediiun uptake was 

observed increased with increasing molecular weight. It would appear therefore that this is not 

due to a slower rate o f water uptake with higher molecular weight polymers, but rather a lack of 

erosion o f the polymer. Thus more void spaces are present into which water must be absorbed 

before the polymer reaches maximum swelling.

The dissolution mediiun uptake as a fiaction of the maximum dissoluticHi medium uptake was 

fitted to an e?q)onential equation o f the form:

/r = ( i _ e - V )

Equation 5.5

Where:

F =  Dissolution medium uptake as a fiaction o f the maximum dissolution medium uptake at 

time t 

K, = kinetic constant
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The parameters and estimates of fit obtained for the different molecular weight polymers are 

shown in Table 5.5 below. Since the estimates of fit are much poorer than were seen for the 

square root equation (Equation 5.3), the exponential equation was not used further for HPMC 

systems. Schott (1992) considered that first order kinetics did not apply to difEusion controlled 

swelling of polymers although deviations from first order kinetics in the initial stages were 

small. Second order kinetics were also used as proposed by Schott (1992) to model swelling 

however no improvement in the MSC values was seen.

Table 5.5 Parameters and estimates of fit to exponential equation (Equation 5.5) for different molecular 

weight HPMC polymers in de-ionized water at lOOipm.

Polymer (hr ‘)(+/-s.d.) SSD MSC CD

E50LV 2.08+/-0.14 0.04 3.22 0.96616

KIOOLV 2.00+/-0.18 0.11 2.53 0.93032

K4M 0.94+/-0.08 0.17 2.59 0.93082

K15M 0.52+/-0.04 0.23 2.48 0.92154

KIOOM 0.26+/-0.02 0.35 1.84 0.85187

Since Alfrey et al. (1966) have shown that diffusion of medium into glassy polymers may follow 

anomalous kinetics and in some cases may lead to Case II swelling, the dissolution medium 
uptake per unit matrix remaining was then fitted to the following empirical equation, and the 

exponent values noted.

W w -W d
Wd k j" -

Equation 5.6

Where:

Ww = Wet weight of disc at time t 

Wd = Dry weight of disc after dissolution for time t 

ku = kinetic constant for dissolution medium uptake 

= exponent for dissolution medium uptake

This empirical model gives values for the kinetic constant (k j  and the exponent (nj.  The 

parameters and estimates of fit obtained are shown in Table 5.6. Since the exponents are close 
to 0.5 in all cases. Case II relaxation does not appear to be occurring. The square root equation 

(Equation 5.3) was preferred for data fitting as tiiis allowed direct comparisons between systems 

to be made.
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Table 5.6 Parameters and estimates of fit of dissolution mediimi uptake per xmit polymer remaining to 

Equation 5.6 for different molecular weight polymers in de-ionized water at lOOrpm.

Polymer Fitted to (hrs) ku (hr■"“X+As.d.) (+/-s.d.) SSD(xlO^) MSC CD

E50LV 2 2.22+/-0.06 0.47+/-0.04 45.7 3.15 0.96786

KIOOLV 5 2.40+/-0.07 0.50+/-0.02 89.4 4.06 0.98585

K4M 7 2.61+/-0.04 0.46+/-O.OI 31.3 5.42 0.99632
K15M 12 2.85+/-0.11 0.49+/-0.02 461.2 3.95 0.98312

KIOOM 15 2.79+/-0.07 0.54+/-0.01 2.59 5.16 0.99459

5.2.3 Erosion o f polymer

When the dry weights of the polymers were examined, the higher molecular weight polymers 

were seen to erode at a slower rate. The dry weight profiles are shown in Figure 5.5.

250

200

150

50

12 148 1060 2 4

T»ne (hrs)

Figure 5.5 Dry weights of different molecular weight polymers at lOOrpm in de-ionized water 

showing lines of best fit to cube root equation (Equation 2.14). (■) KIOOM, ( A)  K15M, (X) 

K4M, (♦ )  KIOOLV, (•) E50LV.

The erosion rate constant was then estimated by fitting the dry weight data to the cube root 

equation (Equation 2.14) as described by Tahara et al. (1995), detailed in Section 5.1. Table 5.7 

shows the erosion rate constants and estimates of fit for the polymers. This model gave a better 

fit than a linear or an exponential model. Thus the order of increasing erosion rate is: KIOOM, 

K15M, K4M, KIOOLV and E50LV. This order is opposite to seen for highest maximum wet 

weight achieved, where KIOOM showed the highest value.
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Table 5.7 Erosion rate constants and estimates of fit for different polymers at lOOrpm in de-ionized water.

Mymer Erosion rate constant k2  

(TaAaraXhr'')(xlO^)(+/-s.d.)
SSD (xlO )̂ MSC CD

E50LV 7.80+/-0.53 63.4 2.85 0.94740
KIOCLV 6.11+/-0.15 15.7 4.55 0.99016
K4M 2.2^+l-^.03 5.6 4.85 0.99265
K15M 1.48+/-0.04 14.6 3.15 0.95958
KIOOM 1.24+/-0.05 24.9 2.48 0.92105

The relationship between the Tahara erosion rate constant (ij) and the number average 

molecular weight of the poljroers was then determined by fitting to a power law equation. The 

equation for this relationship is;

k2=a^(M„f

Equation 5.7

The computer model used to gaierate the parameters ai and bi is detailed in Appendix One, and 

the relationship obtained is illustrated in Figure 5.6. The parameters and estimates of fit 

obtained are shown in Table 5.8. An inverse relationship between erosion rate constant and 

molecular weight, was also noted by Reynolds et al. (1998).
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Figure 5.6 Relationship between Tahara erosion rate constant kz and number average molecular 

weight of the polymers.

Table 5.8 Parameters and estimates of fit to power law equation (Equation 5.7) obtained for relationship 

between Tahara erosion rate constant k2  and molecular weight at lOOrpm in de-ionized water.

Parameters Hi 0>r'5(+/-s.d) b] (+/-s.d.) SSD(xl{) )̂ MSC CD

Values 537+M58 -0.89+-/-0.08 3.91 3.71 0.98900

From Table 5.8 it can be seen that Equation 5.7 can be rewritten as;
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Equation 5.8 

5.2.4 Model o f wet and dry weights

It can be seen from Section 5.2.2 that it is possible to describe the rate of dissolution medium 

uptake per polymer unit remaining in terms of a square root relationship (Equation 5.3). It can 
also be seen that the erosion of the polymer can be described in terms of a cube root equation 

(Equation 2.14). These equations were rearranged to give Equation 5.9 and Equation 5.10 and 

were used concomitantly in the "swelling/erosion 1" model as shown in Appendix One. The 

subscript "3" was used for the a and k values to distinguish the parameters determined from the 
"swelling/erosion 1" model and the parameters obtained using the equations as previously.

Wd = W i(} -k ^ tf

Equation 5.9

Ww = }^dl(ijt°^)\+Wd

Equation 5.10
Table 5.9 shows the parameters and estimates of fit obtained when the wet and dry weights of 
different polymers were fitted to this model. Hie best approximation to the data was seen for 

K15M and the worst for E50LV.

Table 5.9 Parameters and estimates of fit of wet and dry weight data for different molecular weight 

polymers in de-ionized water at lOOrpm to "swelling/erosion 1" model.

Polymer 0 3  (hr-"")(+/-s.d.) A3(hr‘)(xlO^X+/-s.d) SSD(xlO^ MSC CD

E50LV 2.64+/-0.16 8.35+/-0.42 15.5 2.17 0.89559

KIOOLV 2.45+/-0.04 6.07+/-0.09 2.5 4.39 0.98842

K4M 2.47+/-0.04 2.14+/-0.04 5.3 4.65 0.99104

K15M 2.71+/-0.04 I.37+/-0.04 7.5 5.01 0.99370

KIOOM 2.92+/-0.08 l.l&+ /̂-0.07 28.2 4.03 0.98318

The "sweUing/erosion 1" model could be used to predict the v/et weight and dry weight of a 

polymer of known molecular weight. As previously indicated the values for a and A2 can be 
calculated ind^endently from the molecular weight of the polymer using Equation 5.4 and 
Equation 5.8. These calculated parameters were then used in the "swelling/erosion 1" model to 
simulate the swelling and erosion profiles of a particular molecular weight polymer. The initial 
weight, Wi, was estimated at 200mg. The simulated curves obtained using the calculated
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parameters along with the fitted curves for K15M and E50LV are shown in Figure 5.7 and 

Figure 5.8, as these r^resent the best and worst fits obtained respectively. Thus it can be seen 

that when the calculated parameters are used to simulate data, the model can give a good 

approximation to the actual values. However the model is very sensitive to variations in the 

parameter values used.
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Figure 5.7 Swelling and erosion profiles of K15M at lOOrpm in de-ionized water showing (♦ ) 
Wet weights, (■) Dry weights, (—) Line of best fit to swelling/erosion 1 model, (—) Simulated 
line for "swelling/erosion 1" model.
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Figure 5.8 Swelling and erosion profiles of E50LV at lOOrpm in de-ionized water showing (♦ ) 
Wet weights, (■) Dry weights, (—) Line of best fit to swelling/erosion I model, (—) Simulated 
line for "swelling/erosion 1" model.

5.2.5 Other models to describe wet and dry weight

Two alternative approaches were considered to describe the swelling and erosion processes of 

the polymers tested. The "swelling/erosion 2" model which is detailed in Appendix One 

considers water uptake and erosion to be exponential processes. This approach was taken as 

Schott (1992) considered that swelling could be reasonably described as a first order process in
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the initial stages. Wiagner (1969) considered that the exposed surface of a tablet decreases 

exponentially with time and therefore tablet erosion was also considered to be a first order 

process. Frisch et al. (1969) noted that solvent penetration into polymers could be proportional 

to square root of time and therefore a square root of time dependent parameter was included in 

another model, the "swelling/erosion 3" model (Appendix One). This model considers water 

uptake to consist of both e?q>onential and square root of time processes, whereas erosion is 

considered to be an exponential process. In both these models the decrease in both wet and dry 

weights could be described using the same rate constant. It was seen fi-om the MSC values 

obtained (Appendix Two) on fitting the swelling and erosion data for the differait polymers to 

these models, that the square root of time based model "swelling/erosion 3", described the data 

more accurately than the exponential model "swelling/erosion 2". The fits in most cases were 

not as good however, as for the "swelling/erosion 1" model.

5.2.4 Comparison with literature values

Several authors have discussed the swelling and erosion of polymers and the effect of these 

processes on the diffusion of the polymer. The approaches used by these authors were discussed 
in Chapter Two, however the approach of Ju et al. (1995a and b, and 1997) was further 

considered here as it was the most amenable to comparison with the present work. The authors 

Ju et al (1995b) considered the disentanglement concentration of a polymer, and proposed an 

equation that relates the disentanglement concentration to the molecular weight of the polymer:

C p.t„„„=0,05(M /96000)-“*

Equation 5.11

Where:

Cpdis(mi) = calculated disentanglement concentration of the polymer expressed in g/ml 

M -  molecular weight of the polymer

Equation 5,11 was used to calculate the disentanglement concentration Cpas(cai) for each of the 

polymers used by Ju et al. (1995b). These values are shown in Table 5.10. The experimental 

disentanglement concentrations were calculated as detailed in Section 5.1. The results

obtained are compared in Table 5.10. Slightly different molecular weights were used in both 

cases.
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Table 5.10 Calculated and experimental disentanglement concentrations and molecular weights used.

Polymer Molecular 

weight 

Ju et al. 

(1995b)

Calculated 

disentanglement 

concentration CpOsfcai) 

from Equation 5.11 

(mg/ml)

Molecular weight 

Dow Coming

Experimental

disentanglement

concetttration

p̂dis(exp) (mg/ml) 
(+/-s.d.)

E50LV 22000^ 162 22000 292+7-22

KIOOLV 29000 130 26000 235+Z-9

K4M 96000 50 86000 134+/-4

K15M 134000 38 120000 93+Z-4

KIOOM 267000 22 247000 82.9+/-0.6
“  molecular weight from Dow Corning correspondence, since no molecular weight value fo r  this polymer shown in Ju et al. (1995b).

Equation 5.12 shows the relationship between disentanglement concentration and molecular 

weight. The ejqperimental disentanglement concentrations appear to  have a similar relationship 

to molecular weight as that o f the calculated disentanglement concentration, however the 

experimentally determined values are consistently higher. Parameters and estimates o f fit o f the 

experimental data to a power law equation (Equation 5.12) are shown in Table 5.11.

Equation 5.12
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Figure 5.9 Relationship between disentanglement concentration and molecular weight, showing 

lines of best fit to Equation 5.12. (■ ) Experimental, (♦ )  Calculated

Table 5.11 Parameters and estimates of fit to a power law equation (Equation 5.12) of experimental 

disentanglement concentration versus molecular weight.

Parameter (mg/ml)(+/-s.d) b}(+l-s.d.) SSD MSG CD

Value 79045+/-53062 -0.57+/-0.06 873 2.86 0.97424
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The relationship between the disentanglement concentrations calculated using Equation 5.11 and 

the experimental disentanglement concentrations obtained by examination of the swelling and 

erosion data is shown in Figure 5.10.
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Figure 5.10 Relationship between disentanglement concentration as calculated from Equation 

5.11 and the experimental disentanglement concentration as calculated from the swelling and 
erosion data.

Table 5.12 Parameters and estimates of fit to linear equation (Equation Al.l) of relationship between 

calculated and experimental disentanglement concentrations.

Parameter m (+/-s.d.) c (mg/ml)(+/-s.d) SSD MSC CD

Value 1.48+/-0.08 48+7-8 322.5 3.85 0.99026

It can be seen that had a l . l  relationship been present in Figure 5.10 the slope for this graph 

would have been smaller and the intercept c equal to zero. However the relationship seen can be 

described by the equation:

^p d is{exp ) ~  ^ p d i s ^ c a l )  “I” 48

Equation 5.13

Several assumptions were made by Ju et al. (1995b), which may contribute to the experimental 

disentanglement concentration being higher than the calculated one. Firstly the model assumed 

homogenous swelling and that no polymer was released before Cpas was reached. Secondly the 

exponent of Equation 5.11 was estimated by fitting data using data of Kato et al. (1986) who 

studied a different brand of HPMC. Also the value of 0.05g/ml used in Equation 5.11 as the 

estimate of Cp^s for K4M, was estimated from preliminary flow observations as the 

concentration at which HPMC K4M systems exhibited more fluid-like than gel-like properties, 

although it was difficult to identify this point accurately (Ju et al. 1995b).
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Ju et al. (1997) also related diffusion coefficient of the polymer within the diffusion layer 

adjacent to the polymer, to the molecular weight at varying polymer concentrations:

Dp = 7.24x10“̂ M~‘’ [̂i + 700(M/96000)“'̂ Ĉ  /g]”̂

Equation 5.14
Where:

Dp = the diffusion coefficient of the polymer expressed in cm^/sec

A /=the molecular weight of the polymer

Cp = the polymer concentration expressed in g/ml

The diffusion coefficient of the polymer (Dj), calculated using the disentanglement values of 

Cpdis(cai) from Equation 5.11 as Cp, was considered to be that at the interface between the 

dissolving polymer and the diffusion layer. The diffusion of polymer across the diffusion layer is 

considered to be the rate-limiting step for polymer erosion (Reynolds et al. 1998).

An average diffusion coefficient across the diffusion layer was also calculated using the 

following power law, as there is a difference of the order of one magnitude between the 

diffusion coefficient at the polymer/diffusion layer interface and that at the diffusion layer/bulk 

solvent interfece (Ju et al. 1997).

Equation 5.15

Where:

Dpa = average diffusion coefficient of the polymer across the diffusion layer 

M =  Molecular weight of the polymer

The relevant constant was estimated by extrapolation from a graph of diffusion coefficient 

versus molecular weight o f HPMC from Ju et al. (1997), and was found to be 1.34x10 ’. The 

values for average diffusion coefficient are shown in Table 5.13.

Experimentally determined diffusion coefficients (Dp^) were calculated using the erosion rate 

constant (^2) (Tahara) for a particular polymer and Equation 1.8 (Hixson and Crowell 1931) 

describing the dissolution o f drug from a particle as detailed in Chapter One. Equation 1.8 

describes the weight of particle remaining in terms of particle density, viscosity, diffusion 

coefficient, diffusion layer thickness and solubility (Abdou 1995)\
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- W ^
^Tcprfy DC,

—  — - t
2 )  hp

Equation 1.8
Where:

Wo= initial weight of powder 

w = weight of powder after time t 

p  -  particle density 

77 = viscosity

D = difiRision coefficient (cmVsec)

C =  solubility 

h = diffusion layer thickness

The equation can be simpUfied by replacing the individual parameters in Equation 1.8 by one 

constant, kj, which can be called the Hixson-Crowell erosion rate constant. This differs from the 

Tahara erosion rate constant ^ 2  (Equation 2.14) by w îere Wi is the initial weight of the

disc. Therefore the Tahara erosion rate constant can be described in the following terms;

Equation 5.16

Equation 5.16 was applied to the dry weight profiles of the different molecular weight polymer

the polymer/diffusion layer boundary for the experimental data. In these systems and those in 

following sections the viscosity of the solution was estimated to be approximately the same as 

that of water at 37“C, which is 700|nPa s or 7mg cm Vsec’’ (Lide 1995). The density of the 

swollen polymer was assumed to be same as water at 993.25mg/cm^ (Lide 1995). Cs was 

estimated to be equal to the disentanglement concentration (CpaJ and was either estimated from 

the experimental swelling and erosion data (Cpdis(exp)}. or calculated using Equation 5.11 

(Cpdis(cai))- The diffusion layer thickness (h) was determined experimentally using benzoic acid 

discs as shown in Appendix Three and was found to be 55.8 xlO'^cm at lOOrpm. The diffusion 

coefficients of the polymers calculated using the three different approaches are compared in

systems after dissolution in de-ionized water as above to calculate the diffusion coefficients at

Table 5.13.
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Table S.13 Calculated and experimental difiiision coefficients for polymers at lOOrpm in de-ionized 

water.

Polymer Diffusion coefficient Average difiiision Diffusion coefficient calculated
calculated from Ju et al. coefficient calculated from from experimental erosion rate
(1995b) Jue ta l (1995b) constants (Dp^
fDp)(cm /̂sec)(x 10*) (Dpa)(cm\ec)(xlO^) (cm^/sec)(xlO*)(+/-s.d.)

E50LV 0.490 6.69 7.77+/-0.79

KIOOLV 0.434 5.78 7.61+/-0.35
K4M 0.257 3.07 4.96+/-0.17
K15M 0.225 2.57 4.59+/-0.24

KIOOM 0.165 1.78 4.37+/-0.18

It can be seen from Figure 5.11 that the experimental diffusion coefficients, and the average 

diffiision coefficients over the diffiasion layer, as calculated using Equation 5.15, show a similar 

relationship with values of the same order of magnitude. The diffusion coefficient calculated 

using Equation 5.14 is much smaller. TTiis would indicate that the diffusion coefficient 

calculated experimentally is equivalent to the average diffusion coefficient over the diffusion 

layer and not the diffusion coefficient at the polymer/diffiision layer interfece.
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Figure 5.11 Relationship between diffusion coefficient and molecular weight.

(♦ )  Experimental {DpeJ, (■ ) Calculated using Equation 5.15 (Dpg), (*-) Calculated using 

equation Equation 5.14 (Dp).

The Hixson-Crowell erosion rate constants (kj) were then determined from the calculated or 

average diffusion coefficients in Table 5.13, by substituting the values for these diffusion 

coefficients into Equation 5.16. These values are shown in Table 5.14. The experimentally 

determined Hixson-Crowell erosion rate constant was calculated by multiplying the Tahara 

erosion rate constant (converted to sec"’), which was obtained from the dry weight data, by
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Table 5.14 Hixson-Crowell erosion rate constants calculated using calculated division coefficients, 
average diffusion coefficients and experimental erosion rate constants.

Polymer Hixson-Crowell erosion rate 

constant calculated using Dp 
(sec')(xlO®)

Hixson-Crowell erosion 

rate constant calculated 
using Dpa 
(sec')(xlO®)

Hixson-Crowell erosion 

rate constant calculated 
from experimental data 

(sec')(xIO®)(+/-s.d.)

E50LV 4.41 60.20 126.0+/-0.9

KIOOLV 3.13 41.70 99.3+/-0.2

K4M 0.71 8.52 36.9+/-0.1
K15M 0.48 5.42 23.7+/-0.1
KIOOM 0.20 2.17 20.1+/-0.1

Figure 5.12 shows the relationship between the e:^erimentally determined Hixson-Crowell 

erosion rate constants, and the erosion rate constants based on either the average or calculated 

diffusion coefficient. It can be seen that in both cases that the relationship approximates to 

linearity, parameters and estimates of fit for which are shown in Table 5.15. However the slopes 

of the lines seen are lower than if there was a 1:1 correspondence between the experimental 

erosion rate constant and the calculated ones.
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Hixson-Crowell erosion rate constant (experimental)
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Figure 5.12 Relationship between the experimental erosion rate constant and calculated erosion 

rate constants using (■ ) Average difiusion coefficient Dpa from Equation 5.15, (♦ )  Calculated 
difiusion coefficients D^from Equation 5.14

Table 5.15 Parameters and estimates of fit for fitting the experimental Hixson-Crowell erosion rate 

constant to either the calculated or averaged erosion rate constant.

Value m (xlO^)(+/-s.d.) c (sec ')(xlO’)(+/-s.d.) SSD MSC CD

Calculated 3.9+1^.2 -5.84+/-1.17 6.78x10’'' 4.54 0.99518

Averaged 53+Z-2 -91.1+/-18.5 1.71x10-" 4.25 0.99362

The experimentally determined Hixson-Crowell erosion rate constants and disentanglement 

concentrations are compared in Figure 5.13. The linear relationship seen indicates that the
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disentanglement concentrations estimated from the ratio of the wet weight to the dry weight at 
the peak are a reliable indicator of polymer dissolution.
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Figure 5.13 Experimental disentanglement concentration versus experimental Hixson-Crowell 

erosion rate constant

Table 5.16 Parameters and estimates of fit for experimental Hixson-Crowell erosion rate constant versus 

disentanglement concentration.

Ftometer iw (mg.sec/ml)(xlO‘*)(+/-s.d.) cO m gA nlX ^^ SSD QD

Value L90+A009 ~51.3+/-6.8 230.4 4‘T9 "0799320”

5.2.7 Conclusions for molecular weight studies

Table 5.1 shows that the highest molecular weight polymers show the highest maximum average 
relative swelling. They also show the highest maximum dissolution medium uptake, and a 
linear relationship was seen between the log of the maximum average dissolution mediiun 
uptake per unit polymer remaining and the log of the molecular weight up to a maximum value 
of M„ of 120,000. After this molecular weight a slower increase was seen. The rate of water 
uptake per unit polymer, as determined using a square root equation (Equation 5.3), was seen to 
increase linearly with increasing molecular weight of the polymer, however this increase was 
slight. The erosion rate of tiie polymer is lower for higjier molecular weight polymers and was 
described by a power law equation. It can therefore be seen that for high molecular weight 
polymers, more polymer is available at any time point to hold water, contributing to the high wet 

weight measured. Thus it would appear that the higher molecular weight HPMC polymers have 
a higher intrinsic water holding capacity, and that the matrices formed from sudi polymers are 

less prooe to erosion.

Several models were then examined to determine which model would describe the swelling and 

erosion processes occurring most accurately, in terms of wet and dry weights and rate constants.
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The most effective of these appeared to be the "swelling/erosion 1" model which uses the water 

uptake rate constant (aj and the Tahara erosion rate constant k2 to describe swelling and erosion.

Other authors have considered polymer erosion as the mechanism of polymer release and 

defined it by parameters such as disentanglement concentration and difRision coefficient, both of 

which relate to molecular weight. In the current work the estimates of disentanglement 

concentration obtained from the experimental data are higher than those reported by Ju et al. 

(1995b). However the estimates predicted the same type of dependency on molecular weight and 

were linearly correlated with the values of^w et al. (1995b).

Two different diffusion coefficients were outlined by Ju et al. (1997), one at the interfece 

between the dissolving poljmier and the diffiision layer (Dj) and the other an average diffusion 

coefficient over the diffusion layer (DpJ. From the current work and the observed experimental 

disentanglement concentration, an estimate of the polymer diffusion coefficient could be 

calculated using the erosion rate constant obtained experimentally from the cube root law. This 

experimental diffiision coefficient (Dp^J was foimd to be approximately one order of magnitude 

higher than the calculated diffusion coefficient (D^ which was calculated from the semi- 

empirical equation of Ju et al. (1995b) using the disentanglement concentration calculated from 

Ju et al. (1995b). The D j^  values were close however to the average diffusion coefficient (DpJ 

o f Ju et al.(1997). The diffiisivities obtained were in rank order with the values obtained by the 

methods of Ju et al. (1997) and showed the same trends. It was desirable to be able to estimate 

the diffusion coefficients o f the polymers since diffusicm through the boundary layer is the rate- 

limiting step in polymer transport from these matrices (Reynolds et al. 1998).

5.3 DISSOLUTION MEDIUM

Susceptibility of a matrix system to changes in pH and ionic strength is an important 

consideration in the formulation of sustained release products. The pH of the human 

gastrointestinal tract ranges from 1.5 to 7.0 (Kararli 1995). Values of ionic strength between 

0.01 to 0.2 occur in the gastrointestinal tract and could lead to changes in bioavailability of 

formulations based on hydrophilic cellulose matrices (Johnson et al. 1993). The effect of 

different dissolution media on the swelling and erosion properties of several polymers was 

examined. Three polymers were used; KIOOLV, K4M and K15M. KIOOLV was used initially 

as it has been shown to exhibit significant swelling and erosion behaviour over a fifteen-hour 

time span. K15M was used as this polymer was seen in Section 5.2.1 to swell but to show a low 

extent of erosion over fifteen hours. K4M was seen to have properties intermediate to those of 

K15M and KIOOLV and was therefore included for comparison.
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The media used were de-ionized water, saline (0.9%w/v NaCl) which had a calculated ionic 

strength of 0.15, saline of ionic strength 0.25, hydrochloric acid medium pH 1.5, and phosphate 

buffer pH 7.4. Details of the formulations of these media are given in Chapter Four and the 

method of ionic strength calculation is described in Chapter One.

These media were chosen for several reasons. De-ionized water was chosen to give an estimate 

of swelling and erosion in the absence o f any additives. The hydrochloric acid medium chosen 

was based on the USP 24 formulation of gastric juice, however no enzymes were included and 

the formulation was also made isotonic using sodium chloride. TTie rationale behind the use of 

this medium was to examine the behaviour of the polymer in acidic media. Phosphate buffer pH 

7.4 was chosen as it is a common dissolution medium employed for testing the release of drugs 

from formulations and was previously used by Gubbins (1996) in similar work. The buffer and 

acidic media represent the extremes of pH seen in the gastrointestinal tract. Saline 0.9%w/v was 

used to examine the behaviour of the polymer in an isotonic medium. Saline with an ionic 

strength of 0.25 was used as a comparison with buffer, as both media had identical calculated 

ionic strengths but contained different ions. Their respective ionic straigths as calculated using 

Equation 1.13 are listed in Table 5.17.

5.3.1 KIOOLV

The swelling and erosion behaviour of the polymer KIOOLV was determined by means of wet 

and dry weights in five dissolution media.

5.3.1.1 Extent of dissolution medium uptake

It can be seen from Figure 5.14 that the maximum wet weight achieved is higher and remains 

higher for a longer time period when buffer is used as the dissolution medium. Saline |o. = 0.25 

achieved the next highest wet weight and the next lowest rate of decrease in wet weight. The 

other media show a similar maximum wet weight, however the rate of decrease in wet weight 

was slowest in the order, saline 0.9%w/v, acid, de-ionized water.
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Figure 5.14 Wet weight of KIOOLV discs at lOOipm in different dissolution media. ( A ) Buffer, 

(•) Saline (x = 0.25, (■ ) Saline0.9%wA ,̂ (X) Acid, (♦)De-ionized water.

The dissolution medium uptake analysis shown in Table 5.17 shows that the maximum average 

relative swelling is highest in bufifer and that this medium also shows the highest dissolution 

medium uptake value. Table 5.17 shows that the time to maximum average dissolution medium 

uptake appears to increase as the ionic strength of the medium increases. It will be examined 

later whether this is due to a slower rate of dissolution medium uptake occurring with different 

media, or due to a slower rate of erosion. No trends with pH were apparent. It was investigated 

as to whether the different media showed different experimentally determined disentanglement 

concentrations. It would appear that there is a slight trend towards increased disentanglement 

concentrations with decreasing ionic strength although the disentanglement concentration of the 

polymer in de-ionized water is lower than would be expected on the basis o f its ionic strength. 

The semi-empirical formula of Ju et al. (1997) (Equation 5.11) could not be used to calculate the 

disentanglement concentration as this equation is based on values derived for HPMC in water.
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Table 5.17 Dissolution medium uptake analysis for KIOOLV in different dissolution media at lOOrpm.

Dissolution pH Ionic Maximum Maximiun Time to Experimental
medium strength average average reach disentan

(M) relative dissolution maximum glement
swelling medium average concentration
fvw/m uptake dissolution ^pdis(exp)

(+/-s.d.) Ww-Wd
(mg)(+/-s.d,)

medium 

uptake (hrs)
(mg/ml)

(+7-s.d.)
De-ionized - 3.12+/-0.13 476+7-24 2 235+7-9
water

Acid =1.5 0.15 3.10I-/-0.05 452+7-9 2 261+7-2

Saline 0.9%wAr 0.14 3.06+/-0.27 450+/-44 2 255+7-12

Saline = 0.25 =5.9 0.25 3.24+/-0.14 516+7-26 4 2 0 1 + 1 -6

Buffer 7.4 0.25 3.41+/-0.20 563+7-66 7 184+7-6

Figure 5.15 shows no significant difference in the maximum average dissolution medium uptake 

as the ionic strength of the dissolution medium increases. The parameters and estimates of fit 

obtained are shown in Table 5.18 however it can be seen that the MSC indicates a poor fit. A 

similar trend was seen for maximum average relative swelling.
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Figure 5.15 Relationsh^ between maximum dissolution medium uptake and ionic strength for 

KIOOLV at lOOrpm in different dissolution media.

Table 5.18 Parameters and estimates of fit for gra{A of maximum average dissolution medium uptake 
versus ionic strength of dissolution medium for KIOOLV.

Parameter m (mg)(+/-s.d.) c (mg)(+/-s.d.) SSD MSC CD
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5.3.1.2 Rate of dissolution medium uptake

The rate of dissolution medium uptake was then examined as described in Section 5.2.2. All 

systems were fitted to five hours as all the square root of time plots were linear to this point. 

Table 5.19 details the parameters and estimates of fit for these plots and the relationship between 

dissolution medium uptake rate constant (a) and ionic strength is depicted graphically in Figure 

5.16. It would appear from this graph that there is a slight decrease in the rate of dissolution 

medium uptake with increase in ionic strength. This may be due to a shght increase in viscosity 

of the medium, as viscosity determinations completed using an Ubbelohde viscometer (Size 1) 

showed an increase in the kinematic viscosity fi'om 1.113+/-0.004mmVsec to 1.167+/- 

O.OOSmmVsec fi’om de-ionized water to buffer (Table 5.19). However these results were not 

valid viscosity measurements due to the flow time being shorter than 200 seconds (B.P. 1998).

Table 5.19 Dissolution medium uptake rate constants and estimates of fit for KIOOLV at lOOrpm in 

different media.

Dissolution

medium

Kinematic

viscosity

(nun^/sec)

(+/-s.d.)

Dissolution 

medium uptake rate 

constant a 
(hr-® )̂(+/-s.d.)

Fitted

to

(hrs)

SSD MSC CD

De-ionized water 1.113+/-0.004 2.40+/-0.04 5 0.89 4.16 0.98585

Acid 1.143+/-0.004 2.04+/-0.03 5 0.45 4.53 0.99023

Saline 0.9%w/v 1.131+/-0.004 2.08+/-0.02 5 0.36 4.83 0.99273

Saline ja — 0.25 1.143+/-0.004 1.93+/-0.03 5 0.51 4.27 0.98729

Buffer 1.167+/-0.005 1.96+/-0.02 5 1.21 4.24 0.98624
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Figure 5.16 Relationship between dissolution medium uptake rate constant (a) and ionic strength 

of dissolution medium for KIOOLV at lOOrpm.
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This relationship was fitted to a linear equation (Equation A l.l), and the parameters and 

estimates of fit obtained are shown in Table 5.20.

Table 5.20 Parameters and estimates of fit for graph of dissolution medium uptake rate constant (a) versus 

ionic strength of dissolution medium.

Parameter m (hr ^)(+/-s.d.) c (hr )(+/-s.d.) SSD MSC CD

Value -1.78+/-0.24 2.36+/-0.05 0.008 2.13 0.94638

5.3.1.3 Erosion of polymer

The dry weight data (Figure 5.17) showed that the dry weights of the polymer decreased slowest 

in buffer, followed by saline, acid and then de-ionized water. This was attributed to a lower rate 

of erosion occurring in higher ionic strength media. The system in acid showed a slightly higher 

erosion rate constant than would be e5q>ected on the basis of its ionic strength. This may be due 

to the acid de-polymerising the HPMC, thus reducing its molecular weight, an event that has 

been previously noted hy Mitchell et al. (1993). Alderman (1984), who maintained that in the 

presence of a strong acid, heat and moisture, cellulose polymers could degrade by chain scission, 

also predicted this effect. Acidic media can also decrease the viscosity of these polymers by 

protonation causing the water molecules to be less tightly bound (Lapidus and Lordi 1968).
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Figure 5.17 Dry weights of KIOOLV discs at lOOrpm in different dissolution media showing 
lines of best fit to cube root equation (Equation 2.14). ( a ) Buffer, (•) Saline (x = 0.25, (■ ) 

Saline 0.9%wf\, (X) Acid, (♦ )  De-ionized water.
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Table 5.21 Erosion rate constants and estimates of fit for KIOOLV at lOOrpm in different dissolution 

media.

Dissolution

medium

Erosion rate constant k2 (Tahara) 

(hr')(xlO^)(+/-s.d.)

SSD MSC CD

De-ionized water 6.11+/-0.15 1569 4.55 0.99016

Acid 4.9^/-0.17 3770 3.84 0.97998

Saline 0.9%wN 4.75+/-0.12 1929 4.19 0.98584

Saline )x = 0.25 3.84+/-0.10 1964 4.27 0.98683

Buffer 3.11+/-0.07 6352 3.57 0.97276

Figure 5.18 shows that there is a trend to  decreasing erosion rate constant with increased ionic 

strength. However the data at an ionic strength of 0.25 is quite scattered.
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Figure 5.18 Relationship between Tahara erosion rate constant (k2)  and ionic strength for 

KIOOLV discs at lOOrpn in different media.

Table 5.22 Parameters and estimates of fit obtained for KIOOLV at lOOrpm in different dissolution media 

when fitting erosion rate constants to linear equation (Equation Al. 1).

Parameter m (hr ')(xlO^)(+/-s.d.) c (hr ')(xlO")(+/-s.d)

Value -10.7+/-1.8 6.2+/-0.3

SSD

109

MSC

1.71

CD

0.91895

5.3.1.4 Model of wet and dry weights

The swelling and erosion data for KIOOLV at lOOrpm in different media was then fitted to  the 

"swelling/erosion 1" model (Appendix One). The results for this fitting are shown in Table 5.23 

where it can be seen that the model describes the data reasonably well. However the raw data is 

quite scattered in several cases, leading to a poorer fit.
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Table 5.23 Parameters and estimates of fit for KIOOLV in different dissolution media at lOOrpm using 

"swelling/erosion 1" model.

Dissolution medium 03 (hr^^) 
(+/-s.d.)

ks (hr 'XxlO^) 
(+/-s.d.)

SSD
(xlO"*)

MSC CD

De-ionized water 2.45+/-0.04 6.07+/- 0.09 2.5 4.39 0.98842
Acid 2.49+/^.07 5.70+/-0.12 6.6 3.64 0.97531

Saline 0.9%wÂ 2.30+/-0.07 5.03+/-0.12 7.7 3.36 0.96743

Saline ^ = 0.25 2.24+/-0.05 4.22+/-0.08 5.0 3.95 0.98197

Buffer 2.07+/-0.07 3.14+/-0.10 60.7 2.39 0.91117

5.3.1.5 Other models

The swelling and erosion data were then fitted to the "swelling/erosion 2" model. The constants 

and estimates of fit for this model are shown in Appendix Two. It can be seen from the MSC 

values that the fit of the model to the data is poorer than when the "swelling/erosion 1" model 

was used. The swelling and erosion data were then fitted to the "swelling/erosion 3" model. 

There is a slight overall improvement in the MSC values compared to the "swelling erosion 2" 

model. However it can be seen that these two models do not perform well in the presence of 

large amounts of erosion. The parameters and estimates of fit to the "swelling/erosion 3" model 

are presented in i^pendix Two.

5.3.1.6 Comparison with literature values

Table 5.24 shows the experimentally determined disentanglement concentration values for 

KIOOLV in different media as reproduced from Table 5.17. It can be seen that there is a 

decrease in disentanglement concentration with increasing ionic strength, however the value for 

de-ionized water is lower than expected on the basis of this trend. The disentanglement 

concentration as calculated from the values o f Ju et al. (1995b) in water using Equation 5.11 is 

130mg/ml. The diffusion coefficients calculated using the experimentally determined erosion 

rate constant and using Equation 5.16 are also shown.
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Table 5.24 Disetitanglement concentrations and experimental difiiision coefficients for KIOOLV at 

lOOrpm in different dissolution media.

Dissolution medium Experimental Hixson-Crowell Ejqjerimental diffusion
disentanglement experimental erosion coefficient Dp„

concentration Cpjis(exp) rate constant ki (cmVsec)(x 10*)(+/-s.d.)
(mg/mlX+/-s.d.) (sec’)(x 10^)(+/-s.d.)

De-ionized water 235+Z-9 9.93+/-0.25 7.61+/-0.35

Acid pH 1.5 261+/-2 8.08+/-0.28 5.57+/-0.20

Saline 0.9%wÂ 255+/-12 7.7I+/-0.20 5.45+/-0.29

Saline |a = 0.25 207+/-6 6.26+/-0.16 5.44+/4).22

Buffer pH 7.4 184+/-6 5.03+/-0.12 4.92+/-0.20

When a graph of disentanglement concentration versus the Hixson-Crowell erosion rate constant 

(ki) is drawn the following relationship as illustrated in Figure 5.19, is seen. It would appear 

that there is a linear relationship between the erosion rate constant and the disentanglement 

concentration, which is to be expected since systems that erode quicker would be expected to 

show a higher disentanglement concentration. However the de-ionized water system again 

appears to be an anomaly as it shows a lower disentanglement concentration than expected.
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Figure 5.19 Relationship between Hixson-Crowell erosion rate constant (kj) and disentanglement 

concentration for KIOOLV at lOOrpm in different dissolution media.

5.3.2 K4M

5.3.2.1 Extent of dissolution medium uptake

The swelling of K4M polymer discs was examined after dissolution in either de-ionized water or 

buffer. The wet weight profile is shown in Figure 5.20. It can be seen that the wet weight of the 

discs reaches a higher value when buffer is used as the dissolution medium.
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Figure 5.20 Wet weights of K4M discs at lOOrpm in different dissolution media. ( ♦ )  Buffer pH 

7.4, (■ )  De-ionized water.

Table 5.25 confinns that the maximum average relative swelling is greater for buffer than de

ionized water. A seven-fold increase over the initial weight occurred in buffer whereas a four

fold increase occurred in de-ionized water. More dissolution medium is taken up in the case of 

the buffer S3̂ m  at the maximum point than for the de-ionized water. The time to reach 

maximum dissolution medium uptake is longer in the buffer system, similar to the situation 

which occurred with the KIOOLV polymer, as was seen in Table 5.17. The experimental 

disentanglement concentration decreases with increased ionic strength of the dissolution 

medium.

Table 5.25 Dissolution mediimi uptake analysis for K4M discs at lOOrpm in different dissolution media.

Dissolution pH Ionic Maximum Maximum Time to Experimental

medium strength average average reach disentan

(H) relative dissolution dissolution glement

swelling medium uptake medium concentration

Wy)/Wi Ww-Wd uptake (mg/ml)

(+/-s.d.) (mg)(+/-s.d.) (hrs) (+/-s.d.)

De-ionized =5 4.4+/-0.4 773+/- 10 9 134+/-4
water
Buffer 7.4 0 2 5 6.9+/-0.5 1211+/-90 12 120+/-3

S.3.2.2 Rate of dissolution medium uptake

The values for dissolution medium uptake per dry weight of polymer remaining were fitted to a 

square root of time equation (Equation 5.3) (Appendix One). The values for parameters and 

estimates of fit obtained are shown in Table 5.26. It would appear that the rate of dissolution 

medium uptake into the polymer is faster for de-ionized water than for buffer, similar to the 

situation that occurred with KIOOLV.
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Table 5.26 Dissolution medium uptake rate data and estimates of lit for K4M at lOOrpm in different 

dissolution media.

Dissolution mediimi Dissolution medium uptake 

rate constant a (hr'°®)(+/-s.d.)

Fitted to (hrs) SSD MSC CD

De-ionized water 2.47+/-0.03 7 0.62 4.83 0.99267

Buffer pH 7.4 2.12+/-0.02 15 1.66 4.69 0.99137

S.3.2.3 Erosion rate

Figure 5.21 shows that the dry weights decrease at a faster rate in de-ionized water than in 

buffer. Therefore the erosion rate constants as shown in Table 5.27 obtained by fitting to  the 

Tahara erosion eqviation are higher in de-ionized water than buffer.
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Figure 5.21 Dry weights of K4M at lOOrpm different dissolution media showing lines of best fit 

to cube root equation (Equation 2.14). ( ♦ )  Buffer pH 7.4, (■ ) De-ionized water.

Table 5.27 Erosion rate constants and estimates of fit for K4M in different dissolution media at lOOrpm.

Dissolution

medium

Erosion rate constant k2  (Tahara) 

(hr‘)(xlO^)(+/-s.d.)

SSD MSC CD

De-ionized water 2.28+/-0.03 556 4.85 0.99265

Buffer pH 7.4 0.65+/-0.03 1317 1.91 0.86142

The MSC value for the erosion rate constant o f K4M in buffer as shown in Table 5.27 is only 

1.91 as there is a lot o f scatter in the raw data.

S.3.2.4 Model of wet and dry weights

The wet and dry weights o f K4M at lOOrpm in both de-ionized water and buffer were fitted the 

"swelling/erosion 1" model (Appendix One). The parameters and estimates o f fit obtained are
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shown in Table 5.28. The raw data appears to  fit well to this model as expected, as the extent of 

erosion occurring is low and the model is suited to this situation.

Table 5.28 Parameters and estimates of fit for K4M at lOOrpm in different dissolution media fitted to 

"swelling/erosion 1" model.

Dissolution medium 0 3  (hr 0(+/-s.d) k} (hr' )(xlO )(+/s.d) SSD(xlO"') MSC CD

De-ionized water 2.47+/-0.04 2.14+/-0.04 5.3 4.65 0.99104

Buffer pH 7.4 2.2CH-/-0.05 0.75+/-0.07 14.7 4.30 0.98729

5.3.2.5 Other models

The raw data for swelling and erosion was then fitted to  the "swelling/erosion 2" model and the 

constants and estimates o f fit obtained are shown in i^pend ix  Two. The data was then fitted to 

the "swelling/erosion 3" model and the constants and estimates o f fit for the data to this model 

are shown in Appendix Two. As was previously seen the "swelling/erosion 3" model describes 

the data more appropriately and in this case shows a better fit than the "swelling/erosion 1" 

model, although this may be due to  the large degree of scatter of the data.

5.3.2.6 Comparison with literature values

The e^qjerimental disentanglement concentrations are shown in Table 5.29. This shows that 

there is a decrease in disentanglement concentration between the de-ionized water and buffer. 

The calculated disentanglement concentration from Equation 5,11 for K4M in water is 50mg/ml.

Table 5.29 Disentanglement concentrations and experimental diffusion coefficients for K4M at lOOrpm in 

difierent dissolution media.

Dissolution medium Experimental Hixson-Crowell Experimental

disentanglement 

concentration Cpjis(acp) 
(mg/ml)(+/-s.d.)

experimental erosion diifiision coefficient

rate constant ki Dp^ (cmVsec)( xlO*)

(sec')(xlO^)(+/-s.d.) (+/-s.d.)

De-ionized water 134+/-4

Buffer pH 7.4 120+/-3120+/-3

3.694-/-0.06

1.05+/-0.05

4.96+/-0.17

1.57+/-0.09
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5.3.3 KISM

The swelling and erosion of K15M discs was examined in buffer, acid and de-ionized water. 

5.3.3.1 Extent of dissolution medium uptake

Figure 5.22 shows again that the wet weights of the discs are highest when buffer is used as the 

dissolution medium, although this is less pronounced than with the K4M polymer.
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Figure 5.22 Wet weights of K15M discs in different dissolution media at lOOrpm. (♦ )  Buffer 

pH 7.4, (■) Acid, ( A ) De-ionized water.

In this experiment, when maximum average relative swelling or maximum average dissolution 

medium uptake are discussed, the values obtained are considered to be the maximum values 

which occur over the duration of the experiment, i.e. 15 hours, rather than the maximum values 

possible. These values are listed in Table 5.30. It can be seen from Table 5.30 that there is a 

trend to increased maximum average relative swelling with increasing ionic strength of the 

medium. The maximum dissolution medium uptake data, as shown in Table 5.30, shows that 

the highest dissolution medium uptake is seen in buffer, followed by acid and then de-ionized 

water. The time to maximum dissolution medium uptake is 15 hours for all media. There is a 

decrease in disentanglement concentration between acid and buffer, however the value for de

ionized water shows a lower value than that of acid. These relationships are in line with those 

seen for K4M where complete swelling had occurred and thus it is not expected that they would 

diange if more swelling occurred in the K15M systems.
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Table 5.30 Dissolution medium uptake analysis for K13M at lOOrpm in different dissolution media.

Dissolution pH Ionic Maximum Maximum Time to Experimental
medium strength average average reach disentanglement

relative dissolution maximum concentration
swelling mediimi dissolution ^pdis(exp) (Ĥ g/ml)

■ m v/m uptake medium (+/-s.d.)
(+/-s.d.) ff'w-fVd (mg) 

(+/-s.d.)
uptake (hrs)

De-ionized =5 - 6.00+/-0.69 1052+/- 60 15 93+/-4
water

Acid =1.5 0.15 6.12+/-0.26 1099+/-1I2 15 122+/-2

Buffer 7.4 0.25 7.48+/-0.09 1336+/-16 15 110+/-0.6

Figure 5.23 shows the relationship between the observed maximum average dissolution medium 

uptake and ionic strength for K15M. The parameters and estimates of fit for this relationship are 

shown in Table 5.31, although the MSC value obtained is very low.
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Figure 5.23 Relationship between the maximum average dissolution medium uptake observed 

and ionic strength for K15M in different dissolution media at lOOrpm.

Table 5.31 Parameters and estimates of fit for graph of maximum average dissolution medium uptake 

versus ionic strength of dissolution medium for K15M.

Parameter m (mg)(+/-s.d.) c (mg)(+/-s.d.) SSD MSC CD

“ lOoTs 0̂ 20” ~ 0r78353

S.3.3.2 Rate of dissolution medium uptake

Data for the dissoluticai medium uptake per unit of polymer remaining were then fitted to a 

square root (Equation 5.3) equation. The dissolution medium uptake per unit polymer remaining 

rate constant (a) and the estimates of fit of the data to the model are shown in Table 5.32.
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Table 5J2  Dissolution medium uptake rate data and estimates of fit for K15M at lOOrpm in Hifferpnt 

dissolution media.

Dissolution

medium

Dissolution medium 

uptake rate constant a 

(hr-®^X+/-s.d)

Fitted to 

(hrs)

SSD MSC CD

De-ionized water 2.78+/-0.04 12 4.68 4.00 0.98286

Acid 2.38+/-0.02 15 3.19 4.38 0.98827
Buffer pH 7.4 2.13+/-0.02 15 1.64 4.77 0.99205

Figure 5.24 shows that the dissolution medium uptake rate constant appears to decrease with 

increase in ionic strength. This situation analogous to that seen for K4M and to a lesser extent 

for KIOOLV. The parameters and estimates o f  fit for this relationship are shown in Table 5.33.
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Figure 5.24 Relationship between dissolution medium uptake rate constant (a) and ionic strength 

for K15M polymer at lOOrpm in different dissolution media.

Table 5.33 Parameters and estimates of fit of constant (a) versus ionic strength fitted to a linear equation 

(Equation Al.l).

Parameter m (hr‘®^)(+/-s.d.) c (hr"°^)(+/-s.d.) SSD(xl0=’) MSC CD

Value -2.61+/-0.05 2.777+/-0.008 6.58 6.76 0.99969

S.3.3.3 Erosion of polymer

The dry weights o f the K15M polymer in different dissolution media at lOOrpm are shown in 

Figure 5.25. This shows that the apparent rate of erosion is slowest in buffer followed by acid 

then de-ionized water, as was seen for the KIOOLV polymer. Erosion rate constants to confirm 

this are shown in Table 5.34.
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Figure 5.25 Dry weights of K15M discs at lOOrpm in different dissolution media showing lines 

of best fit to cube root equation (Equation 2.14). ( ♦ )  Buffer, (■ )  Acid, ( * )  De-ionized water.

Table 5.34 Erosion rate constants and estimates of fit for K15M polymers at lOOrpm in different 

dissolution media.

Dissolution medium Erosion rate constant 

(Tahara){hi-')ixl(f)

SSD MSC CD

De-ionized water 1.48+/-0.04 1456 3.15 0.95958

Acid 1.17+/-0.02 489 3.98 0.98246

Buffer pH 7.4 0.3SH -̂0.02 729 1.34 0.75233

The tabulated data o f Table 5.34 was then illustrated graphically in Figure 5.26, where it can be 

seen, that the Tahara erosion rate constant decreases with ionic strength, similar to  the 

situation which was seen with KIOOLV.
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Figure 5.26 Relationship between the Tahara erosion rate constant (k2) and ionic strength for 

K15M at lOOrfMn in different dissolution media.

When this data was fitted to a linear equation (Equation Al . l )  the parameters and estimates o f 

fit obtained are shown in Table 5.35.
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Table 5.35 Parameters and estimates of fit to linear equation (Equation Al.l) of relationship between 
Tahara erosion rate constant (k2) and ionic strength for K15M at lOOipm iu different dissolution media

Constants m (hr ’X+/-s.d.) c (hr ')(+/-s.d.) SSD (xio5 MSC CD

Value -0.04+/-0.01 0.016+/-0.003 7.79 0.76 0.87659

S.3.3.4 Models of wet and dry weights

The swelling and erosion data was then fitted to "swelling/erosion 1" model. The constants and 

estimates of fit obtained are shown in Table 5.36 where it can be seen fi-om the MSC values that 

the model described the raw data well.

Table 5.36 Parameters and estimates of fit to "swelling/erosion 1" model for K15M at lOOrpm in different 

dissolution media.

Dissolution
mediimi

a3 (hr  ̂
(+/-s.d.)

k3  (hr *)(xl0^) 

(+/-s.d.)

SSD (xlO- )̂ MSC CD

De-ionized water 2.71+/-0.04 1.37+/-0.04 7.5 5.01 0.99370

Acid 2.4(>f/-0.05 1.18+/-0.06 15.0 4.25 0.98671

Buffer pH 7.4 2.21+/-0.04 0.494-/-0.04 7.6 5.21 0.99485

5.3.3.5 Other models

The swelling and erosion data for K15M polymers at lOOrpm in dififerent dissolution media 

were then fitted to the "swelling/erosion 2" model. The parameters and estimates of fit for the 

raw data are shown in Appendix Two. The "swelling/erosicai 3" model was also used and it can 

be seen that this model describes this data well as little erosion is taking place. The 

"swelling/erosion 3" model is better than the "swelling/erosion 1" model for the K15M polymer 

in de-ionized water. This is shown in Appendix Two.

5.3.3.6 Comparison with literature values

The experimental disentanglement concentrations, the Hixson-Crowell erosion rate constants 

and the experimental diffusion coefficients were then calculated for K15M as for KIOOLV and 

K4M. Values for these are shown in Table 5.37. It can be seen that the disentanglement 

concentration decreases between acid and buffer, but it increases fî om de-iomzed water to acid 

as seen for KIOOLV.
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Table 5.37 Disentanglement concentrations and experimental difiusion coefficient for K15M at lOOipm 

in different dissolution media.

Dissolution medium Experimental Hixson-Crowell Experimental dif^sion

disentanglement experimental erosion coefficient Dp„

concentration Cp£,(ap) rate constant ki (cm^/sec)(xl0*)

(mg/mlX+/-s.d) (sec')(xIO^)(+/-s.d) (+/-s.d.)

De-ionized water 93+M 2.37+/-0.07 4.59+/-0.24

Acid 122+/-2 1.90+/-0.04 2.80+/-0.07

Buffer pH 7.4 110+/-0.6 0.63+/-0.04 1.03+/-0.06

S.3.3.7 Comparison of three polymers

The dissolution medium uptake rate constants for all three polymers were then plotted on the 

same graph to investigate their inter-relationship. It can be seen from Figure 5.27 that there is a 
trend to higher dissolution medium uptake rate constants with higher polymer molecular weight 

and that the decrease in dissolution medium uptake rate constant (aj with increase in ionic 

straigth is similar for KIOOLV and K15M.
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Figure 5.27 Relationship between dissolution mediiun uptake rate constant (a) and ionic strength 

for different polymers at lOOpm. (■ )  K15M, ( A) K4M, ( ♦ )  KIOOLV.

The Tahara erosion rate constants (k )̂ for all three polymers were also all plotted on one graph. 

It can be seen from Figure 5.28 that the erosion rate cwistant seems to decrease for each polymer 

with ionic strength and that this decrease shows its greatest magnitude for KIOOLV.

105



Chapter 5 - Swelling and erosion properties o f  pure HPMC matrices

7

6

5

o  4
X

3

2

1

0
0 0.05 0.1 0.15 0.250.2 0.3

Ionic strength

Figure 5.28 Relationship between Tahara erosion rate constant k2 and ionic strength for different 

polymers at lOOrpm. ( ♦ )  K lOOLV, ( A ) K4M, (■ ) K15M.

S.3.3.8 Conclusions for different dissolution media

It would appear that none o f the observed effects are pH mediated as none o f the trends that 

were observed correlated with the pH o f the medium. This is to be e?q)ected, as the polymer 

itself is non-ionic (Colorcon product literature).

The maximum average relative swelling increased with increasing ionic strength for K4M and 

K15M although this trend was not apparent for KIOOLV. The maximum average dissolution 

medium uptake increased with increase in ionic strength for K4M and K15M. However no 

significant increase was seen for KIOOLV.

The disentanglement concentration showed a decrease with increasing ionic strength for 

KIOOLV, K4M and K15M. However in the case o f KIOOLV and K15M the disentanglement 

concentration was lower than expected for de-ionized water.

The rate o f dissolution medium uptake decreased linearly with increasing ionic strength for all 

polymers. There was a decrease in the rate o f erosion with increasing ionic strength for all 

polymers studied.

Of the models used to describe the swelling and erosion of these polymers the "swelling/erosion 

1" model was seen to  be the most successful for KIOOLV. However for K4M and K15M, where 

little erosion is taking place, the "swelling/erosion 3" model is better than (K4M) or as good as 

(K15M) the "swelling/erosion 1" model at describing the data.
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The decrease in erosion rate as the ionic strength increased can be attributed to the "salting out" 

of the polymer by the inorganic ions present in the dissolution media. As the ionic strength of 

the medium increases, the polymer molecular chains begin to loose their water of hydration due 

to the ions con^eting for the available water of hydration. The polymer chains then begin to 

form hydrophobic bonds with other polymer chains, w^ich are in close proximity, thus forming 

weak cross-links b ^ e e n  chains at their points of contact (Schott 1995). Tlie polymer still 

appears able to form a protective gel layer and so does not disintegrate, as was seen by Mitchell 

et al. (1990) for HPMC matrices at "intermediate" ionic strengths, which were above those used 

here. According to Sloop (1994), a polymer which is cross-linked generally shows a lower 

degree of swelling. This may be attributed to the smaller size of the void spaces present (Ju et al 

1995a). The lack of cross-linking present in the de-ionized water system causes the 

disentanglement concentration to be lower than expected on the basis of ionic strength, as more 

water can be imbibed into the larger void spaces before the polymer chains disentangle. In the 

case of these erodible matrices, the increase in viscosity caused by the cross-linking decreases 

the rate of erosion of the polymer, causing more polymer to be present at a particular time-point. 

It would appear that the decrease in dissolution medium holding capacity, as a result of cross- 

linking, is compensated for after a certain point by the overall increased level of polymer present 

to hold dissolution medium. TTius an increase in maximum average dissolution medium uptake 

and an increase in maximum average relative swelling occur as the ionic strength of the medium 

increases. The decrease in erosion rate with increase in ionic strength is more apparent for 

KIOOLV, as it is more susceptible to erosion.

The decrease in rate of dissolution medium uptake per unit polymer remaining with increased 

ionic strength can be attributed to the dissolution medium having more difficulty penetrating the 

polymer in the presence of the dehydrated polymer and consequent cross-links. A possible 

higher viscosity of the h i^e r ionic strength medium may also contribute.

The slightly lower erosion rate of KIOOLV in phosphate buffer over that of saline at the same 

ionic strength, may be due to the presence of the phosphate ions as well as sodium ions. These 

cause the polymer to dehydrate to a greater extent than the sodium ions alone (Schott 1995). 

This type of behaviour was also seen by Vasquez et al. (1992b) who also attributed differences 

in release from HPMC matrices to high concentrations of phosphate ions being present, rather 

than the high ionic strength of the medium. Thus, although HPMC is a non-ionic polymer, its 

swelling and erosion behaviour can be influenced by the ionic composition of the medium, 

which has implications for the use of these polymers in the design of extended release products.
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5.4 AGITATION RATE

In the gastrointestinal tract, matrix dosage forms are subjected to agitation in the form of gut 

motility and pressure in the stomach, duodenum and jejunum. Values for the duodenal pressure 

of 45mmHg (Friedman et al. 1965) and pressures in the upper jejunum of approximately 

60mmHg (Beck et al. 1965) have been recorded. Therefore the susceptibility of these 
hydrophilic poljmier matrices to changes in agitation should be considered, as an indication of 

the robustness of the delivery system. The effect of agitation rate on KIOOLV and K15M was 
examined in phosphate buffer pH 7.4. These pol5oners were chosen for the following reasons, 

KIOOLV was seen in previous studies to show both swelling and a large degree of erosion 
whereas K15M swelled but did not erode to a large extent. The results for these studies are 

shown in the following sections.

5.4.1 KIOOLV

The swelling and erosion of KIOOLV as determined by means of wet and dry weights was 
investigated at differait agitation rates, to investigate the effect of changing medium 

hydrodynamics on these matrices.

5.4.1.1 Extent of dissolution medium uptake

Figure 5.29 shows that the wet weights of KIOOLV discs in buffer pH 7.4 are higher and remain 

higher for longer when the agitation rates are decreased from 200rpm down to Orpm.
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Figure 5.29 Wet weights of KIOOLV at different agitation rates in buffer pH 7.4 ( • )  Orpm, ( ♦ )  

SOrpm, (■ )  lOOrpm, ( a ) I50rpm, (X) 200rpm.

The maximum average relative swelling and the maximum average water uptake for Orpm are 
the maximum values seen over the duration of the experiment, as the polymer does not appear to
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have reached a plateau at 15 hours. Table 5.38 shows that the maximum average swelling and 

the maximum dissolution uptake both decrease as the agitation rate is increased. The time to 

reacb the maximum dissolution medium uptake also decreases as the agitation rate is increased. 

The disentanglement concentration increases between Orpm and 50rpm and then remains 

relatively constant as the agitation rate is further increased.

Table 5.38 EMssolution mediiun uptake analysis for KIOOLV in buffer pH 7.4 at diflferent agitation rates.

Agitation Maximum Maximum Time to reach Experimental

rate average relative dissolution medium maximum disentanglement

(rpm) swelling uptake dissolution concentration Cpjiif^p)

fVw/Wi (+/-s.d.) Ww-Wd medium uptake (mg/ml)(+/-s.d.)

(mg)(+/-s.d.) (hrs)

0 7.44+/-0.07 1314+/-24 15 102+/-1

50 4.54+/-0.07 751+/-19 7 173+/-2

100 3.41+/-0.20 563+7-66 7 184+/-6

150 3.06+/-0.15 503+/-34 5 171+/-11

200 2.73+/-0.04 437+Z-9 4 187+/-8

Figure 5.30, which relates the maximum average dissolution medium uptake to agitation rate, 

shows that after an initial decrease the maximum average dissolution medium uptake appears to 

be linear as the agitation rate increases from Orpm to 5Orpm. The same trend was seen for the 

maximum average relative swelling.
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Figure 5.30 Relationship between maximum average dissolution medium uptake and agitation 

rate for KIOOLV discs in buffer pH 7.4.

The maximum average dissolution medium uptake data from 50ipm to 200rpm versus agitation 

rate was then plotted logarithmically, which was seen to give a linear relationship, as seen in 

Figure 5.31. The parameters and estimates o f fit for this relationship are shown in Table 5.39.
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Figure 5.31 Relationship between the log of the maximum average dissolution medium uptake 

and the log of the agitation rate for KIOOLV discs in buffer pH 7.4.

Table 5.39 Relationship between log of maximum average dissolution medium uptake and log of

agitation rate for KIOOLV discs in buffer pH 7.4.

Parameter m (log mg.log rpm‘‘)(+/-s.d.) c (log mg)(+/-s.d.) SSD(xl0") MSC CD

Value -0.38+/-0.02 3.52+/-0.04 1.82 4.10 0.99392

5.4.1.2 Rate of dissolution medium uptake

The rate o f dissolution medium uptake into KIOOLV discs at different agitation rates was then 

examined. The constants and estimates o f fit for KIOOLV in buffer are shown in Table 5.40. It 

can be seen that the model fits the data better where little erosion is taking place.

Table 5.40 Dissolution medium uptake rate constants and estimates of fit to square root equation for 

KIOOLV discs in buffer pH 7.4 at different agitation rates.

Agitation rate 

(rpm)

Dissolution medium 

uptake rate constant a 

(hr'®^)(+/-s.d.)

Fitted to 

(hrs)

SSD MSC CD

0 2.26+/-0.02 15 0.58 6.03 0,99775

50 2.06+/-0.02 9 0.54 5.22 0,99497

100 1.96+/-0.02 5 1.21 4.24 0,98624

150 2.05+/-0.04 7 2.07 3.58 0,97442

200 1.98+/-0.04 5 1.16 3.47 0.97463

Although there is a slight decrease in the constant (a), from Orpm to 50rpm, as shown in Figure 

5.32, the values from 50 to 200rpm do not appear to be significantly different. When the data 

from 50rpm to 200rpm were fitted to a linear equation (Equation Al l)  the slope was -0.0003 

+/-0.0005hr'®'*.rpm'*, although the MSC value obtained is very low, showing that the constant
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(a) does not appear to be dependant on stirring speed within the conditions used in this 

experiment. The parameters and estimates of fit obtained are shown in Table 5.41.

0  50  100 150 200

Agitation rate (rpm)

Figure 5.32 Relationship between dissolution medium uptake rate constant (a) and agitation rate 
for KIOOLV in buffer pH 7.4.

Table 5.41 Parameters and estimates of fit for dissolution medium uptake rate constant versus a^tation 
rate for KIOOLV discs in buffer pH 7.4 from 50 to 200rpm.

Parameter m (hr"̂  .rpm') (+/-s.d.) c (hr"*̂ ) (+/-s.d) SSD MSC CD

Value -0.0003+/-0.005 2.05+/-0.07 0.006 -0.84 0.15050

S.4.1.3 Erosion of polymer

Figure 5.33 showB that the dry weights of KIOOLV diecB in buffer pH 7.4 decrease more rapidly 

as the agitatim rate increases.

250

200
a
E

150

«$ 100 

50  -

12 140 8 102 4 6

Time (Itrs)

Figure 5 Dry weights of KIOOLV at different agitation rates in buffer pH 7.4 showing lines 

of best fit to cube root equation (Equation 2.14) (•)  Orpan, (♦ )  50rpm, (■) lOOrpm, { a } 

ISOrpm, (X) lOOrpm.
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h can be seen that the erosion rate constant as shown in Table 5.42 increases with increased 

agitation rate.

Table 5.42 Erosion rate constants and estimates of fit for KIOOLV in buffer pH 7.4 at different agitation 

rates.

Agitation rate 

(rpm)

Erosion rate constant

k2(Tahara)

(h r‘)(xlO^)(+/-s.d.)

SSD MSC CD

0 0.62+/-0.02 438 2.86 0.94610

50 1.81+/-0.04 838 3.94 0.98172

100 3.11+/-0.07 6352 3.57 0.97276

150 3.91+/-0.13 3733 3.61 0.97462

200 5.08+/-0.11 1136 4.67 0.99129

Figure 5.34 illustrates that there is a linear relationship between the agitation rate and the erosion 

rate constants as hsted in Table 5.42. This graph does not pass through the origin, as dissolution 

of this polymer still occurs in the absence of agitation.
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Figure 5.34 Relationship between erosion rate constant (k^ and agitation rate for KIOOLV discs 

at different stirring speeds in buffer pH 7.4.

It is apparent therefore that as the rate of agitation increases, the rate of erosion of the polymer 

increases and that this is a linear relationship. The parameters and estimates of fit to a linear 

equation (Equation Al . l )  of erosion rate versus agitation rate are shown in Table 5.43.

Table 5.43 Parameters and estimates of fit for erosion rate constants versus agitation rate fitted to a linear 

equation (Equation Al. 1) for KIOOLV in buffer pH 7.4.

Parameter m (hr ’.rpm *XxlO'*)(+/~s.d.) c (hr')(xlO^)(+/-s.d.) SSD(xlO^) MSC CD

Value 2.2(H-/-0.09 0.701-/-0.10 5.9 4.53 0.99517
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Thus it is apparent that less of the polymer is presort at any time to hold water as the agitation 

rate is increased resulting in a proportionate decrease in the maximum water uptake as the 

agitation rate increases.

5.4.1.4 Model of wet and dry weight

The swelling and erosion data for KIOOLV at different agitation rates in buffer pH 7.4 was then 

fitted to the "swelling/erosion 1" model to examine how well this model described the raw data. 

It can be seen from Table 5.44 that the best fit was obtained at low erosion rates; this may be 

because the data was less scattered in this region. It was previously seen that the model works 

better where little erosion is taking place.

Table 5.44 Parameters and estimates of fit for KIOOLV in bufifer pH 7.4 at different agitation rates to 

"swelling/erosion 1" model.

Agitation rate 

(rpm)
(hr-  ̂0

(+/-s.d.)

k i  (hr 'XxlOO 

(+/-s.d.)

SSD (xlO-^) MSC CD

0 2.16+/-0.01 0.50+/-0.01 0.9 7.36 0.99940

50 2.02+/-0.03 1.68+/-0.04 2.8 5.23 0.99496

100 2.07+/-0.07 3.14+/-0.10 60.7 2.39 0.91117

150 2.09+/-0.09 3.88+/-0.14 18.7 2.67 0.93480

200 1.91+/0.07 4.87+/-0.15 7.8 3.01 0.95415

5.4.1.5 Other models

The data for the swelling and erosion of KIOOLV discs in buffer pH 7.4 at different agitation 

rates, was then fitted to the "swelling/erosion 2" and "swelling/erosion 3" models, results for 

which are shown in Appendix Two. Both these models fit the data poorly with the 

"swelling/erosion 3" model fitting the data overall slightly better than the "swelling/erosion 2" 

model as evidenced by the MSC values.

5.4.1.6 Comparison with literature values

The diffusion coefficient for Orpm was not calculated, as the diffusion layer thickness o f the 

polymer has no meaning under these hydrodynamic conditions. The calculated value for 

disentanglement concentration, Cpois(cai) in KIOOLV in de-ionized water is 130mg/ml (Ju et al. 

1995b).
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Tabic 5.45 Disentanglement concentrations and expenmental difiiision coefficients for KIOOLV in buffer 

pH 7.4 at different agitation rates.

Agitation

rate
(ITMH)

Experimental 
disentanglement 

concentration Cj^ap) 
(mg/mlX+/-s.d.)

Hixson-Crowell 

experimental erosion rate 

constant kj 
(sec' )(xlO^)(+/-s.d.)

Experimental diffusion 
coefficient

(cm^/sec)(xlO*)(+/-s.d)

0 102+/-1 1.01+/-0.03 -
50 173+/-2 2.94+/-0.06 4.33+/-0.10

100 184+/-^ 5.03+/-0.12 4.92+/-0.20
150 171+/-H 6.33+/-0.21 5.30+/-0.38

200 187+/-8 8.20+/-0.18 7.30+/-0.35

5.4.2 K15M

The swelling and erosion profiles of K15M discs in buffer pH 7.4, at agitation rates of Orpm, 

lOOrpm and 200rpm were examined to determine the effect of increased agitation.

5.4.2.1 Extent of dissolution medium uptake

Hie trend to higher wet weight profiles at lower agitation rate was also seen with K15M 

polymer, as shown in Figure 5.35.
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Figure 5.35 Wet weights of K15M discs at different stirring speeds in buffer pH 7.4. (■ ) Orpm, 

(♦ )  lOOrpm, ( A ) 200rpm.

TTie graph shows that for K15M at Orpm, no levelling of the wet weights is seen and so it would 

appear that the polymer has not yet reached its maximum dissolution medium uptake after 15 

hours. Therefore the maximum value achieved over the course of the experiment is recorded, 

although the true value may be higher. There is a decrease in the maximum average relative 

swelling as the agitation rate increases. There is also a decrease in the maximum dissolution
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medium uptake achieved as the rate o f agitation is increased, as shown in Table 5.46. The 

disentanglement concentration increases as the agitation rate increases.

Table 5.46 Dissolution medium uptake analysis for K15M in buffer pH 7.4 at different agitation rates. 

Agitation Maximiun Maximum dissolution Time to reach Experimental

rate average relative medium uptake maximum disentanglement

(rpm) swelling Ww-Wd dissolution medium concentration

Ww/Wi (+/-s.d.) (mg)(+/-s.d.) uptake (hrs) (mg/ml)(+/-s.d.)
__ ig 1896+755 15

100 7.48+/-0.09 1336+/-16 15 110+/-0.6

200 4.95+/-0.61 828+/-113 12 122+/-1.0

The changes in maximum average dissolution medium uptake with increase in agitation rate are 

plotted in Figure 5.36. It appears that the relationship is linear, as is the relationship between the 

maximum average relative swelling and agitation rate. However this does not take into account 

that the polymer may not have reached its highest level o f  swelling. Therefore it may be more 

realistic to expect that these graphs would show a profile similar to those observed for KIOOLV 

previously (Figure 5.30).
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Figure 5.36 Relationship between maximum average dissolution medium uptake and agitation 

rate for K15M discs in buffer pH 7.4.

Table 5.47 Parameters and estimates of fit for maximum average dissolution medium uptake versus 

agitation rate for K15M discs in buffer pH 7.4,

^Parameter c HmSC” CD ~

~^lue' ’̂ 534+a5uT5 m T+749 451 X s f  0 3 ^ 1
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S.4.2.2 Rate of dissolution medium uptake

The rate of dissolution medium uptake at different agitation rates was determined and the 

parameters obtained are shown in Table 5.48, w^iere it can be seen that the dissolution medium 

uptake rate constant decreases slightly with increasing agitation rate, as was seen for KIOOLV. 

This relationship is illustrated graphically in Figure 5.37.

Table 5.48 Dissolution medium uptake rate constants and estimates of fit for K15M in buffer pH 7.4 at 
different agitation rates.

Agitation 

rate (rpm)

Dissolution medium uptake rate 

constant a (hr‘°^)(+/-s.d.)

Fitted to 
(hrs)

SSD MSC CD

0 2.39+/-0.01 15 0.57 6.12 0.99793
100 2.13+/-0.02 15 1.64 4.77 0.99205

200 1.85+/-0.02 15 2.02 4.27 0.98687
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Figure 5.37 Relationship between dissolution medium uptake rate constant (a) and agitation rate 

for K15M in buffer pH 7.4.

Table 5.49 Parameters and estimates of fit to linear equation (Equation Al.l) for dissolution mediiun 

uptake versus agitation rate for K15M in buffer pH 7.4.

Parameter m (hr^^.rpm *)(xlO"')(+/-s.d.) c (hr^^)(+/-s.d.) SSD(xlO^) MSC CD

Value -30+/-0.6 239+1^.07 6.67 6.36 0.99954

S.4.2.3 Erosion of polymer

Figure 5.38 shows a more rapid decrease in dry weights of K15M occurring as the agitation rate 

is increased. It can be seen that an unusual situation occurs at Orpm as the dry weights actually 

increase slowly. This was attributed to a lack of erosion of K15M discs under static conditions
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and the concomitant increase in dry weight due the buffer salts which have been absorbed and 

dried.
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Figure 5.38 Dry weights of K15M at different stirring speeds in buffer pH 7.4 showing lines of 

best fit to cube root equation (Equation 2.14). (■ )  Orpm, ( ♦ )  lOOrpm, ( A) 200rpm.

Values for the erosion rate constants o f these polymer systems are shown in Table 5.50, where it 

can be seen that there is an increase in the erosion rate constant as the agitation rate increases.

Table 5.50 Erosion rate constants and estimates of fit for K15M in buffer pH 7.4 at different agitation 

rates

Agitation rate Erosion rate constant k2 SSD MSC CD

(rpm) (Ta/7flra;(hr-')(xlO^)(+/-s.d.)

0 -0.08+/-0.02 474 0.44 0.39770

100 0.39+/-0.02 729 1.34 0.75233

200 1.15+/-0.03 1209 3.04 0.95493

When the erosion rate constants are plotted against the agitation rate as shown in Figure 5.39 a 

near-linear relationship is seen. However since this graph consists only o f three points, no 

fiirther conclusions were drawn.
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Figure 5.39 Relationship between erosion rate constant and agitation rate for K15M discs in 

buffer pH 7.4.

The parameters and estimates o f fit obtained when this relationship was fitted to a linear 

equation (Equation A l . l )  are shown in Table 5.51.

Table 5.51 Parameters and estimates of fit to linear equation (Equation Al .l ) for Tahara erosion rate 

constant versus agitation rate for K15M in buffer pH 7.4.

Parameter m (hr'\rpm'')(xlO*)(+/-s.d.) c (hr ')(xlO^)(+/-s.dJ~~SSD(xlO®) MSC CD

Value ^15+/-0.84 ^.13+/-0.11 T04 2 6̂7 0.98181““

S.4.2.4 Model of wet and dry weights

The wet and dry weights o f K15M in buffer pH 7.4 at different agitation rates were then fitted to 

the "swelling/erosion 1" model. Parameters and estimates o f fit are shown in Table 5.52 and the 

model can be seen to describe this data well due to a low level of erosion occurring and only a 

small spread o f  raw data occurring.

Table 5.52 Parameters and estimates of fit for K15M in buffer pH 7.4 at different agitation rates to 

"swelling/erosion 1" model.

Agitation rate (rpm) as (hr"* )̂(+/-s.d.) ki (hr ’)(xlO")(+/-s.d.) SSD(xlO- )̂ MSC CD

0 2.37+/-0.02 -0.10+/-0.02 2.8 6.71 0.99886

100 2.21+/-0.04 0.49+/-0.04 7.6 5.21 0.99485

200 2.02+/-0.05 1.38+/-0.06 9.8 4.13 0.98491

S.4.2.5 Other models

The wet and dry weight data was then also fitted to the "swelling/erosion 2" and 

"swelling/erosion 3" models. Of these two models. Hie "swelling/erosion 3" model appeared to
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describe the data better than the "swelling/erosion 2" model, as shown by the MSC values. The 

"swelling/erosion 3" model showed MSC values close to those for the "swelling/erosion 1" 

model. The parameters and estimates of fit for the "swelling/erosion 2" and " swelling/erosion 

3" models are shown in Appendix Two.

S.4.2.6 Comparison with literature values

The disentanglement concentrations were then calculated fi'om the experimental data as before 

and there appears to be an increase in the disentanglement concentration with increased agitation 

rate, as shown in Table 5.53. Again the diffusion coefficient for the system at Orpm cannot be 

calculated.

Table 5.53 EMsentanglement concentrations and diffusion coefficients for K15M polymer in buffer pH 7.4 

at different agitation rates.

Agitation rate 

(rpm)

Experimental

disentanglement

concentration

(mg/ml)(+/-s.d.)

Hixson-Crowell experimental 

erosion rate constant ki 

(sec*)(xl0^)(+/-s.d.)

Experimental polymer 

diffusion coefficient 

(cm^/sec)(xlO*)(+/-s.d.)

0 98+/-0.4 -0.13+/-0.03 -

100 110+/-0.6 0.63+/-0.04 1.03+/-0.06

200 122+/-1.0 1.85+/-0.06 2.52+/-0.08

S.4.2.7 Comparison of systems

A graph o f  the log o f  the erosion rate constant versus the Ipg o f  agitation rate was then drawn to  

determine the flow  characteristics o f  these systems. This graph is shown in Figure 5.40. The 

effect o f  agiteition on the erosion rate constant o f  pure benzoic acid discs is also included.

1.7 1.9 2.1 2.3

Log agitation rate (log rpm)

Figure 5.40 Relationship between log of erosion rate constant 2̂, and log of agitation rate for 

different systems in buffer pH 7.4. ( a  j Benzoic acid, (■ )  KIOOLV, ( ♦ )  K15M.
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Table 5.54 shows the parameters and estimates of fit obtained when the log of the erosion rate 

constant versus the log of the agitation rate is fitted to a linear equation (Equation A l.l) for each 

system. The significance of this relationship is that a slope of 0.5 is indicative of laminar flow 

whereas the slope being close to 1 is indicative of fiilly turbulent flow (Ramtoola 1988). Thus 

the values obtained for KIOOLV and benzoic acid are close and between 0.5 and 1 indicating 

that a semi-turbulerat flow pattern is present in the dissolution vessel for these systems.

Table 5.54 Parameters and estimates of fit to linear equation (Equation Al.l) of relationship between log 
of erosion rate constant and log of agitation rate for different systems in buffer pH 7.4.

System m (log hr .rpm ')(+/-s.d) c Gog hr‘*X+/-s.i) SSD MSC CD

Benzoic acid 0.66+/-0.05 -1.58+/-0.I0 0.00089 3.61 0.99008
KIOOLV 0.73+/-0.03 -2.98+/-0.07 0.00047 4.44 0.99565
K15M 1.56 -5.53 - - -

5.4.2.S Conclusions

It was seen that the highest wet weights the KIOOLV and K15M systems achieve decrease with 

increased agitation rate. The maximum average relative swelling and the maximum average 

dissolution medium uptake values for KIOOLV decreased rapidly as the agitation rate increased 

from Orpm to 50rpm and then decreased linearly at a more gradual rate. This was not seen for 

K15M, where a linear relationship existed from 0 to 200rpm.

KIOOLV showed an increase in the disentanglement concentration fi"om Orpm to 50rpm. 

However after this point the disentanglement concentration remained relatively constant. For 

K15M there was a linear increase in disentanglement concentration as the agitation rate 

increased.

The rate of dissolution medium uptake decreased slightly with increased agitation rate for 

K15M, although no dependence was seen for KIOOLV. Both polymers showed a higher erosion 

rate constant as the agitation rate increased. From the slope of the plot of log erosion rate 

constant versus the log agitation rate, K15M seemed more susceptible than KIOOLV to increases 

in agitation, despite its higher viscosity, which may be an effect of the higher swelling of this 

polymer.

The "swelling/erosion 1" model was seen to show the best fit of the data for KIOOLV. However 

the "swelling/erosion 3" model was seen to be as good as the " swelling/erosion 1" model for 

fitting the K15M data.
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The above results can be attributed to the increased rate of detachment of polymer chains away 

from the matrix surfece, as the stirring rate increased, since these polymers are prone to erosion. 

Agitation decreases the diffusion layer thickness also resulting in increased mass transport from 

the matrix surfece (Reynolds et al. 1998). Thus less polymer is present at any time point to hold 

dissolution medium resulting in lower values for maximum average relative swelling and 

maximum average dissolution medium uptake. There is a change from free to forced convection 

as the agitation rate is increased from Oipm to 50rpm which causes deviations from the linear 

relationship which was seen from 50ipm to 200rpm for the maximum average relative swelling 

and maximum average dissolution medium uptake for KIOOLV. K15M does not exhibit a 

similar drqj from Orpm to lOOrpm.

As seen the disentanglement concentration increases from Orpm to 5Orpm for KIOOLV but then 

remains constant, whereas K15M shows a constant increase in disentanglement concentration 

with increase in agitation. This diflFerence can be attributed to the large differences in the degree 

of swelling of K15M relative to KIOOLV with increasing agitation rate, as the polymer system 

must be more concentrated to withstand the effect of increased agitation.

The slight decrease in dissolution medium uptake rate constant with increasing agitation rate 

may be due to the inability of the polymer chains to hydrate fiilly before they are eroded off the 

matrix. The dependence of the dissolution medium uptake rate constant on agitation rate for 

K15M, despite no apparait relationship being evident for KIOOLV, may be attributed to the 

lower overall rate of swelling of KIOOLV with the result that the values obtained for a for 

KIOOLV are not significantly different.

Thus, in conclusion, these systems appear to be susc^tible to changes in the hydrodynamic 

conditions under which they are studied. This would not be considered advantageous in the 

design of extended release products where agitation-independent dissolution of the drug would 

be preferable.
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6 CHAPTER SIX

6.1 INTRODUCTION - SWELLING AND EROSION OF DRUG-LOADED 

HPMC MATRICES

The behaviour of HPMC matrices in the absence of drug was examined in Chapter Five. In the 

present chapter the effect of inclusion of drugs on the swelling and erosion behaviour of such 

matrices was examined, however the exact mechanism of the release i.e. diffusion or erosion 

was not considered. Two different media were used for the swelling and erosion studies; 

phosphate buffer pH 7.4 and acid pH 1.5, which simulate duodenal and gastric pH respectively, 

as used in Chapter Five.

Benzoic acid was chosen as an acidic model drug as it has been widely studied in our 

laboratories. It was chosen in this work as a sparingly soluble drug. Its solubility, measured 

using the overhead stirrer solubility method was 11.68mg/ml in phosphate buffer pH 7.4 

(Appendix Four). Benzoic acid was found by Ramtoola (1988) to have an intrinsic solubility of 

3.73xlO’̂ M/l. On comparing the solubility in isotonic phosphate buffer pH 7.34 having a 

concentration of 0.067M/1 and O.IN HCl, the solubilities were noted by Ramtoola {1988) to be 

12.09+/-0.17mg/ml and 4.6+/-0.3mg/ml respectively. The literature value for its pK, was 4.2 

(Merck 1996). The molecular weight of benzoic acid is 122.12 (Merck 1996). Benzoic acid was 

previously used in studies by Lapidus and Lordi (1968), in HPMC matrices, as an example of a 

poorly soluble system.

As a comparison, the more soluble salt of benzoic acid, sodium benzoate, was also studied. It 

has a measured solubility of 405+/-3mg/ml in phosphate buffer pH 7.4, which was determined 

gravimetrically as its solubility was so high. The corresponding solubility studies are shown in 

Appendix Four. The solubility of sodium benzoate in O.IN HCL as measured by Killen (2000) 

was 120+/-14mg/ml. It has a molecular weight of 144.1 (Martindale 1999). It can be seen 

therefore that sodium benzoate is approximately 35 times more soluble in buffer pH 7.4 than 

benzoic acid. The effect of these drugs on the rate, extent, and pattem of swelling and erosion 

was examined.

6.2 ADDITION OF BENZOIC ACID

The effect of inclusion of benzoic acid at loadings of 25%, 50% and 75% in KIOOLV and K15M 

matrices was studied. The particle size of the drug was reduced to less than 63 ^m for these
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experiments, to standardize particle size. It was seen from a comparison of HPMC sieved to 

below 63 (im and imsieved in Appendix Eight, that the wet weigjits of unsieved polymer were 

slightly higher at later time points, than for polymer less than 63|jm, and that no significant 

effect on erosion was apparent. In light of these studies and to prevent de-mixing the polymer 

was also reduced to below 63nm. The systems were examined in buffer pH 7.4 and acid pH 1.5.

6.2.1 Benzoic acid:HPMC systems in buffer

6.2.1.1 Extent of dissolution medium uptake

Figure 6.1 shows the wet weights of Benzoic acid:K100LV mixtures where buffer was used as 

the dissolution medium. The wet weight graph shows that the discs swell to a greater extent in 

the absence of benzoic acid, as the maximum wet weight reached, and the time to maximum wet 

weight decreases as the loading of benzoic acid increases. Discs containing benzoic acid alone 

do not appear to increase in wet weight, as the drug begins to dissolve and erode on contact with 

the medium and does not swell. However it would appear that the benzoic acid does contribute 

to the water holding capacity of the discs, as a disc containing 75% polymer shows a higher 

maximum wet weight and maximum dissolution medium uptake than 75% of a disc of pure 

polymer. Table 6.1 shows the dissolution medium uptake analysis values for KIOOLV systems.
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Figure 6.1 Wet weights of Benzoic acidiKlOOLV discs in buffer pH 7.4 at lOOrpm. ( • )  0:100, 

( ■ )  25:75, ( ♦ )  50:50, ( a ) 75:25, (X) 100:0.
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Table 6.1 EMssolution medium uptake analysis for BAiKlOOLV ratios in buffer pH 7.4 at lOOrpm.

BA:KIOOLV ratio Maximimi average 

relative swelling 

Ww/Wi (+/-s.d)

Maximum average 

dissolution medium uptake 

Ww-Wd (mg)(+/-s.d)

Time to reach maximimi 

average dissolution 

medium uptake (hrs)

0:100

25:75

50:50
75:25

3.33+/-0.10
2.16+/-0.04

1.64+/-0.04
1.22+ /-0.02

534+/-17
330+/-9

198+/-14
67+/-5

5
4

2

0.25

Benzoic acid:K15M systems were then examined to determine the effect of including a polymer 

which was seen to swell to a greater extent, but to erode at a  much lower rate than KIOOLV, on 

the swelling and erosion of these mixed systems. The swelling and erosion of these systems was 

examined first in buffer. When the wet weights of benzoic acid:K15M discs in buffer were 

examined as shown in Figure 6.2 it was seen that as for KIOOLV systems, the maximum wet 

weight achieved decreased with increase in benzoic acid loading. Table 6.2 shows the 

dissolution medium uptake analysis for Benzoic acid:K15M systems in buffer.
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Figure 6.2 Wet weights of Benzoic acid:K15M discs in buffer pH 7.4 at lOOrpm (X) 0:100 (■ ) 

25:75, (A) 50:50, (♦ )  75:25, (•) 100:0.

Table 6.2 Dissolution medium uptake analysis for BA:K15M systems in buffer pH 7.4 at lOOrpm 

BA:K15M ratio Maximimi average Maximum average Time to reach maximum
relative swelling dissolution medium uptake average dissolution
Ww/Wi i+/-sA) Ww-Wd (mg)(+/-sA) medium uptake (hrs)

0:100 ................ 7.48+/-0.09 ...... . 13364/-16 15
25:75 5.704-/-0.68 1000+/-125 15

50:50 3.99+/-0.56 691+1-91 15
75:25 2.35+/-0.01 418.0+/-0.5 12
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For both KIOOLV and K15M systems the maximiun average relative swelling and the maximum 

average dissolution medium uptake values decrease with increase in drug loading. Figure 6.3 

shows the relaticHiship between maximum average dissolution medium uptake and drug loading 

for KIOOLV and K15M.
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Figure 6.3 Relationship between drug loading and maximum dissolution medium uptake for 

Benzoic acid:HPMC discs in buffer pH 7.4 at lOOrpm (♦  ) KIOOLV, (■ ) K15M.

When the maximum average dissolution medium uptake values versus drug loading were fitted 

to a hnear equation (Equation A l.l), the parameter values in Table 6.3 were seen when the 

intercept was fixed to the value obtained for the pure polymer.

Table 6.3 Parameters and estimates of fit to linear equation (Equation Al.l) of maximum average 

dissolution medium uptake values versus drug loading for BA;HPMC systems in buffer pH 7.4 at lOOrpm. 

Parameter m (mg)(+/-s.d.) SSD MSC CD

ICIOOLV" -6 .5+/-0J  l i e i  ^ ’46' ”‘0.98099
K15M -12.5+/-0.2 1125 5.53 0.99760

6.2.1.2 Rate of dissolution medium uptake

When combined systems were examined, it was seen that as for the pure polymer systems, initial 

data for dissolution medium uptake per unit matrix remaining could be fitted to a square root 

equation (Equation 5.3). Equation 5.6 was also used, however the MSC values obtained were 

lower and the exponent «„ obtained was close to 0.5, therefore the square root model was 

preferred. The dissolution medium uptake rate constant (a) could then be calculated. The 

dissolution medium uptake rate constants for BAiKlOOLV systems are shown in Table 6.4 and 

those for K15M in Table 6,5. It can be seen that the values increase with increased polymer 

loading.
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Table 6.4 Dissolution mediiun uptake rate constants and estimates of fit to a square root equation 
(Equation 5.3), for BA:K100LV systems in buffer pH 7.4 at lOOrpm.

BAiKlOOLV
ratio

Dissolution mediiun uptake 

rate constant a (hr"® *)(+/-s.d.)

Fitted to 

(hrs)

SSD MSC CD

0:100 1.92+/-0.04 12 4.58 3.30 0.96541
25:75 1.60+/-0.02 7 0.28 5.03 0.99400
50:50 1.26+/-0.03 4 0.34 3.47 0.97213
75:25 0.57+/-0.02 2 0.07 2.58 0.93381

Table 6.5 Dissolution mediimi uptake rate constants and estimates of fit to a square root equation 
(Equation 5.3), for BA;K15M ratios in buffer pH 7.4 at lOOrpm.

BA:K15M
ratio

Dissolution medium uptake 

rate constant a (hr'°^)(+/-s.d.)
Fitted to 
(hrs)

SSD MSC CD

0:100 2.13+/-0.02 15 1.64 4.77 0.99205
25:75 2.05+/-0.03 15 4.42 3.80 0.97900

50:50 1.84+/-0.04 15 9.65 2.89 0.94770
75:25 1.16+/-0.03 7 0.89 3.39 0.96901

Figure 6.4 shows that the rate of dissolution medium uptake decreases with increased drug 

loading for both KIOOLV and K15M. This decrease is fester after 50% drug loading. This 

concurs with the findings of Wan et al. (1993) who found that for HPMC compacts containing 

ibuprofen, an increase in water uptake rate and swelling with increase in HPMC content 

occurred. However the rate of swelling was seen to slow down at a polymer content greater than 

50% which they attributed to the polymer swelling affecting the water uptake rate. The 

dissolution medium uptake rate data was then fitted to the "uptake mixture" model, the details of 

which are included in i^pendix One. In this way the change in dissolution medium uptake of 

the mixture as the drug loading increased can be described. The parameters and estimates of fit 

obtained when the y-intercept is held constant are shown in Table 6.6.
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Figure 6.4 Relationship between dissolution medium uptake per imit matrix remaining rate 
constant a, and drug loading for BA:HPMC systems in buffer pH 7.4 at lOOrpm, showing lines of 
best fit to "î >take mixture" model. (♦  ) KIOOLV, (■) K15M

Table 6.6 Parameters and estimates of fit of dissolution medium uptake per unit matrix remainiog rate 
constant a to "uptake mixture" model for BA;HPMC systems.

Polymer *tf(+/-s.d) /  (lir-®̂ X+/-s.ci) SSD MSC CD

KIOOLV 1.004-/-0.04 0.9+-/-0.3 0.012 3.44 0.98821
K15M 0.98+/-0.04 3.1+/-0.3 0.086 2.67 0.97452

6.2.1.3 Erosion of drug/polymer systems

It can be seen in Figure 6.5 for KIOOLV and in Figure 6.6 for K15M, that the addition of 

benzoic acid increases the apparent erosion rate of the matrices. This can be seen fi-om the 

erosion rate congtants shown in Table 6.7 and Table 6.S. This effect is due in part to the release 

of benzoic acid by dissolution and subsequent difiusion through the matrix. However it can be 

seen that erosion and dissolution of the polymer also occurs, as the polymer matrix does not 

remain at the end of the study. The Philipof equation (Equation 3.3) shows an eighth root 

relationsh^ between the viscosity of the polymer and the polymer concentration. Therefore it 

can be seen that small changes in concentration have a large effect on the viscosity of the 

polymer and thus on the coherence of the matrix. Johnson et al. (1993) also observed that binary 

compacts of hydroxypropylcellulose with pheny^ropanolatnine had lower time to disintegration 

values than pure polymer compacts, which they considered indicated that the presence of the 

drug weakened the conqiact
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Figure 6.5 E>ry weights of BenzOic acidiKlOOLV discs in buffer pH 7.4 at lOOrpm showing lines 

of best fit to cube root equation (Equation 2.14). (•) 0.100, (■ ) 25:75, (♦ )  50:50, (> ) 75:25, 
(X) 100:0.

Table 6.7 Erosion rate constants and estimates of fit to a cube root equation (Equation 2.14), for 

BA:K100LV systems in buffer pH 7.4 at lOOrpm

BA:K100LV
ratio

Erosion rate constant Aj (Tahara) 
(hr’)(xl0^)(+/-s.d)

SSD MSC CD

0:100 3.4+/-0.1 2363 3.97 0.98216
25:75 4.9+/-0.1 1743 4.40 0.98852
50:50 8.0+/-0.2 1423 4.50 0.98970
75:25 15.4+/-0.3 396 5.21 0.99511
100:0 35.1+/-0.5 168 5.93 0.99767

The dry weights of benzoic acid:K15M systems after dissolution in buffer pH 7.4 at lOOrpm are 

shown in Figure 6.6 where it can be seen that the rate of erosion increases with increase in 

benzoic acid loading.
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Figure 6.6 Dry weights of Benzoic acid:K15M discs at lOOrjrai in buffer pH 7.4 showing lines of 

best fit to cube root equation (Equation 2.14). (X) 0:100, (■ ) 25:75, ( * )  50:50, ( ♦ )  75:25, (• )  

100:0.

The erosion rate constants ^2 (Tahara) for K15M matrices are shown in Table 6.8. It can be 

seen that this model does not describe the data well as demonstrated by the low MSC values 

obtained. This can be attributed to a large degree o f spread in the raw data, and also to changes 

in slope occurring due to the release of drug by diffusion from the polymer matrix. This will be 

investigated further in Chapter Seven by mass balance analysis, using these curves in 

conjimction with the corresponding dissolution release profiles.

Table 6.8 Erosion rate constants and estimates of fit to a cube root equation (Equation 2.14), obtained for 

BA:K15M in buffer pH 7.4 at lOOrpm.

BA:K15M ratio Erosion rate constant 

k2 (TaharaK\a-\x\&){+l-sA)

SSD MSC CD

0:100 0.39+/-0.02 729 1.34 0.75233

25:75 1.59+/-0.07 3744 2.01 0.87374

50:50 1.9(>f/-0.11 9359 1.50 0.79068

75:25 3.27+/-0.08 19032 3.72 0.97725

100:0 35.1+/-0.5 168 5.93 0.99767

Figure 6.7 shows that as the drug loading of the discs is increased, the erosion rate constant 

increases in a non-linear fashion with a more rapid erosion occurring where no polymer is 

present. Thus the polymer appears to play a role in maintaining the integrity of these matrices 

and there may be a limiting level of polymer that must be present to ensure this. The erosion rate 

constants of the mixtures were then fitted, using a model that accounts for the contribution to 

erosion o f both the poljoner and drug, based on their individual rates of erosion, their relative 

proportions in the matrix and which includes an interaction parameter. This model is called the 

"erosion mixture" model and is detailed in Appendix One. Values up to 75% drug loading were
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used for fitting and the parameters and estimates of fit obtained, fixing the erosion rate constant 

of pure polymer, are shown in Table 6.9.

25 50 75 100

Drug loading

Figure 6.7 Relationship between drug loading and erosion rate constant for Benzoic acid:HPMC 

discs in buffer pH 7.4 at lOOrpm, showing lines of best fit to "erosion mixture" model (♦ )  

KIOOLV, (■)K15M.

Table 6.9 Parameters and estimates of fit of erosion rate constants to 75% drug loading to "erosion
mixture" model for Benzoic acid:HPMC discs in buffer pH 7.4 at lOOrpm.

Polymer RD (hr ') /Oir-^) SSD MSC CD

(xlO^)(+/-s.d.) (xlO^)(+/-s.d) (xlO'*)

KIOOLV 25+/-1 -23+/-3 0.4 4.41 0.99551

K15M 4.2+/-0.9 -0.3+/-2 0.2 2.04 0.95238

6.2.1.4 Polymer proportions

Figure 6.8 illustrates how the drcp in water holding capacity of mixed systems is not only due to 

the proportion of polymer in the system. In this graph the wet weights of BA:K100LV 50:50 

discs in buflFer pH 7.4 are compared to calculated weights, derived from the addition o f half the 

weight of KIOOLV disc at that time point plus half the weight of benzoic acid disc. Thus there 

appears to be a more rapid drop in the wet weights of the mixed systems than would be 

predicted from the behaviour of the single components. Mitchell et al. (1993c) showed that 

matrices containing 50% of drug swelled to more than 50% of the extent of matrices containing 

K4M alone, suggesting that the addition of even an insoluble drug such as indomethacin 

increased the extent of swelling.
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Figure 6.8 Wet weights of Benzoic acid:K100LV systems in bujBFer pH 7.4 at lOOrpm.

(♦ )  BA;K100LV 50:50, (■ ) Calculated 50% Benzoic acid + 50% KIOOLV.

When the dry weights obtained after drying the wet discs are compared, again it can be seen that 

the dry weights o f BA:K100LV 50:50 discs are not equal to half the dry weight of benzoic acid 

plus half the dry weight of KIOOLV discs. The same conclusion could be drawn for other ratios 

such as 25% and 75% drug loading in that the mixed system eroded more rapidly than the 

calculated system.
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Figure 6,9 Dry weights of benzoic acid KIOOLV systems in buffer pH 7.4 at lOOrpm. (♦ )  

BA;K100LV 50:50, (■ ) Calculated 50% Benzoic acid + 50% KIOOLV.

6.2.1.5 Model of wet and dry weights

The "swelling/erosion 1" model was used to describe the changes in wet and dry weights 

occurring in the various BA:K100LV systems. The parameters and estimates of fit from fitting 

the wet and dry weight data to this model are shown in Table 6.10.
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Table 6.10 Parameters and estimates of fit for BAiKlOOLV systems in buffer pH 7.4 at lOOipm to 

"swelling/erosion 1" model.

BAiKlOOLV ratio 0 3  (hr )(+/-s.d.) ks (hr ')(xlO )(+/-s.d.) SSD MSC CD

0:100 2.17+/-0.05 3.8+/-0.1 69012 3.69 0.97651
25:75 1.45+/-0.04 4.4+/-0.1 28866 3.77 0,97833
50:50 1.18+/-0.07 7.4+/-0.3 37309 2.55 0.92836
75:25 0.66+/-0.03 16.1+/-0.3 1648 4.72 0.99200

The swelling and erosion data for K15M was then fitted to  the "swelling/erosion 1" model to see

how well the model describes this data. The results for this are shown in Table 6,11.

Table 6.11 Parameters and estimates of fit for BA:K15M systems in buffer pH 7.4 at lOOipm fitted to

"swelling/erosion 1" model.

BA:K15M ratio 0 3  (hr' '̂’)(+/-s.d.) i 3 (hr*)(xl0 ^)(+/-s.d.) SSD MSC CD

0:100 2.21+/-0.04 0.49+/-0.04 75874 5.21 0.99485

25:75 I.53+/-0.06 0.73+/-0.10 184454 3.42 0.96923
50:50 1.29+/-0.05 0.97+/-0.10 147838 3.25 0,96355

75:25 0.77+/-0.04 1.50+/-0.12 74937 2.60 0.93058

6.2.1.6 Other models to describe wet and dry weights

It was seen in Chapter Five that the "swelling/erosion 1" model was generally the most 

successful in describing the swelling and erosion behaviour of the pure poljoner matrices. 

However it was decided to fit the BA:K100LV in buffer systems to the "swelling/erosion 2" and 

"swelling/erosion 3" models to see how they performed for drug loaded systems. The estimates 

of fit seen for these systems are shown in Appendix Seven and since they show a worse fit than 

for the "swelling/erosion 1" model they were not used further in this chapter.

6.2.2 Benzoic acid:HPMC systems in acid

The swelling and erosion properties of Benzoic acid.KlOOLV and Benzoic acid:K15M systems 

in acid pH 1.5 were then examined. TTiere is a decrease in solubility of benzoic acid in acid as 

compared to the buffer system; 12.09mg/ml in phosphate buffer 7.34 of concentration 0.067M/1 

as compared with 4,6mg/ml in O.IN HCL (Ramtoola 1988). Therefore the effect of this 

decreased solubility on the swelling and erosion profiles is examined.
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6.2.2.1 Extent of dissolution medium uptake

The wet weights of Benzoic acidiKlOOLV discs in acid were examined. Similarly to Figure 6.1 

it can be seen in Figure 6.10 that as the drug loading increases, the maximum wet weight 

achieved is lowered. The maximum wet weight achieved at high polymer loadings is lower for 

each mixed system than that of the corresponding mixture in buffer.
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Figure 6.10 Wet weights of Benzoic acid:K100LV discs in acid pH 1.5 at lOOrpm. ( • )  0:100, 

(■ )  25:75, ( ♦ )  50:50, ( A) 75:25, (X) 100:0.

Table 6.12 Dissolution medium uptake analysis for BA:K100LV systems in acid pH 1.5 at lOOrpm.

BA:K100LV ratio Maximum average Maximum average Time to reach maximum

relative swelling dissolution medium uptake average dissolution

Ww/Wi i+l-sA) Ww-Wd (mg)(+/-s.d) medium uptake (hrs)

0:100 2.82+/-0.I5 450+/-26 4

25:75 1.82+/-0.03 230+/-16 4

50:50 1.58+/-0.05 166+/-13 1

75:25 1.25+/-0.02 70+/-6 0.25

The wet weights of Benzoic acid:K15M systems in acid pH 1.5 were then examined and as was 

seen for previous systems there is a decrease in the maximum wet weight achieved with increase 

in benzoic acid loading.
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Figure 6.H  Wet weights of Benzoic acid:K15M discs in acid pHl.5 at lOOrpm. ( • )  100:0,

( A) 25:75, (■ ) 50:50, ( ♦ )  75:25, (X) 0:100.

Table 6.13 shows that a decrease in the maximum average relative swelling and the maximum 

average dissolution medium uptake occurs as the benzoic acid level of the systems increases for 

BA:K15M systems as was seen in Table 6.12 for BA:K100LV systems.

Table 6.13 Dissolution medium uptake analysis for BA:K15M systems in acid pH 1.5 at lOOrpm.

BA:K15M Maximiun average relative Maximum average Time to reach maximum

ratio swelling dissolution mediiun uptake average dissolution

Ww/Wi (+/-s.d.) Ww-Wd (mg)(+/-s.d) medium uptake (hrs)

0:100 6.12+/-0.26 1099+/-112 15

25:75 4.30+/-0.74 764+/-133 15

50:50 3.04+/-0.03 519+/-4 12

75:25 1.57+/-0.06 217+/-6 7

The maximum average dissolution medium uptake shows a linear decrease as the drug loading 

increases for KIOOLV and K15M systems as illustrated in Figure 6.12. The maximum average 

relative swelling also shows a similar profile. The data was fitted to a linear equation (Equation 

A l.l) and the parameters and estimates of fit obtained are shown in Table 6.14 when the y- 

intercept was held at the value obtained for pure polymer.
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Figure 6.12 Relationship between maximum average dissolution medium uptake and drug 

loading for Benzoic acid;HPMC discs in acid pH 1.5 at lOOrpm. ( ♦ )  KIOOLV, (■ ) K15M.

Table 6.14 Parameters and estimates of fit to a linear equation (Equation A l.l)  for maximimi average 

dissolution medium uptake values of BA:HPMC systems in add pH 1.5 at lOOrpm.

Polymer m (mg)(+/-s.d.) SSD MSC CD

KIOOLV -5.51+/-55 7943 1.79 0.89829

K15M -11.83+/-25 1700 5.01 0.99594

6.2.2.2 Rate of dissolution medium uptake

The rate of dissolution medium uptake for BA.HPMC systems in acid at lOOipm was 

determined as previously in Section 6.1.1.2. Values for this constant (a) are shown in Table 
6.15 for KIOOLV and in Table 6.16 for K15M. It can be seen that the fit of the model to the raw 

data worsens as the drug loading increases.

Table 6.15 Dissolution mediimi uptake rate constants and estimates of fit to a square root equation 

(Equation 5.3), for BArKlOOLV systems in acid pH 1.5 at lOOrpm.

BA:K100LV

ratio

Dissolution medium uptake 

rate constant a (hr^^)(+/-s.d)

Fitted to 

(hrs)

SSD MSC CD

0:100 2.02+/-0.02 5 0.32 4.89 0.99314

25:75 1.26+/-0.02 4 0.16 4.10 0.98538

50:50 1.07+/-0.03 4 0.11 3.20 0.96515

75:25 0.48+/-0.03 2 0.10 1.80 0.85493
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Table 6.16 E>issolution mediiun uptake rate constants and estimates of fit to a square root equation 
(Equation 5.3), for BA:K15M systems in acid pH 1.5 at lOOrim

BA;K15M

ratio

Dissolution medium uptake 

rate constant a (hr'°^)(+/-s.d.)

Fitted to 

(hrs)

SSD MSC CD

0:100 2.40+/-0.02 15 3.19 4.38 0.98826
25:75 1.74+/-0.03 7 1.32 3.59 0.97467
50:50 1.46+/-0.03 7 1.17 3.44 0.97066
75:25 0.69+/-0.02 4 0.22 2.50 0.92643

A graph of dissolution medium uptake rate constant against drug loading for both KIOOLV and 

K15M was drawn and this graph is shown in Figure 6.13. It can be seen that there is a general 

trend to decreased rate of dissolution medium uptake with increase in drug loading in these 

systems. The dissolution medium uptake rate constant values were fitted using the "uptake 

mixture" model, holding the uptake rate constant of the pure polymer constant, and the 

parameters and estimates of fit obtained are shown in Table 6.17.
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Figure 6.13 Relationship between dissolution medium uptake rate constant a and drug loading 
for BA;HPMC systems in acid pH 1.5 at lOOrpm showing lines of best fit to "uptake mixture" 

model. (♦  ) KIOOLV, (■ ) K15M.

Table 6.17 Parameters and estimates of fit of dissolution medium uptake rate constants to "uptake

mixtiu^" model for BA;HPMC systems in acid pH 1.5 at lOOipm.

Parameter kg (+/-s.d.) /  (hr-̂ ^X+Z-S-d.) SSD MSC CD

KIOOLV 0.97+/-0.08 -0.2+/-0.6 0.05 2.13 0.95611

K15M 0.98+/-0.05 0.7+/-0.5 0.04 2.66 0.97426

6.2.2.3 Erosion of drug/polymer systems

Figure 5.14 shows that for KIOOLV systems, the dry weights of the discs decrease faster where 

more drug is present. Again this is due to the dissolution of the drug and its release by difiRision
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thus decreasing the dry weight of the matrix, but also due to the polymer matrix eroding as the 

dry weight of the matrix is seen to decrease to zero at earlier time points. Table 6.18 shows the 

parameters and estimates of fit to the cube root equation (Equation 2.14) for these matrices.
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Figure 6.14 Dry weights of Benzoic acidiKlOOLV discs in acid pH 1.5 at lOOrpm showing lines 

of best fit to cube root equation (Equation 2.14). ( • )  0:100, (■ ) 25:75, ( ♦ )  50:50, ( A) 75:25, 

(X) 100:0.

Table 6.18 Erosion rate constants and estimates of fit to a cube root equation (Equation 2.14), for 

BA:K100LV systems in acid pH 1.5 at lOOrpm.

BA:K100LV

ratio

Erosion rate constant k2 (Tahara) 

(hr-’)(xlO^)(+/-s.d.)

SSD MSC CD

0:100 5.2+/-0.1 1312 4.54 0.99007

25:75 6.5+/-0.1 842 5.08 0.99423

50:50 8.8+/-0.2 1137 4.49 0.98977

75:25 13.3+/-0.5 1468 4.30 0.98763

100:0 15.6+/-0.5 1299 4.42 0.98907

It can be seen from Figure 6.15 that the dry weight of the BA:K15M drug/polymer systems 

decreases fester where more drug is present in the system.
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Figure 6.15 Dry weights of BA;K15M systems in acid pH 1.5 at lOOrpm showing lines of best 

fit to cube root equation (Equation 2.14). ( • )  100:0, (A ) 25:75, (■ )  50:50, ( ♦ )  75:25, (X) 

0 :100.

The erosion rate constants of these systems on fitting to the cube root equation (Equation 2.14) 

are shown in Table 6.19 and can be seen to increase with increase in drug loading.

Table 6.19 Erosion rate constants and estimates of fit to a cube root equation (Equation 2.14), for 

BA:K15M systems in acid pH 1.5 at lOOrpm.

BA:K15M ratio Erosion rate constant k2 (Tahara) 

(hr')(xlO^)(+/-s.d.)

SSD MSC CD

0:100 1.17+/-0.02 490 3.98 0.98246

25:75 1.68+/-0.03 699 3.89 0.98075

50:50 2.18+/-0.05 1655 3.54 0.97274

75:25 3.64+/-0.05 729 5.19 0.99475

100:0 15.6+/-0.5 1299 4.42 0.98907

Figure 6.16 shows that, as the drug loading increases there is an increase in the rate of erosion of 

both the KIOOLV and K15M matrices. This increase is linear and gradual up to a 50% loading 

and then the rate of erosion increases, ahhough the increase from 50% to 75% is small compared 

to the very large increase from 75% to 100% drug loading. The erosion rate constants were then 

fitted to the "erosion uptake" model, holding the erosion rate of the pure polymer constant, and 

the parameters and estimates of fit obtained are shown in Table 6.20. It can be seen that the 

model fits the KIOOLV data better and gives a more accurate estimate of the drug erosion rate 

than for the K15M data.
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Figure 6.16 Relationship between erosion rate constant and drug loading for BA:HPMC discs at 

lOOrpm in acid pHl.5 showing line of best fit to "erosion mixture" model.

Table 6.20 Parameters and estimates of fit of erosion rate constants to "erosion mixture" model for 

BAiHPMC systems in acid pHl.5 at lOOrpm from 0% to 75% drug loading.

Polymer RD (hr *)(xlO^)(+/-s.d.) 1 (hr ')(+/-s.d.) SSD (xlO^) MSC CD

I^OOLV I9 .I+/-OT4  -0.13+/-0.01 4Z6 5.80 0.‘W ^ 9

K15M 5.3+/-1.1 -0.04+/-0.04 3.3 1.05 0.87065

6.2.1 A  Model of wet and dry weights

The swelling and erosion data for the Benzoic acid'.KlOOLV systems in acid were then fitted to  

the "sweliing/erosion 1" model to see how well this model describes the data. The constants and 

estimates o f  fit obtained are shown in Table 6.21. The parameters Oj and ks can be seen to show 

values close to those seen in Table 6.15 and Table 6.18.

Table 6.21 Parameters and estimates of fit to "swelling/erosion 1" model of BA;K100LV systems in acid 

pH 1.5 at lOOrpm.

BA:K100LV ratio 05 (hr^b(+/-s.d.) ka (hr ')(xl00(+/-s.d) SSD MSC CD

0:100 2.19+/-0.05 5.6+/-0.1 28578 4.12 0.98481

25:75 1.31+/-0.03 6.4+/-0.1 10107 4.35 0.98802

50:50 1.14+/-0.06 8.4+/-0.3 16016 3.25 0.96419

75:25 0.61+/-0.04 13.9+/-0.4 4313 4.14 0.98555

The wet and dry weights o f  BA:K15M systems in acid at lOOrpm were also fitted to the 

"swelling/erosion 1" model. The parameters and estimates o f  fit seen are shown in Table 6.22
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Table 6.22 Parameters and estimates of fit to "swelling/erosion 1" model for BA:K15M systemis in acid 

pH 1.5 at lOOrpmu

BA.K15M ratio as (hr-° ")(+/-s.d.) ks (hr ’)(xl0^)(+/-s.d.) SSD MSC CD

0:100 2.40+/-0.05 l.l(>f/-0.05 149877 4.26 0.98671
25:75 1.55+/-0.06 1.21+/-0.10 145734 3.30 0.96552
50:50 1.20+/-0.03 1.45+/-0.05 33995 4.17 0.98548

75:25 0.71+/-0.03 2.93+/-0.09 26651 3.03 0.95462

6.2.3 Conclusions for benzoic acid systems

Systems containing benzoic acid in combination with either KIOOLV or K15M were compared. 

Two media were used; buffer pH 7.4 and acid pH 1.5. The maximum wet weights of all of the 

systems decreased as the drug loading increased. This was due in part to a dilution o f the water- 

holding polymer with benzoic acid, although the mixed matrices behave differently than was 

seen for theoretical systems based on the same ratio of pure drug and pure polymer.

The maximum average relative swelling and maximum average dissolution medium uptake was 

examined for each combination o f drug, polymer and medium at four different drug-loading 

levels: 0%, 25%, 50% and 75%. All systems showed a decrease in maximum average relative 

swelling and maximum average dissolution medium uptake with increasing drug loading. The 

maximum average relative swelling values and maximum average dissolution medium uptake 

values were higher for the systems containing K15M than for KIOOLV. This is due to the larger 

hydrodynamic volume occupied by the polymer chains o f high viscosity HPMC than those of 

low viscosity HPMC w^en hydrated, leading to a greater swollen mass of polymer being formed 

(Wan et al. 1995). The decrease in maximum average relative dissolution medium uptake with 

increase in drug loading could be modelled using a linear equation.

The maximum average relative swelling and maximum dissolution medium uptake values were 

also generally higher for systems in buffer relative to systems containing the same polymer in 

acid. This is caused by the higher solubility of the drug in buffer, which leads to a more rapid 

diffusion outwards of the drug. This leaves large void spaces in the matrix, which can then hold 

a greater quantity of dissolution medium. The higher solubility of the benzoic acid in buffer 

relative to acid causes an increase in the osmotic pressure due to the higher concentration of 

dissolved drug and thus ions in the system (Sokoloski 1995). This also contributes to a higher 

rate of medium influx and a greater extent of dissolution medium uptake in buffer relative to 

acid. The lower susceptibility of HPMC to erosion in buffer than acid as seen in Chapter Five 

means that a greater proportion of polymer is present to hold dissolution medium. Another factor 

contributing to the lower maximum average relative swelling and maximum average dissolution
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medium uptake values in acid is that the presence of undissolved drug in high concentrations in 

the matrix suppresses macromolecular relaxation, which occurs predominantly at the nearby 

swelling front (Colombo et al. 1995).

When the profiles of maximum average dissolution medium uptake against drug loading in acid 

and buffer are compared, the KIOOLV systems show an initial parallel drop from 0% drug 

loading to 25% drug loading with the buffer system being higher. After 25% drug loading the 

rate of decrease in buffer is faster, therefore the two graphs cross at 75% drug loading. The 

K15M systems show parallel linear profiles to 75% drug loading.

The rate of dissolution medium uptake was then examined for these matrices and it can be seen 

to decrease with increased drug loading in both systems. The pattern of decrease appears to be 

more linear for the systems in acid whereas the system in buffer appears to decrease slowly to 

approximately 50% drug loading and then a more rapid decrease occurs. This is especially seen 

with K15M. This decrease in dissolution medium uptake rate constant with increasing drug 

loading is due to the lower hydrophilicity of the benzoic acid compared with the polymer. An 

increase in water uptake rate with increase in HPMC content o f the matrix was also noted by 

Wan et al. (1993). It is seen that where benzoic acid is present in these systems the rate of 

dissolution medium uptake is faster in buffer than in acid, an indication of the higher solubility 

of the benzoic acid in buffer. This leads to an increased osmotic eflFect as discussed previously. 

The dissolution medium uptake rate constants obtained against drug loading could be modelled 

using the "uptake mixing" equation, based on the uptake rate constants of the pure polymer.

The erosion rate constants were then compared. The rate of erosion for both polymers increases 

as the drug loading increases, indicating increased drug and polymer release. This can be 

attributed to the diluting effect of the drug on the matrix causing a decrease in the concentration 

and thus the viscosity of the polymer, which causes a loss of coherence of the matrix. A decrease 

in tortuosity of the matrix is caused by the dissolution of the drug which leads to faster drug 

release {Lapidus andLordi 1968). For the KIOOLV systems the rate of erosion with increase in 

drug loading is initially slightly lower in buffer than acid until 50% drug loading after which 

point the rate of erosion is much faster than that in acid. Again for K15M the rate of erosion is 

slightly lower for buffer than for acid to a 75% drug loading, after which point the rate of 

erosion of the buffer system increases more rapidly than that of the acid system. The initial low 

rate of erosion in buffer despite the higher solubility o f the benzoic acid in this medium may be 

a result of the drug and the ionic constituents of the medium competing with the polymer for the 

water of hydration leading to "saking out" of the polymer. This results in the polymer being less 

prone to erosion compared to the sj^em  in acid where fewer ionic constituents are present. At a 

later stage however the higher solubility of the benzoic acid in buffer leads to a more rapid
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decrease in dry weight compared to the acid systems. The change in erosion rate constant with 

increase in drug loading can be modelled for a particular system using the "erosion uptake" 

equation, based on the erosion rate constant of the pure polymer.

The "swelling/erosion 1" model can be seen to describe the wet and dry weight data reasonably 

accurately.

6.3 ADDITION OF SODIUM BENZOATE

In these systems, HPMC was replaced by increasing loadings of sodium benzoate, to see the 

effect of the inclusion of this highly soluble drug on the swelling and erosion properties of these 

matrices. Two HPMC polymers were studied as used in Section 6.2. KIOOLV was examined in 

both buffer pH 7.4 and acid pH 1.5 and K15M was examined in acid only. The solubility of 

sodium benzoate in phosphate buffer pH 7.4 and in 0. IN HCl was presented in Section 6.1.

6.3.1 Sodium benzoate:K1OOL V systems

The combination of sodium benzoate with the less viscous polymer KIOOLV was examined 

first. Sodium benzoate at a 25% loading in buffer was examined, then a 50% loading in both 

buffer and acid.

6.3.1.1 Extent of dissolution medium uptake - NaB:K100LV 25:75

The addition of sodium benzoate at a 25% level was examined in phosphate buffer pH 7.4 at 

lOOrpm, and compared to a similar system containing benzoic acid. The wet weight profiles of 

pure sodium benzoate, pure benzoic acid and KIOOLV are included for comparison. The wet 

weight graph obtained for the systems is shown in Figure 6.17. It can be seen that the sodium 

benzoate system reaches a higher wet weight than the comparable system containing benzoic 

acid, and also appears to increase in wet weight more rapidly initially than the system containing 

pure KIOOLV.
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Figure 6.17 Wet weights of sodium benzoate and benzoic acid discs with KIOOLV in buffer pH 

7.4 at lOOrpm. ( • )  KIOOLV, ( ♦ )  NaB:K100LV 25:75, (■ ) BA:K100LV 25;75, (X) BA, ( A) 

NaB,

Table 6.23 shows that the system containing sodium benzoate has a higher maximum average 

relative swelling and a higher maximum average dissolution medium uptake than the equivalent 

system containing benzoic acid. However the maximiun average relative swelling and the 

maximum average dissolution medium uptake achieved for the sodium benzoate system is less 

than that achieved for pure KIOOLV. Dimensional changes for the sodium benzoate systems are 

shown in Appendix Nine.

Table 6.23 Dissolution medium uptake analysis for drug/polymer systems at a 25% loading in buffer 

pH 7.4 at lOOrpm.

Drug/polymer system Maximum average Maximum average Time to reach maximum

relative swelling dissolution medium uptake average dissolution

Ww/Wi (+/-s.d.) Ww-W<Hmg)(+l-sA) medixun uptake(hrs)

KIOOLV 3.33+/-0.10 534+/-17 5

NaB:K100LV 25:75 3.10+/-0.02 500+/-6 2

BA:K100LV 25:75 2.16+/-0.04 330+/-9 4

6.3.1.2 Rate of dissolution medium uptake

The dissolution medium uptake rates for these 25% drug loaded systems were determined by 

fitting the dissolution medium uptake per unit matrix remaining to a square root equation 

(Equation 5.3). Values for this are shown in Table 6.24. It can be seen that the dissolution 

medium uptake rate constant is highest for the system containing sodium benzoate.
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Table 6.24 Dissolution medium uptake rate constants and estimates of fit to a square root equation 

(Equation 5.3), for drug/polymer systems at a 25% loading in buffer pH 7.4 at lOOrpm.

Drug/polymer system Dissolution mediimi 

uptake rate constant a 

(hr^^)(+/-s.d.)

Fitted to 

(hrs)

SSD MSC CD

KIOOLV 1.92+/-0.04 12 4.58 3.30 0.96541

NaB:K100LV 25:75 2.6^/-0.02 9 0.89 5.19 0.99483

BA:K100LV 25:75 1.60+/-0.02 7 0.28 5.03 0.99400

6.3.1.3 Erosion of drug/polymer system

The dry weights of Sodium benzoate;K100LV 25:75 and Benzoic acidrKlOOLV 25;75 systems 

are illustrated in Figure 6.18. The dry weights of pure sodium benzoate, benzoic acid and 

KIOOLV are also included for comparison. It can be seen that the cube root equation (Equation 

2.14) does not describe the erosion of the sodium benzoate:K100LV 25:75 system accurately, as 

it ignores the initial rapid decrease in the dry weights of this system. This initial drop is due to 

the release by diffiision of the soluble sodium benzoate and therefore the behaviour of the 

polymer and drug will be considered sqiarately by means of mass balance in Chapter Seven. 

The benzoic acid and the sodiimi benzoate s)^ems, which include polymer, do not show large 

differences in erosion rates despite their marked differences in solubility in buffer pH 7.4. It can 

be seen that the erosion of the pure sodium benzoate system is extremely rapid with all drug 

having eroded after four minutes.
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Figure 6.18 Dry weights of sodium benzoate and benzoic acid discs with KIOOLV in buffer pH 

7.4 at lOOrpm, showing lines of best fit to cube root equation (Equation 2.14). ( • )  KIOOLV, {H) 

BA:K100LV 25:75, ( ♦ )  NaB;K100LV 25:75, (X) BA ,; 4 ; NaB.

Table 6.25 shows that the rate of erosion is &ster for sodium benzoate systems, than for the 

corresponding systems containing benzoic acid.
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Table 6.25 Erosion rate constants and estimates of fit to a cube root equation (Equation 2.14), for 

drug/polymer systems in buffer pH 7.4 at lOOrpnn.

Drug/polymer system Erosion rate constant k2 

(Tahara)(la-')(xl6^)(+/-sA)

SSD MSC CD

KIOOLV 3.4+/-0.1 2363 3.97 0.98216

BA:K100LV 25:75 4.9+/-0.1 1743 4.40 0.98852

NaB;K100LV 25:75 5.7+/-0.2 5313 3.24 0.96309

BA 35.1+/-0.5 168 5.93 0.99767

NaB 1289+/-65 476 4.28 0.98919

6.3.1.4 Model of wet and dry weight

The wet and dry weights of the benzoic acid and the sodium benzoate systems were then fitted 

to the "swelling/erosion 1" model to determine the efficacy of this model in describing the raw 

data. These results are shown in Table 6.26.

Table 6.26 Parameters and estimates of fit to "swelling/erosion 1" model of drug/polymer systems in 

buffer pH 7.4 at lOOrpm.

Drug/polymer system as (hr"°^)(+/-s.d.) /r5 (hr ')(xl0 )(+/-s.d.) SSD MSC CD

KIOOLV 2.17+/-0.05 3.8+/-0.1 69012 3.69 0.96751

NaB:K100LV 25:75 2.37+/-0.04 5.0+/-0.07 28201 4.57 0.99021

BA:K100LV 25:75 1.45+/-0.04 4.4+/-0.1 28866 3.77 0.97833

6.3.1.5 Extent of dissolution medium uptake - NaB:K100LV 50:50

The swelling and erosion profiles of Sodium benzoate:K100LV systems at a 50% drug loading 

in both acid pH 1.5 and buffer pH 7.4 were examined, and compared with the corresponding 

benzoic acid systems. Profiles of the pure drug and pure polymer systems are included for 

comparison. It can be seen that the maximum wet weight achieved for the two sodium benzoate 

systems is similar, but the wet weights of the acid system decrease faster than those of the buffer 

system after this point. TTie same situation is seen to occur for the benzoic acid systems.

145



Chapter 6 - Swelling and erosion properties o f  drug-loaded HPMC matrices

800

700

^  600 
o>
£  500

D» 400
IS 300 

S  200 9

100

0 1 2 3 5 64 7 8 9

Time (hrs)

Figure 6.19 Wet weights of sodiimi benzoate and benzoic acid discs in buffer pH 7.4 and acid 

pH 1.5 at lOOrpm. ( • )  KIOOLVbuffer, ( - ) KIOOLV acid, (■ )  NaB:K100LV 50:50 buffer, ( ♦ )  

NaB:K100LV 50:50 acid, ( A) BA:K100LV 50:50 buffer, (X) BA:K100LV 50:50 acid.

It can be seen from Table 6.27 that the maximum average relative swelling is higher for the 

sodium benzoate systems than for the benzoic acid systems, and for all systems tends to be 

higher in buffer than acid. The maximum average dissolution medium uptake also shows a 

similar trend.

Table 6.27 Dissolution medium uptake analysis for sodium benzoate and benzoic acid systems containing 

KIOOLV in both buffer pH 7.4 and acid pH 1.5 at lOOrpm.

Drug/polymer system Maximum average 

relative swelling 

Ww/Wi (+/-s.d.)

Maximum average 

dissolution mediiun 

uptake Ww-Wd 

(mg)(+/-s.d.)

Time to reach 

maximum average 

dissolution medium 

uptake (hrs)

KIOOLV buffer 3.33+/-0.10 534+/-17 5

KIOOLV acid 2.82+/-0.15 450+/-26 4

NaB:K100LV 50:50 buffer 2.37+/-0.26 397+M2 1

NaB:K100LV 50:50 acid 2.31+/-0.11 372+/-23 1

BA:K100LV 50:50 buffer 1.64+/-0.04 198+/-I4 2

BA:K100LV 50:50 acid 1.58+/-0.05 166+/-13 1

6.3.1.6 Rate of dissolution medium uptake

The dissolution medium uptake rate constant was then examined for these systems. The results 

of this analysis are shown in Table 6.28. It can be seen that the rate of dissolution medium 

uptake is faster into the sodium benzoate systems than those containing benzoic acid, and that 

the rate of uptake for the systems in buffer is faster than that of the equivalent systems in acid.
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Brazel et al. (1999) considered that the increase in osmotic pressure for solute-loaded samples 

could lead to entirely different solvent uptake kinetics in the same polymeric samples.

Table 6.28 Dissolution medium uptake rate constants and estimates of fit to a square root equation 

(Equation 5.3), for sodium benzoate and benzoic acid systems containing KIOOLV in buffer pH 7.4 and 

acid pH 1.5 at lOOrpm.

Drug/polymer system Dissolution medium 

uptake rate constant a 

(hr^*)(+/-s.d.)

Fitted to 
(hrs)

SSD MSC CD

KIOOLV buffer 1.92+/-0.04 12 4.58 3.30 0.96541
KIOOLV acid 2.02+/-0.02 5 0.32 4.89 0.99314

NaB:K100LV 50:50 buffer 5.24+/-0.18 4 13.3 2.82 0.94667
NaB:K100LV 50:50 acid 4.33+/-0.17 2 4.36 2.80 0.94655

BA:K100LV 50:50 buffer 1.26+/-0.03 4 0.34 3.47 0.97213

BA:K100LV 50:50 acid 1.07+/-0.03 4 0.11 3.20 0.96515

6.3.1.7 Erosion of drug/polymer systems

The graph of the dry weights of the drug/polymer systems is shown in Figure 6.20, and it can be 

seen that the benzoic acid systems erode at a slower rate than the systems containing sodium 

benzoate. The sodium benzoate systems show a rapid initial drop in dry weight, which slows 

after approximately two hours. Therefore the erosion profile for this system in buffer is not well 

described by the cube root equation (Equation 2.14). This may be due to the high solubility of 

the sodium benzoate, causing it to be released at a more rapid rate than the dissolution of the 

polymer. These erosion profiles will be examined further in conjunction with the corresponding 

drug release studies in Chapter Seven.
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Figure 6.20 Diy weights of sodium benzoate and benzoic acid discs with KIOOLV in buffer pH 

7.4 and acid pH 1.5 at lOOrpm showing lines of best fit to cube root equation (Equation 2.14). 

( • )  KIOOLV buffer, ) KIOOLV acid, t ) BA.K100LV 50:50 buffer, (X) BAiKlOOLV 50:50 

acid, (■ )  NaB:K100LV 50:50 buffer, ( ♦ )  NaB:K100LV 50:50 acid.

The parameters and estimates of fit of the dry weight data to the cube root equation (Equation

2.14), and the resultant erosion rate constants are shown in Table 6.29. It can be seen that the

rate of erosion is fastest for the systems containing sodium benzoate.

Table 6.29 Parameters and estimates of fit to cube root equation (Equation 2.14) for sodium benzoate and 

benzoic acid systems with KIOOLV in buffer pH 7.4 or acid pH 1.5 at lOOrpm.

Drug/polymer system Erosion rate constant k 2 

(T a/;araXhr')(xlO^)(+/-s.d.)

SSD MSC CD

KIOOLV buffer 3.4+/-0.1 2363 3.97 0.98216

KIOOLV acid 5.2+/-0.1 1312 4.54 0.99007

NaB:K100LV 50:50 buffer 24.8+/-1.8 5916 2.69 0.93837

NaB:K100LV 50:50 acid 23.4+/-0.4 259 5.70 0.99701

BA:K100LV 50:50 buffer 8.0+/-0.2 1423 4.50 0.98970

BA:K100LV 50:50 acid 8.8+/-0.2 1137 4.49 0.98977

6.3.1.8 Model of wet and dry weights

The wet and dry weight data was then fitted to the "swelling/erosion 1" model and the 

parameters and estimates of fit obtained are shown in Table 6.30.
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Table 6.30 Parameters and estimates of fit to "swelling/erosion 1" model of drug/polymer systems in 
buffer pH 7.4 and acid pH 1.5 at lOOriKn.

Drug/polymer systems as

(hr^^)(+/-s.d.)
ks

(hr')(xlO^)(+/-s.d.)

SSD
(xlO-̂ )

MSC CD

KIOOLV buffer 2.17+/-0.05 3.8+/-0.1 6.9 3.69 0.97651
KlOOLVacid 2.19+/-0.05 5.6+/-0.1 2.6 4.12 0.98481
NaB:K100LV 50:50 buffer 2.77+/-0.16 13.2+/-0.7 8.5 2.61 0.93325

NaB:K100LV 50:50 acid 3.03+/-0.09 18.5+/-0.5 1.4 4.08 0.98492
BA:K100LV 50:50 buffer 1.18+/-0.07 7.4+/-0.3 3.7 2.55 0.92836

BA:K100LV 50:50 acid 1.14+/-0.06 8.4+/-0.3 1.6 3.25 0.96419

6.3.2 Sodium benzoate:K15M systems

The swelling and erosion of K15M matrices containing sodium benzoate was then examined, 

and compared with the corresponding benzoic acid containing systems. A drug loading of 50% 

was examined. The dissolution medium used was acid pH 1.5.

6.3.2.1 Extent o f dissolution medium uptake

Figure 6.21 shows that the systems containing the soluble sodium benzoate reach a higher 

maximum wet weight than those containing benzoic acid.
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Figure 6.21 Wet weights of polymer and drug/polymer discs at a 50% drug loading in acid pH 

1.5 at lOOrpm. ( A ) K15M, (♦)NaB:K15M 50:50, (■) BA;K15M 50:50.

Table 6.31 shows that the maximum average relative swelling is higher for the system 

containing sodium benzoate than for the benzoic acid system, and that this system also shows 

the higher maximum average dissolution medium uptake.
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Table 6J1 Dissolution medium uptake analysis for sodium benzoate and benzoic acid systems with 

FC15M in acid pH 1.5 at lOOrpm

Drug/polymer system Maximum average Maximum average Time to reach maximum

relative swelling dissolution medium uptake average dissolution

Ww/Wi {+l-s.d.) frw-JFrf(mgX+/-s,d.) medium uptake (hrs)

K15M 6.12+/-0.26 1099+/-112 15
NaB:K15M 50:50 4.04+/-0.08 747+/-16 9

BA.K15M 50:50 3.04+/-0.03 519+/-4 12

6.3.1.2 Rate of dissolution medium uptkke

The dissolution medium uptake rate constant (a) as shown in Table 6.32 is highest for the

system containing sodium benzoate.

Table 6.32 Dissolution mediiun uptake rate constants and estimates of fit to a square root equation

(Equation 5.3), for sodium benzoate and benzoic acid systems with K15M in acid pH 1.5 at lOOrpm

Drug/polymer system Ehssolution mediimi uptake Fitted to SSD MSC CD

rate constant a (hr'°^)(+/-s.d.) (hrs)

K15M 2.40+/-0.02 15 3.19 4.38 0.98826

NaB:K15M 50:50 3.57+/-0.03 12 2.47 5.15 0.99458

BA;K15M 50:50 1.46+/-0.03 7 1.17 3.44 0.97066

6.3.1.3 Erosion of drug/polymer system

It can be seen from Figure 6.22 that the dry weights o f the sodium benzoate system decrease 

more rapidly than those containing benzoic acid. This is further confirmed by the erosion rate 

constants in Table 6.33, however it can be seen that the cube root equation (Equation 2.14) does 

not describe the dry weight data for the sodium benzoate system accurately. This is due to  the 

initial rapid decrease o f the sodium benzoate system. This causes the system to have a bi-phasic 

erosion pattern and will be fiirther investigated in Chapter Seven using a mass balance method 

involving the corresponding drug release profiles.
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Figure 6.22 Diy weights of Sodium Benzoate:K15M discs in acid pH 1.5 at lOOrpm. ( A ) K15M 

(■ )  BA:KI5M 50:50 (♦ )  NaB:K15M 50:50.

Table 6.33 Erosion rate constants and estimates of fit to a cube root equation (Equation 2.14), for sodium 

benzoate and benzoic acid systems with K15M in acid pH 1.5 at lOOrpm.

Drug/polymer

system

Erosion rate constant k2  

^aAflra;(hr'’)(xlO^)(+/-s.d.)

SSD MSC CD

K15M 1.17+/-0.02 490 3.98 0.98246

NaB:K15M 50:50 4.20+/-0.32 18741 1.40 0.76812

BA:K15M 50:50 2.18+/-0.05 1655 3.54 0.97274

6.3.2.4 Model of wet and dry weights

The "swelling/erosion 1" model was then used to describe the wet and dry weights o f the sodium 

benzoate and benzoic acid systems, at a 50% drug loading with K15M in acid pH 1.5 at lOOrpm. 

It can be seen that the model fits the benzoic acid data better than the sodium benzoate data.

Table 6.34 Parameters and estimates of fit to "swelling /erosion 1" model of sodium benzoate and benzoic 

acid systems with K15M in acid pH 1.5 at lOOrpm.

Drug/polymer system 0 3  (+/-s.d.) ;fcj(xlO^)(+/-s.d) SSDCxlO"*) MSC CD

K15M 2.30+/-0.05 1.10+/-0.05 15.0 4.26 0.98671

NaB:K15M 50:50 2.01+/-0.05 1.92+/-0.06 9.4 4.00 0.98284

BA:K15M 50:50 1.20+/-0.03 1.45+/-0.05 3.4 4.17 0.98548
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6.3.3 Conclusions for sodium benzjoate systems

Systems containing sodium benzoate at 25% or 50% drug loadings with either KIOOLV or K15M 

were examined in either acid or buffer and conqiared with their corresponding benzoic acid 

system.

The first system examined was sodium benzoate at a 25% loading with KIOOLV in buffer which 

was seen to show substantially higher values for maximum wet weight, maximum average 

relative swelling and maximum average dissolution medium uptake than a 25% benzoic acid 

system. The rate of dissolution medium uptake was fester than that of the pure polymer and the 

erosion rate of the sodium benzoate systems was also significantly higher than the corresponding 

benzoic acid system. This is in agreement with studies by Mitchell et al. (1993c) who showed 

that HPMC K4M matrices containing a 50% drug loading, showed the greatest extait of swelling 

in rank order with the solubility of the drug.

Systems at a 50% sodium benzoate loading with KIOOLV were then examined in both acid and 

buffer. Again the maximum average relative swelling and the maximum average dissolution 

medium uptake were substantially higher for the sodium benzoate system than the corresponding 

benzoic acid system. The rate of dissolution medium uptake was faster than that of the pure 

polymer, and the rate of erosion faster than the corresponding benzoic acid system. When the 

efiFect of the different dissolution media were considered it was seen that the maximum average 

relative swelling, the maximum average dissolution medium uptake and the rate of dissolution 

medium uptake tended to be higher in buffer than in acid for the two different drug systems. The 

rate of erosion was nominally higher in buffer than in acid for sodium benzoate although the 

difference does not appear to be statistically significant. The rate of erosion was also seen to be 

higher in acid than in buffer for benzoic acid.

When the systems at a 50% drug loading with K15M in buflfer were examined, the maximum 

average dissolution medium uptake, maximum average relative swelling, rate of dissolution 

medium uptake and the erosion rate constant were higher for the system containing sodium 

benzoate, than the benzoic acid system. The rate of uptake was higher than that of the pure 

polymer when sodium benzoate was present. These systems were examined in acid pH 1.5. 

However the cube root equation (Equation 2.14) does not appear to fit the sodium benzoate data 

well for the system with K15M as there is a rapid initial drq> in dry weight of the discs.

The "swelling/erosion 1" model appears to fit the sodium benzoate data reasonably well.
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In conclusion it would appear that the highly soluble sodium benzoate increases osmotic pressure 

within the matrix, which enhances medium diffiision into the matrix. The drug diffuses out of 

the matrix creating large void spaces, which enhance the water holding capacity and the swelling 

of the matrix. The matrix remaining is weakened and so the rate of erosion of the sodium 

benzoate systems appears to be higher than that of the benzoic acid systems. On closer 

examination the cube root erosion model does not fit the sodium benzoate dry weight data well 

due to a sudden initial drop in the dry weight values in the first two hours. Therefore the dry 

weight profiles merit closer examination by means of mass balance studies to be completed in 

Chapter Seven. The trend to higher values of maximxmi average relative swelling, maximum 

average dissolution medium uptake, and the higher rate of dissolution medium uptake, in buffer 

instead of acid can be attributed to the higher solubility of sodium benzoate in buffer. Some 

increase in the water holding capacity of the polymer, due to a relative lack of polymer erosion in 

buffer compared to acid may also contribute.

6.4 ADDITION OF SOLUBLE EXCIPIENTS

The soluble excipient lactose, used as a diluent bulking agent and filler in pharmaceutical solid 

dosage forms (Handbook of Pharmaceutical Excipients 1986), was combined with benzoic acid 

and KIOOLV to form matrices. Lactose monohydrate was used in these studies. It has a 

solubility of 200mg/ml in cold water and 385mg/ml in boiling water (Merck 12‘*' edition) at 

37“C. Its particle density is 1.53g/cm^ and its molecular weight is 360.31 (Handbook of 

Pharmaceutical Excipients 1986). The swelling and erosion behaviour of these three- 
component systems was examined. The excipient, drug and polymer were combined in the ratio 

25:25:50 and both buffer pH 7.4 and acid pH 1.5 were used as dissolution media. A two- 

component system of lactose and HPMC was not studied as these systems were found in this 

work to be too sticky to examine by this experimental method, and gave poor reproducibility. 
Instead, data fi'om Gubbins (1996) based on the same experimental method was used for 

comparative purposes.

6.4.1 Benzoic acid:Lactose:Kl OOL V systems in buffer

The systems were examined first in phosphate buffer pH 7.4. The swelling and erosion of 

Benzoic acid:Lactose:K100LV 25:25:50 systems was examined and compared with a two- 

component Benzoic acid:K100LV system at a 50% drug loading. Three other systems were also 

included for comparison: KIOOLV, NaB:K100LV 50:50 since this contains a 50% loading of 

drug, and Lactose:K100LV 50:50 values obtained by Gubbins (1996). In this way the effect of 

the solubility of the non-HPMC portion of the disc on its swelling and erosion can be 

determined.

153



Chapter 6- Swelling and erosion properties of drug-loaded HPMC matrices

6.4.1.1 Extent of dissolution medium uptake

The wet weights of the discs are illustrated in Figure 6.23. It can be seen that as the benzoic acid 

in the BAiKlOOLV 50:50 system is replaced by lactose, the maximum wet weight achieved by 

the system is increased. A similar level to BArKlOOLV 25:75 (not shown) is adiieved. These 

wet weights tend to decrease more rapidly however. The sodium benzoate system reaches a 

maximum wd; weight close to that of the two-component system containing lactose and shows a 

more rapid decrease in wet weight. The maximum average relative swelling, and the Tnavimiitn 

average dissolution medium uptake values, as shown in Table 6.35 increase as the solubility of 

the non-HPMC portirai of the 50% loaded sjrstem increases. Differences in maximum average 

dissolution medium uptake b ^ e e n  the L:K100LV and the NaB:K100LV systems in buffer are 

not statistically significantly different despite their different solubilities as presented in Section 
6.4.
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Figure 6.23 Wet weights of 50% loaded KIOOLV discs at 100r(Hn in buffer pH 7.4. ( • )  

KIOOLV, (X) L:KIOOLV 50:50 (Gubbins), { i. :• NaB:K100LV 50:50, ( ♦ )  BA:L:K100LV 

25:25:50, (■ )  BA:K100LV 50:50.

Table 6.35 Dissolution medium uptake analysis for two and three-component systems in buffer pH 7.4 at 

lOOrpm

Dmg system Maximum average 

relative swelling 

Ww/Wi (+/-s.d.)

Maximum average 

dissolution medium 

uptake Ww-Wd 

(mg)(+/-s.d.)

Time to reach 

maximum average 

dissolution medium 

uptake (hrs)

KIOOLV 3.33+/-0.10 534+/-17 5

NaB:K100LV 50:50 2.37+/-0.26 291+IAl 1

L:K100LV 50:50* 2.53+/-0.15 395+/-30 1

BAJL:K100LV 25:25:50 2.05+/-0.09 311+/-6 2

BA:KIOOLV 50:50 I.64+/-0.04 198+/-14 2

• Estimated data from Gubbins (1996)
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6.4.1.2 Rate of dissolution medium uptake

The rate o f dissolution medium uptake per unit matrix remaining was then examined. Table 6.36 

shows the dissolution medium uptake rate constants and estimates of fit obtained for the five 

different systems. It can be seen again that the rate o f dissolution medium uptake increases as 

benzoic acid is replaced by lactose and is highest where solubility o f the non-polymer portion of 

the 50% loaded discs is highest.

Table 6.36 EMssolution medium uptake rate constants and estimates of fit to a square root equation 

(Equation 5.3), for two and three-component systems in buffer pH 7,4 at lOOipm.

Drug system Dissolution medium 

uptake rate constant a 

(hr^^)(+/-s.d.)

Fitted to 

(hrs)

SSD MSC CD

KIOOLV 1.92+/-0.04 12 4.58 3.30 0.96541

NaBiKlOOLV 50:50 5.24+/-0.18 4 13.3 2.82 0.94667

L:K100LV 50:50“ 2.86+/-0.27 2 1.06 1.98 0.90909

BA:L:K100LV 25:25:50 2.75+/-0.08 5 4.36 3.16 0.96135

BA:K100LV 50:50 1.26+/-0.03 4 0.34 3.47 0.97213

‘Estimated data from Gubbins (1996)

6.4.1.3 Erosion of drug/excipient/polymer systems

The dry weights o f these systems were then compared. Figure 6.24 shows that the dry weights 

of the 50% loaded systems decrease fastest in order of the solubility o f the non-HPMC portion 

of the system. This is further confirmed by Table 6.37 in that the erosion rate constant 

increases with increased solubility o f the non-HPMC portion of the 50% loaded systems, despite 

the poor fit o f the sodium benzoate data to the cube root equation (Equation 2.14). Thus it can 

be seen that replacement o f benzoic acid by the lactose excipient increases the erosion rate of the 

matrix.
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Figure 6.24 Diy weights of 50% loaded KIOOLV discs at lOOrpm in buffer pH 7.4 showing lines 

of best fit to cube root equation (Equation 2.14). ( • )  KIOOLV, (■ )  BAiKlOOLV 50:50, ( ♦ )  

BA;Lactose;K100LV 25:25:50, (X) L:K100LV 50:50 (Gubbins), ( a  ) NaB:K100LV 50:50.

Table 6.37 Parameters and estimates of fit to a cube root equation (Equation 2.14) for two and three- 

component systems in buffer pH 7.4 at lOOrpm.

Drag system Erosion rate constant 

(Ta/;araXhr'')(xlO^)(+/-s.d.)

SSD MSC CD

KIOOLV 3.4+/-0.1 2363 3.97 0.98216

NaB:K100LV 50:50 24.8+/-1.8 5916 2.69 0.93837

L:K100LV 50:50“ 11.4+/-1.3 119525 3.01 0.96141

BA:L:K100LV 25:50:50 10.6+/-0.3 1910 4.20 0.98602

BA:K100LV 50:50 8.0+/-0.2 1423 4.50 0.98970

Estimated data from Gubbins (1996)

6.4.1.4 Model of wet and dry weights

The swelling and erosion data was then fitted to  the "swelling/erosion 1" model. It can be seen 

that the model describes the three-com ponent system reasonably well, however some 

overestimation o f  dry weights occurs \^ i c h  was not seen with the two-com ponent systems.

Table 6.38 Parameters and estimates of fit of two and three-component systems to "swelling/erosion 1" 

model in buffer pH 7.4 at lOOrpm.

Drag system 0 3  (hr'®^)(+/-s.d.) k3 (hr *)(xlO^)(+/-s.d.) SSD MSC CD

KIOOLV 2.17+/-0.05 3.8+/-0.1 69012 3.69 0.97651

NaB:K100LV 50:50 2.77+/-0.16 13.2+/-0.7 85056 2.61 0.93325

L:K100LV 50:50“ 2.10+/-0.15 7.8+/-0.4 15522 3.11 0.96528

BA:L:K100LV 25:50:50 1.73+/-0.05 7.9+/-0.2 23760 3.72 0.97739

BA:K100LV 50:50 1.18+/-0.07 7.4+/-0.3 37309 2.55 0.92836
a

Estimated data from Gubbins (1996)
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6.4.2 Benzoic acid:Lactose:Kl OOL V systems in acid

Three-component systems consisting of benzoic acid, lactose and KIOOLV in a ratio of 25:25:50 

were compared to Benzoic acid:K100LV systems and Sodium benzoate:K100LV systems at a 

50% drug loading. The dissolution medium used was acid pH 1.5.

6.4.2.1 Extent of dissolution medium uptake

The extent of dissolution medium uptake of these sj^ems was examined. The replacement of 

benzoic acid by lactose causes a higher maximum wet weight to be achieved, however these wet 

weights decrease more rapidly. The addition of soluble components at a 50% level does not 

cause the maximum wet weight to be as high as that of the pure polymer. It can be seen that the 

system containing sodium benzoate reached a higher wet weight than the other mixed systems, 

although the wet weight subsequently decreased at a more rapid rate than in those systems.

700

600

o  500

*; 400

S! 300

200

100

0 2 4 6 8 10 12

Time (hrs)

Figure 6.25 Wet weights of 50% loaded KIOOLV discs at lOOrpm in acid pH 1.5. ( • )  KIOOLV, 

(■ )  NaB:K100LV 50:50, ( ♦ )  BA:Lactose:K100LV 25:25:50, ( A j BA:K100LV 50:50.

Table 6.39 shows that the addition of lactose to the benzoic acid system causes an increase in the 

maximum average relative swelling and the maximum average dissolution medium uptake 

values, relative to the two-component BA:K100LV system. The system containing sodium 

benzoate shows highest maximum average relative swelling and maximum average dissolution 

medium uptake values. The values obtained for the mixed systems, however, are not as high as 

those of the pure polymer.
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Table 6.39 Dissolution medium uptake analysis for two and three-component systems in acid pH 1.5 at 

lOOrpm.

Drug system Maximum average Maximum average Time to reach

relative swelling dissolution medium maximum average
Ww/Wi uptake Ww-Wd dissolution medium

(+/-s.d.) (mg)(+/-s.d.) uptake (hrs)

KIOOLV 2.82+/-0.15 450+/-26 4

NaB:K100LV 50:50 2.31+/-0.11 ^11+l-li 1

BA;L:K100LV 25:25:50 1.9SĤ /-0.05 269+7-9 1

BA:K100LV 50:50 1.58+/-0.05 166+/-13 1

6A.2.2 Rate of dissolution medium uptake

The dissolution medium uptake rate constant was then determined for each of the four systems 

and results for this are shown in Table 6.40. It can be seen that the rate of dissolution medium 

uptake is significantly higher when benzoic acid is r^laced by lactose, however the rate of 

dissolution medium uptake is highest for the system containing sodium benzoate.

Table 6.40 Dissolution medium uptake rate constants and estimates of fit to a square root equation 

(Equation 5.3), for two and three-component systems in acid pH 1.5 at lOOrpm.

Drug system Dissolution medium uptake 

rate constant a (hr'°^)(+/-s.d.)

Fitted 

to (hrs)

SSD MSC CD

KIOOLV 2.02+/-0.02 5 0.32 4.89 0.99314

NaB:K100LV 50:50 4.33+/-0.17 2 4.36 2.80 0.94655

BA:L:K100LV 25:25:50 2.67+/-0.07 5 3.79 3.20 0.96297

BA:K100LV 50:50 1.07+/-0.03 4 0.11 3.20 0.96515

6.4.2.3 Erosion of drug/excipient/polymer systems

It can be seen from Figure 6.26 that the three-component system containing lactose erodes at a 

much faster rate than the two-component system containing the same level of polymer. This is 

further confirmed in Table 6.41, which lists the erosion rate constants obtained by fitting the dry 

weight data to the Tahara cube root equation (Equation 2.14). The festest erosion rate was seen 

for the system containing sodium benzoate.
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Figure 6.26 Dry weights of BA:K100LV discs in buffer pH 1.5 at lOOrpm showing lines of best 

fit to cube root equation (Equation 2.14). ( • )  KIOOLV, (A ) BAiKlOOLV 50:50, ( ♦ )  

BA:Uctose:K100LV 25:25:50, (■ )  NaB:K100LV 50:50.

Table 6.41 Erosion rate constants and estimates of fit to a cube root equation (Equation 2.14), for two and 

three-component systems in acid pH 1.5 at lOOrpm.

Drug system Erosion rate constant k2  

(Tt7/jaraXhr')(xlO^)(+/-s.d.)

SSD MSC CD

KIOOLV 5.2+/-0.1 1306 4.55 0.99010

NaB:K100LV 50:50 23.4+/-0.4 259 5.70 0.99701

BA:L:K100LV 25:25:50 13.7+/-0.5 2094 4.18 0.98580

BA:K100LV 50:50 8.8+/-0.2 1137 4.49 0.98977

6A.1A  Model of wet and dry weights

The "swelling/erosion 1" model was then used to  model the swelling and erosion profiles o f  

these systems. The results obtained are shown in Table 6.42.

Table 6.42 Parameters and estimates of fit for two and three-component systems in buffer pH 7.4 at 

lOOrpm fitted to "swelling/erosion 1" model.

Drug system 0 3  (hr‘'’̂ )(+/-s.d.) ki (hr ')(xlO^)(+/-s.d.) SSD MSC CD

KIOOLV 2.19+/-0.05 5.55+/-0.09 28578 4.12 0.98481

NaB:K100LV 50:50 3.03+/-0.09 18.5+/-0.5 13856 4.08 0.98492

BA:L:K100LV 25:25:50 1.80+/-0.06 11.17+/-0.28 21459 3.71 0.97733

BA:K100LV 50:50 1.14+/-0.06 8.40+/-0.25 16016 3.25 0.96419
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6.4.2.S Conclusions for drug/excipient/polymer systems

The swelling and erosion o f three-component systems containing benzoic acid, a soluble 

excipient lactose, and the release retarding polymer KIOOLV were examined. The systems were 

in the ratio 25:25:50 dTug:excipient:poljmier and they were compared with two-component 

systems comprised o f 50% KIOOLV and a variety of constituents at a 50% loading, and also 

pure KIOOLV discs. Two dissolution media were used: phosphate buffer pH 7.4 and acid pH 

1.5.

In buffer pH 7.4, r^lacem ent of the benzoic acid portion of the BA:K100LV discs with the 

more soluble lactose increased the maximum average relative swelling, the maximum average 

dissolution medium uptake, the dissolution medium uptake rate constant and the erosion rate 

constant. The 50% loaded systems showed an increase in the maximum average relative 

swelling and the maximum average dissolution medium uptake with increasing solubility of the 

non-HPMC portion of the discs although the values for 50% lactose and 50% sodium benzoate 

were not significantly different. However the pure KIOOLV system showed the highest values 

overall for maximum average relative swelling and maximum average dissolution medium 

uptake. The rate of dissolution medium uptake and the erosion rate constants also increased 

with increasing solubility of the non-polymer portion of the discs. Sodium benzoate showed the 

highest values overall, due to its higher solubility and the higher osmotic pressure produced.

In acid pH 1.5, the maximum average relative swelling and the maximum average dissolution 

medium uptake increased as a portion of the benzoic acid in the two-component system was 

rqjlaced by lactose. An increase in maximum average relative swelling and maximum average 

dissolution medium uptake occurred with increasing solubility of the non-polymer portion of the 

disc. Sodium benzoate systems showed higher values than benzoic acid:lactose systems. 

However pure KIOOLV discs still showed the highest values. The rate of dissolution medium 

uptake and the rate of erosion also increased as the lactose content of the benzoic acid discs 

increased. These increases appear to be directly related to the solubility of the non-HPMC 

portion of the discs, as they are highest for sodium benzoate.

Overall the values for maximum average dissolution medium uptake and maximum average 

relative swelling are higher in buffer than for the corresponding system in acid. The rate of 

dissolution medium uptake is higher for all systems in buffer with the exception of the pure 

KIOOLV system. The rate of erosion was higher in acid with the exception of the sodium 

benzoate systems, which did not show a significant difference.
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Similar work was carried out by Gubbins in 1996, where the wet and dry weights of matrices 

containing a soluble excipient and a HPMC polymer, at a 50% loading level were examined. 

The soluble excipients used were sodium caseinate, sodium acid casein and lactose. The two 

polymers used were KIOOLV and K15M. When polymer was r^laced by the soluble excipient 

no difference in the rate of change of ratio of water content to wet weight was seen for the two 

different molecular weight polymers. The matrices containing the soluble excipient eroded 

fester than pure polymer.

The increase in dissolution medium uptake and erosion is due to the increased osmotic pressure 

exerted by the soluble compcments in the matrix, especially where the molecules are ionized, 

causing an increase in the rate of difilisicHi of solvent into the system. Panomsuk et al. (1995) 

saw an increase in the maximum swelling index of a hydroxyprq)ylcellulose system as the 

lactose content was increased.

According to Alderman (1984) lactose may compete for the water of hydration of the polymer 

causing a "salting out" of the polymer and a change in the gelation temperature. This effect 

would be expected to decrease the rate of erosion of the matrix due to the decreased erosion of 

polymer in the system. However it would appear that in the current work that any decrease in 

erosion of the matrix caused by "salting out" is exceeded by the loss of lactose from the system. 

The rate of erosion is fester in the system containing the soluble lactose, as the lactose rinses 

quickly out of the system leaving behind a loose matrix, which is prcxie to erosion.
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7 CHAPTER SEVEN

7.1 INTRODUCTION - RELEASE OF DRUGS FROM HPMC MATRICES

In this chapter the dissolution behaviour of drugs from HPMC matrices was examined. The 

effect of changing the drug, the prq)ortion o f drug in the matrix, the polymer molecular weight, 

the dissolution medium or the agitation rate was considered. The kinetics of release of drug 

from these matrices was modelled. The dissolution profiles obtained were, in certain cases, 

combined with the swelling and erosion data for the corresponding system as examined in 

Chapter Six and thus the individual bdiaviour of the polymer and drug in these matrices could 

be ascertained.

7.2 BENZOIC ACID

In this section the dissolution behaviour of benzoic acid from HPMC matrices was examined. 

The effect o f changing four variables on the release of this drug was considered; drug loading, 

polymer molecular weight, dissolution medium and agitation rate.

7.2.1 Drug loading

Firstly the effect of changing the drug loading on the percent of drug released from KIOOLV and 

K15M in either acid and buffer was determined.

7.2.1.1 Dissolution in bufTer pH 7.4

Figure 7.1(A) shows the profiles of benzoic acid release from KIOOLV matrices at drug loadings 

of 25%, 50% and 75% in buffer. It can be seen that the values for the percent release from 25% 

and 50% loaded matrices do not appear to be different, whereas a fester release of benzoic acid 

from the 75% loaded matrices is seen. This is confirmed by t-tests at the 95% confidence level 

and a sinularity fector of 73 for the 25% and 50% systems. A similar situation was seen by Ford 

et al. (1985c) where the release rate constant of a practically insoluble drug, indomethacin, was 

independent of the drug:polymer ratio for KIOOLV matrices. Kurahashi et al. (1996) observed 

disintegration in a few minutes of low viscosity HPMC (lOOcP) systems at low polymer levels 

(below 50%) where a poorly soluble drug, such as indomethacin or salicylic acid, was included. 

They attributed this effect to inhibition of gelation by large organic ions. At a high drug loading, 

as seen in the 75% system, KIOOLV matrices are expected to be prone to erosion due to the 

lower gel strength o f the polymer, resulting in an increase in the rate of release of benzoic acid.
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K15M systems, the profiles for which are shown in Figure 7.1 (B), were then examined. Two 

different benzoic acid loadings, 25% and 75%, in buffer pH 7.4 at lOOrpm were used. It can be 

seen that the release of benzoic acid from K15M matrices is faster at a 25% drug loading than at 

a 75% loading. This is unlike the situation seen for KIOOLV matrices, where the 75% loaded 

system released faster. It would be ejqjected from the findings of Ford et al. (1985c) that the rate 

of release of this poorly soluble drug from K15M matrices would decrease as the polymer 

content of the matrix increased. Velasco et al. (1999) also stated that as the polymer 

concentration increased, the diffusional pathway of the drug increased, resulting in a decrease in 

the drug release rate. Kurahashi et al. (1996) showed for HPMC of viscosity 15000cP, that the 

release rate constant of salicylic acid at constant drug content decreased with a change from 25% 

polymer loading to 75% polymer loading. The anomaly seen in this woric may be attributed to 

the greater proportion of the drug which can dissolve in the amount of medium present in the 

disc: 23% for the 25% system as against 3% for the 75% system and the increased ease of drug 

diffusion with higher swelling. The increased swelling at low drug loadings also leads to a larger 

surface area being formed. These systems appear to rely on matrix diffiision, and not erosion for 

drug release, as is shown later.
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Figure 7.1 Release of benzoic acid from KIOOLV and K15M matrices at different drug loadings 

and corresponding pure dmg and pure polymer release, in buffer pH 7.4 at lOOrpm.

A; ( - )  Benzoic acid, (X) BA:K100LV 75:25, ( • )  BA:K100LV 50:50, ( a ) BAKIOOLV 25:75,

(+  1 KIOOLV.

B: - > Benzoic acid, ( ♦ )  BA:K15M 25:75, (■ ) BA:K15M 75:25, ( .  ) K15M.

The rate and mechanism of drug release from these systems was then analysed by means of 

empirical equations. These equations were discussed in Chapter Two. The first equation used 

was the empirical equation of Korsmeyer and Peppas {1983) (Equation 2.27). The kinetic 

constant (kj) and the exponent (rij) obtained are shown in Table 7.1. The kinetic constant was
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seen in the case of the KIOOLV systems to be highest for the 75% drug loaded sj^em. In the 

K15M systems it was seen to be higher for the 25% system. The exponent (rij), which is an 

indication of the mechanism of release, increases as the drug loading increases for both 

polymers. The exponent values are above 0.475, which is the Umit for matrix d iffiisinnal release 

in a cylinder of these dimensions (Peppas and Sahlin 1989). TTiis indicates that polymer 

relaxation or erosion of the matrix system contributes to release, as discussed in Chapter Two. 

In the KIOOLV s j^ m s , this anomalous release behaviour is e jected  to be an indication of an 

erosional contribution, as these systems were seen in Chapter Six to erode faster and to show a 

lower degree of swelling as the drug loading increased. Velasco et al. (1999) also attributed 

higher exponents observed for drug release in the presence of lower loadings of HPMC to 

release by erosion. In the present work the /ip value for the 75% loaded KIOOLV system is 0.93 

(near zero-order). This expcment value is close to the value 0.95, vdiich is the limit for Case II 

transport in a cylinder of these dimensions, assuming the aspect ratio (width/thickness) of the 

disc remains constant (Peppas and Sahlin 1989). The exact mechanism of drug release 
prevailing will be discussed at a later stage.

Table 7.1 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for Benzoic 

acidiHPMC systems in buffer pH 7.4 at lOOrpm.

System kf (hr'V)(+/-s.d) (+/-s.d.) SSD MSC CD

BA:K100LV 25:75 33.5+/-0.4 0.63+/-0.02 90.6 4.31 0.98832

BA:K100LV 50:50 31.5+/-0.2 0.68+/-0.01 30.3 5.56 0.99663

BAKIOOLV 75:25 37.8+/-0.4 0.93+/-0.03 34.8 5.14 0.99516

BAK15M 25:75 30.6+/-0.3 0.55+/-0.01 47.9 5.04 0.99430

BAK15M 75:25 21.(H/-0.4 0.63+/-0.01 138.5 4.59 0.99064

The Korsmeyer and Peppas equation (Equation 2.27) was modified by Ford et al. (1991) to take 

into account the lag time before drug release that may occur in certain systems. This lag time (I) 
was attributed to the hydration of the polymer that must occur before drug release. A small lag 

time was apparent when the data was examined on a square root of time scale and therefore 

Equation 2.31 was used to examine the data. The kinetic constant values (kj^ and the exponents 

(n ij are seen from Table 7.2 to be close to those seen for the Korsmeyer and Peppas equation 

(Equation 2.27). Lag times of up to 7.2 minutes were estimated, and were seen to be longest 

where the higher molecular weight K15M was used as the polymer. Velasco et al. (1999) 

showed longer lag times where a higher prq)ortion of polymer was present, however no such 

relationship was seen here.
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Table 7.2 Parameters and estimates of fit of release data to Ford lag time equation (Equation 2.31) for 

Benzoic acid:HPMC systems in buffer pH 7.4 at lOOrpm.

System kja

(hr‘"'«)(+/-s.d.)

nia

(+/-s.d.)

/ (hrs) 

(+/-s.d.)

SSD MSG CD

BA;K100LV 25:75 33.9+/-2.0 0.62+/-0.06 0.02+/-0.08 90.6 3.63 0.97908

BA:K100LV 50:50 34.7+/-0.4 0.59+/-0.01 0.12+/-0.02 12.8 5.85 0.99769

BA:K100LV 75:25 37.2+/-2.9 0.97+/-0.09 -0.02+/-0.07 31.3 4.59 0.99275

BA:K15M 25:75 32.4+/-0.7 0.51+/-0.02 0.09+/-0.03 39.9 4.61 0.99182

BA:K15M 75:25 22.7+/-0.7 0.594-/-0.02 0.12+/-0.04 120.8 4.42 0.98949

The approach o f Peppas and Sahlin (1989), as described in Chapter Two, was used to examine 

the relative importance o f diffusion and relaxation in the release o f drugs from hydrophihc 

matrices. The first step was to determine the aspect ratio of the disc (widthAhickness). This 

value was assumed constant for the present systems, whereas actually this value may decrease 

over the duration o f  dissolution, as HPMC matrices have been noted previously to swell to a 

greater extent in the axial rather than radial direction (Colombo et al. 1990). The value o f  10 

obtained from the initial dimensions o f the discs used in the present work corresponds to a 

section on the cubic spline graph o f Peppas and Sahlin (1989) v^diere the e;q)onent shows non

monotonic changes with changing aspect ratios. From this graph it was estimated that for these 

systems the limit o f Fickian matrix diffiision would be expected to be at an exponent o f 0.475, 

and Case II transport would be defined by an exponent o f 0.95, as used above.

The release data was described by two parameters, ki, and k2s and an exponent, nip. The first 

term on the right hand side o f the Peppas and Sahlin equation (Equation 2.29) describes the 

Fickian diffusion mechanism o f drug release, whereas the second term describes release due to 

non-Fickian mechanisms. For Case II transport, the value of the exponent is always twice that 

of the exponent for diffiisional release. The exponent (m,) is fixed at 0.475. The parameters and 

estimates o f fit obtained are shown in Table 7.3.

Table 7.3 Parameters and estimates of fit of release data to Peppas and Sahlin equation (Equation 2.29) 

for Benzoic acid:HPMC systems in buffer pH 7.4 at lOOrpm.

System ki, (hr‘”i-)(+/-s.d.) *2,(hr-"'”X+/-s.d.) SSD MSG GD

BA:K100LV 25:75 22.5+/-1.8 10.8+/-1.5 94.3 4.27 0.98784

BA:K100LV 50:50 18.7+/-1.1 12.6+/-0.9 46.6 5.13 0.99482

BA:K100LV 75:25 1.1+/-1.7 37.0+/-1.7 31.5 5.24 0.99562

BA:K15M 25:75 26.1+/-1.0 4.3+/-0.7 55.8 4.89 0.99333

BA:K15M 75:25 15.8+/-0.9 5.3+/-0.5 174.7 4.35 0.98820
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Using Equation 2.30 and the kinetic constants obtained using Equation 2.29, ki, and k2s, the 

contribution o f Fickian diffusirai and non-Fickian mechanisms to drug release was simulated. 

Figure 7.2 illustrates the percent Fickian release over time for eadi of the above systems. It can 

be seen that the percent Fickian release decreases as drug loading of the matrix increases. Drug 

loading was seen in Chapter Six to affect the susc^tibility of the matrix to erosion. Systems 

containing K15M showed the greatest proportion of Fickian release. Further application of this 

equation to data in this chapter is shown in j^pendix Ten.
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Figure 7.2 Percent Fickian release of benzoic acid from KIOOLV and K15M matrices at different 

drug loadings in buffer pH 7.4 at lOOrpm. (a) BA:K15M 25:75, (b) BA:K15M 75:25, (c) 

BA;K100LV 25:73, (d) BA:K100LV 50:50, (e) BA:K100LV 75:25.

Another equation examined was that of Ford (1991b), who described release by including a lag 

time term and leaving the values of the exponent undefined (Equation 2.32). The model was 

seen to give poor results, (Table 7.4), as the standard deviations of many of the parameters are 

larger than the values achieved and so this equation was not used further.
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Table 7.4 Parameters and estimates of fit of release data to Ford equation (Equation 2.32) for Benzoic 
acid:HPMC systems in buffer pH 7.4 at lOOrpm.

System A:'(hr"/) 

(+/-s.d.)

k (hr'̂ "./) 

(+/-s.d.)

/ (hrs) 

(+/-s.d.) (+/-s.d.)

SSD MSC CD

BA:K100LV 33.9+Z-2.4 -0.3+/-2.5 -0.0+/-0.2 0.65+/- 90.3 3.55 0.97910
25:75 0.25

BA:K100LV 34.7+/^.5 0.11+/-0.54 0.13+/- 0.58+/- 12.78 5.78 0.99770
50:50 0.03 0.04

BA:K100LV -31.6+/- 57.06+/-240 -0.33+- 2.4+/- 29.6 4.54 0.99314
75:25 227.6 0.32 2.2
BA:K15M 32.4+/-0.8 -0.07+/-0.53 0.08+/- 0.52+/- 39.9 4.54 0.99183

25:75 0.06 0.07
BA:K15M 20.(H/-1.6 -0.7+/-0.3 -0.07+/-0.1 0.82+/- 93.6 4.63 0.99186

75:25 0.10

Finally the fractional drug release data was fitted to an exponential equation (Equation 2.33). 

The parameters and estimates of fit obtained are shown in Appendix Ten. For KIOOLV systems 

the rate of release, as measured by the kinetic constant, was highest at the highest drug loading. 

However the kinetic constant was higher for the 25% drug loaded system than for the 50% 

system. For K15M systems the kinetic constant was higher at the lower drug loading than the 

higher loading. The MSC values obtained using the exponential equation (Equation 2.33) were 

lower than those obtained using the Korsmeyer and Peppas equation (Equation 2.27).

7.2.1.2 Dissolution in acid pH 1.5

The release o f benzoic acid from KIOOLV and K15M matrices was then examined at different 

drug loadings in acid. The dissolution profiles are shown in Figure 7.3. It can be seen in Figure 

7.3(A), that there is a large difference between the profiles for BA.KIOOLV 25:75 and 75:25 

with the 75% drug loading values being higher, similar to the situation seen in buffer. It can be 

seen from the similarity between the benzoic acid release profiles of the pure benzoic acid discs 

and BA:K100LV 75:25 systems, that the amount of poljoner present does not appear to have a 

significant effect in controlling release of benzoic acid from this polymer. However, when the 

K15M profiles. Figure 7.3(B), are compared, very little difference between the two ratios of 

drug loading are seen. Studies of the same systems in buffer showed faster release for the 25% 

drug loaded system.
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Figure 7.3 Release of benzoic acid from KIOOLV and K15M matrices at different drug loadings,

and corresponding pure drug and pure polymer release, in acid pH 1.5 at lOOrpm.

A: ( • )  Benzoic acid, (X) BA;K100LV 75:25, ( a ) BA.K100LV 25:75, ( O ) KIOOLV.

B; ( • )  Benzoic acid, (■ ) BA:K15M 75:25, (♦ )  BA:K15M 25:75, (O) K15M.

When the Korsmeyer and Peppas equation (Equation 2.27) was used to fit the release data it can 

be seen that for KIOOLV the kinetic constant (k j  increases as the drug loading increases, 

whereas for K15M the kinetic constant decreases as the drug loading is increased. When the 

mechanism of drug release is examined by means of the exponent (rip), it can be seen that for 

both systems, the exponent increases as the drug loading increases. The values for the 

exponents are higher than those determined for corresponding systems in buffer, which indicates 

a greater proportion of release that is not due to matrix diffusion. Release from BA:KIOOLV 

75:25 matrices is near zero-order and the exponent (kp) indicates a Super Case II transport 

mechanism. The exact mechanism of release leading to the non-Fickian release, i.e. Case II 

relaxation, or erosion will be examined by mass balance studies.

Table 7.5 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for Benzoic 

acid:HPMC systems in acid pH 1.5 at lOOrpm.

System ,̂(hr"i-)(+/-s.d.) Hp (+/-s.d.) SSD MSC CD

BA:K100LV 25:75 22.5+/-0.5 0.79+/-0.02 137 3.95 0.98296

BA:K100LV 75:25 32.2+/-0.3 1.08+/-0.02 26 5.73 0.99728

BA:K15M 25:75 14.5+/-0.6 0.72+/-0.03 597 3.21 0.96258

BA:K15M 75:25 12.3+/-0.3 0.87+/-0.01 99.2 4.99 0.99369

When the data was fitted to the Ford lag time equation (Equation 2.31), the MSC values 

obtained were lower than for the Korsmeyer and Peppas equation (Equation 2.27). Lag times 

were only seen for the two 75% systems and these were very small, of the order of five minutes
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for the KIOOLV system and eight minutes for the K15M system, while the other systems 

showed negative values for the lag time. The parameters and estimates of fit obtained are 

included in Appendix Ten.

Data was then fitted to Equation 2.29 to work out the relative contributions of Fickian diffusion 

and other medianisms to release. Although the MSC values were better than for the Korsmeyer 

and Peppas equation (Equation 2.27), the value for kj, for the BA:K100LV 75:25 system was 

negative, which gives negative values for percent Fickian release. The parameters and estimates 

of fit, and the graph of percent Fickian release are shown in Appendix Ten. The graph shows 

decrease in proportion of Fickian release in the order BA:K15M 25:75, BAiKlOOLV 25:75 and 

BA:K15M 75:25.

The data was then fitted to the exponential equation (Equation 2.33) and the parameters and 

estimates o f fit shown in Appendix Ten. Release can be seen, using this equation, to be higher 

at a higher drug loading than at a lower drug loading for both polymers. The MSC values 

obtained are lower than those obtained using the Korsmeyer and Peppas equation (Equation 

2.27). Graphs obtained using the Peppas and Sahlin equation (Equation 2.29) are shown in 

Appendix Ten.

7.2.2 Comparison o f KIOOLV and KISM

It can be seen fi-om Figure 7.1 and Figure 7.3 that the more viscous polymer K15M retards the 

benzoic acid release to a greater extent than KIOOLV. This may be due to the higher release by 

erosion from the lower molecular weight polymer or, if release is predominantly by diffusion, 

due to the shortened pathlength over which the drug must diffuse when increased attrition occurs 

in the lower viscosity polymer (Vasquez et al. 1996). Kurahashi et al. (1996) showed large 

differences in release rate constant between systems containing the low viscosity HPMC 

(lOOcP) and grades higher than this, with the rate of release being lower for higher viscosity 

matrices. Katzhendler et al. (2000) found using NMR studies that the microviscosities of 

matrices containing KIOOLV, K4M and KIOOM were similar, despite differences in their 

molecular weights. However they also found that higher molecular weight matrices showed a 

higher water absorption capacity and higher swelling. Mitchell et al. (1993b) showed that the 

apparent diffusion coefficients measured for propranolol hydrochloride, which has a molecular 

weight higher than that of benzoic acid, were similar in K4M and K15M gels but decreased with 

increase in polymer loading. Therefore, decreases in drug release in higher molecular weight 

polymers may be attributed partly to the increased gel layer thickness through which the drug 

must pass.
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7.2.3 Comparison o f two Afferent dissolution media

The release of benzoic acid in phosphate buffer pH 7.4 and acid pH 1.5 from these matrices was 

examined to determine the effect o f changes in dissolution medium on drug release. Figure 7.4 

shows the release profiles of benzoic acid from KIOOLV systems in (A) buffer and (B) acid. 

Figure 7.5 shows the release profiles of benzoic acid from K15M matrices in (A) buffer and (B) 

acid. Similar drug loadings in both acid and bufibr can thus be compared. For KIOOLV systems 

the benzoic acid appears to be released &ster in buffer than acid. This difference can be shown 

to be statistically significant for both Ihe 75% and 25% drug loadings at the 95% confidence 

level. Similarity fector values o f 49 and 50 respectively were also calculated and thus, 

considering these results in conjunction, there is a trend to higher release of benzoic acid in 

buffer. Greater inhibition of pure KIOOLV erosion occurs in buffer than in acid, which gave a 

ratio o f erosion rate constants in acid to buffer of 1.6 for pure KIOOLV, as seai in Chapter Five. 

This would lead to slightly increased erosional release in acid. However the slower drug release 

in acid indicates the importance of matrix diffiisicxi as a mechanism of release from KIOOLV 

matrices. It is apparent that the predominant effect here is the effect of the pH of the acid 

medium decreasing release due to the poorer solubility of the benzoic acid in this medium. The 

solubility of benzoic acid in different dissoluticxi media was determined by Ramtoola (1988) 

and was found to be 12.09mg/ml in phosphate buffer pH 7.34 0.0067M, as compared with 

4.6mg/ml in O.IN HCl.
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Figure 7.4 Release of benzoic acid fix>m KIOOLV matrices at different drug loadings, and 

correspondiog pure drag and pure polymer release, in (A) buffer pH 7.4 and (B) acid pH 1.5.

A‘ Benzoic acid in buffer, (X) BAKIOOLV 75:25 in buffer, ■; ^ ) BAKIOOLV 25:75 in 

buffer, ( 4 ) KIOOLV in buffer.

B: ( • )  Benzoic acid in acid, ( ♦ )  BAKIOOLV 75:25 in acid, {■ ) BAKIOOLV 25:75 in acid,

; ❖ KIOOLV in acid.
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The kinetic constants obtained on fitting the release data to the Korsmeyer and Peppas equation 

(Equation 2.27) as shown in Table 7.1 and Table 7.5, showed higher values in buffer than for the 

corresponding systems in acid. The exponents (rip) indicated that for benzoic acid release in 

acid, a greater extent of ncm-Fickian release was seen than for the release from buffer. The 

parameters and estimates of fit obtained on fitting the data to the Ford lag time equation 

(Equation 2.31) the Peppas and Sahlin equation (Equation 2.29) and the exponential equation 

(Equation 2.33) are conq)ared in Appendix Ten.

Figure 7.5 shows the release of benzoic acid fî om K15M matrices at different drug loadings in 

(A) buffer pH 7.4 and (B) acid pH 1.5 at lOOrpm. K15M systems show a large difference in 

release profiles in buffer and in acid at low drug loading, where again the release of benzoic acid 

is fester in buffer than in acid medium, despite the ratio of erosion rate constants of the pure 

polymer in acid to buffer being 3.0. A large difference in release is seen at high and low drug 

loadings in buffer. There is very little difference in the rate of benzoic acid release at high and 

low loadings in acid. This may be due to the release of drug being from a saturated solution and 

a possible limit to the effect of increasing concentration of polymer at a certain viscosity. The 

lower solubility of benzoic acid in acid leads to smaller differences in drug proportions in 

solution bd;ween the two systems. Studies by Kurahashi et al. (1996) showed very small 

decreases in the release rate of poorly soluble drugs with increased polymer loading.
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Figure 7.5 Release of benzoic acid from K15M matrices at different drug loadings, and 

corresponding pure drug and pure polymer release, in (A) buffer pH 7.4 and (B) acid pH 1.5 at 

lOOrpm.

A: ( - ) Benzoic acid in buffer, ( ♦ )  BA:K15M 25:75 in buffer, (■ )  BA:K15M 75:25 in buffer, 

( * ) K1 5 M buffer.

B: ( • )  Benzoic acid in acid, (X) BA:K15M 25:75 in acid ( A.) BA:K15M 75:25 in acid, ( o  ) 

K15M acid.
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The kinetic constants and estimates of fit obtained on fitting the data fi'om K15M matrices to the 

Korsmeyer and Peppas equation (Equation 2.27) were shown in Table 7.1 and Table 7.5. The 

kinetic constant (k^ shows higher values in buffer than in acid at both loadings and shows 

higjier values at the lower drug loading than the higher one, unlike the situation seen for 

KIOOLV. The ejqjonent (rip) shows higher values in acid than buffer. The e>q)onent values also 

show that at higher drug loadings release is more non-Fickian. This trend is seen for both 

media. Therefore release is mainly by diffiision for BA;K15M 25:75 in buffer, whereas in acid 

and at higher drug loadings, a seccmd mechanism is occurring, contributing to produce a more 

linear release profile. The parameters and estimates of fit obtained on fitting the data to the 

Ford lag time equation (Equation 2.31) the Peppas and Sahlin equation (Equation 2.29) and the 

exponential equation (Equation 2.33) are compared in Appendix Ten.

7.2.4 Agitation rate

The effect of increasing the agitation rate on the release of benzoic acid from KIOOLV and 

K15M matrices in buffer pH 7.4 was examined. Increasing the agitation rate was shovra in 

Chapter Five to increase the rate of erosion of the pure polymer and thus it would be expected to 

increase the release of drugs from these matrices where release occurs through an erosion 

mechanism. The systems at a 25% drug loading were studied as these systems would be 

ejq>ected to be the least prone to erosion and so it would be expected that any differences due to 

agitation rate seen would be more pronounced at higher drug loadings.

The first systems examined were those composed of benzoic acid and KIOOLV. The release 

profiles for these systems are shown in Figure 7.6. It can be seen that for KIOOLV there is a 

slight increase in the rate of release as the agitation is increased from lOOrpm to 200rpm as 

KIOOLV matrices are prone to erosion. A student t-test at the 95% confidence level shows that 

there is a significant difference in release between 50rpm and 200rpm with release being higher 
at 200rpm. The similarity factor was calculated to be 52. Thus there appears to be a trend to 

faster release at higher agitation rates, although this is not confirmed by the similarity fector 
calculation.

Reynolds et a l (1998) studied the release of theophylline and propranolol from Methocel 

KIOOLV and K4M matrices at 50rpm and lOOrpm using a modified paddle method. On 

separating the diffusional and erosional ccmtributions to release, they concluded that dififusional 

drug release rates from these matrices were independent of agitation rate and polymer molecular 

weight. Erosional drug release rates were seen to increase with increase in stirring rate for 

KIOOLV, whereas for K4M the rate of erosional drug release was independent of stirring
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conditions, suggesting the occurrence of a different rate limiting s t^  such as polymer chain 

disentanglement or polymer hydration.
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Figure 7.6 Release of benzoic acid at a 25% dmg loading from KIOOLV matrices in buffer pH 

7.4 at diEFerent agitation rates. (♦ )  SOrjMn, (■ ) lOOrpm, ( A) 200rpm.

Table 7.6 shows the kinetic constants and exponents obtained on fitting the release data for 

BAiKlOOLV 25:75 systems at diflFerent agitation rates to the Korsmeyer and Peppas equation 

(Equation 2.27). The kinetic constant (kj) is highest at the highest agitation rate of 200rpm. The 

values obtained for the ejq)onent (rip) at different stirring speeds appear to be similar.

Table 7.6 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for Benzoic 
acid:K100LV 25:75 matrices in buffer pH 7.4 at different agitation rates.

Agitation rate (rpm) A:,(hr'V)(+/-s.d.) np (+/-s.d.) SSD MSC CD

50 34.8+/-0.7 0.69+/-0.03 210.4 3.61 0.99767
100 33.5+/-0.4 0.63+/-0.02 90.6 4.31 0.98832
200 38.SM-/-0.5 0.64+/-0.03 109.3 4.15 0.98654

The Ford lag time equation (Equation 2.31) shows that the exponent (riiq) increases with 

increased agitation rate and the lag time decreases giving negative values for lag time at 200rpm. 

The parameters and estimates of fit obtained are shown in Appendix Ten.

When the percent Fickian release was examined by means of the method of Peppas and Sahlin, 

release appeared to have a greater Fickian component at higher agitation rates which is unusual 

as it would be expected that erosion would increase as the agitation rate increases. This may be 

an effect of increased polymer hydration at lower agitation rates. The parameters and estimates 

of fit and the graphs of percent Fickian release against time are shown in Appendix Ten.
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The data was then fitted to the exponential equation (Equation 2.33). The rate of release is 

higher at 200rpm than at 50rpm. However there is no difference between the rates at 50ipm and 

lOOrpm. The MSC values obtained are lower than for the Korsmeyer and Peppas equation 

(Equation 2.27) and the parameters and estimates of fit obtained are shown in .Appendix Ten.

Figure 7.7 shows the release of benzoic acid at a 25% drug loading from K15M matrices in 

buffer pH 7.4 at different agitation rates. The K15M matrices do not seem to be prone to 

erosion as a statistical study using a student t-test at the 95% confidence level, and a similarity 

factor calculation show no difference between the release of baizoic acid at 50rpm and 200ipm.
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Figure 7.7 Release of benzoic acid at a 25% drug loading from K15M matrices in buffer pH 7.4 

at different agitation rates. (♦ )  SOrpm, (■ ) lOOrpm, ( A) 200rpm.

On fitting the data to the Korsmeyer and Peppas equation (Equation 2.27) it can be seen that the 

kinetic constant (kp) is similar for all three agitation rates. The exponent (rij) however, decreases 

as the agitation rate increases, showing release to be due more to matrix difEusion. This is 

unusual, as it would be expected that the increase in agitation would increase the rate of erosion 

of the matrix and thus contribute to a higher exponent value. However the release profiles seen 

at different agitation rates were not significantly different from each other. This may be an 

effect of the increased hydration of the matrix at lower agitation rates, which was seen in 

Chapter Five for K15M.

Table 7.7 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for Benzoic 

acid:K15M 25:75 matrices in buffer pH 7.4 at different agitation rates.

Agitation rate (rpm) kp (hr'!p)(+/-s.d.) rip (+/-s.d.) SSD MSC CD

50 31.3+/-1.0 0.6^/-0.05 4.4 1.15 0.94446

100 30.6+/-0.3 0.55+/-0.01 47.9 5.04 0.99430

200 33.0+/-0.5 0.47+/-0.02 133.4 3.89 0.98190
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When the data was fitted using the Ford lag time equation (Equation 2.31) similar changes in 

e:q)onents and kinetic constants with increase in agitation rate were seen as for the Korsmeyer 

and Peppas equation (Equation 2.27). TTie lag times appeared to decrease as the agitation rate 

increased, from approximately eight minutes at 50ipm to five minutes and at lOOrpm and 

200rpm. The MSC values were poorer than those obtained using the Korsmeyer and Peppas 

equation and the parameters and estimates of fit are shown in ^pendix  Ten.

When the data was studied as prq)osed hy Peppas and Sahlin (1989) it was seen that the percent 

Fickian release decreased as the agitation rate decreased. The MSC values (Appendix Ten) are 

poorer than those obtained using the Korsmeyer and Peppas equation (Equation 2.27).

The release data for BA:K15M matrices at different agitation rates was then fitted to the 

exponential equation (Equation 2.33) up to either 60% release or 100% release. The exponential 

data appears to show the highest rate of release at 50rpm. TTie MSC values obtained are, with 

the exception of the 50rpm system, lower than those obtained for the Korsmeyer and Peppas 

equation (Equation 2.27). Parameters and estimates of fit are shown in Appendix Ten.

7.3 SODIUM BENZOATE

The release of the more soluble sak of benzoic acid, sodium benzoate, was then examined. This 

sah was found to have a solubility of 405mg/ml in phosphate buffer pH 7.4. Similarly to 

benzoic acid, the effect of changing the drug loading, the polymer molecular weight and the 

agitation rate on the rate and extent of drug release was examined.

7.3.1 Drug loading

In Figure 7.8 the effect of three different drug loadings on the rate and extart of sodium 

benzoate release from KIOOLV matrices is shown. The drug loadings examined were 25%, 50% 

and 75%. The dissolution mediimi used was phosphate buffer pH 7.4. The release profiles are 

shown up to three hours as 100% drug release had occurred by this time. It can be seen that for 

the soluble sodium benzoate, the rate of release is higher at higher drug loadings, which can be 

attributed to the greater proportion of drug in solution at higher drug loadings.
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Figure 7.8 Release of sodium benzoate from KIOOLV discs at three drug loadings, and 

corresponding jwre drug and pure polymer jM̂ ofiles, in buffer pH 7.4 at lOOrfan. ( • )  Sodium 

benzoate, (A ) NaBiKlOOLV 75:25, (■ )  NaB;K100LV 50:50, ( ♦ )  NaB:K100LV 25:75, ( + ) 

KIOOLV.

The data was then fitted to the same equations as for benzoic acid, hisufficient data points were 

available for sodium benzoate at a 75% drug loading in the region up to 60% release as this drug 

was released rapidly. Therefore this system is not included in any fitting. It can be seen from 

fitting the data to the Korsmeyer and Peppas equation (Equation 2.27) that the kinetic constant 

is higher at higher drug loadings. The release exponent (n,) appears to decrease with increase in 

drug loading. The low values of the release exponent are indicative of matrix difJusional release 

as they are close to the lower limit for a cylinder of 0.475. The exponent values are lower than 

the values seen for benzoic acid release from KIOOLV at the same drug loading and under the 

same conditions.

Table 7.8 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for Sodium 

benzoate:K100LV systems at different dmg loadings in buffer pH 7.4 at lOOrpm.

System kp (hr ”p)(+/-s.d.) Hp (+/-s.d.) SSD MSC CD

NaB:K100LV 25:75 11.1+l-ZA 0.53+/-0.05 19.2 4.89 0.99516

NaB:K100LV 50:50 79.0+/-3.2 0.41+/-0.03 6.06 5.96 0.99854

Similar values are seen on fitting to the Ford lag time equation (Equation 2.31), however 

insufficient data points were available for estimation of the standard deviations associated with 

the constants. No lag time was apparent for these systems imlike the corresponding benzoic acid 

systems, which showed lag times in the order of seven minutes for the 50% system. The 

parameters and estimates obtained are shown in Appendix Ten.
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When the data was examined by the method of Peppas and Sahlin (1989), it can be seen that the 

25% drug loading is predominantly Fickian at approximately 80%. However the 50% drug 

loading gives a negative value for Hie parameters and estimates of fit and the graph of 
percent Fickian release against time are shown in Appoidix Ten.

When the data was fitted to the exponential equation (Equation 2.33), the release can be seen to 

be faster with increased drug loading. TTie MSC values were poorer than those obtained using 
the Korsmeyer and Peppas equation (Equation 2.27) (.(^pendix Ten).

7.3.2 Effect o f polymer molecular weight and agitation

The release of sodium benzoate at a 25% drug loading with either KIOOLV or K15M was 

examined to determine the effect of poljmer molecular weight on the release of soluble drugs 

fi-om these matrices. The dissolution profiles obtained are shown in Figure 7.9. TTie dissolution 

medium used was phosphate buffer pH 7.4. These systems were studied at lOOrpm and 200rpm. 
The profiles are shown to three hours, as at this point 100% of the sodium benzoate had been 
released.
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Figure 7.9 Release of sodiimi benzoate at a 25% drug loading from KIOOLV and K15M matrices 

in bufifer pH 7.4 at different agitation rates. (X) NaB;K100LV 25:75 200rpm, (■ ) NaBiKlOOLV 

25:75 lOOrpm, ( A ) NaB:K15M 25:75 200rpm, (♦ )  NaB:K15M 25:75 lOOrpm.

On comparing the effect of polymer molecular weight, a student t-test showed significant 

differences at each time point between 45 minutes and 2 hours at lOOrpm, with the KIOOLV 
system having a higher release rate than the K15M system. However the similarity factor value 

was 60. On examining the release of sodium benzoate at a 25% drug loading from KIOOLV and 

K15M matrices in buffer at 200rpm the t4est did not show a trend to significant differences and 
the similarity factor was 71. This is unlike the situation seen for benzoic acid release from
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KIOOLV and K15M matrices at a 25% drug loading, where the benzoic acid was released fastest 

from the KIOOLV matrix and statistically significant differences were seen using t-^ests. A 

similarity factor of 48 was calculated. A trraid was seen by Ford et al. (1985a), in that freely 

soluble promethazine hydrochloride was released faster from KIOOLV than K15M in a USP I 

apparatus at lOOrpm in distilled water. Peppas and Korsmeyer (1987) suggested that when the 

matrix is sufficiently hydrophilic, the increase in drug mobility would be so great that the 

swollen layer offers little resistance to drug transport and the rate of release is controlled by the 

rate of water penetration. The dissolution medium uptake rate constant from Sodium 

benzoateiHPMC 50:50 systems in acid was seen in Chapter Six to be higher for KIOOLV 

matrices than K15M matrices. Doelker (1987) suggested that the macro-viscosity of the gel does 

not affect solute diffusion, which depended on the micro-viscosity of the continuous phase 

which was shown by Katzhendler et al. (2000) to be similar for KIOOLV, K4M and KIOOM.

When the effect of agitation rate was ccmsidered, it was seen from Figure 7.9 that the release of 

sodium benzoate from KIOOLV and K15M systems is similar at lOOrpm and 200rpm. When the 

data was examined by means of a student t-test, no significant difference was seen for the 

release data for KIOOLV matrices at lOOrpm or 200rpm and a similarity factor of 87 was 

obtained. No difference was observed either between K15M at lOOrpm or 200rpm by means of a 

t-test or from the similarity factor of 71. This indicates a predominantly difTlisional mechanism 

of release.

The Korsmeyer and Peppas equation (Equation 2.27), results for which are shown in Table 7.9, 

shows higher kinetic constants for KIOOLV matrices than for K15M matrices. There is also a 

trend to the kinetic constant being higher at higher agitation rates. The exponent for the K15M 

systems is very close to a purely diffiisional mechanism of release, whereas the KIOOLV system 

at high agitation rates shows an anomalous pattem of release. This is unlike the situation seen 

for benzoic acid release at a 25% drug loading from KIOOLV, matrices where an anomalous 

value was obtained for the exponent.

Table 7.9 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for Sodium 

benzoate:Polymer systems at a 25% drag loading in buffer pH 7.4 at different agitation rates and using 
different molecular weight polymers.

System kf, (hr"/-X+Z-s.d.) (+7-s.d.) SSD MSC CD

NaB:K100LV 25:75 200rpm 81.2+/-5.1 0.62+7-0.07 36.4 4.34 0,99161

NaB:K100LV 25:75 100r{xn 72.2+7-3.4 0.53+7-0.05 19.2 4.89 0.99516

NaB:K15M 25:75 200rpm 71.3+7-3.5 0.51+7-0.07 88.1 3.80 0.98498
NaB:KI5M 25:75 lOOnmi 64.9+7-3.7 0.51+7-0.07 122.4 3.32 0.97493
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The values obtained for the kinetic constant and ejqjonent, when fitted to the Ford lag time 

equation (Equation 2.31), were similar to those obtained on fitting the Korsmeyer and Peppas 

equation (Equation 2.27)(Appendix Ten). A lag time of 14 minutes according to the model was 

seen for the NaB:K15M 25:75 system at 200rpm in buffer, which is questionable, whereas the 

other systems showed no lag times. This is unlike the situation seen for the benzoic acid 

matrices with KIOOLV and K15M, where lag times in the order of five minutes were seen for 

the K15M system.

When the data was fitted using the Peppas and Sahlin equation and the percent Fickian release 

calculated, release of sodium benzoate from K15M matrices was Fickian at lOOrpm and 200ipm. 

Release from KIOOLV matrices shows a greater proportion of non-Fickian release with this 

proportion being higher at 200rpm than at lOOrpm. Parameters and estimates of fit, and the 

graph of percent Fickian release against time are shown in Appendix Ten.

When the release data is fitted using the exponential equation (Equation 2.33) the rate of release 

appears higher at 200rpm than at lOOrpm and release also appears higher from KIOOLV 

matrices than K15M matrices. However these differences are not statistically significantly 

different as can be seen in .^pendix Ten. The MSC values are poorer than for the Korsmeyer 

and Peppas equation (Equation 2.27), with the exception of the NaB;K15M 25:75 system fitted 

to 100%.

7.4 CONCLUSIONS FOR DRUG RELEASE STUDIES

For sodium benzoate and benzoic acid combined with KIOOLV, the rate of release increases as 

the drug loading increases. Tlie exponents for sodium benzoate release indicate that drug release 

is predominantly by matrix diffusion whereas benzoic acid release appears to be anomalous, or 

near zero-order at high drug loadings, due possibly to erosion.

The higher molecular weight polymer K15M retards the release of benzoic acid to a greater 

extent than that seen with KIOOLV. However for sodium benzoate the differences are not 

statistically significant and so it appears that polymer molecular weight has no effect on release 

for sodium benzoate due to the high solubility of the drug.

Benzoic acid was released at a much slower rate than sodium benzoate in the systems studied 

due to its lower solubility. All the sodium benzoate was released in three hours in buffer 

showing the limitations of these polymers in retarding the release of very soluble drugs.
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For KIOOLV, the benzoic acid release rate increased with increased drug loading, whereas the 

c^posite trend was seen for K15M in buffer. This was an effect o f increased erosion at high drug 

levels for KIOOLV versus decreased proportion of drug in solution at high drug levels for 

K15M.

The release of benzoic acid was strraigly affected by the medium used, which is to be expected 

as benzoic acid has a pK, of 4.03 (Ramtoola 1988) and so would be less soluble in acidic media. 

Despite previous findings (Chapter Five) that the rate of erosion of pure polymer was lower in 

buffer than in acid, the increased solubility of benzoic acid in buffer causes the drug to be 

released faster than in acid.

Increasing the agitation rate of the paddle in the system from 50rpm to lOOrpm causes the rate of 

release of the poorly soluble benzoic acid to be increased for KIOOLV matrices, but has no 

effect in the case o f K15M matrices. This is attributed to the increase in erosion o f the KIOOLV 

matrix as the agitaticm rate increases, as described previously in Chapter Six. hicreasing the 

agitation rate from lOOrpm to 200rpm does not have an effect on the release of the more soluble 

sodium benzoate, which appears to be released purely by matrix dif^sion.

The Korsmeyer and Peppas equation was used as it gave high MSC values. The Ford equation 

with a lag time gave good MSC values, however several negative lag times were seen. The 

Ford equation with the lag time and an undefined exponent was not good as the standard 

deviation of the constants in many cases was seen to be larger than that of the constant. The 

method of Peppas and Sahlin gave an indication of the importance of Fickian release relative to 

a second mechanism. However, this method gave several negative kinetic constants and in some 

cases gave values for percent Fickian release that were greater than 100%. The exponential 

equation (Equation 2.33) gave poorer MSC values than the Korsmeyer and Peppas equation 

(Equation 2.27).

7.5 MASS BALANCE GRAPHS FOR DRUG/POLYMER MATRICES

In this section, the loss in weight of the polymer component of the combined drug/polymer 

matrices of Chapter Six was determined, as detailed in Chapter Four. This was to establish 

whether the loss in weight seen for drug/polymer combinations in the previous swelling and 

erosion studies was a true erosion of the polymer or due to the loss in weight caused by the 

dissolution and subsequent diffusion out of the matrix of the drug component. It also helped 

establish whether the non-Fickian drug release, which was seen previously on fitting drug
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release data to the Korsmeyer and Peppas eqiiation (Equation 2.27), was due to an erosional or a 

relaxation medianism. All these sjrstems were studied at an agitation rate of lOOrpm.

7.5.1 Benzoic acid

7.5.1.1 Benzoic acid:KlOOLV 25:75 in buffer pH 7.4

The first system examined was Benzoic acid:K100LV 25:75 in buffer pH 7.4 at lOOrpm. When 

the weight loss profiles of the individual components in the matrix were factored out the 

following graph, as shown in Figure 7.10, was obtained. It can be seen that erosion of the 

polymer occurs in this case as the weight loss profile of the KIOOLV polymer decreases over the 

course of the experiment.
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Figure 7,10 Dry weight remaining of polymer, dmg and polymer/drug combination for Benzoic 

acid'.KlOOLV 25:75 in buffer pH 7.4 at lOOrpm, showing lines of best fit to cube root equation 

(Equation 2.14). ( ♦ )  BA:K100LV 25:75 matrix, ( A )  KIOOLV component, (■ )  Benzoic acid 

component.

The data was then converted to percent remaining, and such graphs are used in subsequent 

sections. It can be seen fi"om Figure 7.11 that the benzoic acid is released at a fester rate than the 
polymer. However, some erosion of the polymer occurs which may be contributing to the 

anomalous pattern of drug release which was seen earlier for this system, giving an exponent 

value of 0.63+/-0.02 when fitted to the Korsmeyer and Peppas equation (Equation 2.27).
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Figure 7.11 Percent remaining of polymer and drug for Benzoic acidiKlOOLV 25:75 in buffer 
pH 7.4 at lOOipm, compared to pure drug or polymer discs showing lines of best fit to cube root 

equation (Equation 2.14). ( • )  Pure KIOOLV discs, ( A) KIOOLV component, (■ ) Benzoic acid 

component, (♦ )  Pure Benzoic acid discs.

Table 7.10 shows the erosion rate constants and estimates of fit to the cube root equation 

(Equation 2.14) of the percent remaining data.

Table 7.10 Erosion rate constants and estimates of fit for percent remaining values for pure polymer and 

drug discs, and polymer and drug components of BA:K100LV 25:75 matrices in buffer pH 7.4 at lOOipm

System Erosion rate constant A? 
(Tahara) (hr ')(xlO^)(+/-s.d.)

SSD MSC CD

BA:K100LV 25:75 4.9+/-0.1 450.8 4.39 0.98834
Pure KIOOLV disc 3.4+/-0.1 598.7 3.97 0.98216

KIOOLV component 4.1+/-0.2 250.6 3.74 0.98026
BA component 9,9+/-0.7 206.7 3.54 0.97736

Pure BA disc 35.1+/-0.5 41.9 5.93 0.99767

When the percent released of drug and polymer was calculated and fitted to the Korsmeyer and 

Peppas equation (Equation 2.27), the parameters and estimates of fit as shown in Table 7.11 

were obtained. It can be seen that although the polymer component would be expected to be 

released entirely by erosion and show a linear (zero-order release) this is not reflected in the 

exponent value.
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Table 7.11 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.21) for percent 

released values for pure polymer and drug discs and polymer and drug components of BA:K100LV 25:75 

in buffer pH 7.4.

System kp (hr'V)(+/-s.d.) rip (+/-s.d.) SSD MSC CD

Pure KIOOLV disc 10.9+/-0.5 0.78+/-0.03 60.7 4.56 0.99118

KIOOLV component 15.5+/-1.2 0.66+/-0.05 31.2 4.02 0.98907

BA component 33.5+/-0.4 0.63+/-0.02 90.6 4.31 0.98832

Pure BA disc 78.3+/-5.0 0.83+/-0.07 22.7 4.42 0.99232

7.5.1.2 Benzoic acidiKlOOLV 50:50 in buffer pH 7.4

Benzoic acid at a 50% drug loading with KIOOLV in bufiFer pH 7.4 at lOOrpm was then 

examined. Figure 7.12 shows that the drug is released at a slightly fester rate than the polymer, 

which shows that some erosion of the system is contributing to drug release. This confirms that 

the anomalous drug release demonstrated earlier by the value o f 0.68+/-0.01 for the exponent 

(rij) is due, in part, to erosion of the matrix.
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Figure 7.12 Percent remaining of polymer and drug for Benzoic acid:K100LV 50:50 in buffer 

pH 7.4 at lOOrpm, compared to piffe drug and polymer matrices, showing lines of best fit to cube 

root equation (Equation 2.14). ( • )  Pure KIOOLV discs, ( ^ ) KIOOLV component, (■ ) Benzoic 

acid component, ( ♦ )  Pure Benzoic acid discs.

Table 7.12 shows the erosion rate constants and estimates of fit to the cube root equation 

(Equation 2.14) of the percent remaining data.
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Table 7.12 Erosion rate constants and estimates of fit to cube root equation (Equation 2.14) for percent 

remaining values for pure polymer and drug discs and polymer and drug components of BA:K100LV 

50:50 matrices in buffer pH 7.4 at lOOrpm

System Erosion rate constant k2 

Crahara)QKt\x\&){+l-sA)

SSD MSC CD

BA:K100LV 50:50 8.0+/-0.2 357.8 4.50 0.98970

Pure KIOOLV disc 3.4+/-0.1 598.7 3.97 0.98216

KIOOLV component 6.6+/-0.4 201.8 3.80 0.98213

BA component 9.8+/-0.5 88,1 4,42 0 99066

Pure BA disc 35.1+/-0.5 41.9 5.93 0.99767

When the exponents for percent released, as determined using the Korsmeyer and Peppas 

equation (Equation 2.27), are examined it can be seen that the polymer component and the pure 

poljroer both follow similar release kinetics. The presence o f the polymer has decreased the 

release kinetics of benzoic acid from near zero-order closer to a diffiisional pattern of release.

Table 7.13 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for percent 

released values for pure polymer and drag discs and polymer and dmg components of BA.KIOOLV 50:50 

in buffer pH 7.4.

System kp (hr'"i-)(+/-s.d.) rip (+/-s.d.) SSD MSC CD

Pure KIOOLV disc 10.9+/-0.5 0.78+/-0.03 60.7 4.56 0.99118

KIOOLV component 18.5+/-0.9 0.77+/-0.04 9.87 4.58 0.99471

BA component 31.5+/-0.2 0.68+/-0.01 30.3 5.56 0.99663

Pure BA disc 78.3+/-5.0 0.83+/-0.07 22.7 4.42 0.99232

7.5.1.3 Benzoic acidrKlOOLV 75:25 in buffer pH 7.4

The benzoic acid system at a 75% drug loading with KIOOLV in buffer pH 7.4 at lOOrpm was 

then examined. Figure 7.13 shows that the drug and poljmier are released at very similar rates. 

Therefore it is e5q)ected that erosion is the predominant mechanism of release of benzoic acid 

from this system. This is confirmed by the exponent, which was calculated to be 0.93+/-0.03.
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Figure 7.13 Percent remaining of polymer and drug for Benzoic acidiKlOOLV 75:25 in buffer 

pH 7.4 at lOOrpm, compared to pure drug and polymer matrices, showing lines of best fit to cube 

root equation (Equation 2.14). ( • )  Pure KIOOLV discs, (■) Benzoic acid component, (A ) 

KIOOLV component, (♦ )  Pure Benzoic acid discs.

Table 7.14 shows the erosion rate constants and estimates of fit to the cube root equation 

(Equation 2.14) of the percent remaining data.

Table 7.14 Erosion rate constants and estimates of fit for percent remaining values for pure polymer and 

drug discs and polymer and drug components of BAiKlOOLV 75:25 matrices in buffer pH 7.4 at lOOrpm.

System Erosion rate constant fej
(Tahara)(ya^){x\0^){+l-sA)

SSD MSC CD

BA:K100LV 75:25 15.4+/-0.3 101.0 5.21 0.99511

Pure KIOOLV disc 3.4+/-0.1 598.7 3.97 0.98216
KIOOLV component 17.5+/-1.5 175.2 3.62 0.97984
BA component 15.2+/-0.7 50.7 5.04 0.99512

Pure BA disc 35.1+/-0.5 41.9 5.93 0.99767

For BA:K100LV 75:25 systems, release of the drug component is near zero-order similar to that 

of the pure benzoic acid discs. The exponent of the polymer component is lower than that of the 

pure polymer and does not appear to show zero-order kinetics.
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Table 7.15 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for percent 

released values for pure polymer and drug discs and polymer and drug components of BAiKlOOLV 75:25 
in buffer pH 7.4.

System kf (hr'V)(+/-s.d.) Wj, (+/-s.d.) SSD MSC CD

Pure KIOOLV disc 10.9+/-0.5 0.78+7^.03 60.7 4.56 0.99118

KIOOLV component 48.7+Z-2.6 0.69+/-0.10 14.03 3.49 0.98875

BA component 37.8+/-0.4 0.93+/-0.03 34.8 5.14 0.99516

Pure BA disc 78.3+/-5.0 0.83+/-0.07 22.7 4.42 0.99232

7.5.1.4 Benzoic acidrKlOOLV 25:75 in acid medium pH 1.5

Figure 7.14 shows the mass balance graph for Benzoic acid'.KlOOLV 25:75 in acid pH 1.5 at 

lOOrpm. The polymer is released at a slower rate than that of the benzoic acid, indicating that 

matrix diffusion is a mechanism of release from this system. However, it is ejqjected from the 

release of polymer that erosion contributes to the release of this drug. This can be substantiated 

by the anomalous drug release kinetics seen for this system earlier, resulting in an ejq>onent of 

0.79+/-0.03.
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Figure 7.14 Percent remaining of polymer and drug for Benzoic acid:K100LV 25:75 in acid pH 

1,5 at lOOrpm, compared to pure drug and polymer matrices showing lines of best fit to cube root 

equation (Equation 2.14). ( • )  Pure KIOOLV discs, ( A ) KIOOLV component, (■ ) Benzoic acid 

component, (♦ )  Pure Benzoic acid discs.

Table 7.16 shows the erosion rate constants and estimates of fit to the cube root equation 

(Equation 2.14) of the percent remaining data.
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Table 7.16 Erosion rate constants and estimates of fit for percent remaining values for pure polymer and 

drug discs and polymer and drug components of BAiKlOOLV 25:75 matrices in acid pH 1.5 at lOOrpm

System Erosion rate constant 

(Ta/»araXhr')(xlO^)(+/-s.d.)

SSD MSC CD

BA:K100LV 25:75 6.5+/-0.1 213.4 5.08 0.99423

Pure KIOOLV disc 5.2+/-0.1 333.2 4.54 0.99007

KIOOLV component 5.9+l^2 111.9 4.54 0.99130

BA component 8.68+/-0.4 104.7 4.33 0.98970

Pure BA disc 15.6+/-0.5 321.2 4.42 0.98907

The e;q)onents for the polymer component of BA:K100LV 25:75 systems is shovra in Table 

7.17 and can be seen to be lower than that of the pure polymer.

Table 7.17 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for percent 

released values, for pure polymer and drug discs and polymer and drug components of BA;K100LV 25:75 

in acid pH 1.5.

System kp (hr "j-X+Z-s.d.) np (+/-s.d.) SSD MSC CD

Pure KIOOLV disc 14.4+/-0.7 0.85+/-0.03 83.8 4.42 0.99009

KIOOLV component 18.3+/-0.7 0.72+/-0.03 6.4 4.89 0.99613

BA component 22.5+/-0.5 0.79+/-0.02 137 3.95 0.98296

Pure BA disc 36.9+/-0.4 0.77+/-0.01 6.4 5.50 0.99708

7.5.1.5 Benzoic acid:K100LV 75:25 in acid medium pH 1.5

The mass balance graph for benzoic acid at a 75% drug loading with KIOOLV in acid pH 1.5 at 

lOOrpm is shown in Figure 7.15. It can be seen from the overlap that the drug and polymer are 

released at a very similar rate and so erosion would be ejq>ected to be the main mechanism of 

release from this system. This would be expected as a high level of benzoic acid is present 

which does not dissolve readily in the acidic medium. This is confirmed in that the exponent for 

drug release from this system is 1.08+/-0.02.

187



Chapter 7 -  Release o f  drugs from HPMC matrices

120

100

c 80
c
I  60

■4^e
o
£ 20

0 1 2 3 4 5
Time (hrs)

Figure 7.15 Percent remaining of polymer and drug for Benzoic acid;K100LV 75:25 in acid pH 

1.5 at lOOrpm, compared to pure drug and polymer matrices, showing lines of best fit to cube 

root equation (Equation 2.14). ( • )  Pure KIOOLV discs, ( a ) KIOOLV component, (■ )  Benzoic 

acid component, ( ♦ )  Pure Benzoic acid discs.

Table 7.18 shows the erosion rate constants and estimates of fit to the cube root equation 

(Equation 2.14) of the percent remaining data.

Table 7.18 Erosion rate constants and estimates of fit for percent remaining values for pure polymer and 

drug discs and polymer and drug components of BA:K100LV 75:25 matrices in acid pH 1.5 at lOOrpm.

System Erosion rate constant k:

(Tahara)

(hr')(xlO^)(+/-s.d.)

SSD MSC CD

BA:K100LV 75:25 13.3+/-0.5 371.5 4.30 0.98763

Pure KIOOLV disc 5.2+/-0.1 333.2 4.54 0.99007

KIOOLV component 11.9+/-2.5 982.2 L43 0.82798

BA component 13.4+/-0.6 64.3 4.78 0.99370

Pure BA disc 15.6+/-0.5 321.2 4.42 0.98907

The parameters and estimates of fit of percent released to the Korsmeyer and Peppas equation 

(Equation 2.27) are shown in Table 7.19. It can be seen that the fit of the K15M component is 

poor.
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Table 7.19 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for percent 

released values for pure polymer and drug discs and polymer and drug components of BA;K100LV 75:25 

acid

System /fc,(hr-"^)(+/-s.d.) np (+/-s.d.) SSD MSC CD

Pure KIOOLV disc 14.4+/-0.7 0.85+/-0.03 83.8 4.42 0.99009
KIOOLV component 312+/-2.3 0.2(H/-G.10 57.3 1.88 0.93130
BA component 32.2+/-0.3 1.08+/-0.02 26.7 5.73 0.99728

l^ire BA disc 36.^/-0.4 0.77+/-0.01 6.4 5.50 0.99708

7.S.1.6 Effect of drug loading on erosion of KIOOLV component

Figure 7.16 shows the change in erosion rate constants obtained using the cube root equation 

(Equation 2.14) of the polymer corrqjonent of Benzoic acid;K100LV systems, with increase in 

drug loading, for systems in both buffer pH 7.4 and acid pH 1.5.
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Figure 7.16 Erosion rate constants of polymer component versus drug loading for 

BA;K100LV systems showing lines of best fit to Equation 7.1. (♦ ) BA.K100LV acid, ( ■) 

BA;K100LV buffer.

The relationship between the erosion rate constants of the polymers component of BA.KIOOLV 

matrices in either acid or buffer with increase in drug loading can be described by an 
exponential equation (Equation 7.1) Parameters and estimates of best fit to Equation 7.1, 

holding the erosion rate of pure polymer (i.e. 0% drug loading) constant, were obtained for both 

media. These are shown in Table 7.20.

* 2 /» ~

Equation 7.1

Where:
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k2p = Erosion rate constant o f polymer con^)onent 

k2 ° p= Erosion rate constant o f pure polymer 

kj = kinetic constant 

d\= drug loading in percent (%)

Table 7.20 Parameters and estimates of fit of erosion rate constant of polymer component versus drug 

loading to exponential equation (Equation 7.1) for BA:K100LV systems in buffer and acid,

System k, (xl0V/-s.d.) SSD (xlOO MSC CD

BA:K100LV in buffer pH 7.4 2.1+/-0.2 1.4 1.76 0.89516
BA;K100LVinacidpH 1.5 1.1+/-0.1 6.6 2.77 0.96775

Thus it can be seen that if  the erosion rate of the pure polymer is known, the erosion rate of the 

polymer component at any drug loading up to 75% can be estimated for Benzoic acid:K100LV 

systems in either acid or buffer.

7.5.1.7 Benzoic acid:K15M 25:75 in buffer pH 7.4

Figure 7.17 shows the mass balance graph for benzoic acid at a 25% drug loading with K15M in 

buffer pH 7.4 at lOOrpm. It can be deduced that the main mechanism of benzoic acid release 

from these K15M matrices is by matrix diffusion, since the polymer itself does not appear to be 

susceptible to erosion. The exponent of 0.55 +/-0.01 for drug release seen using the Korsmeyer 

and Peppas equation (Equation 2.27) also substantiates this. This exponent is slightly higher 

than 0.475. This effect may be attributed to polymer relaxation.
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Figure 7.17 Percent remaining of polymer and drug for Benzoic acid:K15M 25:75 in buffer pH 

7.4 at lOOrpm, compared to pure drug and polymer matrices, showing lines of best fit to cube 

root equation (Equation 2.14). ( • )  Pure K15M discs, ( A) K15M component, (■ ) Benzoic acid 

component, (♦ )  Pure Benzoic acid discs.
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Table 7.21 shows the erosion rate constants and estimates of fit to the cube root equation 

(Equation 2.14) of the percent remaining data.

Table 7.21 Erosion rate constants and estimates of fit for percent remaining values for piu^ polymer and 

drug discs and polymer and drug components of BA:K15M 25:75 matrices in buffer pH 7.4 at lOOrpm.

System Erosion rate constant kz 

fTa/iaraXhr'')(xlO^)(+/-s.d)

SSD MSC CD

BA:KI5M 25:75 1.6+/-0.1 955.1 2.01 0.87375

Pure K15M disc 0.4+/-0.1 188.3 1.32 0.74741

K15M component 0.8+/-0.1 34.4 1.59 0.84194

BA component 7.2+/-0.6 385.8 2.47 0.93400

Pure BA disc 35.1+/-0.5 41.9 5.93 0.99767

Table 7.22 shows that the exponent obtained on fitting to the Korsmeyer and Peppas equation 

(Equation 2.27) is higher for the polymer component than for the pure polymer whereas it is 

lower for the drug component than for the pure drug. This indicates that combining the polymer 

and drug changes their individual release kinetics.

Table 7.22 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for percent 

released values for pure polymer and dmg discs and polymer and dmg components of BA:K15M 25:75 in 

buffer pH 7.4.

System kp (hr'V)(+/-s.d.) rip (+/-s.d) SSD MSC CD

Pure K15M disc 2.8+/-0.5 0.61+/-0.77 136.0 1.58 0.81831

K15M component 3.7+/-1.1 0.71+/-0.18 27.6 1.56 0.87303

BA component 30.6+/-0.3 0.55+/-0.01 47.9 5.04 0.99430

Pure BA disc 78.3+/-5.0 0.83+/-0.07 22.7 4.42 0.99232

7.S.1.8 Benzoic acid:K15M 75:25 in buffer pH 7.4

Figure 7.18 shows the mass balance graph for benzoic acid at a 75% drug loading with K15M at 

lOOrpm in buffer pH 7,4. The release of benzoic acid from BA;K15M 75:25 systems in buffer 

would appear to occur predominantly by matrix diffusion, as very little of the polymer has been 

demonstrated to erode by seven hours, whereas by this time only 20% of the drug remains. The 
exponent for drug release obtained using the Korsmeyer and Peppas equation (Equation 2.27) 

was 0.63+/-0.01, which appears to indicate anomalous release. Therefore since erosion does not 

appear to be contributing to release from this system, the anomalous release may be due to 

polymer relaxation.
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Figure 7.18 Percent remaining of polymer and drug for Benzoic acid;K15M 75:25 in buffer pH 

7.4 at lOOrpm compared to pure drug or polymer matrix showing lines of best fit to cube root 

equation (Equation 2.14). ( • )  Pure K15M discs, ( A ) K15M component, (■ )  Benzoic acid 

component, ( ♦ )  Pure Benzoic acid discs.

Table 7.23 shows the erosion rate constants and estimates of fit to the cube root equation 

(Equation 2.14) of the percent remaining data.

Table 7.23 Erosion rate constants and estimates of fit for percent remaining values for pure polymer and 

drug discs and polymer and drug components of BA:K15M 75:25 matrices in buffer pH 7.4 at lOOrpm

System Erosion rate constant k2 

(Tahara) (hr ‘)(xlO^)(+/-s.d.)

SSD MSC CD

BA:K5M 75:25 3.3+/-0.1 472.4 3.72 0.97725

PureKlSM  disc 0.4+/-0.1 188.3 1.32 0.74741

K15M component 0.3+/-0.1 91.7 0.14 0.32417

BA component 5.1+/-0.2 100.3 3.55 0.97777

Pure BA disc 35.1+/-0.5 41.9 5.93 0.99767

Table 7.24 shows the parameters and estimates of fit to the Korsmeyer and Peppas equation

(Equation 2.27) where it can be seen that the release o f  the polymer component is zero-order.

Table 7.24 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for percent

released values for pure polymer and dmg discs and polymer and drug components of BA:K15M 75:25 in

buffer pH 7.4.

System kp (hr'j>)(+/-s.d.) rif (+/-s.d.) SSD MSC CD

Pure K15M disc 2.8+/-0.5 0.61+/-0.77 136.0 1.58 0.81831

K15M component 0.9+/-1.8 1.00+-/-1.20 91.9 -0.11 0.32299

BA component 21.0+/-0.4 0.63+/-0.01 138.5 4.59 0.99064

Pure BA disc 78.3+/-5.0 0.83+/-0.07 22.7 4.42 0.99232
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7.5.1.9 Benzoic acid’.KlSM 2S:75 in acid medium pH 1.5

Figure 7.19 shows the release of benzoic acid at a 25% drug loading from K15M matrices in 

acid pH 1.5 at lOOipm. It appears that the release of drug is fester than that of the polymer 

component, which erodes at the same rate as pure polymer. This impHes that diffusion is an 

important mechanism of drug release for these systems, although drug release is slow as benzoic 

acid is poorly soluble in acid. TTie exponent for drug release from these systems was seen to be 

0.72+/-0.03, consistent with a second mechanism affecting drug release, which may be a matrix 

relaxation effect.
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Figure 7.19 Percent remaining of polymer and drug for Benzoic acid:K15M 25:75 in acid pH 1.5 

at lOOrpm compared to pure drug or polymer matrix showing lines of best fit to cube root 

equation (Equation 2.14). ( • )  Pure K15M discs, (A ) K15M component, (■ )  Benzoic acid 

component, ( ♦ )  Pure Benzoic acid discs.

Table 7.25 shows the erosion rate constants and estimates of fit to the cube root equation 

(Equation 2.14) of the percent remaining data.

Table 7.25 Erosion rate constants and estimates of fit for percent remaining values for pure polymer and 

drug discs and polymer and dmg components of BA;K15M 25:75 matrices in acid pH 1.5 at lOOrpm.

System Erosion rate constant ki 

(Ta/;araXhr')(xlO^)(+/-s.d.)

SSD MSC CD

BA:K15M 25:75 1.7+/-0.1 175.5 3.89 0.98076

Pure K15M disc 1.2+/-0.1 122.0 3.98 0.98246

K15M component 1.2+/-0.1 26.4 2.68 0.94676

BA component 3.8+/-0.2 123.7 2.92 0.95797

Pure BA disc 15.6+/-0.5 321.2 4.42 0.98907
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The exponents for the Korsmeyer and Peppas equation as shown in Table 7.26, show that the 

release of the polymer component and the pure polymer are near zero-order.

Table 7.26 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for percent 

released values for pure polymer and drag discs and polymer and drug components of BA;K15M 25:75 in 

acid pH 1.5.

System kp (hr”^)(+/-s.d.) np (+/-s.d.) SSD MSC CD

Pure K15M disc 3.8+/-0.3 0.91+/-0.04 118.8 3.95 0.98292

K15M component 3.9+/-1.0 0.91+/-0.15 24.9 2.49 0.94969

BA component 14.5+/-0.6 0.72+/-0.03 597 3.21 0.96258

Pure BA disc 36.9+/-0.4 0.77+/-0.01 6.4 5.50 0.99708

7.5.1.10 Benzoic acid:K15M 75:25 in acid medium pH 1.5

Figure 7.20 shows the mass balance graph for Benzoic acid at a 75% drug loading with K15M in 

acid pH 1.5 at lOOrpm. The release of benzoic acid and polymer from these systems is seen to 
occur at a similar rate with release of benzoic acid being slightly faster than that of the polymer. 

The polymer component is released at a fester rate than that of the pure polymer. The exponent 
of drug release seen was 0.87+/-0.01, consistent with erosion and relaxation being significant 

contributors to the mechanism of drug release.
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Figure 7.20 Percent remaining of polymer and drug for Benzoic acid;K15M 75:25 in acid pH 1.5 

at lOOrpm compared to pure drug or polymer matrix showing lines of best fit to cube root 

equation (Equation 2.14). ( • )  Pure K15M discs, ( A ) K15M component, (■ ) Benzoic acid 

component, ( ♦ )  Pure Benzoic acid discs.

Table 7.27 shows the erosion rate constants and estimates of fit to the cube root equation 

(Equation 2.14) of the percent remaining data.
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Table 121 Erosion rate constants and estimates of fit for percent remaining values for pure polymer and 

drug discs, and polymer and drug components of BA:K15M 75:25 matrices in acid pH 1.5 at lOOrpm.

System Erosion rate constant k2 

(Ta>;ara^(hr')(xlO^)(+/-s.d.)

SSD MSC CD

BA:K15M 75:25 3.6+/^. 1 181.1 5.19 0.99475
Pure K15M disc 1.2+/-0.1 122.0 3.98 0.98246

K15M component 2.1+/-0.2 141.4 1.86 0.87846

BA component 4.0+/-0.1 4.8 6.46 0.99878

Pure BA disc 15.6+/-0.5 321.2 4.42 0.98907

The exponents o f the Korsmeyer and Peppas equation can be seen from Table 7.28 to decrease 

for the polymer and increase for the drug when drug and polymer are combined in a matrix.

Table 7.28 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for percent 

released values for pure polymer and drug discs and polymer and drug components of BA:K15M 75:25 in 

acid pH 1.5.

System kp (hr‘"j>)(+/-s.d) rip (+/-s.d.) SSD MSC CD

Pure K15M disc 3.8+/-0.3 0.91+/-0.04 118.8 3.95 0.98292

K15M component 8.2+/-2.3 0.77+/-0.12 122.0 1.75 0.89509

BA component 12.3+/-0.3 0.87+/-0.01 99.2 4.99 0.99369

Pure BA disc 36.9+/-0.4 0.77+/-0.01 6.4 5.50 0.99708

7.5.1.11 EfTect of drug loading on erosion of K15M component

The effect o f  drug loading on the erosion o f the K15M component for benzoic acid:K15M 

systems in either buffer pH 7.4 or acid pH 1.5 was then examined. It can be seen from Figure 

7.21 that BA:K15M systems in buffer do not follow the exponential relationship seen for 

KIOOLV, due to the overall lack o f erosion o f K15M and the dififiisional mechanism o f drug 

release predominating. Therefore both systems were fitted to a linear equation. The parameters 

and estimates o f fit obtained when the erosion rate constant o f  the pure polymer is held constant 

are shown in Table 7.29.
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Figure 7.21 Erosion rate constants of polymer component (k2p) versus drag loading for 

BA:K15M systems showing lines of best fit to linear equation. (♦ )  BA:K15M acid (■ )  

BA:K15M buffer.

Table 7.29 Parameters and estimates of fit of erosion rate of polymer component versus drug loading to 

linear equation (Equation A1.1) for BA:K15M systems in buffer and acid

System m (hr 'xlO X+/-s d.) SSD (xlO^) MSC CD

BA:K15M buffer pH 7.4 0.06+/-4 17.4 -0.87 0.22647

BA:K15MacidpH 1.5 1.13+/-0.2 7.1 1.40 0.87368

7.5.2 Sodium benzoate

Sodium benzoate systems were then examined, as it was seen previously that the cube root 

equation (Equation 2.14) for erosion did not describe the weight loss of the Sodium 

benzoate:Polymer matrices well. A sharp drop in the dry weights of these systems was seen 

until approximately two hours, after which time the dry weight of the matrix decreased at a more 
constant rate. This sudden decrease in dry weight had been tentatively attributed to the release 

by diffusion of the highly soluble sodium benzoate causing a drop in weight of the matrix as a 

whole and it was expected that erosion did not contribute to its release. A mass balance study 

was then undertaken to distinguish between the behaviour of the drug and polymer and to 

attempt to elucidate the mechanism of release of the drug from these matrices.

7.5.2.1 Sodium benzoate:K100LV 25:75 in buffer pH 7.4

Figure 7.22 shows the mass balance graph for sodium benzoate at a 25% drug loading with 

KlOOLV in buffer pH 7.4 at lOOrpm. It can be seen that release of both drug and polymer 

occurs from these systems. However, since the rate of sodium benzoate release is much faster
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than the rate of polymer release and it is known that sodium benzoate is highly soluble in buffer, 

it is expected that release occurs predominantly by a diffiision mechanism. This is further 

confirmed as the rates of release of pure polymer and polymer conponent are similar. The 

exponent of drug release seen for these systems, when fitted to the Korsmeyer and Peppas 

equation (Equation 2.27), is 0.53+/-0.05, indicating diffusional release.
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Figure 7.22 Percent remaining of polymer and drug for Sodium benzoate:K100LV 25:75 in 

buffer pH 7.4 at lOOrpm compared to pure drug or polymer matrix showing lines of best fit to 

cube root equation (Equation 2.14). ( • )  Pure KIOOLV discs, ( a ) KIOOLV component, ( ■ )  

Sodium benzoate component, ( ♦ )  Pure sodium benzoate discs.

Table 7.30 shows the erosion rate constants and estimates of fit to the cube root equation 

(Equation 2.14) of the percent remaining data.

Table 7.30 Erosion rate constants and estimates of fit for percent remaining values for pure polymer and 

drug discs and polymer and drug components of NaB:K100LV 25:75 matrices in buffer pH 7.4 at lOOrpm.

System Erosion rate constant k2 

(TaharaXhi-^){xl(f)(+/-sA)

SSD MSC CD

NaB:K100LV 25:75 5.7+/-0.2 1323 3.24 0.96307

Pure KIOOLV discs 3.4+/-0.1 598.7 3.97 0.98216

KIOOLV component 4.3+/-0.1 92.5 4.80 0.99316

NaB component 28.7+/-2.7 9.8 2.36 0,92869

Pure NaB disc 1289.0+-/-65.0 119.9 4.28 0.99476

The kinetic constants and exponents obtained on fitting the percent released values to the 

Korsmeyer and Peppas equation (Equation 2.27) are shown in Table 7.31. Values for the pure 

sodium benzoate discs were not shown as insufficient data points were available for fitting.
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Table 7.31 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for percent 

released values for pure polymer and drug discs and polymer and drug components of NaB;K100LV 

25:75 in buffer pH 7.4.

System k,, (hr■"j’)(+/-s.d.) rip (+/-s.d.) SSD MSC CD

Pure KIOOLV disc 10.9+/-0.5 0.78+/-0.03 60.7 4.56 0.99118

K1OOL Vcomponent 14.2+/-1.0 0.77+/-0.05 17.2 4.26 0.99206

NaB component 72.2+7-3.4 0.53+/-0.05 19.2 4.89 0.99516

Pure NaB disc - - - - -

7.S.2.2 Sodium benzoate:K100LV 50:50 in buffer pH 7.4

The next system studied was sodium benzoate at a 50% drug loading with KIOOLV in buffer pH 

7.4 at lOOrpm. When the percent remaining of sodium benzoate and KIOOLV in NaB.KlOOLV 

50:50 discs was examined, it can be seen from Figure 7.23 that the sodium benzoate is released 

rapidly compared to the KIOOLV component. Since sodium benzoate is highly soluble in 

phosphate buffer pH 7.4, it is expected that its release occurs predominantly by diffusion. The 

exponent of drug release determined using the Korsmeyer and Peppas equation (Equation 2.27) 

was 0.41+/-0.03, which indicates a diffusional mechanism o f release although only a small 

number of data points were available to verify this.
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Figure 7.23 Percent remaining of polymer and drug for Sodium benzoate:K100LV 50:50 in buffer 

pH 7.4 at lOOrpm compared to pure drug or polymer matrix, showing lines of best fit to cube root 

equation (Equation 2.14). ( • )  Pure KIOOLV discs, (A ; KIOOLV component, (■ ) Sodium 

benzoate component, ( ♦ )  Pure sodium benzoate discs.

Table 7.32 shows the erosion rate constants and estimates of fit to the cube root equation 

(Equation 2.14) of the percent remaining data.
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Table 7.32 Erosion rate constants and estimates of fit for percent remaining values for pure polymer and 

drug discs and polymer and drug components of NaB:K100LV 50:50 matrices in buffer pH 7.4 at lOOrpm.

System Erosion rate constant A:?
(Tahara){hi^){xlO^)(+/-sA)

SSD MSC CD

NaB:K100LV 50:50 24.8+/-1.8 1484.9 2.69 0.93837
Pure KIOOLV discs 3.4+/-0.1 598.7 3.97 0.98216

KIOOLV component 12.2+/-1.0 224.0 3.46 0.97488
NaB component 55.7+y-5.0 125.8 3.43 0.97835
Pure NaB discs 1289.0+/-65.0 119.9 4.28 0.99476

The parameters and estimates of fit to the Korsmeyer and Peppas equation (Equation 2.27) are 

shown in Table 7.33, where it can be seen that the exponent for the polymer component 

decreases on combining the polymer with drug.

Table 7.33 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for percent 
released values for pure polymer and dmg discs and polymer and dmg components of NaBtKlOOLV 
50:50 in buffer pH 7.4.

System kp (hr "f)(+/-s.d.) rip (+/-s.d) SSD MSC CD

Purel^aBiisc - - - - -

Drug component 79.0+/-3.2 0.41+/-0.03 6.06 5.96 0.99854

Polymer component 32.2+/-4.1 0.68+/-0.2 157.3 1.68 0.91397

Pure KIOOLV disc 10.9+/-0.5 0.78+/-0.03 60.7 4.56 0.99118

7.S.2.3 EfTect of drug type on polymer remaining

The percent KIOOLV remaining profiles determined from benzoic acid and sodium benzoate 

systems at different drug loadings in buffer pH 7.4 are shown in Figure 7.24. It can be seen for 

both drugs that the polymer erodes faster where more drug is present in the system. The 

polymer appears to erode faster when sodium benzoate is present in the matrix at a 50% drug 

loading than for the corresponding benzoic acid system. This may be due to the higher solubility 

of this drug, which diffuses out quickly to leave a porous weaker matrix. However polymer 

release appears to be independent of drug solubility at low drug loading.
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Figure 7.24 Percent polymer remaining for benzoic acid and sodiimi benzoate systems at different
drug loadings in buffer pH 7.4 at lOOrixBi, (♦ ) BA;K100LV 25:75, (■) NaBiKlOOLV 25:75, (X)
BA:K100LV 50:50, ( A) NaB:K100LV 50:50.

7.6 CONCLUSIONS FOR MASS BALANCE CURVES

Mass balance curves were calculated to determine the relative rates of release of drug and 

polymer from these systems. Sung et al. (1996) considered that w^en polymer and drug release 

on a perc^it scale were superimposable then it could be concluded that drug was released 

through a matrix erosion mechanism. When polymer release was slower than drug release 

diffusion contributes partially to release. Hiese curves are useful in interpreting the e^qjonents 

from the Korsmeyer and Peppas equation (Equation 2.27), v^ich are indications of Fickian 

difitisi(», anomalous drug transport. Case II drug transport, or a aaitribution of erosion to drug 

release. Anomalous release has been attributed to the swelling of the polymer consequent to 
polymer relaxations (Peppas and Sahlin 1989), or to erosion (Harland et al. 1988) (Velasco et 

al. 1999). By calculating the e>q}onents of drug release from the Korsmeyer and Peppas 
equation (Equation 2.27) and comparing them with the mass balance curves it can be determined 

whether erosion is a likely mechanism for drug release.

In all systems examined, excq)t those containing K15M in buffer, the polymer itself erodes 

faster as the drug loading increases. The polymer porticm of systems in buffer erodes slower than 

in acid for all systems excqjt BA:K100LV 75:25, as drtermined from the cube root erosion rate 

constants. The polymer itself erodes &ster when a soluble drug such as sodium benzoate is 
present in the matrix, as seen on compariscxi of benzoic and sodium benzoate 50% drug loadings 

with KIOOLV in buffer. This may be due in part to an increase in the solubility of the polymer, 
known as "saking-in", which Touitou and Donbrow (1982) noted could be caused by sodium 

benzoate, or alternatively due to the weaker matrix which remains when the drug diffuses 

rapidly from the polymer. An increase in the rate of release of HPMC from adinazoiam
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mesylateAactose/HPMC tablets was seen with an increase in lactose loading by Sung et al. 

(1996) and attributed to the loss of the lactose weakening the matrix. Erosion of the polymer 

contributes to release of drug for the benzoic acid:K100LV systems but not for systems 

containing K15M in buffer. Benzoic acid systems with K15M in acid show some small erosion 

of the polymer, and relaxation effects. For sodium benzoate systems with KIOOLV, drug release 

is very fest compared to the erosion of the polymer and so matrix diffusion appears to be the 

major mechanism of release from these systems.
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8 CHAPTER EIGHT

8.1 INTRODUCTION - POLYETHYLENE OXIDE MATRICES

In this chapter the use of an alternative hydrophilic polymer to hydroxypropylmethyl cellulose 

(HPMC) is discussed. The polymer is a high molecular weight polyethylene oxide (PEO), 

which has been described more fully in Chapter Three. The two grades used were POLYOX ® 

303 and POLYOX® Coagulant. Peppas and Korsmeyer (1987) considered that cross-linked 

semi-crystalline PEO matrices formed a differait type of swelling controlled system based on a 

crystalline/amorphous transition instead of a glass/rubber transition. Since the amorphous 

regions o f uncross-linked semi-crystalline PEO are in the rubbery state, these polymers may also 

show different swelling kinetics to HPMC, where a glass/rubber transition of the swelling 

controlled release system occurs. Swelling and erosion studies, as described in Chapter Four, 

were carried out on these polymers and the results obtained compared with those achieved for 

HPMC. Dissolution studies using PEO as the hydrophihc polymer were also carried out.

8.2 SWELLING AND EROSION OF PEO POLYMER

The swelling and erosion of PEO systems was examined by the same methods as for HPMC. It 

was attempted to calculate the rate of dissolution medium uptake. The first equation used was 

the square root equation (Equation 5.3) as used previously in Chapters Five and Six, which gives 

the dissolution medium uptake rate constant (a). The initial data points, which show a square 

root relationship with time, were used. A square root of time equation including a lag time 

parameter (Equation 8.1) was also used to investigate the pattern o f dissolution medium uptake. 

Equation 8.1 was used since a small lag time appeared to be present when plots of dissolution 

medium uptake per unit polymer remaining were plotted against square root of time. This 

equation is shown below:

Wd '

Equation 8.1

Where;

Ww = Wet weight at time t

Wd = Dry weight after dissolution for time t

Qi = dissolution medium uptake rate constant for square root equation with lag time
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I = lag time

Equaticm 5.6 is an empirical equation describing dissolution medium uptake per unit polymer 

remaining in terms o f a kinetic constant K  and an exponent This equation, as used previously 

in Chapter Five, was also used here, since the data shows a slightly more linear profile than 

would be expected for purely square root relationship. Finally, the dissolution medium uptake 

expressed as a fiaction o f the maximum dissolution medium uptake was fitted to an exponential 

equation (Equation 5.5) as used previously in Chapter Five, to give a value for the kinetic 

constant, K .

The rate o f erosion was examined as in Chapter Five and Six, by determining the erosion rate 

constant lc2  fi’om the cube root equation (Equation 2.14). Since in some cases a lag time occurs 

before erosion takes place, a second version of this equation was used to determine the rate of 

erosion. This was called the "cubic/lag time" model, and the erosion rate constant was 

designated kd. The equation used is included in Appendix One. The next equation used to 

describe the erosion of the polymer involved determining the loss in weight o f the discs at each 

time point and fitting this data to an empirical equation (Equation 8.2). This equation has the 

following form:

Equation 8.2

Where:

W i=  Weight o f disc lost at time t 

Art = kinetic constant for weight loss 

«L= exponent for weight loss

The final equation used was an exponential equation of the following form, which was used to 

fit the weight loss data:

W , = A .e '”’

Equation 8.3

Where:

fVi = Weight o f disc lost at time t 

= ccmstant 

ks = kinetic constant
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The models to describe the concurrmt swelling and erosion profiles of the data, 

"swelling/erosion 1", " swelling/erosion 2" and " swelling/erosion 3" (Appendix One), as used in 

Chapter Five and Six for HPMC, were also examined to determine their suitability in describing 

these matrices.

8.2.1 Comparison of two molecular weights

The effect o f differences in the molecular weight of the polymer on its swelling and erosion 

properties was examined. The two polymers compared were POLYOX®303, hereafter known as 

P303, which has a molecular weight of 7x10®, and POLYOX® Coagulant, hereafter known as 

PCoagulant which has a molecular weight of 5x10*. These molecular weights were studied as 

these grades were shown in the manufacturers literature to give adequate sustained release of 

caffeine (sparingly soluble) over seven hours, fi-om a polymer matrix tablet. {Union Carbide 

Material information sheet). These polymers were studied in phosphate buffer pH 7.4.

8.2.1.1 Extent of dissolution medium uptake

Figure 8.1 shows the wet weights of P303 and PCoagulant. They appear to behave quite 

similarly with the wet weight increasing rapidly to approximately ten-fold at four hours. The 

wet weights plateau from two to five hours for PCoagulant and fiom two to seven hours for 

P303, after which time the wet weight decreases rapidly. Unlike HPMC the PEO polymer 

tended to disintegrate into small pieces at late dissolution times. There was multi-particulate 

polymer left from one P303 disc at nine hours however this quantity was irretrievable by the 

methods used in the present work. The P303 polymer appears to show a higher wet weight than 

the PCoagulant polymer, which is similar to the situation occurring with HPMC polymers where 

the higher molecular weight polymers showed higher wet w ei^ts. The ten-fold swelling of 

these polyethylene oxide polymers is higher than that of the highest viscosity HPMC, KIOOM, 

of molecular weight 247,000, which was seen to swell seven-fold in de-ionised water at lOOrpm.
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Figure 8.1 Wet weights of P303 and PCoagulant discs in buffer pH 7.4 at lOOrpm (■ ) P303, 

( ♦ )  PCoagulant.

Table 8.1 shows that the maximum average relative swelling and the maximum average 

dissolution medium uptake are higher for P303 than PCoagulant. Tlie graph o f log maximum 

average dissolution medium uptake versus log o f number average molecular weight for HPMC, 

as shown in Chapter Five, was then extrapolated to a molecular weight equivalent to those of 

PCoagulant and P303. The estimated maximum average dissolution medium uptake was 

approximately 5600mg for PCoagulant and 6600mg for P303. These values are higher than the 

actual values obtained for PEO as shown in Table 8.1, which may be due to the presence of non

swelling crystallite portions in PEO. The disentanglement concentration for P303 is higher than 

that o f PCoagulant unlike the trends seen for HPMC, however the wet weight values at 4, 5 and 

7 hours are close. The results obtained for P303 in acid will be discussed in Section 8.2.2.

Table 8.1 EUssolution medium uptake analysis for different molecular weight PEO polymers at lOOrpm.

Polymer Maximum Maximum average Time to reach Experimental

average relative dissolution medium maximum disentanglement

swelling uptake dissolution concentration

Ww/Wi Ww-Wd medium uptake CpJis(exp)

(+/-s.d.) (mg)(+/-s.d.) (hrs) (mg/ml)(+/-s.d.)

PCoagulant buffer 9.7+/-0.2 1798+/-36 5 68.0+/-1.3

P303 buffer 10.4+/-0.1 1928+/-10 4 77.9+/-1.0

P303 acid 10.6+/-0.0 1993+/-0.0 5 55.04+/-0.0
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8.2.1.2 Rate of dissolution medium uptake

The rate of dissolution medium uptake was determined as for HPMC by fitting the linear portion 

of a plot of dissolution medium uptake per unit polymer remaining against square root of time. 

Values for the dissolution medium uptake rate constant (a), obtained are shown in Table 8.2.

Table 8.2 Parameters and estimates of fit obtained by fitting dissolution medium nptalfp per unit polymer 
remaining to square root time (Equation 5.3) for polymers lOOrpm

Polymer Fitted to 

(hrs)
Dissolution medium uptake 

rate constant a (br'°^)(+/-sA)
SSD MSC CD

PCoagulant buffer 5 5.67+/-0.12 10.5 3.68 0.97716
P303 buffer 5 5.74+/-0.12 11.3 3.65 0.97926
P303 acid 5 6.64+/-0.20 1.08 3.09 0.95895

The data was then fitted to the square root o f time equation incorporating a lag time (Equation 

8.1), since a small lag time of approximately ten minutes appeared to be present until square root 

uptake was fiilly established, due possibly to the presence of cr5̂ 11ites hindering initial 

medium uptake. Table 8.3 shows improved MSC values over those seen using the square root 

equation.

Table 8.3 Parameters and estimates of fit obtained by fitting dissolution medium uptake per unit polymer 
remaining to square root of time equation incorporating lag time (Equation 8.1) for polymers at lOOrpm.

Polymer Fitted
to
(hrs)

Dissolution medium 
uptake rate constant 
(hr-“*)(+/-s.d.)

/
(hrs)(+/-s.d.)

SSD MSC CD

PCoagulant buffer 5 6.01+/-0.08 0.17+/-0.02 4.9 4.29 0.98868

P303 buffer 5 6.02+/-0.09 0.18+/-0.02 3.5 4.35 0.98968

P303 acid 5 7.04+/-0.19 0.18+/-0.04 10.4 3.35 0.97214

The dissolution medium uptake per unit polymer remaining data was examined using an 

empirical equation (Equaticm 5.6) to determine whether the exponent for the dissolution medium 

uptake was higher than 0.5. This would indicate a different mechanism of penetrant transport to 

Fickian diffusion occurring. It was confirmed from the MSC values obtained, that the data fits 

the equation based on Equation 5.6 better than either square root equation. The exponents 

obtained using Equaticxi 5.6 show that the pattem of dissolution medium uptake is anomalous, 

that is between the limits of a Fickian diffusion and Case II transport mechanism. This may be 

attributed to the continuing swelling of the polymer in response to penetrant uptake. Using a 

texture analysis method however, Vang et al. (1998) noted that the ingress of water into high
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molecular weight PEO's was a Fickian diffusion process. It was noted in the present work that 

PEO swells to a greater extent and at a fester rate than the equivalent amount o f the HPMC's 

studied, possibly due to the higher molecular weight of PEO, or the medium being more 

thermodynamically compatible with PEO. Another possibility is the swelling being more 

immediate due to the higher molecular mobility state of this polymer, which is initially in the 

rubbery state. Both the square root equations and the empirical equation show a trend towards 

the rate of dissolution medium uptake per unit pol)mier remaining being higher for P303 than 

PCoagulant, although the values obtained do not appear to be significantly different. A trend to a 

higher rate of dissolution medium uptake with increase in molecular weight was also seen for 

HPMC in the present work.

Table 8.4 Parameters and estimates of fit obtained by fitting dissolution mediiun uptake per unit polymer 

remaining to Equation 5.6 for polymers at lOOrpm.

Polymer Fitted to (hrs) k u  (hr"“)(+/-s.d.) riu (+/-s.d) SSD MSC CD

PCoagulant buffer 5 4.83+/-0.06 0.64+/-0.01 0.58 6.49 0.99874

P303 buffer 5 4.86+/-0.04 0.64+/-0.01 0.28 7.26 0.99942

P303 acid 5 5.52+/-0.10 0.69+/-0.14 1.53 5.61 0.99702

An exponential equation (Equation 5.5) was used to fit the fractional dissolution medium uptake, 

since Schott (1992) considered that swelling of cross-linked and semi-crystalline polymers 

followed first order kinetics in the initial stages. High MSC values were obtained as shown in 

Table 8.5. The kinetic constants obtained however, are opposite in trend to those seen with the 

other equations as the rate of dissolution medium uptake is lower for P303 than PCoagulant. 

Apicella et al. (1993) noted that the swelling front advancing rate into PEO polymers decreased 

as the molecular weight increased.

Table 8.5 Parameters and estimates of fit of fractional dissolution medium uptake to exponential equation 

(Equation 5.5) for polymers in buffer pH 7.4 at lOOrpm.

Polymer Fitted to (hrs) K  (hr ')(x l0’)(+/-s.d) SSD MSC CD

PCoagulant buffer 5 7.9+/-0.2 0.02 4.94 0.99348

P303 buffer 4 6.7+/-0.1 0.01 5.67 0.99691

P303 acid 4 8.1+/-0.3 0.02 4.96 0.98854

8.2.1.3 Erosion of polymer

Figure 8.2 shows that for both P303 and PCoagulant very little erosion occurs up to one hour of 

dissolution after which time the polymers erode. PCoagulant is gone at nine hours. In the case
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of the P303 polymer, a small quantity of one of the discs was left at nine hours. The apparent lag 

time is different from the situation seen for all the HPMC polymers used in the present work, 

where erosion occurred from the start of the ejqjeriment. In Chapter Five, HPMC K15M at Orpm 

showed an increase in dry weight, which was attributed to a lack of erosion o f the polymer. The 

very small difference in erosion rate between the two PEO poljoners may be due to a levelling 

off of erosion rate constants as the molecular weight increases occurring at high molecular 

weights, as was seen for HPMC in Chapter Five.
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Figure 8.2 Dry weights of P303 and PCoagulant polymer in buffer pH 7.4 at lOOrpm. (■ ) P303, 

( ♦ )  PCoagulant.

The cube root equation (Equation 2.14) as used in previous studies was not suitable for this 

polymer. Therefore this equation was adjusted to include a lag time variable as detailed in 

Appendix One and called the "cubic/lag time" model. It can be seen from Table 8.6 that the rate 

of erosion of the PCoagulant is faster than that of P303. However, the model seems to 

overestimate the lag time when compared with the profiles in Figure 8.2.

Table 8.6 Parameters and estimates of fit to "cubic/lag time" model (Appendix One) for polymers of 

different molecular weight at lOOrpm.

Polymer Fitted to 

(hrs)

^,,(hr’)(xlO^)

(+/-s.d.)

/ (hrs) 

(+/-s.d.)

SSD MSC CD

PCoagulant buffer 7 6.1+/-0.4 2.67+/-0.16 553 4.01 0.98472

P303 buffer 7 4.9+/-0.3 2.67+/-0.16 528 3.92 0.98314

P303 acid 5 4.7+/-0.3 1.53+/-0.10 253 3.71 0.98015

The parameters and estimates of fit obtained using Equation 8.2 are shown in Table 8.7. The 

MSC values obtained using this equation are better than those obtained using the "cubic/lag 

time" model (Appendix One). The rate of weight loss as determined using Equation 8.2 is faster
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for PCoagulant than P303. Figure 8.3 shows the weight loss profile i.e. the amount of the matrix 

that has dissolved, and the fitted lines to Equation 8.2.
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Figure 8.3 Weight loss profiles and lines of best fit to Equation 8.2 for PCoagulant and P303 

systems in buffer pH 7.4 at lOOrpm. (♦ )  PCoagulant, (■ )  P303.

Table 8.7 Parameters and estimates of fit to Equation 8.2 for polymer in buffer pH 7.4 at lOOrpm.

Polymer (mg.hr-"0(+/-s.d.) /ii,(+/-s.d.) SSD MSC CD

PCoagulant buffer 3.49+/-0.31 1.84+/-0.04 404 5.51 0.99653

P303 buffer 1.65+/-0.31 2.17+/-0.90 1100 4.23 0.98755

P303 acid 8.32+/-2.0 1.46+/-0.11 3851 3.27 0.96808

The percent weight loss data was also fitted to an exponential equation. Equation 8.3. These fits 

are poorer than when the data was fitted to the empirical equation.

Table 8.8 Parameters and estimates of fit to Equation 8.3 for polymer in buffer pH 7.4 at lOOrpm.

Polymer .^H,(mg)(+/-s.d) ks (hr'*)(+/-s.d.) SSD MSC CD

PCoagulant 10.6+/-1.8 0.33+/-0.02 4211.0 3.17 0.96386

P303 7.7+/-1.2 0.37+/-0.02 2647.5 3.37 0.97003

8.2.1.4 Model of wet and dry weights

The data was then fitted to the "swelling/erosion 1" and " swelling/erosion 2" models as used 

previously in Chapter Five and Six, however these models were not appropriate as low MSC 

values were obtained. The parameters and estimates of fit are included in Appendix Eleven.
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8.2.2 Comparison o f acid pH 1.5 and buffer pH  7.4 dissolution media

The effect of dianging dissolution medium on the swelling and erosion profiles of P303 polymer 

was examined. The two media used were phosphate buffer pH 7.4 and acid pH 1.5.

8.2.2.1 Extent of dissolution medium uptake

It can be seen from Figure 8.4 that P303 shows similar wet weight profiles in both acid and 

buffer. The wet weight reaches a maximum value at approximately five hours in both media 

after which time it begins to decrease. In the case of the system in acid, no value was obtained 

at seven hours, due to multi-particulate polymer being left, which was irretrievable. However all 

the polymer had eroded by nine hours. In buffer some polymer from one of the discs was seen at 

nine hours. It can be seen from Table 8.1 that the maximum average relative swelling and the 

maximum average dissolution medium uptake values tend to be higher in acid than in buffer. 

This is different from the situation seen with HPMC where buffer gave higher values for 

KIOOLV and K15M. The disentanglement concentration is also lower in acid than in buffer.
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Figure 8.4 Wet weights o f P303 at lOOrpm in dififerent dissolution media. ( ♦ )  Acid pH 1.5, ( ■ )  

Buffer pH 7.4.

S.2.2.2 Rate of dissolution medium uptake

The rate of dissolution medium uptake per unit polymer remaining was then examined as in 

Section 8.2.1.2. The dissolution medium uptake rate constant (a), as determined by fitting 

dissolution medium uptake per unit polymer remaining to square root of time (Equation 5.3), 

was shown in Table 8.2 for these two media. It can be seen from all the equations describing the 

dissolution medium uptake that the rate of dissolution medium uptake is faster for acid. Faster 

uptake of acid than buffer was also seen for KIOOLV and K15M discs in Chapter Five.
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Table 8.3 shows that a lag time exists before the rate of dissolution medium uptake follows a 

square root pattem for systems in buffer and acid and higher MSC values were obtained when 

Equaticxi 8.1 instead of Equation 5.3 is used to fit the data.

The empirical Equation 5.6 describes the data better than either square root equation, as can be 

seen when the MSC values are presented in Table 8.4. The dissolution medium uptake is not 

purely by Fickian diffusion as seen from the exponent which has a value of 0.69 for acid and 

0.64 for buffer.

The fractional dissolution medium uptake was then fitted to an exponential equation (Equation

5.5) and the MSC values obtained, as seen in Table 8.5, were better than those obtained with 

either square root equation, but worse than those obtained with the empirical equation (Equation

5.6).

S.2.2.3 Erosion of polymer

Very little erosion of the discs in either medium is apparent in Figure 8.5 up until approximately 

one hour, after which time both systems erode. TTie difference between the two profiles was 

found to be statistically significant after 30 minutes using a student t-test at the 95% significance 

level. All of the polymer in acid eroded by nine hours whereas a small quantity of one of the 

discs remained for the polymer in buffer. A similar situation was seen with HPMC in the present 

work, where systems containing pure polymer eroded faster in acid than in buffer. In HPMC 

this effect was attributed to the higher ionic strength of the medium dehydrating the polymer, 

causing weak cross-links to form, which restricted medium entry and slowed erosion. Thus 

more polymer was present at any time to hold medium. Therefore the difference in swelling and 

erosion of PEO in acid and buffer may be due to differences in the ionic strength of the media.
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Figure 8.5 Dry weight o f P303 at lOOrpm in different dissolution media. ( ■ )  Buffer pH 7.4, ( ♦ )  

Acid pH 1.5.
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The rate of erosion of P303 systems in acid and buffer was estimated by means of a cubic 

equation incorporating a lag time, the results for which are shown in Table 8.6. The rates of 

erosion given by this equation for the systems in acid and buffer are seen to be very similar.

An empirical equation to describe the weight of polymer lost, Equaticm 8.2, was also used as in 

Section 8.2.1.3 to fit values of weight of polymer lost. These results are shown in Table 8.7. A 

higher rate of erosion in acid than buffer was also seen here. The exponential equation was not 

used, as the MSC values obtained using it were lower than those obtained using the empirical 

equation, in the previous section.

S.2.2.4 Model of wet and dry weights

The swelling and erosion data showed poor fits to either the "swelling/erosion 1", 

"swelling/erosion 2" or " swelling/erosion 3" models. The parameters and estimates of fit can be 

seen in Appendix Eleven.

8.2.3 Behaviour of a mixed HPMC:PEO system

The swelling and erosion profiles of P303 and HPMC K15M, and a combination of P303 and 

HPMC K15M 50:50 were compared to examine their relative uptake of dissolution medium and 

relative rates of erosion. In this way the behaviour of the amorphous HPMC and the semi

crystalline PEO can be compared. The 50:50 mixture is calculated to have a weight-average 

molecular weight of 6.88x10* and so would be expected to behave predominantly like P303. The 

wet and dry weight profiles were also compared with a calculated system. The values for the 

calculated system at each time-point are comprised of a summation of 50% of the weight of the 

single component P303 system and 50% of the weight of the single component K15M system at 

that time-point.

8.2.3.1 Extent of dissolution medium uptake

The wet weights of P303, K15M, and discs made of a 50:50 mixture of these polymers were 

compared. Swelling profiles for these polymers are shown in Figure 8.6. It can be seen that the 

PEO on its own reaches a higher wet weight over the duration of the experiment than the 

systems containing K15M. The wet weight of the polymer combination P303:K15M 50:50 

seems to show a higher dissolution medium uptake than the K15M polymer, showing a similar 

pattern of wet weight as PEO to approximately seven hours. After this time however the wet 

weight of the PEO drops dramatically due to the disintegration of the discs. The PEO:HPMC 

combination shows a slight further increase in wet weight after seven hours, however after nine

212



Chapter 8 -  Polyethylene oxide matrices

hours the wet weight begins to decrease slowly. The K15M polymer shows a gradual increase 

in wet weight over the duration of the e?q)eriment and reaches a value above that of the 

PEO:HPMC combination at twelve hours.

This would seem to imply that combining the two polymers allows for an initial intake of 

dissolution mediimi higher than that of the K15M polymer. The combination of the two 

polymers then appears to have an effect on the mechanical straigth of the disc, which lengthens 

the time to disintegraticxi of the disc, causing the mixed discs to persist Icmger than the PEO 

polymer alone. Thus in the 50:50 system P303 appears to be acting as a filler in a OHitinuous 

K15M networic, as the mixed disc behaves predominantly like K15M. This effect on the erosion 

of the disc will be e3q)lored in Section 8.2.3.2. The calculated system, 50% P303 + 50% K15M, 

shows that the actual P303:K15M 50:50 mixed discs attain a lower initial wet weight than would 

be expected on the basis of the behavior of the indiAddual polymer systems, however after 

approximately nine hours the wet weights are higher than e^qjected. Papadimitrou et al. (1993b) 

examined the swelling of matrices containing different proportions of KIOOM and PCoagulant. 

They found a break point in the swelling properties at approximately 50%, which they attributed 

to a percolation threshold effect, above which HPMC dominated the swelling and below which 

PCoagulant dominated the swelling.
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Figure 8.6 Wet weights o f P303, K15M and P303;K15M 50:50 discs in buffer pH 7.4 at lOOrpm.

( ♦ )  P303, (-----) Calculated 50% P303 + 50% K15M, ( ■ )  P303 :K15M 50:50,! a  i K15M.

Table 8.9 shows that the maximum average relative swelling and the maximvmi average 

dissolution medium uptake values are highest for the single component P303 system, as 

expected. The polymer combination P303:K15M 50:50 shows values for maximum average 

relative swelling, and maximum average dissolution medium uptake that are closer to those seen 

for K15M than P303, possibly indicating a greater contribution of this polymer to the combined 

system characteristics, despite its lower molecular w ei^t. TTie disentanglement concentrations 

can be seen to increase as the HPMC ccxttent of the matrix increases. Rates of dissolution
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medium uptake were not compared, as different equations were preferred for fitting PEO and 

HPMC data.

Table 8.9 Dissolution medium uptake analysis for PEO and HPMC polymers in buffer pH 7.4 at lOOrpm

Polymer Maximum Maximum average Time to
average relative dissolution mediimi maximum

swelling uptake
Ww/Wi Ww-Wd
(+/-s.d.) (mg)(+/-s.d.)

P303
P303:K15M 50:50 

K15M

10.4+/-0.1
7.7+/-0.3

7.48+/-0.09

1928+/-10
1375+/-55

1336+/-16

dissolution 

mediiun uptake 
(hrs)

4
9

15

Experimental

disentanglement
concentration

^pdis(exp)

(mg/ml)(+/-s.d)

''77.^/-i;0......

95.2+/-5.1

110.0+ / - 0.6

8.2.3.1 Erosion of discs

The erosion of discs of P303, K15M, a combination of P303:K15M 50:50 and a calculated 

system comprising of 50% of the dry weights of P303 and 50% of the dry weights of K15M 

were studied. The erosion profiles obtained are shown in Figure 8.7, It can be seen that the 

K15M polymer shows a very low rate of erosion whereas the PEO polymer has completely 

eroded by nine hours. The combination discs, P303:K15M 50:50, tend to show an initial erosion 

profile, which is intermediate to that of the PEO and the pure HPMC discs. After approximately 

nine hours the rate of erosion of the PEO:HPMC combination appears to increase. The 

combination discs show a rate of erosion to approximately seven hours, which is similar to what 

would be predicted by the behavior of the individual polymers. After this time, however, the dry 

weights are higher than would be expected based on the averages of the pure polymers. This 

shows therefore that the P303 behaves as filler in the K15M network since the mixed disc erodes 

at a rate more similar to that of the pure K15M disc, showing that the controlling matrix is 

K15M. This may be a result of an ability of the lower molecular weight K15M to form a 

network faster than the P303. This would also concur with the fmding of Papadimitriou et al. 

(1993b) of a percolation threshold at approximately 50% loading, above which point HPMC 

dominates the swelling mechanism in PEO/HPMC mixtures and thus possibly also the erosion 

mechanism. The erosion rate constants were not compared as different equations are preferred 

for fitting HPMC and PEO data.



Chapter 8 - Polyethylene oxide matrices

250

200
o >

5  100

2 60 4 8 1210 14

Time (hrs)

Figure 8.7 Diy weights of P303, K15M and P303:K15M 50:50 discs in buffer pH 7.4 at lOOrpm. 

( A) K15M, (■ ) P303:K15M 50:50, (— ) Calculated 50% P303 + 50% K15M, (♦ )  P303.

8.2.4 Swelling and erosion of combination of drug and polymer

Discs consisting of different drug loadings in combination with PEO were prepared, and their 

swelling and erosion properties studied. The PEO polymer chosen for this study was P303. Two 

model drugs were chosen: benzoic acid and sodium benzoate, as these drugs were used 

previously in Chapter Six in studies with HPMC.

8.2.4.1 Addition of Benzoic acid

Benzoic acid systems were first compared then the sodium benzoate systems.

8.2.4.2 Extent of dissolution medium uptake

The wet weights of discs consisting of mixtures of benzoic acid and P303 were examined to 

determine the effect of drug loading on the swelling properties of these matrices. The matrices 

examined were: pure benzoic acid discs, a 25% drug loaded system, a 75% drug loaded system 

and discs consisting of P303 alone. TTiese levels were chosen as they represented a low and a 

high drug loading respectively. It was seen that there was a decrease in the maximum wet 

weights with increased drug loading. It also appeared that matrices containing high levels (75%) 

of benzoic acid were still present at fifteen hours whereas the other two PEO systems had all 

disintegrated by nine hours.
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Figure 8.8 Wet weights of Benzoic acid:Polyox 303 discs in buffer pH 7.4 at lOOrpm ( • )  P303, 

( A ) BA:P303 25:75, ( ♦ )  BA:P303 75:25, (■ ) BA.

Table 8.10 shows the maximum average dissolution medium uptake and the maximum average 

relative swelling values for these systems. The values obtained for a sodium benzoate system at 

a 25% drug loading with PEO are also included here for brevity, and the sodium benzoate results 

will be discussed in Sections S.2.4.5 to 8.2.4.8. If the maximum average dissolution medium 

uptake figures are corrected for the amount of polymer present in the discs the results range 

from 482+/-3mg to 586+/-22mg indicating that the uptake is predominantly due to the polymer 

portion of the matrix.

Table 8.10 Dissolution medium uptake analysis for Drug:P303 systems in buffer pH 7.4 at lOOrpm.

System Maximum average 

relative swelling 

Ww/Wi (+/-s.d.)

Maximum average 

dissolution medium uptake 

Ww-fVd (mg)(+/-s.d.)

Time to maximum 

average dissolution 

medium uptake (hrs)

BA:P303 0:100 10.4+/-0.1 1928+/-10 4

BA:P303 25:75 9.5+/-0.3 1758+/-67 5

BA:P303 75:25 3.28+/-0.03 542+Z-8 4

NaB:P303 25:75 8.6+/-0.3 1611+/-58 4

The relationship between maximum dissolution medium uptake and drug loading is illustrated in 

Figure 8.9, where the maximum average dissolution medium uptake is seen to decrease with 

increase in drug loading. A similar situation was seen for the relationship of maximum average 

relative swelling and polymer loading.
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Figure 8.9 Relationship between maximum average dissolution medium uptake and drug loading 

for benzoic acid systems with P303 in buffer pH 7.4 at lOOrpm.

S.2.4.3 Rate of dissolution medium uptake

Values for the rate of dissolution medium uptake were determined by fitting the dissolution 

medium uptake per unit matrix remaining values to the square root equation (Equation 5.3), the 

square root equation incorporating a lag time parameter (Equation 8.1), and the empirical 

equation (Equation 5.6). The values obtained using the square root equation (Equation 5.3) are 

shown first in Table 8.11 below.

Table 8.11 Parameters and estimates of fit obtained by fitting dissolution mediimi uptake per unit matrix 

remaining to square root of time (Equation 5.3), for Drug:P303 systems in buffer pH 7.4 at lOOrpm.

Polymer system Fitted to 

(hrs)

Dissolution medium uptake 

rate constant a (hr‘®^)(+/-s.d.)

SSD MSC CD

BA;P303 0:100 5 5.74+/-0.12 11.30 3.65 0.97926

BA:P303 25:75 5 5.97+/-0.18 23.94 3.00 0.95474

BA;P303 75:25 9 2.33+/-0.01 469.01 5.67 0.99678

NaB:P303 25:75 4 6.50+/-0.13 6.86 3.88 0.98157

The dissolution medium uptake rate constant (a) determined using the square root equation 

(Equation 5.3), appears to show similar values for 0% and 25% drug loading and shows a large 

decrease at 75% drug loading. The dissolution medium uptake rate constants were then fitted 

using the "uptake mixture" model (Appendix One), as used previously in Chapter Six for HPMC 

systems, however the fit obtained was poor (MSC = 2.12),
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Figure 8.10 Relationship between dissolution medium uptake rate constant (a) and drug loading, 

for BA;P303 systems in buffer pH 7.4 at lOOrpm, showing line of best fit to "uptake mixture" 

model (Appendix One).

Where drug is included in the system, the lag time seen using Equation 8.1 appears to decrease 

as the drug loading increases. This is shown in Table 8.12.

Table 8.12 Parameters and estimates of fit obtained by fitting dissolution medium uptake per unit matrix 

remaining to square root of time equation including lag time (Equation 8.1), for Drug:P303 systems in 
buffer pH 7.4 at lOOrpm.

Polymer system Fitted Dissolution mediimi I SSD MSC CD

to uptake rate constant (hrs)(+/-s.d.)

(hrs) ol (hr'®^X+/-s d.)

M l>iro3 oTioo 5 6.02+/-0.09 0.18+M).62 ...3 J ....... ...435 ...... 0.98968

BA;P303 25:75 5 6.43+/-0.14 0.21+/-0.04 15.3 3.30 0.96979

BA:P303 75:25 9 2.35+/-0.02 0.05+/-0.02 0.38 5.44 0.99634

NaB:P303 25:75 4 6.87+/-0.06 0.16+/-0.01 0.78 5.50 0.99687

No definite trend can be seen in Table 8.13 for the exponent with changes in drug loading, 

however it appears to inply that the dissolution medium uptake is not due solely to a Fickian 

diffusion mechanism
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Table 8.13 Parameters and estimates of fit obtained by fitting dissolution medium uptake per unit matrix 

remaining to Equation 5.6 for Drug:P303 systems in bufier pH 7.4 at lOOrptn.

Polymer Fitted to (hrs) ku (hr”»)(+/-s.d.) (+/-s.d.) SSD MSC CD

BA;P303 0:100 5 4.86+/-0.04 0.64+/-0.01 0.28 7.26 0.99942

BA:P303 25:75 5 4.61+/-0.11 0.72+/-0.01 2.60 5.43 0.99632

BA:P303 75:25 9 2.23+/-0.03 0.53+/-0.01 0.30 6.01 0.99789

NaB:P303 25:75 4 5.94+/-0.08 0.61+/-0.01 0.89 5.82 0.99761

The fractional dissolution medium uptake was then examined and the rate of uptake does not

appear to follow a systematic trend with drug loading, as can be seen fi’om Table 8.14.

Table 8.14 Parameters and estimates of fit of firactional dissolution medium uptake to exponential

equation (Equation 5.5) for Drug;P303 systems in buffer pH 7.4 in buffer at lOOrpm.

Polymer Fitted to (hrs) (hr ‘)(x 10')(+/-s.d.) SSD MSC CD

BA:P303 0:100 4 6.7+/-0.1 0.01 5.67 0.99691

BA:P303 25:75 5 5.8+/-0.3 0.04 3.87 0.98121

BA:P303 75:25 4 13.1+/-0.9 0.08 3.04 0.95725

NaB:P303 25:75 4 9.3+/-0.3 0.02 4.64 0.99137

S.2.4.4 Erosion of benzoic acid systems

The dry weights o f systems containing benzoic acid and Polyox 303 were then examined to see 

the effect o f drug loading on the erosion rate of these systems. It can be seen from Figure 8.11 

that the rate o f erosion of the 25% loading o f benzoic acid is initially slower than that o f the 75% 

loading of benzoic acid. After approximately five hours however, the 25% loaded discs erode 

much faster with the entire disc having disappeared by nine hours. This is imlike the situation 

seen for Benzoic acid:K100LV discs where the highest drug loading eroded fastest. The 

difference can most likely be attributed to a "percolation threshold" effect where the polymer is 

now diffusing out o f a benzoic acid matrix. The sparingly soluble benzoic acid prevents the 

disentanglement by reptation o f the long molecular weight polymer chains at high drug loadings, 

due possibly to  entrapment o f the polymer crystallites within the benzoic acid matrix. This leads 

to a system comprising of a core of benzoic acid surrounded by polymer gel.
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Figure 8.11 Diy weights of Benzoic acid:Polyox 303 discs in buffer pH 7.4 at lOOrpm ( • )  

P303, ( A) BA:P303 25:75, (♦ )  BA:P303 75:25, (■ ) BA.

The erosion rate was then determined by means o f the cube root equation (Equation 2.14). The 

parameters and estimates of fit obtained are shown in Table 8.15. The cube root equation 

(Equation 2.14) shows an increase in erosion with increased drug loading. The MSC values 

improve as the drug loading increases, due in part to the decrease in the lag time that occurs. 

The relationship between the cubic erosion rate constant (^2) and drug loading is illustrated in 

Figure 8.12, where it can be seen that the rate o f erosion increases rapidly above a 75% drug 

loading.

Table 8.15 Parameters and estimates of fit to cube root equation (Equation 2.14) for Drug:P303 systems 

in buffer pH 7.4 at lOOrpm.

System Erosion rate constant fc?

CTo/?ara)(hr')(xlO^)(+/-s.d.)

SSD MSC CD

BA:P303 0:100 3.1+/-0.3 19364 1.44 0.78078

BA:P303 25:75 4.4+/-0.4 9881 2.07 0.88474

BA:P303 75:25 4.0+/-0.7 1104 4.75 0.99184

BA:?303 100:0 35.1+/-0.5 168 5.93 0.99767

NaB:P303 25:75 5.28+/-0.28 4709 2.86 0.94716

NaB 1289+/-65 476 4.28 0.98919

Equation 8.2 was also used to describe the erosion of these systems, and it can be seen from 

Table 8.16 that the exponent (rii) decreases and the kinetic constant (ki) increases with increased 

benzoic acid loading. It can be seen that neither the cube root equation (Equation 5.3) nor 

Equation 8.2 is consistently better to describe the erosion of these matrices. The "cubic/lag 

time" model was not used to describe the data, as no lag time is seen for the erosion o f the 

benzoic acid containing systems.
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Table 8.16 Parameters and estimates of fit to Equation 8.2 (weight loss) for different Drug;P303 systems 

in buffer pH 7.4 at lOOrpm.

System h  (mg.hr"i)(+/-s.d.) «L (+/-s.d) SSD MSC CD

BA:P303 0.100 1.65+/-0.31 2.17+/-0.90 1100 4.23 0.98755
BA:P303 25:75 13.3+/-2.0 1.22+/-0.08 2727 3.28 0.96828
BA;P303 75:25 33.4+/-0.7 0.66+/-0.92 304.8 5.97 0.99775
BA:P303 100:0 127.2+/-6.0 0.40+-/-0.04 6760 2.47 0.93206

NaB:P303 25:75 28.2+/-2.0 0.88+/-0.04 1483 3.93 0.98336
NaB 612+/-63 0.42+/-0.03 262 4.62 0.99404

Drug loading (%)

Figure 8.12 Relationship between erosion rate constants k2, and drug loading for BA.P303 

systems and pure BA matrix in buffer pH 7.4 at lOOrpm showing linear fit (Equation Al. 1) from 

0 to 100% dnig loading.

8.2.4.S Addition of Sodium benzoate

The use of a freely soluble drug, sodium benzoate, in combination with PEO polymer was then 

examined.

S.2.4.6 Extent of dissolution medium uptake

Figure 8.13 shows the swelling profile of discs containing a 25% loading of sodium benzoate 

with P303. The wet weights o f single component P303 discs and BA:P303 25:75 discs as seen in 

Figure 8.8, are included for comparison purposes. It can be seen that after approximately one 

hour, the P303 discs show higher wet weights than the systems containing sodium benzoate. 

The sodium benzoate matrix at seven hours is irretrievable. The benzoic acid system can be seen 

to show lower wet weight values than the sodium benzoate system to three hours, after which
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time the wet weights appear higher for the benzoic acid system. The two drug-loaded systems 

eroded entirely by nine hours.
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Figure 8.13 Wet weights of Sodium benzoate:P303 systems in buffer pH 7.4 at lOOrpm. ( ■) 

P303, ( ♦ )  NaB:P303 25:75, ( A) BA:P303 25:75.

The values for maximum average relative swelling and maximum average dissolution medium 

uptake are shown in Table 8.10. The sodium benzoate system shows lower values for maximum 

average relative swelling and maximum average dissolution medium uptake than the P303 

single component system or the benzoic acid system. Dimensional changes for this system are 

shown in Appendix Nine.

8.2.4.7 Rate of dissolution medium uptake

The dissolution medium uptake rate constants obtained on fitting the data to square root o f  time 

equation (Equation 5.3) are shown in Table 8.11. The dissolution medium uptake rate constant 

(a), is higher for the system containing sodium benzoate than the system containing only P303 

or the benzoic acid system, and the MSC values obtained is also higher.

A lag time appears to be present for all systems as can be seen from Table 8.12 when the data is 

fitted to equation 8.1. This lag time is lowest for the sodium benzoate system and this system 

shows the highest rate constant for dissolution medium uptake.

The exponent obtained on fitting the data to equation 5.6, indicates that uptake follows an 

anomalous pattem of release for sodium benzoate systems, as shown in Table 8.13. It can be 

seen from the MSC values obtained that this is the most successfiil model to describe the data.

222



Chapter 8 - Polyethylene oxide matrices

Again it can be seen from Table 8.14 that the rate of dissolution medium uptake is fester for the 

sodium benzoate containing s j^em  than either the pure polymer system or the benzoic acid 

system when the fractional dissolution medium uptake is fitted to the exponential equation 

(Equation 5.5).

S.2.4.8 Erosion of drug polymer systems

Figure 8.14 shows that matrices containing sodium benzoate appear to erode at a fester rate than 

those containing only P303 or the benzoic acid at a 25% loading with P303. The sodium 

benzoate matrices show no lag time before erosion, as is seen for the P303 system. The P303 

polymer can be seen to significantly prolong the release o f sodium benzoate over that which was 

seen for the single component sodium benzoate matrix, as the dry weight o f the NaB:P303 25;75 

system reaches 150mg at two hours, whereas the pure sodium benzoate system completely 

erodes in approximately four minutes.
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Figure 8.14 Dry weights of Sodium benzoate:P303 systems in buffer pH 7.4 at lOOrpm. (■ ) 

P303, ( A) BA:P303 25:75, ( ♦ )  NaB:P303 25:75, ( • )  NaB.

Table 8.15 shows the erosion rate constants obtained using the cube root equation (Equation 

2.14). It can be seen that the pure sodium benzoate matrices erode fastest, followed by the 

matrices containing both sodium benzoate and P303, the benzoic acid;P303 system with the 

P303 single component matrix being the slowest to erode.

The best equation for describing the erosion profiles of the sodium benzoate systems was 

Equation 8.2, as can be seen by comparing the MSC values in Table 8.16 with those obtained 

using the cube root equation (Equation 2.14)(Table 8.15). The "cubic/lag time" model 

(Appendix One) was not used, as no lag time is apparent from Figure 8.14 for the sodium 

benzoate system.
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8.2.5 Conclusions for swelling and erosion of PEO systems

The swelling and erosion of the PEO polymer showed dependency on molecular weight, even at 

the very high molecular weights used, as the maximum average relative swelling, the maximum 

average dissolution medium uptake, and the rate of dissolution medium uptake were all higher 

for P303 than PCoagulant. The rate of erosion was higher for the lower molecular weight 

polymer, as was seen for HPMC.

On examining the swelling o f P303 in acid and buffer it was seen that the maximum average 

dissolution medium uptake and the maximum average relative swelling were very similar in 

buffer and acid. However the rate of dissolution mediiun uptake was higher for acid than buffer 

similar to the result seen for HPMC in Chapter Five. The slightly lower rate of dissolution 

medium uptake in buffer may be due to the slightly higher viscosity of buffer than acid. A 

"salting out" effect may also be occurring in buffer, which decreases the rate of uptake of the 

matrix, as was described in Chapter Five for HPMC. Pi Hay and Fassihi (2000) also considered 

that PEO polymers are prcxie to this effect, hi the present work it was seen that after the initial 

lag time of approximately one hour, the rates of erosion of P303 matrices were similar in acid 

and buffer. Recently theophylline release from PEO polymers was rq)orted by Yang (1996) not 

to be affected by pH changes between O.IN HCl and phosphate buffer pH 5.8, a finding that 

they attributed to the non-ionic nature of PEO.

When the swelling and erosion of HPMC K15M, P303 and a system consisting of a 50:50 blend 

of these two polymers were compared, the swelling and erosion profiles of the blend were more 

similar to those of K15M. Blending the two polymers allows for a greater degree of swelling 

than K15M, but a slower rate of erosion than P303. This effect would appear to be due to the 

P303 acting as a filler in the K15M system, as the behavior of the system appears to be 

predominantly that of K15M. This effect was noted by Papadimitriou et al. (1993b) who 

showed a break in swelling prqperties when PCoagulant was included at a 50% level in KIOOM 

matrices, a finding which they attributed to a percolati<Mi threshold effect. A faster rate of 

erosion of PEO 4x10* than HPMC K4M after four hours was seen by Yang et al. (1997b). A 

difference in the swelling behavior of HPMC KIOOM and P303 was also noted hy Maggi et al. 

(2000) who showed slow and continuous swelling leading to a six-fold increase in volume for 

KIOOM after 20 hours as measured using a video microscqse and image analysis techniques. 

The P303 system swelled more rapidly and showed a six-fold increase in volume after eight 

hours, after v^ich time the volume decreased. They also showed that a glassy core remained for 

KIOOLV after 20 hours and a thick gel layer was seen whereas the core of P303 was completely 

gelled after 20 hours. Thus the tendency to higher swelling and faster erosion for PEO than 

HPMC, at the molecular w e ig ^  used in this study, was confirmed.
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When a combination of benzoic acid and P303 was examined, the extent o f swelling, the 

maximum average relative swelling and the maximum average dissolution medium uptake 

decreased with increased drug loading due to the concomitant decrease in polymer content of the 

matrix. This reduces the water holding capacity of the matrix. The rate of erosion was lower for 

the 75% than the 25% drug loaded sj^em  which may be due to a "percolation threshold" effect, 

where P303 is difiusing in a baizoic acid matrix, and vvdiere the trapped crystallites prevent 

erosion of polymer and thus drug.

When systems containing a combination of sodium benzoate and P303 at a 25% drug loading 

level were compared to the single component P303 systems and BA.P303 25:75 systems, the 

maximum average dissolution medium uptake and the maximum average relative swelling were 

lower for the sodium benzoate system than the other two s3̂ em s. The rate of dissolution 

medium uptake was highest for the sodium benzoate containing system. The erosion rate of the 

systems containing sodium benzoate was also higher than the other two systems.

8.3 DISSOLUTION STUDIES

The release o f drugs from PEO matrices was then examined. Three model drugs were used 

which were, in order of decreasing solubility. Sodium Benzoate (NaB), Benzoic Acid (BA) and 

Methyl /7-hydroxybenzoate (MB). Methyl /j-hydroxybenzoate is an alkyl ester of p- 

hydroxybenzoic acid which has a pK, of 8.4 (Martin 1993), and a molecular weight of 152.1 

(Martindale 1999). It was found in solubility studies (Appendix Four) to have a solubility of 

3.99+/-0.02mg/ml in phosphate buffer pH 7.4. The effect of variables such as the molecular 

weight of the polymer, drug solubility, drug loading, and agitation rate on the release of these 

drugs from P303 systems was examined. Release profiles were obtained and compared by 

fitting to model equations, noting any systems giving close to zero-order release. As noted 

previously in Chapter Two, Fickian release is proportional to the square root of time and the 

diffusion coefficient of the drug remains constant (Alfrey et al. 1966). Non-Fickian release 

encompasses the increase in release exponent caused by high swelling of the polymer and 

associated relaxations, which increase the diffusion coefficient of the drug (Kim 1998). Case II 

transport is considered to be the upper limiting case for relaxational diffusion in a glassy 

polymer (Alfrey et al. 1966). The release of drug by an erosion mechanism, which has been 

shown to give linear release with time, is also considered a non-Fickian drug release process 

(Reynolds et al. 1998).
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8.3.1 Comparison o f two molecular weight polymers

The effect of changing the molecular weight of the polymer on the release of drugs from PEO 

matrices was considered. The two polymers used were PCoagulant and P303, which differ in 

their molecular weight by approximately 40%. Systems containing a drug loading of 25% were 

considered.

Drug release profiles were fitted to a number of equati(xis to describe the rate and pattern of 

drug release. The equations used were the Korsmeyer and Peppas equation (Equation 2.27), the 

Ford lag time equation (Equation 2.31), and the exponential equation (Equation 2.33) as used in 

Chapter Seven. Data was also fitted to a linear equation (Equation Al. l)  as shown in Appendix 

One. The linear equation (Equation Al. l)  was used as most of the benzoic acid, and the methyl 

/7-hydroxybenzoate data appear to be linear up to 80% release. The point at time 0 was not used 

in fitting the data to a linear equation (Equation Al. l)  as in some systems there appears to be a 

burst release before a oxistant rate of release is obtained.

Figure 8.15 shows the release of sodium benzoate, benzoic acid and methyl /j-hydroxybenzoate 

from PCoagulant and P303 matrices, at 25% drug loading Increasing the molecular weight of 

the PEO polymer from 5x10* to 7x10* does not appear to have a significant effect on the release 

of the freely soluble sodium benzoate, or the sparingly soluble benzoic acid from these matrices. 

When the release of the slightly soluble methyl /j-hydroxybenzoate from the two polymer 

matrices was examined, there was no significant differaice between the release of drug from 

these two polymers over the duration of the experiment, as determined using a student t-test at 

the 95% significance level. A similarity factor value of 67 was seen which also indicates no 

difference between the two profiles. It can be seen that release of methyl />-hydroxybenzoate 

appears to be linear with time up to approximately 80% release and that release is higher from 

the P303 matrix. Therefore the use of two differait molecular weights o f PEO has little effect 

on the release of these three conq>ounds. Figure 8.15 also shows that at a 25% drug loading the 

rate of release is in rank order with the solubility o f the drugs.
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Figure 8.15 Release of sodium benzoate, benzoic acid and methylhydroxybenzoate from Polyox 

matrices at a 25% drug loading in buffer pH 7.4 at lOOipm ( - ) NaB:P303 25:75, ( A) 

NaBiPCoag 25:75, (■ ) BA;P303 25:75, (♦ )  BA:PCoag 25:75, ( • )  MB:P303 25:75, (X) 
MB:PCoag 25:75.

It can be seen from the exponents obtained after fitting the release data to the Korsmeyer and 

Peppas equation (Equation 2.27), that the pattern o f sodium benzoate release from both matrices 

appears to be anomalous. It will be examined later whether this can be attributed to high levels 

of non-equilibrium swelling or the erosion of the polymer. Release of benzoic acid also follows 

an anomalous pattern. It can be seen that release of methyl /7-hydroxybenzoate from these 

matrices is close to zero-order with exponents of 0.90 and 0.92 for PCoagulant and P303 

respectively.

Table 8.17 Parameters and estimates of fit of release data to Korsmeyer and Peppas equation (Equation 
2.27) for Drug:Polyox systems at a 25% drug loading in buffer pH 7.4 at lOOrpm.

Polymer *p(hr".)(+/-s.d.) np (+/-s.d.) SSD MSC CD

NaB:PCoag 8I.2+/-1.5 0.7(H/-0.02 2.78 6.78 0.99927

NaB:P303 80.2+/-1.8 0.66+/-0.02 4.16 6.42 0.99895

BA:PCoag 37.8+/-0.3 0.74+/-0.02 39.58 4.91 0.99388

BA:P303 38.8+/-0.2 0.77+/-0.02 19.00 5.74 0.99733

MB:PCoag 15.8+/-0.2 0.90+/-0.01 27.51 5.95 0.99763
MB:P303 16.6+/-0.3 0.92+/-0.02 47.80 5.23 0.99521

The data was then fitted to the Ford lag time equation (Equation 2.31). A negative lag time is 

occurring for all drugs, which shows the presence of a burst release. The MSC values obtained 

were lower than those obtained using the Korsmeyer and Peppas equation (Equation 2.27). The 

parameters and estimates of fit are shown in Appendix Eleven.
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The sodium benzoate data was then fitted to an exponential equation (Equation 2.33) as used in 

Chapter Seven. The parameters and estimates of fit obtained are shown in Appendix Eleven and 

the MSC values obtained are high, ahhough not as high as for the Korsmeyer and Peppas 

equation (Equation 2.27). An exponential equation (Equaticm 2.33) was not appropriate for the 

benzoic acid or methyl/j^ydroxybenzoate systems.

A linear equation (Equation A l.l) was not appropriate for the sodium benzoate data, however 

the parameters and estimates of fit to a linear equation (Equation A l.l)  for the benzoic acid and 

the methyl /?4iydroxybenzoate systems are shown in Table 8.18. The release of up to 80% of 

benzoic acid and methyl />-hydroxybenzoate from these matrices shows a good relationship to a 

linear equation as can be seen from the high MSC values obtained.

Table 8.18 Parameters and estimates of fit of first 80% release to linear equation (Equation Al.l) for 

benzoic acid and methyl p-hydroxybenzoate systems at a 25% drug loading in buffer pH 7.4 at lOOrpm.

Polymer m (hr 'X+/-s.d.) c (+/-s.d.) SSD MSC CD

BA:PCoag 28.0+/-0.4 9.0+/-0.6 58.43 5.29 0.99561
BA;P303 30.4+/-0.4 7.5+/-0.5 25.00 5.51 0.99658
MB;PCoag 13.4+/-0.1 2.1+/-0.3 69.85 5.66 0.99683

MB:P303 14.9+/-0.2 1.3+/-0.5 133.84 4.85 0.99292

8.3.2 Drug loading

The effect of drug loading on the percentage release of drugs from P303 matrices was then 

examined. Release of the soluble sodium benzoate was investigated first.

8.3.2.1 Sodium benzoate

The release of the freely soluble sodium benzoate can be seen in Figure 8.16 to increase with an 

increase in drug loading. This is similar to the situation which occurred for sodium benzoate in 

KIOOLV matrices, as seen in Chapter Seven. The arrow indicates the point at which the pure 

polymer begins to erode. The maximum wet weight of the pure polymer occurred at four hours. 

It can be seen that the presence o f the polymer significantly delays the release of sodium 

benzoate from four minutes to two hours.
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Figure 8.16 Release of Sodium Benzoate from P303 matrices at difierent drag loadings in buffer 

pH 7.4 at lOOrpm compared with pure drug and pure polymer release. ( • )  Pure NaB discs, >; ^ ) 

NaB:P303 75:25, (■ ) NaB;P303 50:50, ( ♦ )  NaB:P303 25:75, (X) Pure P303 discs.

The release data was then fitted to the Korsmeyer and Peppas equation (Equation 2.27). Values 

for the 75% loading parameters are poor as indicated by the ejq)onent of 0.16, as release 

occurred so quickly that very few points were available for fitting to equation.

Table 8.19 Parameters and estimates of release data to Korsmeyer and Peppas equation (Equation 2.27) 

for Sodium Benzoate;P303 systems at different drag loadings in buffer pH 7.4 at lOOrpm

Drag loading (%) kp (hr"j')(+/-s.d.) /i^(+/-s.d) SSD MSC CD

25 80.2+/-1.8 0.66+/-0.02 4.16 6.42 0.99895

50 93.1+/-2.2 0.69+/-0.03 5.95 6.30 0.99883

75 50.4+/-3.3 0.1&+-/-0.05 9.78 5.15 0.99674

The data was then fitted to the lag time equaticm as proposed by Ford (Equation 2.31). Again 

very few points were available for fitting to the equatim, however the negative lag times 

obtained are indicative of a shght burst release of sodiimi benzoate from these systems. The 

MSC values are poorer than those obtained using the Korsmeyer and Peppas equation (Equation 

2.27) and so the parameters and estimates of fit are included in Appendix Eleven.

The data was then fitted to an exponential equation (Equation 2.33) as used in Chapter Seven. 

The kinetic constant also showed that the rate of release was higher at higher drug loadings, 

and the MSC values obtained were lower than those shown using the Korsmeyer and Peppas 

equation (i^pendix Eleven). A linear equation (Equation A1.1) was not used.
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S.3.2.2 Benzoic Acid

The release of benzoic acid was examined at different drug loadings, and as can be seen in 

Figure 8.17, the release over the duration of the experiment is higher at lower drug loadings. 

This is unlike the situation seen for sodium benzoate in P303 where the drug release increased 

with an increase in drug loading. This is also unlike the situation seen for benzoic acid with 

HPMC KIOOLV where the 25% and 50% systems released at the same rate whereas the 75% 

system released drug j&stest. The K15M system however showed a similar relationship with 

drug loading as P303 in that the benzoic acid was released faster from a 25% drug loading than a 

75% drug loading. The 25:75 BA:P303 system was seen in Section 8.2.4 to swell to a greater 

extent than the 75% loaded system. This would lead to a greater prq>ortion of drug being in 

solution for this system than the higher drug loaded systems, leading to fester release. There is 

also increasing ease of difiusion of drug with increased swelling, despite the longer difilisional 

pathlength. The first arrow from the left in Figure 8.17 indicates the lag time before erosion 

occurs of the pure polymer. The second airow indicates the point of maximum wet weight of the 

pure polymer. There is a slight similarity between the pattern of release of BA:P303 75:25 and 

that of pitfe benzoic acid, while similarity can also be seen between BA:P303 25:75 and pure 

P303.
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Figure 8,17 Release of benzoic acid from P303 matrices at different drug loadings in buffer pH 

7.4 at lOOrpm compared with pure dmg and pure polymer release. ( • )  Pure Benzoic acid discs, 

(♦)BA:P303 25:75, (H)BA:P303 50:50, ( A i BA:P303 75:25, (X) Pui«P303 discs.

It can be seen fi’om the Korsmeyer and Peppas fits, as presented in Table 8.20, that the 

exponents show a trend to decreasing values as the drug loading increases. However the 

di£ferences do not appear to be statistically significant.
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Table 8.20 Parameters and estimates of fit of release data to Korsmeyer and Peppas equation (Equation 
2.27) for Benzoic acid:P303 systems at different drug loadings in buffer pH 7.4 at lOOrpa

Drug loading (%) *p(hr^)(+/-s.d.) Tlj, (+/-s.d) SSD MSC CD
25 38.8+/-0.2 o.n-^i-0.02 19.00 5.74 0.99733
50 24.4+/-0.2 0.75+/-0.01 27.23 5.62 0.99678
75 18.3+/-0.4 0.74+/-0.02 117.42 4.46 0.98948

The data was then fitted to the Ford lag time equation (Equation 2.31) and negative lag times 

indicating a burst release, are seen. High MSC values, close to those seen for the Korsmeyer and 

Peppas equation were obtained and the parameters and estimates of fit for this equation can be 

seen in Appendix Eleven.

The data was then fitted to an exponential equation (Equation 2.33) and the parameters and 

estimates of fit that were obtained are shown in .^pendix Eleven. It can be seen that the MSC 

values obtained are much poorer than with the Korsmeyer and Peppas equation (Equation 2.27) 

or the Ford lag time equation (Equation 2.31).

The release data for up to 80% release was then fitted to a linear equation (Equation Al.l). It 

can be seen fi’om the slcpe values (m), in Table 8.21 that the rate of release increases as the drug 

loading decreases.

Table 8.21 Parameters and estimates of fit of first 80% of release data to linear equation (Equation Al.l) 
for Benzoic acid:P303 systems at different drug loadings in buffer pH 7.4 at lOOrpm.

^ u g lo a ^ g  (^^ m (hr *X+/- s.d) c (+/-s.d) SSD" MSC CD
___ 30.4+/-0.4 7.5+/-0.5 25.00 SJl 0.99658

50 16.(H-/-0.1 7.8+/-0.3 34.49 6.12 0.99801
75 10.3+/-0.2 8.5+/-0.8 490.3 3.89 0.98105

8.3.1.3 Methyl p-hydroxybenzoate

Figure 8.18 shows that the rate of release of methyl />^ydroxybenzoate is lowest at the 75% 

drug loading with the 25% and 50% drug loaded systems showing almost identical rates of 

release. This order is similar to that seen for Benzoic acid. The first arrow firom the left 

indicates the lag time before polymer release for the pure polymer, and the second arrow 

indicates the point of maximum wet weight for the pure poljmier. The methyl p- 

hydroxybenzoate theoretical release was estimated by approximating the intrinsic dissolution 

rate using Equation 1.7, and then calculating the amoirat released relative to pure benzoic acid 

discs based on the ratio of their intrinsic solubilities.
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Figure 8.18 Release of Methyl /7-hydroxybenzoate from P303 matrices at different drug loadings 
in buffer pH 7.4 at lOOrpm, compared with pure drug and pure polymer release. (—) Pure MB 
discs (theoretical), (♦)MB;P303 25:75, (« ) MB:P303 50:50, •; ) MB:P303 75:25, (X) Pure
P303 discs.

Release from methyl /?-hydroxybenzoate systems at different drug loadings is near zero-order 

when the release data is fitted to the Korsmeyer and Peppas equation (Equation 2.27) as shown 

in Table 8.22.

Table 8.22 Parameters and estimates of fit of release data to Korsmeyer and Peppas equation (Equation 
2.27) for Methyl />-hydroxybenzoate:P303 systems at different drug loadings in buffer pH 7.4 at lOOrpm

Drug loading (%) kp (hr";-)(+/-s.d.) /jp (+/- s.d.) SSD MSC CD

25 16.6+/-0.3 0.92+/-0.02 47.80 5.23 0.99521

50 14.1+/-0.4 1.04+/-0.03 110.61 4.41 0.98906

75 12.9+-/-0.6 0.93+/-0.03 370.63 3.56 0.97405

The Ford lag time equation (Equation 2.31) shows a sUght burst effect for the release of methyl 

/>-4iydroxybenzoate as can be seen from the negative lag times obtained. As the MSC values are 

lower than those seen using the Korsmeyer and Peppas equation (Equation 2.27) the parameters 

and estimates of fit are shown in Appendix Eleven.

The exponential equation (Equation 2.33) was not considered to be appropriate for this data. In 

Table 8.23 it can be seen that the linear fit of the release data does not appear to show a 

systematic trend in release with increase in drug loading.
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Table 8.23 Parameters and estimates of fit of first 80% of release data to linear equation (Equation Al. 1) 

for methyl />-hydroxybenzoate at difierent drug loadings in buffer pH 7.4 at lOOrpm.

Drug loading (%) m (hr ‘)(+/-s.d.) c (+/-s.d.) SSD MSC CD

25 14.9+/-0.2 1.3+/-0.5 133.84 4.85 0.99292

50 15.1+/-0.2 -0.6+/-0.7 249.32 4.46 0.98948

75 11.1+/-0.2 I.9+/-0.8 529.46 3.82 0.97985

8.3.3 Solubility o f drugs

The effect o f the solubility of the drug on the amount and pattern of drug release from P303 

matrices was examined. The three previously used drugs, sodium benzoate, benzoic acid and 

methyl /7-hydroxybenzoate were compared at loadings of 25%, 50% and 75% with P303 

respectively.

8.3.3.1 25% loading

The release of drugs from P303 matrices at a 25% drug loading was shown previously in Section

8.3.1 (Figure 8.15) and the release data fitted to the appropriate equations. It was clearly seen that 

the rate of release was in rank order with the solubility of the drug.

S.3.3.2 50% loading

It can be seen from Figure 8,19 that similar to the situation seen for the 25% loading, the rate of 

release is in rank order with the solubility of the drug. However in this case the difference in 

release between the benzoic acid and methyl /?-hydroxybenzoate is decreased. The estimates of 

fit of the data to the appropriate equations was shown previously in Section 8.3.2.1 for sodium 

benzoate. Section 8.3.2.2 for benzoic acid and Section 8.3.2.3 for methyl /?-hydroxybenzoate. It 

can be seen that the exponents obtained using the Korsmeyer and Peppas equation (Equation 

2.27) decrease with an increase in solubility.
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Figure 8.19 Release of drug from P303 matrices at a 50% drug loading in buflfer pH 7.4 at 

lOOrpm. (♦ )  Sodium benzoate, (■ ) Benzoic acid, ( a ) Methyl /?-hydroxybenozate.

S.3.3.3 75% loading

It can be seen from Figure 8.20 that benzoic acid and methyl />-hydroxybenzoate are released at 

a similar rate from P303 at a 75% drug loading, thus the release appears to be independent of 

drug solubility at low solubilities. TTie release of sodium benzoate appears more linear at this 

drug loading. The estimates o f fit of the data to the appropriate equations was shown previously 

in Section 8.3.2.1 for sodium benzoate. Section 8.3.2.2 for benzoic acid and Section 8.3.2.3 for 

methyl /?-hydroxybenzoate. It can again be seen that the exponents obtained using the 

Korsmeyer andPeppas equation (Equation 2.27) decrease with increase in solubility.
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Figure 8.20 Release of drug from P303 matrices at a 75% drug loading in buffer pH 7.4 at 

lOOrpm. (♦ )  Sodium benzoate, (■ ) Benzoic acid, ( A) Methyl p-hydroxybenozate.
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8.3.4 Agitation rate

The rate of agitation in the dissolution vessel was changed to examine the efifect on the rate and 

pattern of drug release. Benzoic acid and Methyl />-hydroxybenzoate were used in this study: 

both at a 25% drug loading. The release profiles of these drugs at agitation rates of 50, 100, 150 

and 200rpm were compared.

8.3.4.1 Benzoic acid release at different agitation rates

It can be seen in Figure 8.21 that there appears to be an increase in the rate of drug release as the 

agitation rate increases fi'om 50rpm to 200rpm. The student t-test shows significant differences 

at the 95% level in release to four hours when the values at 50rpm and 200rpm were compared. 

The similarity factor value was 55 however, which although it is very close to the outer limit of 

similarity implies that the profiles at 50rpm and 200rpm are similar. Thus there appears to be a 

traid to faster release at higher drug loadings, although this is not confirmed by a similarity 

factor calculation.
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Figure 8.21 Release of benzoic acid from P303 matrices at different agitation rates in buffer pH 

7.4 at a 25% drug loading. ( • )  200rpm, ( a ) iSOrpm, (■  ) lOOrpm, ( ♦ )  50rpm.

Table 8.24 shows the parameters and estimates of fit obtained when the release profiles of 

benzoic acid at different agitation rates were fitted to the Korsmeyer and Peppas equation 

(Equation 2.27). It can be seen that the kinetic constant (kp) increases with increase in agitation 

rate and the exponent (n^ shows little difference at different agitation rates.
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Table 8.24 Parameters and estimates of fit of release data to Korsmeyer and Peppas equation (Equation 

2.27) for Benzoic acid:P303 systems at 25% drug loading in buffer pH 7.4 at different agitation rates.

Agitation rate (rpm) kp (hr'j’)(+/-s.d.) Up (+/- s.d.) SSD MSC CD

50 36.3+/-0.3 0.81+/-0.02 23.22 5.68 0.99711
100 38.8+/-0.2 0.77+/-0.02 19.00 5.74 0.99733
150 41.5+/-0.3 0.78+/-0.02 28.06 5.36 0.99610
200 41.4+/-0.3 0.79+/-0.02 19.42 5.62 0.99703

Table 8.25 also shows from the linear fit that the rate of release increases as the agitation rate

increases.

Table 8.25 Parameters and estimates of fit of first 80% of release data to linear equation (Equation Al. 1)
for Benzoic acid;P303 systems at a 25% loading in buffer pH 7.4 at different agitation rates.

Agitation rate (rpm) m (hr ')(+/-s.d.) c (+/-s.d.) SSD MSC CD

50 28.1+/-0.4 7.1+/-0.6 58.86 5.01 0.99427

100 30.4+/-0.4 7.5+/-0.5 25.00 5.51 0.99658

150 33A+/-0.6 7.3+/-0.7 60.84 4.81 0.99313

200 34.5+/-0.4 6.3+/-0.6 34.58 5.44 0.99633

S.3.4.2 Methyl />-hydroxybenzoate

Figure 8.22 shows that there is an increase in the rate of release o f methyl /^-hydroxybenzoate as 

the agitation rate increases. Again the 50rpm and 200rpm profiles were tested for significant 

difference in release occurring with increase in agitation. The student t-test showed significant 

differences at the 95% level for all points and a similarity factor of 34 was obtained which 

indicates that the difference in release rate between 50rpm and 200rpm was significant.
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Figure 8.22 Release of methyl /?-hydroxybenzoate from P303 matrices in buffer pH 7.4 at 

different agitation rates at a 25% drug loading. ( • )  200rpm, ( A )  150rpm, (■ )  lOOrpm, (♦ )  

50rpm.

The exponent can be seen in Table 8.26 to demonstrate near zero-order release for all agitation 

rates.

Table 8.26 Parameters and estimates of fit of release data to Korsmeyer and Peppas equation (Equation 

2.27) for methyl /?-hydroxybenzoate;P303 systems at 25% drug loading in buffer pH 7.4 at different 

agitation rates.

Agitation rate (rpm) kp (hr'"i>) (+/-s.d.) rij, (+/-s.d.) SSD MSC CD

50 13.5+/-0.2 0.91+/-0.01 27.19 6.10 0.99794

100 16.6+/-0.3 0.92+/-0.02 47.80 5.23 0.99521

150 18.2+/-0.2 0.93+/-0.01 14.57 6.40 0.99851

200 19.1+/-0.1 0.95+/-0.01 10.55 6.59 0.99879

Table 8.27 shows from the slope values obtained that the rate of release increases as the 

agitation rate increases. The data shows a good fit to a linear equation as shown by the high 

MSC values, especially at higher agitation rates.

Table 8.27 Parameters and estimates of fit to a linear equation (Equation A l.l) for methyl p- 

hydroxybenzoate:P303 systems at a 25% loading at different agitation rates in buffer pH 7.4.

Agitation rate (rpm) m (hr' )(+/-s.d.) c (+/-s.d.) SSD MSC CD

50 11.0+/-0.1 3.0+/-0.5 181.52 4.95 0.99346

100 14.9+/-0.2 1.3+/-0.5 133.84 4.85 0.99292

150 16.5+/-0.1 1.6+/-0.3 29.20 6.24 0.99825

200 18.1+/-0.1 0.7+/-0.3 21.87 6.35 0.99845
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The relationship between the log of the linear release rate and the log of the agitation rate for 

benzoic acid and methyl p^ydroxybenzoate is shown in Figure 8.23.
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Figure 8J23 Relationship between release rate constant and agitation rate for benzoic acid and 

methyl /^-hydroxyben2 oate release at a 25% drug loading with P303 in buffer pH 7,4. ( H) BA, 

( ♦ )M B .

The slopes (m) of the relationship between the log of the linear release rate and the log of the 

agitation rate for benzoic acid and methyl />-hydroxybaizoate fix>m P303 matrices are shown in 

Table 8.28. TTie slcpe of the baizoic acid release rate is closer to zero than that of the methyl p- 
hydroxybenzoate systems, indicating that as can be seen from the release profiles, the release of 
methyl />-hydroxybenzoate is more sensitive to agitation rate than benzoic acid. The slope of the 

pure benzoic acid system in Qiapter Five, when the log of the erosion rate constant was plotted 
against the log of the agitation rate, was 0.66. This slope is slightly higher than the value of 0.5 

which indicates laminar flow. The lower value obtained where polymer is present indicates that 

the polymer renders the drug less suscq>tible to flow conditions in the dissolution vessel.

Table 8.28 Parameters and estimates of fit to linear equation (Equation A l . l )  o f log of release rate 

constant versus log agitation rate for benzoic acid and methyl p-hydroxybenzoate at a 25% drug loading 

with P303 in buffer pH 7.4.

Drug m (log hr*’, log rpm ')(xlO^)(+/-s.d) c (log hr'*) (+/-s.d.) SSD(xlO'') MSC CD

BA 0.15+/-0.02 l.m /-0 .0 3 1.1 2.11 0.91692

MB 0.36+/-0.03 0.44+/-0.06 3.8 3.24 0.98560

8.3.5 Conclusions for drug release studies

When two PEO polymers of different molecular weights were examined there appeared to be no 

difference between P303 and PCoagulant in controlling the release of sodium benzoate, benzoic
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acid or methyl /?4iydroxybenzoate from the systems studied, despite differences in the molecular 

weight of these polymers. However, Kim (1995a) compared the release of poorly soluble 

theophylline (solubility<l% in water) from PEO matrices of molecular weight 2x10® and 4x10®. 

On fitting their results to the Korsmeyer and Peppas equation (Equation 2.27), they showed a 

significant decrease in the rate and exponent of release as the molecular weight increased. They 

attributed this finding to decreased erosion of the higher molecular weight polymer. The 

discrepancy between these two findings may be attributed to the relatively smaller difference 

between the molecular weights of the two polymers studied in the present woric (approximately 

40%) relative to those used by Kim f79P5oXapproximately 100%). The molecular weights used 

in this study at 5x10® and 7x10® are higher than those used by Kim (1995a) and as such would be 

expected to have a lower rate of erosion. Studies in Chapter Five indicated that the molecular 

weights of HPMC reached an asymptotic value whereby further increases in molecular weight 

did not result in further decreases in erosion rate.

The effect of changing drug loading for each of the different drugs was examined from P303 

matrices. It appears that the relationship between the drug loading and the release rate for P303 

systems is dependent on the solubility of the drug. For drugs of high solubility in the present 

work, the release rate was seen to increase with an increase in drug loading, whereas for drugs of 

lower solubility the rate of release decreased with an increase in drug loading. For the highly 

soluble sodium benzoate it is expected that sufficient dissolution medium is present for the drug 

to be in solution in the matrix at all loadings, hence diffusion is the controlling mechanism of 

release. The amount of drug in solution is higher at high drug loadings and therefore the 

concentration gradient would be higher leading to faster release. Therefore release was highest 

for the system containing the highest drug loading. When the solubility of the drug is lower 

such as for the benzoic acid or methyl /?-hydroxybenzoate systems, the release rate is highest at 

the lowest drug loading. The degree of swelling is higher when the drug loading is lower and 

therefore it would be expected that a higher proportion of the drug would be in solution, 

although the concentration is the same due to the solution being saturated. This leads to a higher 

drug release rate, since drug dissolution is an important step for release from poorly soluble 

systems. The higher swelling also leads to an increased ease of diffusion outwards despite the 

longer diffusional pathlength. It was seen from the present work that the difference in rate of 

release for the benzoic acid or methyl /j-hydroxybenzoate systems decreases as the drug loading 

increases. This may be due to the relatively small differences in proportion of drug that can be 

dissolved in the low amounts of dissolution medium present. Kim et al. (1995) found no 

difference in release of the poorly soluble theophylline at drug loadings of 20% and 39% from 

PEO 2x10®. However for the highly water soluble drug diltiazem, differences in rate and pattern 

of release were seen at these two loadings, which they attributed to enhancement of water 
penetration into the matrix as the loading of the hydrophilic water-soluble drug increased. Thus
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for the poorly soluble drug, the swelling/erosion of the polymer was considered by Kim (1995a) 

to predominate over drug difiEusion as the controlling mechanism of release, whereas for highly 

soluble drugs, drug difiusion precedes the swelling/erosion of the polymer. Kim (1998) stated 

that the effect of drug loading on kinetics was dqiendent on the solubility of the drug when a 

number of drugs with a wide range of solubilities was examined and showed that, for soluble 

diclofenac sodium, release rate increased as the loading increased. However for salicylic acid 

and sulfathiazole the drug release slowed with increase in loading and became close to zero- 

order.

The release of drugs of different solubilities at similar drug loadings was then compared. The 

rate of release was generally in rank order of solubility, as was also noted by Kim (1995a) who 

used a PEO of molecular weight of 2x10®. In the present work sodium benzoate at the three 

different drug loadings studied gave values of = 0.6, benzoic acid gave values of s  0.7 

whereas MB gave values of rip = 0.9 which indicated zero-order release. Near-linear release of 

the two poorly soluble drugs, methyl /7-hydroxybenzoate and benzoic acid, is obtained. This may 

be due to the drug solution formed being saturated, the longer difiusion pathlength being 

compensated for by the increased swelling which increases the dififtision coefficient of the drug, 

and sink conditions being present. However the possible contribution of erosion will be 

examined in Section 8.4. The occurraice of zero-order release in PEO 4x10* for drugs of low 

solubility = 0.2% was noted by Kim (1998) at a loading level of 39%. They attributed this result 

to drug release being controlled by the dissolution rate of the drug, and to the effect of high 

swelling at high drug loading for this polymer. Kim (1995a) attributed the high exponents in the 

order of rip = 0.8 seen for theophylline release from PEO matrices to the higher extent of 

swelling of PEO than HPMC, which gave drug release with an exponent rip = 0.6. This was due 

to the higher diffiisivity of the drug (Kim 1998). The occurrence of zero-order release in rubbery 

polymers which did not undergo a glass transition was noted by Lee et al. (1992) in studies of 

polydimethylsiloxane, and attributed to the high level of initial swelling occurring and the 

corresponding increases in surface area and diffusion coefficient. For poorly soluble drugs 

(solubility <1%) in PEO 4x10* release is governed primarily by swelling/erosion rather than 

diffusion (Kim 1995a) and the mechanism of release of the poorly soluble drugs in the present 

systems would be similar. The duration of linearity of drug release also decreases as the 

solubility of the drug increases, which was also noted by Kim (1995b). Yang et al. (1997b) 

attributed this to the rapid water penetration into the matrix and the more rapid exhaustion of the 

core for more soluble drugs.

Systems where drug release is erosion controlled would be expected to show large differences in 

drug release with increases in agitation. Increasing the agitation rate from 50 to 200rpm has a 

sUght effect on the release of both benzoic acid and methyl /7-hydroxybenzoate from these
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systems, as release is seen to increase with increasing agitation rate. This traid is less evident for 

benzoic acid than methyl ;?-hydroxybenzoate. Kim (1995) also noted this efiFect for PEO 

matrices of molecular weight 2x10® where as the rate of agitation was increased from 50rpm to 

lOOrpm, the rate of release of the poorly soluble theophylline increased. However for agitation 

rates h i^ e r  than lOOrpm, Kim (1995) noted that the profiles were indistinguishable. Therefore it 

seems from the slight influence of agitation rate on drug release, that erosion does not play a 

significant part in benzoic acid release from these matrices. This finding will be considered 

further using mass balance studies. The presence of the polymer appeared to render benzoic 

acid release less susceptible to agitation effects than the pure drug.

The most suitable equation to describe drug release was the Korsmeyer and Peppas equation 

(Equation 2.27), however the linear equation (Equation A l.l)  allowed direct comparison of 

release rates for benzoic acid and methyl /7-hydroxybenzoate.

8.4 MASS BALANCE GRAPHS FOR DRUG/POLYMER MATRICES

The release o f poorly soluble drugs such as benzoic acid and methyl />-hydroxj^enzoate may be 

mediated in part by erosion of the polymer. The exponents from the Korsmeyer and Peppas 

equation (Equation 2.27) only give an indication of a non-Fickian mechanism o f transport 

occurring, which with this poljoner could be due to erosion or to increased release as a result of 

the very high extent of dynamic swelling. Therefore from combination of the dry weight curves 

and the drug release profiles, the behaviour of the polymer itself in these systems could be 

fectored out. Again, the assumption is made that the amount of drug released, but not dissolved, 

at any time point is negligible.

8.4.1 Benzoic acid

8.4.1.1 25% drug loading

The graph of percent polymer and drug release as shown in Figure 8.24 shows that the drug is 

released indq>endently of the polymer, as very little erosion of the polymer is occurring. This 

would seem to imply that the main mechanism for the anomalous release demonstrated by the 

ejqjonent value (np) of 0.77+/-0.22 is the high degree of swelling. The erosion of the pol3mier 

component of the matrix seems to be delayed by the presence of drug in the matrix, as the rate of 

erosion increases after the complete release of the drug. A similar efiFect has not been noted for 

PEO by other authors. This may be due to the drug forming a matrix in vs^ich the crystalline 

domains of the polymer are trapped by the drug particles, hindering rotation. Thus the matrix 

can swell and the amorphous domains may start to diffuse outward, but the polymer carmot be
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fully released until the drug dissolves. Alternatively an interaction may be occurring between the 

drug and polymer. The lower rate of erosion could be due to a hydrogen-bonding interaction 

between the hydrogen of the carboxyl group of benzoic acid and the oxygen ether groups of 

PEO. Studies by Patel et al. (1965) cm binding between benzoic acid and the polyethylene 

glycol portion of cetomacrogol have shown that binding is primarily due to the undissociated 

acid. In the present work, if benzoic acid were ionized as it is in buffer pH 7.4, hydrogen- 

bonding would not occur. However the intra-disc pH may be lower than pH 7.4 due to the 

saturated solution of benzoic acid formed. A solubility study by Killen (2000) measured the 

final pH of the benzoic acid solution as 4.1, which is close to the pKa value of benzoic acid of 

4.2 at which 50% of the acid would be ionized. However no significant change in the solubility 

of propyl /?-hydroxybenzoate was seen in solubility studies (Appendix Four) in the presence or 

absence of PEO. Another possibility is that benzoic acid "salts out" PEO causing it to form 
hydrophobic cross-links, delaying its erosion. However HPMC is also prone to "salting out" and 

a similar effect was not seen.
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Figure 8.24 Percent remaining of polymer and drug components for Benzoic acid:P303 25:75 in 

buffer pH 7.4 at lOOrpm compared to pure drug or pure polymer matrices. ( a ) P303 component, 

( • )  Pure P303 discs, (■ ) Benzoic acid component, ( ♦ )  Pure benzoic acid discs.

8.4.1.2 75% drug loading

Figure 8.25 also shows a lack of erosion of the polymer component over the duration of the 

experiment for the 75% drug loaded system, which implies that the release of the benzoic acid 

component from these systems is predominantly by diffusion. However the exponent np from 

the Korsmeyer and Peppas equation (Equation 2.27) has a value of 0.74+/-0.02. Since no 

erosion of the polymer is occurring this shows that the emomalous kinetics seen are due to the 

high degree of swelling. This is in contrast to the KIOOLV systems containing a 75% loading of 

benzoic acid, which showed a large erosional component to release. The percent remaining 

graph of BA;P303 75:25 systems in buffer pH 7.4 is shown in Figure 8.25. It can be seen that
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the polymer delays the release o f the drug over that seen for the pure benzoic acid discs. The 

effect seen in Figure 8.24, whereby the presence o f drug appeared to delay the erosion o f the 

polymer component for the mixed matrices, can be seai to  be more significant in the 75% drug 

loaded systems. The polymer component o f the matrix remains at approximately 100% over the 

duration of the experiment whereas the pure polymer discs begin to erode after approximately 

two hours. TTiis delay in erosion of the polymer component may be due to  a more cohesive 

matrix being formed by the drug at higher loadings, trapping the crystalline domains o f the 

polymer to a greater extent than was seen for the 25% system. An interaction between PEO and 

benzoic acid, or a "salting out" o f the polymer could also contribute, although this is considered 

a less likely explanation.
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Figure 8.25 Percent remiaining of polymer and drug components for Benzoic acid:P303 75:25 in 

buffer pH 7.4 at lOOrpm, compared to pure dmg or pure polymer matrices. ( • )  Pure P303 discs, 

( A ) P303 component, (■ ) Benzoic acid component, ( ♦ )  Pure Benzoic acid discs.

8.4.2 Sodium henzpate

8.4.2.1 2S% drug loading

The behaviour o f the polymer in sodium benzoate systems where drug release is predominantly 

by d iv ision  is examined. A 25% drug loading at lOOrpm in buffer pH 7.4 was used. When the 

percentage of drug and polymer released is compared it can be seen that drug release is complete 

before any significant erosion o f the polymer takes place. However the drug release is slower 

than that of the pure drug system. The erosion o f the polymer component o f the matrix follows a 

similar pattem to that of the pure polymer matrix. The exponent from the Korsmeyer and 

Peppas equation (Equation 2.27) for this system was 0.66+/-0.02. Therefore release appears to 

occur predominantly by diffiision with a high extent o f swelling contributing to  the anomalous 

release kinetics seen. This is consistent with Peppas (1987), who states that for a highly
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hydrophilic matrix the rate of diffusion of the drug is controlled by the rate of dissolution 

medium penetration into the polymer.
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Figure 8.26 Percent remaining of polymer and drug for Sodium benzoate:P303 25:75 in buffer 

pH 7.4 at lOOipm compared to pure dmg or polymer discs. (•)  Pure P303 discs, ( A) P303 

component, (■) Sodium benzoate component, (♦ )  Pure sodiiun benzoate discs.

S.4.2.2 Conclusions for mass balance graphs

It can be seen from the three systems studied, that erosion does not appear to play a significant 

role in the release of drugs from these systems. Since PEO has a glass transition temperature of 

-60“C and is therefore in the rubbery state, no large glass/rubber macromolecular relaxations are 

occurring at the swelling front that would contribute to anomalous release. Therefore the 

anomalous kinetics seen on fitting the drug release data to the Korsmeyer and Peppas equation 

(Equation 2.21) are not due to erosion or relaxation due to glass transition, but rather may be 

attributed to the high degree of swelling of these systems. The lack of erosion of the polymer 

component of the mixed matrices in the presence of drug was attributed to the trapping of the 

crystalline domains of the polymer by the drug. This allowed outward diffusion of the 

amorphous regions of the polymer, but incomplete release until the drug had been fully released. 

An interaction between benzoic acid and polyethylene oxide may also occur decreasing the rate 

of release of benzoic acid to some extent.
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9 CHAPTER NINE

9.1 INTRODUCTION - STEARIC ACID MATRICES

Stearic acid is a long-chained even-numbered saturated fetty acid, which is also known as 

octadecanoic acid. It has a molecular weight of 284.48 and a density of 0.847g/cm^ (Merck 

1996). It is used as a lubricant in tablet manufecture (Marttndale 1999), and has been used more 

recently by Kaewvichit and Tucker (1994) as a matrix former in the production of monolithic 

sustained release tablets. It is available in several grades of purity, firstly "Stearic acid USP" 

which should not be less than 40%w/w of stearic acid and not less than 90%w/w of stearic and 

palmitic acids. "Purified Stearic acid USP" contains not less than 90%w/w stearic acid and not 

less than 96%w/w stearic and palmitic acid (USP 24). "Stearic acid USP" which is a mixture of 

stearic and palmitic acids, should have a congealing temperature of not less than 54"C (USP 24), 

whereas pure stearic acid has a melting point of between 69“C and 70°C (Merck 1996). The 

exact grade o f stearic acid used was found by Killen (2000) to significantly affect the rate of 

drug release from fatty acid matrices.

The use of stearic acid in combination with a hydrophilic polymer, either HPMC or PEO was 

studied in this chapter. Stearic acid is practically insoluble in water (Martindale 1999). The use 

of stearic acid in the present work was to examine the behaviour of an insoluble excipient in a 

hydrophilic matrix system, and at higher concentrations of stearic acid to examine the possible 

retardation of drug release by the viscous polymer within the pores of an insoluble matrix. The 

swelling and erosion behaviour of these matrices was examined as for HPMC and PEO, and 

similar parameters compared. Increase in volume was determined by dimensional changes and 

results are shown in Appendix Nine. The drug release profiles from these combination matrices 

were also studied. Finally an attempt was made to examine the behaviour of the polymer in the 

presence of an insoluble excipient, by quantification of the amount of stearic acid remaining, 

using a DSC method.

9.2 SWELLING AND EROSION OF COMBINED STEARIC ACID AND 

HPMC MATRICES

Stearic acid and HPMC KIOOLV were combined in different ratios to form matrix discs. The 

wet and dry weights of these discs were determined after dissolution for different time periods in 

phosphate buffer pH 7.4 at lOOrpm.
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9.2.1 Extent of dissolution medium uptake

It can be seen from Figure 9.1 that the maximum wet weight achieved increased with increasing 

KIOOLV content of the discs. However the discs containing the highest level of stearic acid 

(75%), although they did not appear to swell to a great extent, showed the highest value for wet 

weight at fifteen hours.
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Figure 9.1 Wet weights of Stearic acid:K100LV matrices in buffer pH 7.4 at lOOrpm. (• )  

StA:K100LV 0:100, ( ♦ )  StA;K100LV 25:75, (■ )  St/SL:K100LV 50:50, ( A i StA:K100LV 

75:25.

Table 9.1 shows that the maximum average relative swelling and the maximum average 

dissolution medium uptake decreased as the level o f stearic acid in the disc increased. This is 

due to a dilution o f the hydrophilic polymer with insoluble stearic acid leading to a decrease in 

the water holding capacity of the matrix. The decrease in maximum average dissolution 

medium uptake with increase in stearic acid loading is illustrated in Figure 9.2. A rapid initial 

decrease of the maximum average dissolution medium uptake was seen with increase in stearic 

acid loading up to 25%, beyond which the decrease slowed. Dimensional changes for these 

systems are shown in Appendix Nine.

Table 9.1 Dissolution medium uptake analysis for Stearic acid:K100LV matrices in buffer pH 7.4 at 

lOOrpm.

Stearic Maximum average Maximum average Time to maximum

acid:K100LV relative swelling dissolution medixun uptake dissolution medium

ratio Ww/Wi (+/-s.d.) Ww-Wd imgX+/-s.±) uptake (hrs)

0:100 3.33+/-0.10 534+/-17 5

25:75 2.70+1^.02 381+/-12 2

50:50 2.38+/-0.06 342+/-12 4

75:25 2.02+/-0.07 255+Z-9 9
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Figure 9.2 Relationship between the maximum average dissolution medium uptake and stearic 

acid loading for Stearic acid:K100LV matrices in buffer pH 7.4 at lOOrpm.

Table 9.2 Parameters and estimates of fit to a linear equation (Equation A l.l) for maximum average 

dissolution medium uptake and stearic acid loading in buffer pH 7.4 at lOOrpm holding intercept constant.

Parameter m (mg)(+/-s.d.) SSD MSC CD

V ^ e  ^3^/^04  ^ 6 6  1 ^ 2  0.91989

9.2.2 Rate o f  dissolution medium uptake

The rate of dissolution medium uptake was determined as in previous chapters by fitting the 

dissolution medium uptake per unit matrix remaining to a square root equation. The parameters 

and estimates of fit obtained are shown in Table 9.3.

Table 9.3 Dissolution medium uptake rate constants and estimates of fit to square root equation (Equation 

5.3) for StA:KIOOLV systems in buffer pH 7.4 at lOOrpm.

StA:K100LV

ratio

Dissolution mediiun uptake rate 

constant a (hr"°^)(+/-s.d.)

Fitted to 

(hrs)

SSD MSC CD

0:100 1.92+/-0.04 12 4.58 3.30 0.96541

25:75 1.61+/-0.03 5 0.75 3.46 0.97141

50:50 1.31+/-0.02 9 1.33 3.51 0.97223

75:25 0.66+/-0.006 15 0.17 4.75 0.99187

The dissolution medium uptake rate constant (a) decreases with increasing proportion of stearic 

acid in the discs (Figure 9.3). The relative decrease in dissolution medium uptake rate constant 

appears to be slightly slower in systems containing more than 50% stearic acid.
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Figure 9.3 Relationship between dissolution medium uptake rate constant (a), and stearic acid 

loading for Stearic acid:K100LV matrices in buffer pH 7.4 at lOOrpm, showing line of best fit to 

"uptake mixture" model (Appendix One).

The data was then fitted to the "uptake mixture" model as described in Appendix One, which 

describes the rate of dissolution medium uptake based on the uptake rate of the pure polymer, 

and the fractional drug loading. The parameters and estimates of fit obtained, holding the uptake 

rate of pure polymer constant, are shown in Table 9.4,

Table 9.4 Parameters and estimates of fit to "uptake mixture" model (Appendix One) for dissolution 

medium uptake rate constants of Stearic acid:K100LV matrices at different stearic acid loadings in buffer 
pH 7.4 at lOOrpm.

Parameter kei+Z-sA) /  (hr^^)(+/-s.d.) SSD MSC CD

“Vaiue 0.99+M).02 i.2+ f^2  0.(306”“   3̂ 89̂  0.9?248

A linear equation (Equation A 1.1) was also used to describe the relationship between the 

dissolution medium uptake rate constant (a ) and the stearic acid loading however the MSC value 

obtained was lower that obtained using the "uptake mixture" model (Appendix One).

The dissolution medium uptake per unit matrix remaining data was also fitted to an empirical 

equation, (Equation 5.6). However the exponents obtained were all close to 0.5 and the MSC 

values were not greatly higher than when the square root equation (Equation 5.3) was used, 

therefore the square root equation (Equation 5.3) was considered preferable to describe this data.

9.2.3 Erosion of Stearic acid:Kl OOL V matrices

The erosion of the Stearic acid:K100LV matrices was then examined by the same method as 

used in previous chapters. It can be seen from Figure 9.4 that the StA:K100LV 75:25 system 

erodes at a much lower rate than the other systems, which all erode at a rate similar to each
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other. It was noted on dissolution that this system appeared to form a core of stearic acid 

surrounded by gel whereas the other formulations were predominantly gel-like, containing 

particles of stearic acid. The erosion rate constants and estimates of fit obtained on fitting the 

erosion profiles to the cube root equation (Equation 2.14) are shown in Table 9.5. Therefore, 

unlike Benzoic acid:K100LV matrices which showed a relative increase in the erosion rate 

constant above a 50% drug loading. Stearic acid:K100LV systems showed a relative 

decrease in erosion rate constant after this point. This highlights the different behaviour of 

the insoluble filler relative to that of the poorly soluble drug in KIOOLV matrices.
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Figure 9.4 Dry weights of Stearic acid:K100LV matrices in buffer pH 7.4 at lOOrpm showing 

lines of best fit to cube root equation (Equation 2.14). ( * )  StA:KIOOLV 75:25, ( • )  

StA:K100LV0:100, (■ )  StA:K100LV 50:50, ( ♦ )  StA:K100LV 25:75.

Table 9.5 Erosion rate constants and estimates of fit to cube root equation (Equation 2,14) for 

StA:K100LV systems in buffer pH 7.4 at lOOrpm

StA:K100LV

ratio

Erosion rate constant ^2 (Tahara) 

(hr')(xlO^)(+/-s.d)

SSD MSC CD

0:100 3.4+/-0.1 2363 3.97 0.98216

25:75 4.1+/-0.1 958.4 5.05 0.99396

50:50 3.8+/-0.1 2641 4.07 0.98398

75:25 1.6+/-0.1 531.4 4.43 0.98875

When the erosion rate constants as detailed in Table 9.5 were plotted against the stearic acid 

loading, as shown in Figure 9.5, the erosion rate constant ( was seen to increase initially with 

increasing stearic acid content. However at stearic acid loadings greater than 25%, the erosion 

rate constant decreased with further increase in stearic acid loading.
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Figure 9.5 Relationship between erosion rate constant (k2) and stearic acid loading for Stearic 

acid:K100LV matrices in buffer pH 7.4 at lOOrpm, showing line of best fit to "erosion mixture" 
model (Appendix One).

The parameters and estimates of fit obtained on fitting the erosion rate constants to the "erosion 

mixture" model (Appendix One), are shown in Table 9.6.

Table 9.6 Parameters and estimates of fit to "erosion mixture" model (Appendix One) for Stearic 

acidiKlOOLV matrices in buffer pH 7.4 at lOOrpm, holding erosion rate of pure polymer constant.

Parameter RD (hr ‘) (+/-s.d.) 1 (hr')(+/-s.d.) SSD (xlO^) MSC CD

Value -0.018+/-0.004 0.11+/-0.01 4.26 3.48 0.98868

9.3 DSC STUDIES FOR STEARIC ACID:K100LV MATRICES

In Stearic acid:K100LV systems, stearic acid was used as an example of an insoluble excipient. 

It was envisaged that the amount of stearic acid remaining in Stearic acid:KIOOLV matrices 

after dissolution and drying could be measured using a DSC quantification method as detailed in 

Section 4.1.2, and a mass balance curve completed. A calibration curve based on DSC scans of 

samples composed of increasing proportions of stearic acid to KIOOLV indicated that the peak 

area of the stearic acid endotherm expressed in J/g was directly proportional to the percentage of 

stearic acid present. One scan for each loading level, which was considered representative of the 

three determinations made at each loading level is presented in Figure 9.6, to show the change in 

peak area with increase in stearic acid loading.
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Figure 9.6 DSC scans of increasing ratios of stearic acid to KIOOLV for StAiKlOOLV powder 

mixtures (a) StA;K100LV 0.100, (b) StA:K10GLV 25:75, (c) StA:K100LV 50:50, (d) 

StAKlOOLV 75:25, (e) StA:K100LV 100:0.

Average changes in the onset temperature, peak temperature and peak area for the stearic acid 

endotherm, are shown in Table 9.7 based on the three determinations made at each loading level. 

The onset and peak values for the StA:K100LV 0:100 were not included, as no stearic acid 

endotherm was present in these systems. It is expected that a small error arises due to changes in 

the baseline caused by changes in the ratio of KIOOLV present. The onset temperature remains 

relatively constant as the stearic acid loading in the system increases.

Table 9.7 DSC data for Stearic acid:K100LV powder mixtures at different ratios.

System Onset temperatiu-e Peak temperature Normalized Peak area

CC)(+/-s.d.) (“C)(+/-s.d.) (J/g)(+/-s.d.)

StA:K100LV 25:75 68.43+/-0.06 71.03+/-0.10 51.5+/-1.2

StA:K100LV 50:50 68.03+/-0.04 71.17+/-0.72 10I.3+/-0.9

StA:K100LV 75:25 68.39+/-0.18 71.70+/-0.03 153.1+/-3.1

StA:K100LV 100:0 68.38+/-0.05 70.55+/-0.12 204.6+/-0.2

The calibration curve for these systems is shown in Figure 9.7 and the parameters and estimates 

of fit to a linear equation (Equation A1.1) are shown in Table 9.8.



Chapter 9  -  Stearic acid matrices

250

pi
=? 200

® 150 
9
S.
? 1°0
N
W
E 50
oz

oi>
0 25 50 75 100

Stearic acid (Vij

Figure 9.7 DSC calibration curve of normalized peak area versus stearic acid loading for 

different ratios of stearic acid to KIOOLV, showing line of best fit to linear equation (Equation 
Al.l).

Table 9.8 Parameters and estimates of fit to linear equation (Equation A l.l) of the relationship between 

normalized peak area and stearic acid ratio to establish equation of calibration curve.

Parameter m (J/g)(+/-s.d.) c (J/g)(+/-s.d.) SSD MSC CD

"Value 2.04+7-^r0T ^i.T3+/’-0?71 38.7 T i \  "’0.99952

Dried and ground Stearic acid:K100LV discs, after dissolution for different time periods were 

scatmed using DSC, so that the amount o f the stearic acid remaining could be quantified by 

comparison with the calibration curve. Figure 9.8 shows the scans obtained for StAiKlOOLV 

discs at a 25% stearic acid loading after varying dissolution periods were used. As the length of 

dissolution in phosphate buffer pH 7.4 increased, a second peak appeared as a shoulder on the 

first peak (Figure 9.8). After five hours dissolution, the first peak had disappeared and was 

replaced by a peak with an onset o f melting at approximately 83.13“C, having a shoulder at an 

onset o f 72.82”C. After nine and twelve hours the peak with the onset o f melting at 79.82°C and 

79.59“C respectively, was still present, in addition a new peak had appeared with an onset of 

87.62“C and 86.79“C for nine hours and twelve hours respectively. Stearic acid is known to 

exhibit polymorphism and polytypism, however the A, B and E forms transform irreversibly to 

the C form on heating above 45“C (Kaneko 1994), and so this would not explain the new peaks 

seen here in these DSC results.
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Figure 9.8 DSC scans of Stearic acid:K100LV 25:75 systems after dissolution in buffer pH 7.4 
at lOOrpm for various time periods at lOOrpm. (a) 0 hours (b) 0.5 hoiû s, (c) 2 hours, (d) 5 hours, 
(e) 9 hours, (f) 12 hours.

The presence of the second peak complicates tiie determination of peak area. The rate of heating 

was decreased to 2"C/minute, to see if sq)aration of the peaks could be achieved, however no 

adequate sq)aration resulted and so mass balance studies were not completed for these sj^em s. 

One disc at eadi time^oint was scanned to determine the pattern of change of the stearic acid 

peak. The onset temperatures and peak temperatures for the peaks seen are shown in Table 9.9. 

Data for the powder system is included for comparison under the heading 0 hours.

Table 9.9 DSC data for Stearic acid:K100LV 25:75 systems in buffer pH 7.4 at lOOrpn.

Time (hours) Peak No. Onset temperature CQ Peak temperature (®C)

0 1 68.13 70.43

0.5 1 67.15 69.48
2 75.34 75.53

2 1 66.77 69.24
2 74.55 77.99

3 79.32 79.66

5 1 72.82 78.03

2 83.13 83.42
9 1 79.82 82.30

2 87.62 95.77
12 1 79.59 82.85

2 86.79 95.60
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Stearic acid; KIOOLV 50:50 systems are shown'in Figure 9.9 below. The onset and peak 

temperatures corresponding to these systems are shown in Table 9.10. Again it can be seen that 

at two hours a second peak is visible, while at five hours two peaks can be seen with onset 

temperatures of 65.95‘’C and 81.37°C the second peak having a shoulder of onset 72.42“C. At 

nine hours a peak with an approximate onset temperature of 80.99“C is seen with a shoulder 

with an onset of 11.2\°C and a second shoulder with an onset of 88.02T. At twelve hours the 

peak with an onset temperature of 80.31“C remains with a shoulder of onset 89.68"C.
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Figure 9.9 DSC scans of Stearic acidKlOOLV 50:50 matrices after dissolution in buffer pH 7.4 

at lOOrpm for various time periods at lOOrpm. (a) 0 hours, (b) 0.5 hours, (c) 2 hours, (d) 5 hours, 

(e) 9 hours, (f) 12 hoius.

Table 9.10 DSC data for Stearic acid:K100LV 50:50 systems in buffer pH 7.4 at lOOrpm.

Time (hoiu^) Peak No. Onset temperature (°C) Peak temperature (°C)

0 1 67.99 71.82

0.5 1 67.74 70.75

2 1 67.27 69.83

2 77.00 77.41

5 1 65.95 68.85

2 72.42 78.70

3 81.37 81.62

9 1 72.21 78.83

2 80.99 83.71

3 88.02 88.02

12 1 80.31 82.53

2 89.68 92.26
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Finally the Stearic acid.KlOOLV 75:25 systems were examined. The scans obtained are shown 

in Figure 9.10 below and the corresponding onset and peak tenq)eratures are shown in Table 

9.11. It can be seen that as for the previous stearic acid:K100LV ratios at five hours, two peaks 

are seen with onsets of 66.46°C and 76.02‘’C, with a shoulder of onset 78.67“C respectively. At 

nine hours a peak with an onset of 66.45"C is seen and the second peak of onset 81.57“C shows 

a shoulder with onset value of 72.25”C.

nrn
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Figure 9.10 DSC scans of Stearic acid:K100LV 75:25 systems after dissolution in buffer pH 7.4 

for various time periods at lOOrpm. (a) 0 hours, (b) 0.5 hours, (c) 2 hours, (d) 5 hours, (e) 9 

hours, (f) 12 hours.

Table 9.11 DSC data for Stearic acid:K100LV 75:25 systems in buffer pH 7.4 at lOOrpm.

Time (hours) Peak No. Onset temperature (°C) Peak temperature (°C)

0 1 68.18 72.05

0.5 1 68.36 70.92

2 1 67.80 71.05

5 1 66.46 69.84

2 76.02 78.04

3 78.67 78.67

9 1 65.45 68.80

2 72.25 79.58

3 81.57 81.98

12 1 63.73 67.62

2 72.17 80.13

3 82.89 83.72
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Based on the results for the three stearic acid loadings, the peaks seen can be broadly grouped as 

follows. Overall, the first main peak occurring appeared to be at an onset of approximately 67“C 

and decreased to approximately 63“C at a high stearic acid loading. The next main peak 

occurred at approximately 77“C decreasing to 72“C over time. The next peak occurred between 

approximately 79”C and 83”C. Finally the last peak seal only occurred for the 25% and 50% 

stearic acid loadings, and occurred between 86“C and 90“C.

Different sj^ems were then run to establish the nature of the interaction occurring. These are 

shown in Figure 9.11. The corresponding onset and peak tenq>eratures are shown in Table 9.12. 

The first scan (a) in which no changes were seen is representative of a stearic acid disc, which 

was compressed and then underwent dissolution in phosphate buffer pH 7.4 for fifteen hours, 

then dried and reground. It would appear therefore that the buffer cannot penetrate into the core 

of the tablet to a significant extent and so no alteration in the characteristics of the sample 

occurs. The second scan (b), shows a StA;K100LV 50:50 disc aft«r dissolution for fifteen hours 

and collection, drying, and analysis of the filtrate. This study shows three peaks at onset 

68.05"C, 75.1 rC  and 81.50°C, and the small size of the peak at 68.05“C shows that a significant 

change in the characteristics of the stearic acid has occurred. This increased ccmversion when 
KIOOLV is present in the disc may be an effect of the hydrophilic polymer allowing buffer 

penetration into the core. When stearic acid powder was added to buffer pH 7.4 in a volumetric 
flask and fihered after fifteen hours, dried and scanned (c), two peaks are apparent a small one 

with an onset of 68.01"C and a larger peak at 84.08“C having a shoulder at 73.90“C. This scan 
is very similar to (b) although the peak area of the first peak is larger for the powder system in 

buffer. A san^}le of buffer salts (d), was examined and this showed no peaks. KIOOLV discs, 

which had undergone a six-hour dissolution in buffer, were then dried and examined. Since pure 

KIOOLV discs are not amenable to grinding a sample from the edge of the disc was analysed (e) 
and then a san^le from the centre of the disc (f). No peaks were seen. Finally a sample of 

sodium stearate (g) was examined and a minute endotherm was seen at 68.05"C similar to that 

seen for pure stearic acid, however the main endotherms seen had onsets of 113.18”C and 

129.32“C respectively.
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Figure 9.11 DSC scans of systems (a) StA disc compressed dissolved in buffer pH 7.4 and 

reground, (b) filtrate of StA.:K100LV 50:50 discs after dissolution in buffer pH 7.4 for 15 hours, 

(c) StA powder after dissolution in buffer pH 7.4 for 15 hours, filtered and dried, (d) diy buffer 

salts (e) KIOOLV disc after dissolution in buffer pH 7.4 for nine hours (edge piece), (f) KIOOLV 

disc after dissolution in pH 7.4 for nine hours (centre), (g) sodium stearate.

Table 9.12 DSC data of systems from Figure 9.11.

System Peak No. Onset temperature (°C) Peak temperature (°C)

a 1 68.14 70.73

b 1 68.05 69.75

2 75.11 80.31

3 81.50 86.31

c 1 68.01 70.08

2 73.90 79.91

3 84.08 84,46

d - - -

e - - -

f - - -

8 1 68.05 68.60

2 113.18 120.16

3 129.32 133.98

The double endotherm effect occurred for all three loading levels and was not seen for the 

calibration curves, therefore dissolution was a factor in their production. Grinding was not a 

factor, as the components were ground before emd after dissolution. It was not due to an
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interaction between KIOOLV and buffer, or due to buffer salts as no peaks were seen that 

corresponded with the peaks in question. The effect was apparent when stearic acid powder was 

placed in buffer pH 7.4 for 15 hours and the filtrate dried and analysed or when a disc of stearic 

acid and KIOOLV was underwent dissolution for fifteen hours and the filtrate subsequently dried 

and scanned. It would appear that the KIOOLV facilitates the entry into the disc of phosphate 

buffer, w^ich then reacts with the stearic acid. A pure stearic acid disc after dissolution for 

fifteen hours did not show any changes, possibly as the buffer cannot penetrate the disc to a 

significant extent. Stearic acid:K100LV 50:50 after dissolution in water for two hours, drying 

and grinding, showed no extraneous peaks in the DSC scan.

An interaction between phosphate buffer pH 7.4 and stearic acid was also noted by Robson et al 

(2000) who attributed this to the formation of a new species such as a eutectic or some sort of 

binary mixture with sodium stearate, such as an acid-soap. Benita et al. (1984) did not notice 

any unusual effects which could be attributed to interaction between the phosphate buffer and 

stearic acid;ethylceIlulose matrices in their study of cysteine hydrochloride and cysteamine 

hydrochloride release, however these dissolution experiments were carried out under nitrogen. 

Killen (2000) reported no change in DSC or XRD profiles when stearic acid discs underwent 

dissolution in water for five hours and were subsequently analysed, therefore this would appear 
to exclude the possibility that water alcme causes the changes seen. Furthermore, Killen (2000) 

attributed changes in stearic acid, following contact with buffer pH 7.4, to the formation of acid- 

soaps which appeared to be confirmed by FT-IR studies showing characteristics of both stearic 

acid and sodium stearate. Acid-soaps are crystals that contain carboxylic acid (fatty acid) and 

metal carboxylate (fatty acid soap) ion pairs, in distinct stochiometric ratios. They display 

crystal structures and bonding interacticms different from those of the pure soap or fatty acid 
(Lynch 1997). Theoretical 1:1 stearic acid (reagent grade):sodium stearate acid-soaps were 

produced by Killen (2000) and analysed using DSC. Three peaks were seen; one major peak 

with an onset of approximately 80“C, another with an onset of approximately 89°C and the last 

peak had an onset of 110"C. Although different grades of stearic acid were used in the present 

work, one of the major peaks occurring has an onset temperature of 80"C and a peak with an 

onset of approximately 90“C was seen for the 50% systems. XRD studies were then completed 

to confirm the suspected physical changes.

9.4 XRD PROFILES

XRD studies were then performed to examine any changes in the crystalline properties of the 

stearic acid at different loadings. All the pattems are shown to the same scale. Figure 9.12 

shows the XRD profiles of Stearic acid:K100LV mechanical mixtures at various ratios of
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exc^ient to polymer. It can be seen tiiat physically mixing stearic acid and KIOOLV in different 

ratios does not have an e£Fect on the crystalline structure of the stearic acid as no new peaks 

appear as the KIOOLV level increases. TTie major peaks occur for stearic acid at 7, 12, 16, 22, 

24,29, 30 and 32 20 degrees.
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Figure 9.12 XRD profiles of Stearic acid:K100LV mixtures (a) StAiKlOOLV 100:0 (offset 

+4000), (b) StA;K100LV 75:25 (ofiset +3000), (c) St/^KIOOLV 50:50 (oflEset +2000), (d) 

StA:K100LV 25:75 (oflfset +1000), (e) StA:K100LV 0:100.

Sanqjles of Stearic acid:K100LV 25:75 powder, StA:K100LV 25:75 disc after dissolution for 30 

minutes, drying and grinding, and StA:K100LV 25:75 disc after dissolution for nine hours, 

drying and grinding, were also examined by XRD to determine the nature and time dependency 

of the second substance produced. The results obtained are shown in Figure 9.13. After 30 

minutes dissolution the intensity of tiie peak at 22 26 degrees decreases, and new peaks at 19 

and 32 26 degrees are formed. After nine hours the peaks at 22 and 24 are almost gone whereas 

the peaks at 29 and 32 26 degrees are increased. No peak at 19 26 degrees is seen.
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Figure 9.13 XRD jrofile of Stearic acid;K100LV 25:75 systems (a) StA;K100LV 25:75 powder 
(offset +2000), (b) StA:K100LV 25:75 disc after dissolution for 30 minutes in phosphate buffer 
pH 7.4 at lOOrpm, drying and grinding, (of&et +1000), (c) StA:K100LV 23:73 disc after 
dissolution for nine hours in phosphate buffer pH 7.4 at lOOrpm, drying and grinding.

When the XRD profiles for Stearic acid:K100LV 50:50 profiles were examined the intensity of 

the peak at 22 20 degrees was higher than was seen for the Stearic acid:K100LV 25:75 profiles. 

It was seen that at nine hours the intensity of the peaks at 22 and 24 20 degrees has decreased 

and new peaks at 21, 23 and 32 20 degrees are present. The XRD profile is included in 

Appendix Thirteen (Figure A13.5).

The XRD profiles of Stearic acid:K100LV 75:25 aystema as included in Appendix Thirteen, 

(Figure A13.6) were also examined, and it was seen that the intensity of the peak at 22 

20 degrees decreases significantly after nine hours vsliile the intensity of the peaks at 19 and 24 

20 degrees increases. Three new peaks were apparent, at 25, 26 and 32 20 degrees.

The XRD profile of sodium stearate was then studied as it was considered that this might be the 

product formed fi"om tibe interaction of stearic acid and phosphate buffer. The XRD trace 

obtained is shown in Figure 9.14. The intensity of the peaks, despite the soditmi stearate being 

undiluted with other components, is low. Peaks are seen at 6, 10, 19, 23 and 31 20 degrees. 

Peaks at 19 and 23 20 degrees were seen in the previous studies, however the fiill patterns 

cannot be distinguished due to the low intensity of the peaks.
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Figure 9.14 XRD pattern of sodium stearate.

Therefore it appears that despite the alteration in the character of the stearic acid, some 

crystalline nature is retained at long dissolution times, for KIOOLV based discs. This is 

particularly evident in the 75% profiles (Appendix Thirteen). This substance does not appear to 

have the characteristic XRD pattem of sodium stearate, and the DSC pattem also is unlike that 

of sodium stearate. However the XRD pattem shows similarities at several points with that of 

stearic acid and one of the more likely explanations is the production of an acid-soap system. 

Several acid-soap systems were prepared by Killen (2000) and XRD peaks for a theoretical 1.1 

system of stearic acid (reagent grade) :sodium stearate showed peaks at 6, 12, 16, 21, 22, 24, 25 

and 30 20 degrees. However different ratios of acid-soaps are possible and so the disparity 

could indicate the presence of a different ratio (Cistola et al. 1986).

9.5 RELEASE OF BENZOIC ACID FROM STEARIC ACIDrKlOOLV 

MATRICES

In this section the release of benzoic acid from matrices containing varying proportions of 

stearic acid and HPMC KIOOLV was examined. No significant effect on the solubility of 

benzoic acid was seen on addition of stearic acid after 120 minutes to a saturated solution of 

benzoic acid, in a solubility study completed in phosphate buffer pH 7.4 by Killen (2000).
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9.5.1 HPMCKIOOLV

Benzoic acid release was examined at different drug loadings from matrices containing both 

stearic acid and KIOOLV at a ccHistant ratio as the matrix former, and from matrices containing 

varying prqjortions of stearic acid to KIOOLV.

9.5.1.1 Drug loading

In Figure 9.15, the release of benzoic acid at different drug loadings from matrices consisting of 

either KIOOLV, or a 50:50 mixture of KIOOLV and stearic acid, is compared. The 50:50 mixture 

was chosen as a suitable arbitrary starting level of stearic acid for these studies. The effect of 

changing the drug loading on the rate and extent of drug release from these matrices was 

examined. Benzoic acid was included in the matrices at drug loadings of 25%, 50% and 75%. It 

can be seen that drug release is festest from the two 75% drug loaded systems, and of these is 

fastest from the system containing stearic acid. Release from the two 25% drug loaded systems 

is very similar to the release from the 50% system containing only KIOOLV as the matrix 

former.

When the 75% benzoic acid profiles were examined using a t-test the differences between the 

two profiles were found to be statistically significant at the 95% confidence level. A similarity 

factor of 50 was obtained and so when considered together, the trend is that the system 

containing stearic acid gives fester release. The two 50% benzoic acid profiles were found to be 

statistically significantly different at the 95% confidence level and this was also supported by a 

similarity fector value of 43. The two 25% benzoic acid profiles were seen not to be statistically 

significantly different using a t-test, and the similarity factor of 76 obtained also supports this.

The increased release for the 75% and the 50% systems when stearic acid is present in the 

matrix, may be attributed in part to the thirmer gel layer formed as a result of replacement of 

KIOOLV with stearic acid, which may lead to a shorter diffrisional pathlength for the drug. The 

lower amounts of KIOOLV present may also lead to increased erosion of the matrix as a result of 

a lower extent of polymer entanglement, and thus increased release. The presence of stearic acid 

does not appear to significantly affect release from the matrix where the proportion of drug to 

matrix is lower, sudi as at the 25% level, as stearic acid may not affect the erosion of the matrix 

when sufficient polymer is present. It was seen previously that the erosion rate of 200mg 

matrices containing 50% stearic acid and those containing pure KIOOLV were similar. Lapidus 

and Lordi (1968) showed that the presence of the insoluble excipient, calcium phosphate, 

increased the rate of release of chlorpheniramine maleate from HPMC 15,000cps systems, 

which they attributed to the decrease in the concentration of polymer. It was seen above that 

stearic acid may interact with buffer, which may form a slightly more soluble compound and
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may contribute to increased release of benzoic acid, when stearic acid is present in the system. 

However the presence of particles in the dissolution vessel after seven hours indicates that a 

significant proportion of the matrix is insoluble.
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Figure 9.15 Release of benzoic acid from matrices containing KIOOLV, or a combination of 

Stearic acid and KIOOLV, in buffer pH 7.4 at lOOrpm. ( A) BA:StA:K100LV 75:12.5:12.5, (- ) 

BA:K100LV 75:25, (■ ) BA:StA:K100LV 50:25:25, (X) BAKIOOLV 25:75, ( • )  BA:KIOOLV 

50:50, ( ♦ )  BA:StA:K100LV25:37.5:37.5.

The data for benzoic acid release was then fitted to the equation of Korsmeyer and Peppas 

(1983) (Equation 2.27) as used in Chapter Seven and Eight, and the following exponents as 

listed in Table 9.13 were seen. The exponent (n j can be seen to be lower for the 25% and 75% 

systems where KIOOLV is replaced by stearic acid in the matrix, with the release being closer to 

square root of time, possibly due to the lower extent of swelling of the matrix.

Table 9.13 Parameters and estimates of fit of release data fitted to Korsmeyer and Peppas equation, 

(Equation 2.27) for Benzoic acid:matrix systems in buffer pH 7.4 at lOOrpm.

System kp (hr 'j’)(+/-s.d.) Hp (+/-s.d.) SSD MSC CD

BA:StA:K100LV 75:12.5:12.5 40.4+/-0.8 0.77+/-0.05 114.9 3.86 0.98315

BA:StA:K100LV 50:25:25 35.0+/-0.1 0.82+/-0.01 3.35 7.56 0.99956

BA:StA:K100LV 25:37.5:37.5 33.2+/-0.5 0.58+/-0.02 119.1 4.11 0.98570

BA:K100LV 75:25 37.8+/-0.4 0.93+/-0.03 34.8 5.14 0.99516

BA:K100LV 50:50 31.5+/-0.2 0.68+/-0.01 30.3 5.56 0.99663

BA:K100LV 25:75 33.5+/-0.4 0.63+/-0.02 90.6 4.31 0.98832

When the data was fitted to the Ford lag time equation (Equation 2.31), a lag time of 

approximately nine minutes was calculated for the BA:StA:K100LV 25:37.5:37.5 system. 

However no lag time was apparent at higher drug loadings for the stearic acid containing
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systems and the parameters and estimates o f fit are shown in j^pendix Twelve. The release was 

then fitted to an exponential equation (Equation 2.33). The MSC values obtained were worse 

than those obtained using the Korsmeyer and Peppas equation (Equation 2.27), or the Ford lag 

time equation (Equation 2.31), hence an improved fit was not obtained (Appendix Twelve).

Benita et al. (1983) showed that for a non-swelling insoluble ethylcellulose;stearic acid matrix, 

the release of very soluble cysteine hydrochloride and cystamine hydrochloride fitted better to 

the Higuchi equation following square root o f time kinetics, than first order. However release 

data fi’om the present study fitted to the Korsmeyer and Peppas equation (Equation 2.27) was 

not indicative o f square root o f time kinetics, and yet the fits obtained for this model were better 

than to the exponential equation (Equation 2.33).

9.5.1.2 Effect of different ratios of Stearic acid to KIOOLV in matrix portion of 

disc

Figure 9.16 shows the release o f benzoic acid at a 25% drug loading when the proportion o f  

stearic acid to KIOOLV in the matrix portion o f the disc is altered. The three proportions of 

stearic acid to KIOOLV considered were a 25;75 combination, a 50;50 combination and a 75:25 

combination. Table 9.14 shows the abbreviated notation used to represent these combinations 

since the exact ratios are cumbersome for descriptive purposes. The Benzoic acid:K100LV 

25:75 system is also included for comparison.

Table 9.14 Notation to describe ratios of Benzoic acid:Steaiic acid:K100LV discs used in release studies.

Ratio of stearic acid to KIOOLV 

in matrix portion of disc

Ratio of Benzoic 

acid: Stearic acid:K100LV

Abbreviated notation

25:75 25:18.75:56.25 = 25(25:75)

50:50 25:37.5:37.5 = 25(50:50)

75:25 25:56.25:18.75 = 25(75:25)

It can be seen that the release is lowest where the matrix portion o f the disc consists of 75% 

stearic acid. When the release of benzoic acid from BA:StA:K100LV 25(25:75) and 

BA:StA:K100LV 25(75:25) matrices was compared, the t-tests showed significant differences 

between the two profiles which was confirmed by the similarity factor of 42. The differences in 

release between BA:StA:K100LV 25(25:75) and BA;StA:K100LV 25:(50:50) were not 

statistically significant. It was seen previously that there was no significant difference in release 

between the BA:StA;KlOOLV 25:(50;50) 2Uidthe BA;K100LV 25:75 systems. It would appear 

therefore that increasing the level o f stearic acid above 50% o f  the matrix proportion o f the disc 

decreases the rate o f release o f drug from the matrix. This may be due to the presence o f a 

"percolation threshold" effect at a high stearic acid loading, above which the KIOOLV and the 

benzoic acid are diffusing in a stearic acid matrix. A lower dissolution medium uptake due to
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decreased wetability, a lower erosion rate for this inatrix, and a smaller siirfiace area may also 

contribute.

The absence of a difference in release rate as the level of stearic acid in the matrix portion 

increased up to 50%, may be attributed to a sufficient concentration of polymer being present to 

resist any increase in drug release caused by the decrease in polymer concentration. The 

decrease in polymer concentration would lead to less polymer chain entanglement occurring at 

higher stearic acid loading and therefore increase erosion. At these stearic acid loadings the 

drug release is being controlled by diffusion in the gel, rather than through pores in a stearic acid 

matrix as occurs at higher stearic acid levels (>75% of the matrix portion). It was seen from 

erosion studies that systems containing increasing ratios of stearic acid to KIOOLV eroded at the 

same rate up to a 50% stearic acid loading, above which the erosion rate constant decreased. 

The increase in dissolution medium uptake, which occurs as a result of higher KIOOLV levels, 

does not appear to be sufficient to cause fester drug release.
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Figure 9.16 Percent release of Benzoic acid at a 25% drug loading from matrices containing 

varying proportions of Stearic acid to KIOOLV in buffer pH 7.4 at lOOrpm. ( • )  BA:K100LV 

25:75 (■ )  BA:StA.:K100LV 25;(25;75), ( ♦ )  BA:StA:K100LV 25:(50;50), (A )

BA:StA:K100LV 25:(75:25).

Killen (2000) examined the release of benzoic acid at a 20% loading from stearic acid matrices 

and a release of 25% of the total drug content was seen after three hours. It can therefore be seen 

that the presence of KIOOLV increases the rate of release of benzoic acid from stearic acid 

matrices significantly, with respect to systems where the matrix portion comprises entirely of 
stearic acid. Studies by Benita et al. (1983) and Abd El-Gawad et al. (1993) examined drug 

release from insoluble non-swelling ethylcellulose;stearic acid matrices. The drug release rate 

was faster from these matrices when the ethylcellulose ratio was increased. Benita et al. (1983) 

attributed this to the improved wetability of the matrix allowing faster dissolution medium 

penetration, and noted that for freely soluble compoimds such as cysteine hydrochloride and
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cysteamine hydrochloride used in the studies, difiusion was hindered in ihe wax regions of such 

a heterogenous matrix. Similar findings were noted in the swelling and erosion studies described 

in Section 9.2.2 wdiere the rate of dissolution medium uptake into stearic acidiKlOOLV matrices 

decreased as the level of stearic acid increased. When the release o f theqjhylline from glycerol 

palmitostearate matrices containing increasing amounts o f HPMC was examined by Parab et al. 

(1986) the release rate was seen to increase with an increase in the amoimt of HPMC in the 

matrix.

The release data was then fitted to the Korsmeyer and Peppas equation (Equation 2.27) as in 

Section 9.5.1.1. The kinetic constants, the e?q)onents and the estimates of fit are shown in Table 

9.15.

Table 9.15 Parameters and estimates of fit of release data fitted to Korsmeyer and Peppas equation 
(Equation 2.27) for Benzoic acidrmatrix systems in buffer pH 7.4 at lOOrpm.

System kp (hr'V)(+/-s.d.) Hp (+/-s.d.) SSD MSC CD

BAiSt^KlOOLVi 0.55+/-0.03 136.7 3.83 0“98125
BA:StA;K100LV 25;(50:50) 33.2+/-0.5 0.58+/-0.02 119.1 4.11 0.98570
BA:StA:K100LV 25:(75:25) 21A+I-Q2 0.61+/-0.01 38.1 5.46 0.99620

When the data was then fitted to the Ford lag time equation (Equation 2.31), lag times of 

b^ween two and nine minutes were seen and the MSC values were worse than for the 

Korsmeyer and Peppas equation (Equation 2.27)(.^pendix Twelve). The release data was then 

fitted using an exponential equation (Equation 2.33). However the e^onential equation 

(Equation 2.33) does not give better MSC values than the Korsmeyer and Peppas equation 

(Equation 2.27) and so the parameters and estimates of fit to the e^onaitia l equation are shown 

in Appendix Twelve.

9.6 RELEASE OF BENZOIC ACID FROM STEARIC ACID:P303 MATRICES 

9.6.1 PEOP303

Release of benzoic acid was then examined fi'om P303 systems, where a combination of stearic 

acid and P303 was used as the matrix former.

9.6.1.1 Drug loading

The release of benzoic acid at different drug loadings fi'om systems containing equal proportions 

of stearic acid to P303 as the matrix former, was compared to systems where the matrix former

266



Chapter 9 - Stearic acid matrices

was comprised only of P303. Drug release profiles for these systems are shown in Figure 9.17. 

In contrast to findings for KIOOLV systems, the release is festest at low drug loadings. This was 

attributed previously for Benzoic acid:P303 matrices, to the high degree of swelling which 

occurs at low drug loading for P303. This allows a significantly greater proportion of the drug 

to be in solution, and gives increased ease of difiKision at higher swelling despite the longer 

difiusional pathlength. An absence of increased erosion at high drug loadings, as was seen for 

KIOOLV, also contributes to release being faster at low drug loadings.

The release appears to be faster at low drug loadings (25%) for the systems containing no stearic 

acid, than for the system containing stearic acid. In contrast at high drug loadings (75%) the 

systems containing stearic acid appear to release fester than the pure polymer matrix (Figure 

9.17). However for the 25% systems the t-test showed no significant differences between the 

two profiles and the similarity factor was 63, showing that the profiles are similar. For the 75% 

systems the t-test shows significant differences at each time point whereas the similarity factor is 

61. The conflict between the two tests may be due to the fact that the similarity fector 

calculation does not account for the variation in the means but assumes that it is less than 15%, a 

greater margin than is present. Therefore oily at the highest drug loading level is there a 

difference between systems containing stearic acid and those without.

The higher release at the 75% drug loading level for systems containing stearic acid may be 

attributed to a s l i ^  increase in erosion of this matrix, relative to the matrix consisting only of 

P303, due to a dilution of the low level of polymer present with stearic acid. Tliis leads to a 

lower structural resistance of the matrix and faster drug release despite the e?q}ected lower 

swelling and lower dissolution medium content of these discs.

120

100

- Pmmnm
2
C

60

o
2

20

0 3 71 2 4 5 6

Time (hrs)

Figure 9.17 Release of benzoic add from matrices containing P303, or a combination of Stearic 

acid and P303, in buffer 7.4 at lOOipmi. (X) BA;P303 25:75, ( a  } BA;StAP303 25:37.5:37.5, 

( • )  BA:P303 50:50, ( ♦ )  BA:StA:P303 50:25:25, (■ )  BA:StA:P303 75:12.5:12.5, BA:P303

75:25.
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Release profiles for baizoic acid fi'om P303 matrices with and without stearic acid were fitted to 

the Korsmeyer and Peppas equation (Equation 2.27). The parameters and estimates of fit 

obtained are shown in Table 9.16.

Table 9.16 Parameters and estimates of fit of release data to Korsmeyer and Peppas equation (Equation 
2.27) for Benzoic acid:matrix systems in buffer pH 7.4 at lOOrpm.

System kp (hr'V)(+/-s.d.) Hp (+/-s.d.) SSD MSC CD

BA:StA:P303 75;12.5:12.5 20.4+/-0.1 0.77+/-0.01 11.9 6.79 0.99899

BA:StA:P303 50:25:25 23.9+/-0.2 0.74+/-0.01 25.3 6.45 0.99688

BA:StA:P303 25:37.5:37.5 36.3+/-0.4 0.71+/-0.02 26.4 5.08 0.99509

BA:P303 75:25 18.3+/-0.4 0.74+/-0.02 117.4 4.46 0.98948

BA:P303 50:50 24.4+/-0.2 0.75+/-0.01 27.2 5.62 0.99678

BA:P303 25:75 38.8+/-0.2 0.77+/-0.02 19.0 5.74 0.99733

When the data was then fitted to the Ford lag time equation (Equation 2.31) the MSC values 

obtained were worse than for the Korsmeyer and Peppas equation (Equation 2.27) and no lag 

time was apparent (Appendix Twelve). The release data was then fitted to an exponential 

equation (Equation 2.33) and the MSC values were poorer than when the Korsmeyer and Peppas 

equation (Equation 2.27) or the Ford lag time equations were used. The parameters and 

estimates of fit obtained for the exponential equation (Equation 2.33) are shown in Appendix 

Twelve.

9.6,1.2 Effect o f different ratios of Stearic acid to P303 in matrix portion of disc

When the release of benzoic acid from matrices comprising of varying proportions of stearic 

acid to P303 are examined, the release profiles as shown in Figure 9.18 are seen to be very 

similar. The abbreviated notation was used, as for studies with KIOOLV in Section 9.5.1.2. The 

release from Benzoic acid:P303 25:75 discs is included for compariscHi. It would appear 

therefore that at low drug loadings with P303, changing the proportion of stearic acid does not 

significantly affect the release o f benzoic acid. This may be due to the absence of a "percolation 

threshold" effect at the concentrations studied, as a similar situation was seen with KIOOLV up 

to a proportion of 75% stearic acid of the matrix. The higher swelling of P303 relative to 

KIOOLV may not allow a coherent stearic acid matrix to be formed. An increase in the extent of 

swelling occurs with increase in P303 amtent of the matrix, as shown in Appendix Nine by the 

relative dimensions of the discs on removal from the dissolution bath. However this does not 

appear to cause a significant increase in the release of benzoic acid from these matrices, where 

stearic acid is present.
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Figure 9.18 Release of Benzoic acid at a 25% drug loading from matrices containing varying 

proportions of Stearic acid to P303 in buffer pH 7.4 at lOOrpm. (•) BA:P303 25:75 (■ ) 

BA:StA:P303 25;(25:75), ( A) BA:StA:P303 25:(50:50), (♦ )  BAStA:P303 25;(75;25).

The release data was then fitted txj the Korsmeyer and Peppas equation (Equation 2.27). The 

parameters and estimates of fit obtained are shown in Table 9.17.

Table 9.17 Parameters and estimates of fit of release data fitted to Korsmeyer and Peppas equation 
(Equation 1.11) for Benzoic acid;matrix systems in buffer pH 7.4 at lOOrpm.

System kp (hr’V)(+/-s.d.) np (+/-s.d,) SSD MSC CD

BA:StA.:P303 25; (25:75) 34.5+/-0.3 0.78+/-0.02 38.5 5.08 0.99474
BA:StA.:P303 25:37.5:37.5 36.3+/-0.4 0.71+/-0.02 26.4 5.08 0.99509
BA:StA:P303 25: (75:25) 33.8+/-0.4 0.69+/-0.02 76.9 4.45 0.98993

The MSC values were lower when the data was fitted to the Ford lag time equation (Equation 

2.31) and no lag times were apparent. The fits became worse when the exponential equation 

(Equation 2.33) was used for fitting the data. The parameters and estimates of fit for the Ford 

lag time equation (Equation 2.31), and the exponential equation (Equation 2.33) are shown in 

Appendix Twelve.

9.7 DSC STUDIES FOR STEARIC ACID;P303 MATRICES

Stearic acid:P303 systems were then studied to determine whether DSC could be used to 

determine the mass balances of these systems. As with the KIOOLV systems a range of 

mechanical mixes of stearic acid and P303 were scanned using DSC to determine the peak area 

of the stearic acid endotherm, so that this could be used as a means of quantifying stearic acid 

content. Figure 9.19 shows the endotherms obtained with increasing P303 content of the



Chapter 9 - Stearic acid matrices

mechanical mixture. It can be seen that both the pure P303 and the pure stearic acid melt at very 

similar temperatures, wdiich means that DSC is not a suitable method for the quantification of 

stearic acid content of these matrices.
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Figure 9.19 DSC scans mechanical mixtxires of Stearic acid and P303. (a) StA:P303 100:0, (b) 
StA;P303 25:75, (c) StA:P303 75:25, (d) StA:P303 0:100.

Table 9.18 DSC data for Stearic acid:P303 powder mixtures at different ratios.

System Onset temperature (°C) Peak temperature (°C) Normalized Peak area (J/g)

'^StA:P30^100 .......  63 ^^90“ 1 5 ^ ...........
StA:P303 25:75 64.42 70.98 163.59
StA:P303 75:25 67.10 71.36 193.95
StA:P303 100:0 68.37 70.41 201.95

Stearic acid:P303 matrices at stearic acid loadings of 25% and 75% were then examined to 

determine whether any time dependent interactions occurred as were seen for Stearic 

acid:K100LV matrices. Figure 9.20 shows the changes La Stearic acid:P303 25:75 discs after 

dissolution for 30 minutes and seven hours. These discs were not amenable to grinding and so a 

sample from the edge of the disc was compared with a sample from the centre at each time 

point. The discs that had dissolved for 30 minutes, showed onset temperatures of 64.19“C and 

62.40”C with a shoulder having an estimated onset temperature of 84.32“C and 83.33°C for edge 

and centre respectively. Those dissolved for seven hours showed complex endotherms 

consisting of four peaks. The first of these peaks was at 64.63“C and 63.98"C for edge and 

centre respectively. The second peak was at an onset temperature of 78.35“C and 78.06“C. Peak 

three was at an onset temperature of 82.54“C and 82.62”C for edge and centre respectively. 

Finally, the last peak occurred at 92.38“C and 92.63"C for edge and centre respectively.
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Figure 9.20 DSC scans for Stearic acid:P303 25:75 matrices after dissolution for different time 

periods in phosphate buffer pH 7.4 at lOOrpm (a) StA:P303 0.5 hours (edge), (b) StA:P303 0.5 

hours (centre), (c) StA.;F*303 7 hours (edge), (d) StA;P303 7 hours (centre).

Table 9.19 shows the onset and peak temperatures determined for the StA:P303 discs at a 25% 

stearic acid loading after dissolution in buffer pH 7.4 for different time periods.

Table 9.19 DSC data for Stearic acid:P303 25:75 systems in buffer pH 7.4 at lOOrpm.

Time (hours) Peak No. Onset temperature (°C) Peak temperatm-e (°C)

0.5 (edge) 1 64.19 75.73

2 84.32 86.21

0.5 (centre) 1 62.40 73.76

2 83.33 84.39

7 (edge) 1 64.63 71.87

2 78.35 79.71

3 82.54 85.73

4 92.38 99.05

7 (centre) 1 63.98 71.15

2 78.06 79.19

3 82.62 84.88

4 92.63 100.38

The DSC scans for Stearic acid:P303 75:25 discs after dissolution for different time periods in 

phosphate buffer pH 7.4 are shown in Figure 9.21. After 30 minutes the sample still remains as 

one peak. The onset temperatures for the edge and centre peaks are seen to be 64.27“C and 

64.5 r c  respectively. It can be seen that after seven hours dissolution two peaks are present in
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both the edge and centre sections. For the edge section after seven hours the first peak has an 

onset o f 64.96°C whereas for the centre sample this is 62.95“C. The second peak for the edge 

sample after seven hours has an onset of approximately 80.40°C whereas the centre shows an 

onsetof81.32“C.
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Figure 9.21 DSC scans for Stearic acid:P303 75:25 systems in buffer pH 7.4 at lOOrpm after 

dissolution for varying time periods, (a) StA:P303 75:25 0.5 hours (edge), (b) StA:P303 75:25 

0.5 hours (centre), (c) StA:P303 75:25 7 hours (edge), (d) StA:P303 75:25 7 hours (centre).

The onset temperatures of the endotherms are shown in Table 9.20.

Table 9.20 DSC data for Stearic acid:P303 75:25 systems in buffer pH 7.4 at lOOrpm.

Time (hours) Peak No. Onset temperature (°C) Peak temperature (°C)

0.5 (edge) I 64.27 76.45

0.5 (centre) 1 64.51 77.79

7 (edge) 1 64.96 73.78

2 80.40 85.90

7 (centre) 1 62.95 74.61

2 81.32 85.20

Because the P303 discs were not amenable to grinding, and the dried discs were not flat, no 

XRD studies were completed. However, again it can be seen that as the dissolution time 

increases a second substance is produced. Earlier studies with KIOOLV suggested that this was 

likely to be an interaction between stearic acid and phosphate buffer pH 7.4. The peaks seen are 

slightly different and at a slightly higher temperature than were seen for StA:K100LV systems 

which may be due to these systems being analysed as discs instead of powders as was done for
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KIOOLV systems. Stearic acid;P303 50:50 discs after dissolution in water for seven hours, 

showed only a minor difference in DSC scan from powders in that two tiny new peaks were seen 

for each of two discs. The first peak had an onset of 82.05T and 82.03“C with peak areas of 

l.l2J/g and 0.81J/g respectively for two determinations, and the second had an onset of 88.34X 

and 88.68“C with peak areas of 2.22J/g and 3.21J/g respectively.

9.8 CONCLUSIONS FOR STEARIC ACID SYSTEMS

Stearic acid:K100LV swelling and erosion studies showed that stearic acid increases the 

mechanical strength of the hydrc^hilic polymer discs at high stearic acid loadings. This was seen 

from the prolonged wet weight profile and the decreased rate of erosion occurring when stearic 

acid was at a 75% level. This was due to a "percolation threshold" eflFect, at w^ich point there 

was a change from stearic acid difRision in the KIOOLV gels seen at lower stearic acid loadings, 

to KIOOLV diffiision in a stearic acid matrix. The rate of dissolution medium uptake decreased 

as the level of stearic acid in the disc increased. The rate of erosion decreased at a stearic acid 

loading of 75%, however the other systems all showed similar erosion rates. When the 

dimensional changes of stearic acid:K100LV discs were measured it was seen from Appendix 

Nine that these discs swell predominantly in the axial direction.

The release of benzoic acid from KIOOLV matrices including stearic acid, at a 50% loading of 

the matrix portion o f the disc, was examined. It was seen that for these matrices the drug release 

was faster at higher drug loading, and faster when stearic acid is present in the matrix at the 75% 

and 50% drug loadings but not at the 25% loading whai compared to Benzoic acidiKlOOLV 

matrices without stearic acid. The faster release at the 75% and 50% loadings was attributed to 

dilution of the polymer with stearic acid leading to a lower number o f polymer chain 

entanglements being formed causing increased erosion and a smaller gel layer thickness to be 

formed. This dilution effect is significant at the low levels of polymer present in these discs. A 

possible slight increase in the solubility of the matrix due to the formation of a more soluble 

derivative of stearic acid may occur. When the ratio of stearic acid to KIOOLV in the matrix was 

changed there was no difference in the rate of release of benzoic acid until the matrix proportion 

of the disc consisted of greater than 50% stearic acid. The lower rate of release then seen was 

attributed to the presence of a "percolation threshold" effect at this point with the stearic acid 

forming a matrix out of which the benzoic acid and KIOOLV were diffiising.

For P303 matrices the rate of drug release was faster at low drug loadings and there was no 

difference up to 50% drug loading in release of benzoic acid, when 50% of the P303 was 

rq)laced by stearic acid. The higher release seen at 75% was attributed to a small increase in the 

erosion rate of the matrix, due to dilution of P303 with stearic acid. When the release of 25%
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benzoic acid was examined from matrices craitaining varying proportions of stearic acid to P303 

no difference in release was seen where stearic acid was present. This showed a lack of 

sensitivity of P303 to dilution with stearic acid at this level, and an inability of the stearic acid to 

form a coherent matrix as was seen for KIOOLV, possibly due to the higher level of swelling of 

P303 than KIOOLV.

When the release data was fitted to several models the most successful was the Korsmeyer and 

Peppas equation (Equation 2.27). The data when fitted to the Ford lag time equation (Equation 

2.31) showed some short lag times up to nine minutes for KIOOLV matrices and no lag times for 

the P303 matrices. Finally the data was fitted to an exponential equation (Equation 2.33) which 

was not found to be as successful as the Korsmeyer and Peppas equation.

An interaction was apparent between stearic acid and phosphate buffer, which lead to changes in 

DSC scans and XRD pattems, and may be attributable to the formation of a binary mixture such 

as an acid-soap. However this interaction did not significantly affect the release of drugs from 

these matrices, except possibly at high drug loadings where it may have contributed to an 

increased rate of erosion of the matrix.
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10 CHAPTER TEN

10.1 INTRODUCTION - GENERAL DISCUSSION

The objective of the present work was to investigate the swelling and erosion of hydrophilic 

polymers, to understand the relative contributions of these mechanisms to drug release. Soluble 

drugs are considered to be released by difJusion in the matrix and poorly soluble drugs released 

mainly by erosion (Alderman 1984), (Skoug et al. 1993). The extent to whidi the swelling and 

erosion was affected by physicochemical variables, such as those relating to the polymer itself, 

e.g. molecular weight, or extemal variables such as the dissolution medium or agitation rate, was 

important and therefore considered. The effect o f including drug in the matrix was determined. 

It is considered that if the swelling and erosion could be described quantitatively based on 

matrix properties and used to predict drug release, then the development time of new 

formulations could be shortened and contributing factors to optimise zero-order release could be 

elucidated.

The first type o f hydrophilic poljmer studied was HPMC, as it is very commonly used in 

sustained release formulations. It was later compared to PEO which was found to form a slightly 

different swelling controlled release system, since it does not show a glass/rubber transition as 

seen for HPMC (Peppas and Korsmeyer 1987). The effect of combining a swellable polymer 

and stearic acid to form a sustained release matrix was examined.

10.2 HPMC

As a first step to investigating the swelling and erosion of drug/polymer matrices and subsequent 

drug release, the behaviour of the pure polymer was quantified. In Chapter Five, HPMC 

polymers were seen to show higher swelling with increasing molecular weight, as indicated by 

the higher maximum average dissolution medium uptake achieved. This increase is a result of 

the higher hydrodynamic volume occupied by the chains of higher molecular weight polymers 

when hydrated, and their lower rate of erosion. This finding concurred with the studies of Wan 

et al. (1993) who showed for a range of HPMC, of 2% solution viscosity between 4380cP and 

444000cP (equivalent to K4M and K50M respectively), that the extent of swelling was greater 

with increase in viscosity grade. Gao et al. (1996) showed an increase in swelling between 

KIOOLV and K4M, however no further increase in swelling was seen between K4M, K15M, and 

KIOOM in their work. In the present work however, the relationship between the maximum 

average dissolution medium uptake, corrected per unit initial polymer weight, was related to the 

number average polymer molecular weight by Equation 5.2.
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log
(W w -W d \

Wi
0.481ogM „-1.75

Equation 5.2

The rate of hydration of the polymer was considered to be important, as the rate of hydration 

would influence the rate of polymer disentanglement. Previous studies by Tahara et al. (1995) 

and Wan et al. (1995) showed that dissolution medium penetration into HPMC matrices 

followed square root of time kinetics. However Alfrey et al. (1966) has shown that glassy 

polymers can exhibit Case II relaxation leading to linear swelling kinetics, and Schott (1992) 

considered that the swelling of cross-linked pol5oners followed first order kinetics for the initial 

stages. Therefore the pattern and rate of dissolution medium uptake was examined. HPMC 

showed square root of time uptake kinetics using Equation 5.3 suggesting that water uptake is 

diffiisional, and the dissolution medium uptake rate constant (a), was related to molecular 

weight by Equation 5.4:

a  = 3 .4 2 x l0 “^A /„+2.24
Equation 5.4

This increase in uptake rate constant with increase in molecular weight concurred with the 

findings of Wan et al. (1993) for HPMC. However studies by Colombo et al (1995) on the rate 

of penetration of the swelling fi-ont, and studies by Gao et al. (1996) on the rate of decrease of 

the glassy core, showed no trend between drug-loaded K4M, K15M and KIOOM matrices.

The relationship between the erosion rate of a polymer and its molecular weight was then 

determined, as the erosion rate of the matrix which is influenced by the rate of erosion of the 

polymer is considered to determine the rate of release of poorly soluble drugs (Alderman 1984). 

A power law relationship between the erosion rate of HPMC and polymer molecular weight was 

noted by Reynolds et al. (1998), whereas Ju et al (1995) noted a power law relationship 

between disentanglement concentration (a parameter closely linked to the erosion rate) and 

molecular weight. Other studies by Sung et al. (1996) and Gao et al. (1996) showed lower 

polymer release rates fi'om drug/HPMC matrices with increasing poljmier molecular weight. A 

cube root equation (Equation 2.14) as described by Tahara et al. (1995), was used to quantify 

erosion rate, as it was considered that the poljmier dissolution could be described in terms 

similar to the dissolution of uniformly sized drug particles. They showed a lower erosion rate for 

higher molecular weight HPMC. When this model was applied in the present work, it was found 
to be better than a linear model to describe erosion. The cube root erosion rate constants (k;̂  

determined for different molecular weight polymers also showed that the erosion rate decreased 
with increasing polymer molecular weight. This relationship was described using a power law 

equation (Equation 5.8):
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k2 =

Equation 5.8

Since the above relationships were determined for UPMC in de-ionized water, the influence of 

medium composition was examined to see how the polymer would be affected over the pH 

ranges of the human gastrointestinal tract, which changes from pH 1.4 to pH 7.0 (Kararli 1995). 

Studies were carried out in media designed to simulate physiological conditions. Because the 

polymer was non-ionic, it was considered that the rate of hydration and the gel viscosity should 

be unaffected by pH changes (Colorcon product literature). However changes in ionic strength 

have been shown to affect the swelling and erosion, and release of drugs from cellulose polymer 

msthcQS, Johnson et al. (1993), Vazquez etal. (1992), Chettyetal. (1994). In the present study 

differences in the swelling and erosion were not related to the pH of the medium, however 

increases in the ionic strength of the medium and especially increases in levels of phosphate 

ions, caused increases in the extent of swelling. The effect of changing ionic strength (fi) on the 

maximum average dissolution medium uptake per unit initial polymer weight for the pure 

polymer can be quantified by Equation 10.1 for KIOOLV. Similar equations were obtained for 

K4M and K15M:

= 1 .4 6 ^ .1 .1 2
Wi

Equation 10.1

The dissolution medium uptake rate constant was also influenced by ionic strength, and was 

linearly related to the ionic straigth of the dissolution medium. The slight decrease in the uptake 

rate constant at higher ionic strengths was thought to be due to the slightly higher viscosity of 

the medium or a dehydration of the polymer restriaing entry of the medium. The equation for 

the relationship between ionic strength (fi), and dissolution medium uptake rate constant (a) for 

KIOOLV at lOOrpm is shown by Equation 10.2.

a  = -1 .7 8 // + 2.36

Equation 10.2

The effect of ionic strength over the range of dissolution media used, on the erosion rate of 

HPMC polymers was examined. Previous work by Touitou and Donbrow (1982) showed that 

changes in concentration of additives such as sodium salicylate caused attrition or disintegration 

of methylcellulose matrices attributed to dehydration of the polymer, preventing cohesive gel 

layer formation. Mitchell et a l (1990) showed that increasing the ionic strength from 0.3 to 2.5 

caused a range of disintegration behaviours to occur for pure K15M matrices due to "salting out" 

of the polymer. The matrices were unaffected at low ionic strength and able to hydrate and form
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a gel layer, whereas retarded gelation occurred at intermediate ionic strengths leading to rapid 

disintegration. At high ionic strengths the matrix was maintained and swelled but did not appear 

to gel. However the ionic strengths which caused disintegration varied with the salt used, 

showing the importance of electrolyte type. Similar effects to those shown by Mitchell et al 

(1990) were shown by Johnson et al. (1993), for hydroxypropylcellulose in a range of sodium 

chloride media of ionic strengths between 0 and 2.0. When the effect of ionic strength on the 

erosion rate constant (k:̂ ) was examined in the present work, the erosion rate constant of the 

polymer was found to decrease as the ionic strength increased. This was attributed to a "salting 

out" of the polymer, delaying its erosion. The ionic strengths used were lower than those foimd 

by Mitchell et al. (1990) or Johnson et al. (1993) to cause disintegration. The decreases in 

erosion rate constant with increase in ionic strength occurred in a linear feshion for each 

polymer. The relationship was described by Equation 10.3 for KIOOLV, and the slope of the 

equation was greatest for this polymer as it is the most susceptible to erosion. Similar equations 

were obtained for K4M and K15M.

' A:2 =-10.7xlO“V + 6.2x10“̂

Equation 10.3

The influence of agitation rate on the erosion of the pure polymer was considered. Where 

polymer disentanglement occurs at a faster rate than the rate of transport of polymer chains away 

from the surface, the rate-limiting step is the mass transfer process to the bulk solution 

(Reynolds et al. 1998). The diffusion layer thickness decreases with increase in agitation rate, 

which would increase the rate of mass transfer. Increased agitation also appears to increase the 

disentanglement concentration as seen for K15M, causing a higher concentration gradient for 

mass transfer. One of the few studies completed on the effect of agitation on the erosion of pure 

HPMC matrices, that of Reynolds et al (1998), showed an increase in erosion rate at higher 

agitation rates from Orpm to lOOrpm, for pure KIOOLV and K4M matrices. An increase in the 

erosion rate of tablets containing 20% KIOOLV was also noted by Katzhendler et al. (1997) as 

the agitation rate increased from 50rpm to 200rpm. In the present work the effect of agitation 

rate was quantified for KIOOLV and K15M. The change in maximum average dissolution 

medium uptake with increased erosion was described linearly for KIOOLV and K15M. Since 

increasing the agitation rate increased the erosion rate of the polymer, less polymer remained at 

each time point to hold dissolution medium, leading to lower values for maximum average 

dissolution medium uptake. For KIOOLV the relationship between maximum average 

dissolution medium uptake and agitation rate was best described logarithmically (Equation 

10.4):
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log
i ^ w - W d \

Wi
-0.38log/p/w + 1.22

Equation 10.4
The relation for K15M was described linearly by:

(fVw-m/),/m ax

m = ~0.027rpm + 9.44

Equation 10.5

Very little change in the dissolution medium uptake rate constant was seen with increased 

agitation rate. The relationship was described linearly for KIOOLV, as described in Chapter 

Five, by;

a = -O.OOOSrpm + 2.05

Equation 10.6
And for K15M by;

a = -0.003rpm  + 2.39

Equation 10.7

The increase in erosion rate constant with increase in agitation rate for both these systems 

occurred in a linear feshion for the pure polymer. The relationship was described for KIOOLV 

by Equation 10.8:

Atj = 0.022 x10"V/?/w + 0.7x10'^

Equation 10.8

And for K15M by;

= 0.00615 xlO“V/7/M-0.13x10“̂

Equation 10.9

The apparent susceptibility of these matrices to agitation is not particularly desirable in the 

production of hydrophilic swellable sustained release matrices as, if drug release is controlled by 

erosion such as in the case of a poorly soluble drug, increases in agitation would cause increases 

in drug release rate.

Chapter Five also showed how values for the disentanglement concentration and the diffusion 

coefficient of the polymer across the diffusion layer could be determined.

Having considered the effect on the pure polymer of different physicochemical variables such as 

dissolution medium or agitation, drug was then included in HPMC matrices to determine its
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effect on swelling and erosion, so that the behaviour of a sustained release drug/polymer matrix 

could be studied. The effect of drugs on hydrqjhilic matrices has been rg)orted to be complex 

due to "salting in" effects preventing matrix disintegration (Mitchell et al. 1993c), or differences 

in drug solubility between matrices consisting of ibuprofen or propranolol and HPMC causing 

differences in matrix swelling (Wan et al 1995). Dilution of the matrix with drug was also 

noted to increase the erosion of the matrix due to the presence of fewer polymer-poljmer 

entanglements (Reynolds et al. 1998). Two drugs, benzoic acid and its salt sodium benzoate, 

which show a 35-fold difference in solubility in buffer pH 7.4, were studied in the current work. 

A range of drug loadings was used so that the effect on medium infiltration rate and the apparent 

matrix erosion rate could be examined systematically at each loading. Together with drug 

release studies, this could give a reliable indication of the nature of the anomalous drug release 

noted using the Korsmeyer andPeppas equation (Equation 2.27).

The effect on apparent matrix swelling and erosion, of adding benzoic acid to KIOOLV or K15M 

matrices in either buffer or acid was studied. Changes in dissolution media where drug was 

present caused changes in the extent of swelling and erosion, due predominantly to changes in 

drug solubility caused by pH changes. However these changes did not cause failure of the 

sustained release matrix as has been noted by authors such as Vazquez et al. (1992) for HPMC 

matrices. The extent of dissolution medium uptake, and the uptake rate constant decreased with 

an increase in loading of poorly soluble benzoic acid, consistent with dilution of the polymer. 

Decreases in maximum average dissolution medium uptake with increase in drug loading were 

linear, for both polymers in both media. The relationship between dissolution medium uptake 

rate constant (a) of the matrix and drug loading could be reasonably fitted by a model based on 

the uptake rate constant of the pure polymer and the fractional drug loading of the mixture, 

called the "uptake mixture" model.

The apparent erosion rate constant of the matrix also increased with increased drug loading. For 

KIOOLV and K15M matrices, the change in erosion rate constant with increasing drug loading 

could reasonably be described up to a 75% drug loading, by the "erosion mixture" model. This 

model was based on the erosion rate constant of the pure polymer and the fraction of drug in the 

matrix.

To determine the effect of increasing drug loading on the erosion of the individual polymer 

component of a mixed matrix, mass balance calculations were carried out. These calculations 

used the drug release data from dissolution studies to determine the amount of polymer 

remaining in the matrix at each time point, and give further insight into the mechanism of drug 

release. The Korsmeyer and Peppas equation (Equation 2.27) was seen to be the best equation to 

describe drug release from HPMC matrices, as the MSC values obtained were higher than with
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Other equations. Drug release from KIOOLV matrices in either buffer or acid, was seen from the 

Korsmeyer and Peppas equation (Equation 2.27) to be anomalous in all cases except for the 

75% drug loadings, which showed near zero-order release. For KIOOLV matrices, the zero-order 

release occurring for high benzoic acid loadings could be attributed to erosion, as the polymer 

component and drug component release profiles were nearly identical. Anomalous release for 

other benzoic acidiKlOOLV loadings had an erosional element, as release became more 

anomalous with increased drug loading which would not be expected if the anomalous release 

was a result of greater macromolecular relaxation or swelling. The BA:K15M 25:75 system in 

buffer, where erosion was not expected and the drug could dissolve easily in the matrix, showed 

release close to Fickian diffusion. The anomalous release of benzoic acid seen for the other 

K15M matrices, did not appear to have an erosional basis as very little erosion o f the polymer 

occurred, and therefore was a result o f polymer swelling.

The erosion rate constants of the polymer component (k2j), of KIOOLV matrices at different 

drug loadings were then determined, by fitting the polymer release profile to the cube root 

model. The erosion rate constant of the polymer component was seen to increase with an 

increase in drug loading. The change in the erosion rate constant of the polymer component 

with drug loading for KIOOLV matrices could reasonably be modelled using an exponential 

equation (Equation 7.1) based on the erosion rate constant of the pure polymer matrix (i.e. 0% 

drug loading). The exponential equation for BA;K100LV matrices in buffer where k2p = erosion 

rate constant of the polymer component of the mixture and k°2p = erosion rate constant of the 

pure polymer, as shown in Chapter Seven was:

I _  I o (2.\y.\QT^K.drugloading%)
^ 2 p  -

Equation 10.10

And in acid was:
I _  t o  (1.08xl0“^xdrMg/oa(/mg%)

Equation 10.11

K15M matrices did not show a good fit of k2p to an exponential equation (Equation 7.1) or a 

linear equation (Equation A l.l)  due to the different release kinetics of benzoic acid from these 

matrices and their lack of erosion. For KIOOLV matrices, the erosion rate constant of the 

polymer component and the erosion rate constant of the drug component of the mixed matrices 

could be related as shown in Figure 10.1:
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Figure 10,1 Relationship between erosion rate constants of polymer component (k2^, and drug 

component (k2j) for KIOOLV matrices at different drug loadings in both acid and buffer, showing 
line of best fit to a linear equation (Equation Al.l).

Table 10.1 shows the parameters and estimates of fit to a linear equation (Equaticm A l.l)  for the 

relationship shown in Figure 10.1.

Table 10.1 I^rameters and estimates of fit to a linear equation (Equation A l.l) for relationship between 

erosion rate constants of polymer components and drug components at different drug loadings.

Parameter m (+/-s.d.) c (hr ‘xlO^)(+/-s.d.) SSD MSC”  CD

 a48+/5!o9 't o + i-03  ”25..........."Os.......... a%727......

Therefore tiie equation describing this linear relationship is;

= 0 .4 8 ^2 ^+ 0 .0 7

Equation 10.12

Thus in conclusi(Hi, for Benzoic acid:K100LV systems the erosion rate constant of the pure 

polymer and thus the rate of drug release can be predicted in buffer and acid up to a 75% drug 

loading. The values obtained can be converted to percoit released and compared with actual 

release as shown in Figure 10.2, and a good approximatirai of the release data obtained. 

Erosional release of drug is influenced by the relative solubility of the drug and the polymer, so 

a linear relationship such as that shown in Figure 10.1 is likely to hold for systems where the 

ratio o f 2p is small. A value for this ratio of less than 10 may be appropriate, as deduced 

from the reladonsh^s between the erosion rate constants for all the pure drug and pure polymer 

matrices used in the present work. This m ^ o d  applies where the drug dissolves quickly on 

release into the bulk solution.
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Figure 10.2 Experimental percent release values (symbols), and lines of simulated release for 

Benzoic acidiKlOOLV systems in (A) buflFer, and (B) acid, at lOOrpm.

(A): (♦ )  BAiKlOOLV 75:25 (simulated line a), (■ ) BAiKlOOLV 50:50 (simulated line b), ( A ) 
BA;K100LV 25:75 (simulated line c).

(B): (X) BA;K100LV 75:25 (simulated line a), (•) BA:K100LV 25:75 (simulated line b).

From mass balance studies, dissolution from K15M matrices appears to be predominantly 

divisional as erosion of the polymer component was only seen for the BA:K15M 75:25 system, 

and the extent of this erosion was much less than that seen for KIOOLV. Three-dimensional 

difllisional drug release from heterogenous non-eroding matrices should be predicted using the 

Cobby (1974) equation for a cylinder (Equation 2.4), where the drug is suspended in the matrix. 

However as the K15M matrices did not show erosion of the polymer component, although the 

dimensions changed with time due to swelling, the Cobby equation (Equation 2.4) was applied 

here to describe the drug release from these matrices. Several approximations were made, and 

the effect these had on the prediction of drug release from these matrices is shown in Figure 10.3 

for BA:K15M 25:75 system in buffer. Firstly, the volume of the matrix was based on the 

average swollen volume of the matrix from 0 to 7 hours (Line a). Next the average swollen 

volume from 0 to 7 hours was used, and the diffusion coefficient was corrected for the effect of 

polymer content only of the matrix using Equation 10.13 Gao et al. (1995), resulting in line b. 

Line c shows where the average swollen volume from 0 to 7 hours was used and the diffrision 

coefficient was corrected for both polymer component and drug component. The equation used 

to approximate the difiiision coefficient o f drug in the drug/polymer matrix from Gao et 

al.(1995) was:

D = D ,e

Equation 10.13

Where:
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D = Diffusion coefficient of drug in muhi-con^onent gel 

Do = Diffusion coefficient of drug

Kpoi and Kdn,g = constants for polymer and drug respectively, Kpoi as determined for HPMC by 

Gao = 7.85 and Kjrug = 3.34 as determined by Gao for glucose and used here.

Cpoi and Cdrug = concentration of polymer and drug expressed as a fraction

To correct the drug diffusion coefficient for the effect of polymer only, the Kj,^g and terms 

are ignored. The aspect ratio of the discs on swelling is assumed to remain the same as the initial 

aspect ratio, which may not occur for HPMC matrices (Papadimitriou et al. 1993a). Also the 

constants Kpoi and K,tug, were obtained by Gao et al. (1995) by extrapolation from studies of 

dilute (less than 20% polymer) equilibrium swollen gels.
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Figure 10.3 Simulated difiusional release from BA;K15M 25:75 matrices in buffer pH 7.4 using 

Cobby equation (Equation 2.4) incorporating various assumptions (a) Volume based on average 

value 0-7 hours, (b) Volume based on average value 0-7 hours and D corrected for polymer 

concentration, (c) Volume based on average value 0-7 hours and D corrected for both polymer 

and drug concentrations, ( ♦ )  BA:K15M 25:75 experimental values.

Figure 10.4 shows that the actual and simulated values correspond well for BA:K15M 25:75 

systems in both buffer and acid. For the 75% drug loaded systems, the predicted values are 

much lower than the actual values, with the release at seven hours being 1.5 times higher than 

predicted for the system in buffer, and 2.7 times higher than predicted for the system in acid. 

This may be due to increased erosional drug release at high drug loadings. This can be deduced 

from the higher MSC values obtained on fitting the drug component of these systems to the cube 

root equation (Equation 2.14) in Chapter Seven, relative to the 25% systems.
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Figure 10.4 Experimental percent release values (symbols), and simulated lines using Cobby 

equation (Equation 2.4) for Benzoic acid:K15M systems. (♦ )  BA.K15M 25:75 buffer 

(simulated line a), (■ ) BA:K15M 25:75 acid (simulated line b).

In summary, results of dissolution studies examining benzoic acid release showed that the 

interaction of drug loading, polymer molecular weight and dissolution medium was complex. 

Faster release occurred at a high drug loading for the low molecular weight polymer, and faster 

release occurred at a low drug loading for the higher molecular weight polymer. Changes in 

agitation rate caused changes in drug release for the lower molecular weight polymer, when 

examined at a low drug loading. Little change in drug release for the corresponding systems 

using high molecular weight polymer occurred, with changes in agitation rate, despite the higher 

susceptibility of the pure polymer to erosion. This was attributed to matrix diffusion being the 

main mechanism of release from the high molecular weight systems. The drug release profiles 

were best described using the Korsmeyer and Peppas equation (Equation 2.27).

The addition of a more soluble drug, sodium benzoate, to HPMC matrices was then studied at 

different drug loadings. Due to the increase in hydrophilicity of the matrix the extent of 

swelling was greater than with a poorly soluble drug. In some cases the extent of swelling was 

as high as that of the pure polymer, and the dissolution medium uptake rate constant was in all 

cases higher than that of the pure polymer. The dissolution medium uptake rate constant 

increased with increase in drug loading, imlike the situation seen for poorly soluble benzoic 

acid. However the apparent erosion rate constant of the drug/polymer matrix was also higher, 

due to the rapid dissolution and diffusion of the drug after the faster infiltration. The apparent 

erosion o f the matrix was biphasic in the case of highly soluble drugs, as the rate of release of 

drug was f ^  higher than the rate of release of polymer. Addition of a highly soluble excipient 

lactose had a similar effect on swelling and erosion as sodium benzoate, as seen by Gubbins 

(1996) for HPMC matrices, increasing the rate and extent of medium infiltration and increasing
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the rate of erosion. Drug release studies showed that the release of sodium benzoate followed 

Fickian difilisional kinetics. The erosion of the polymer component for the 25% system as 

determined fi"om mass balance studies, was very close to that of the pure polymer and showed a 

much lower erosion rate constant than the drug component. Matrices with higher levels of 

sodium benzoate showed faster erosion of the polymer component compared to that of the pure 

polymer, due to the effect of drug dissolution, leaving a weaker matrix remaining. For sodium 

benzoate release from KIOOLV matrices, drug release was faster at higher drug loadings, and 

changes in agitaticm and polymer molecular weight had no effect on the release of 25% sodium 

benzoate.

10.3 COMPARISON OF PEO AND HPMC

In this work the swelling and erosion of PEO was considered in a more extensive and systematic 

manner than has been done by previous authors such as Yang et al. (1997b) or Maggi et al. 

(2000). On comparison of the pure polymers, the extent of medium infiltration and thus 

swelling was greater for PEO than for HPMC for all grades examined, which was attributed to 

the higher molecular weight of the PEO. For both polymers the extent of swelling was greater at 

higher molecular weights, consistent with the higher hydrodynamic volume occupied by the 

longer chains, as noted by Wan et al. (1991) for HPMC. This increase was less pronounced 

between the very high molecular weights of PEO studied in the present work (5x10* and 7x10*) 

as they show a lower relative difference, (approximately 40%), in molecular weights compared 

to the HPMC grades. This greater swelling would allow greater ease of diffusion of drug despite 

a longer diflusional pathway being present, as noted by Shah et al. (1991) for theophylline 

release from glassy pol5^2-hydroxyethjd methacrylate-co-4-carboxystyrene) matrices .

PEO systems showed an anomalous pattem of dissolution medium uptake, best described by an 

empirical equation (EquaticHi 5.6) of the form of the Korsmeyer and Peppas equation (Equation 

2.27). This was in contrast to HPMC s j^ m s  where uptake was according to square root of 

time. Faster medium uptake with time was seen for PEO than HPMC, as shown by the higher 

dissolution medium uptake rate constants a, adiieved when using the square root equation for 

the dissolution medium uptake per unit matrix remaining (Equation 5.3) for comparative 

purposes.

Polymer erosion could be described using a cube root equation (Equation 2.14) in the present 

work, however for PEO this was preceded by a lag time during which no erosion occurred. 

Erosion for all PEO systems was best described by an empirical equation describing weight loss
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(Equation 8.2). The time to con^lete erosion was shorter for PEO than for all HPMC polymers, 

e x c ^  for E50LV.

PEO polymers showed an analogous effect to HPMC systems, where as the ionic strength 

increased from acid to buffer pH 7.4, the dissolution medium uptake rate constant decreased for 

P303. The extent of swelling was the same in both media, and the rate of erosion once the 

polymer began to erode appeared similar. The difference in behaviour of the polymer in the two 

dissolution media was therefore much less pronounced for PEO than for the higher molecular 

weight HPMC.

The effect of including drug on the swelling and erosion of PEO matrices was considered. For 

HPMC systems, matrices containing h i^  levels (75%) of benzoic acid eroded faster than those 

containing low levels (25%), however the opposite was true for PEO. PEO discs showed a 

decrease in the extent of swelling and in the dissolution medium uptake rate constant with 

increase in benzoic acid content, as seen for HPMC. However unlike HPMC, the benzoic 

acid/PEO discs eroded slower than the pure polymer at high drug loadings of 75%. Thus PEO 

appears able to maintain matrix ccJierence at lower levels of polymer than either HPMC 

KIOOLV or K15M. The relationship between the dissolution medium uptake rate constant and 

benzoic acid loading was described by the "uptake mixture" model. A square root relationship 

(Equation 5.3) was used to examine the dissolution medium uptake of drug loaded PEO discs to 

allow comparisons to be made with the corresponding HPMC discs, however as for the pure 

polymer an empirical equation (Equation 5.6) showed a better fit. The addition of the more 

soluble sodium benzoate to PEO matrices caused the extent of swelling to be close to that of the 

pure polymer, and the dissolution medium uptake rate constant to be higher than that of the pure 

polymer, as seen with HPMC. The erosion of the drug/polymer matrix at a 25% drug loading 

level begins earlier than that of the pure polymer, as was seen for benzoic acid.

When drug release from PEO matrices was studied, complete drug release occurred faster with 

increasing solubility of the drug, where the drugs studied were sodium benzoate, benzoic acid 

and methyl /?-hydroxybenzoate. The use of two different molecular weights of PEO had 

negligible effect on drug release, irrespective of the solubility of the drug within the polymer 

molecular weight range studied. As seen for the higher molecular weight HPMC, K15M, drug 

release was faster at a low drug loading for benzoic acid, whereas for the more soluble sodium 

benzoate, release was faster at a higher drug loading. Drug release from all systems was best 

described using the Korsmeyer and Peppas equation (Equation 2.27). Using this equation drug 

release was seen to be anomalous for sodium benzoate and benzoic acid in PEO systems, and the 

exponent values obtained for sodium benzoate were higher (=0.72) than for the corresponding 

HPMC systems (=0.52). Methyl />-hydroxybenzoate (MB), a drug that was not studied with

287



Chapter 10- General discussion

HPMC and is less soluble than benzoic acid, showed zero-order release. The similarity of the 

MB release profile to that of the pure polymer appeared to imply erosion-controlled release. The 

first 80% of drug release could be fitted using a linear equation (Equation A1.1) for benzoic acid 

and methyl ;?^ydroxybenzoate. It appeared that the exponents obtained for PEO matrices using 

the Korsmeyer and Peppas equation (Equation 2.27) were in general higher than those obtained 

for corresponding HPMC matrices, as attributed by Kim (1995a) to the higher swelling of PEO 

systems. Drugs of lower solubility showed more linear release, whidi may indicate increasing 

importance o f erosional release.

The effect o f changing the agitation rate on drug release fi'om PEO matrices, at a 25% drug 

loading of either braizoic acid or methyl />4iydrox)^enzoate, was studied. Both systems showed 

a trend to increased release as the agitation rate increased fi'om 50 to 200rpm, with the difference 

between the 50rpm and 200rpm profiles being apparently greater for methyl /?-hydroxybenzoate. 

This is in contrast to the sodium benzoate;HPMC systems and benzoic acid:K15M systems 

where no significant difference in release was seen over the agitation range studied (not shown 

on graph). As a means o f comparing the effect of increasing agitation over all the systems which 

were susceptible to agitation, the erosion rate constant At2. for the amount of drug or polymer 

remaining in a system was determined (all MSC values obtained were greater than 3). The 

relationship between the log of the erosion rate constant and the log of the agitation rate for 

these systems is shown in Figure 10.5.
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o ~
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Figure 10.5 Relationship between log of erosion rate constant and log of agitation rate for 

different systems in buffer pH 7.4. ( )  Pure Benzoic acid, ( • )  BA;P303 25:75, i - >

BAKIOOLV25:75, (X) MB:P303 25:75, (■ ) PureKIOOLV, ( ♦ )  Pure K15M.

Table 10.2 shows the parameters and estimates of fit obtained, when the relationship between 

the log of the erosion rate constant and the log of the agitation rate was fitted to a linear equation 

(Equation Al.l). It was apparent that although pure K15M is highly susceptible to erosion as 

seen fi'om the slope of 1.56, the release of benzoic acid at a 25% drug loading from K15M (not
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shown) was not affected by agitation. This may be due to a difRisional mechanism of release 

predominating over all agitation rates. Similarly, although pure KIOOLV matrices are 

suscq}tible to erosion, the BA;K100LV system showed no systematic trend for the k2 values, 

although the rate o f release was slightly higher at 200rpm than 50rpm. Methyl p- 

hydroxybenzoate and benzoic acid in P303 systems show a low sensitivity to agitation as seen 

from the slopes obtained. Therefore the sensitivity o f the pure polymer to agitation may not be a 

good guide to the effect of agitation on drug release especially if release is by a diffiisional 

mechanism.

Table 10.2 Parameters and estimates of fit to linear equation (Equation A l.l)  of relationship between log 

of erosion rate constant and log of agitation rate for different systems in buffer pH 7.4.

System m (log hr .ipm') 

(+/-s.d.)

c (log hr ') 

(+/-s.d.)

SSD

(xlO'')

MSG CD

PureK15M 1.56 -5.53 - - -
Pure KIOOLV 0.73+/-0.03 -2.98+/-0.07 4.7 4.44 0.99565

Pure Benzoic acid 0.66+/-0.05 -1.58+/-0.10 8.9 3.61 0.99008

MB;P303 25:75 0.37+/^.03 -1.91+/-0.07 4.8 3.09 0.98333

BA:P303 25:75 0.13+/-0.02 -1.06+/-0.03 1.2 2.47 0.96887

BA:K100LV 25:75 0.19+/-0.18 -1.32+/-0.37 62.0 0.19 0.51273

To further elucidate the mechanism of release from PEO matrices, mass balance studies were 

completed. On comparison of PEO and HPMC matrices, the higher release exponents seen for 

PEO could indeed be attributed to the higher degree of swelling for these matrices, as very little 

erosion occurred over the duration of drug release. The erosion of the polymer component could 

not be modelled using a cube root model as was done for HPMC. For benzoic acid matrices at a 

25% and 75% loading with PEO, a lack of erosion of the polymer component relative to the pure 

polymer was seen. This was tentatively attributed to either a trapping of the crystallite domains 

of the polymer by benzoic acid, delaying polymer release until the benzoic acid had dissolved, 

or alternatively an interaction between imionized benzoic acid and the polymer. A "salting out" 

of the polymer by competition for water of hydration could contribute, however a similar effect 

was not seen for HPMC which is also prone to "salting out".

During dissoluticHi of HPMC and PEO matrices, it was noted visually that PEO matrices 

appeared to show greater volume increases than HPMC and that an extensive radial swelling 

occurred for PEO. Since HPMC matrices swell predominantly in the axial direction, the radial 

swelling of PEO was investigated as a possible explanation for the differences in drug release 

pattern from these two polymer types. The changes in dimensions for KIOOLV and P303 

matrices containing sodium benzoate at a 25% loading were measured since the release of
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sodium benzoate was found to be indq>endent of the poljmier type used for these two polymers. 

These measurements are shown in Appendix Nine. HPMC matrices showed a greater extent of 

axial than radial swelling, as the height increased approximately 3.5 times, whereas the diameter 

remained constant to twelve hours and the disc eroded completely by fifteen hours. PEO 

matrices showed an increase in height of approximately 3-fold, and a higher level of radial 

swelling than HPMC at twice the original diameter. Axial swelling was attributed previously to 

the relief of compressive stress in the disc, whereas the higher radial swelling for PEO could be 

tentatively attributed to a different orientation of longer molecules in the disc as prc^osed by 

Papadimitriou et al. (1993a) for HPMC. On comparing the changes in dimensions, PEO 

matrices showed a constant surfece area between one and five hours due to a balanced rate of 

swelling and erosion, whereas the surfece area of HPMC decreased. Therefore if  drug release 

occurs during this period for PEO, linear release may occur. Changes in surface area should 

therefore be considered when studying drug matrices, as differences may lead to changes in the 

rate and extent of drug release.

In conclusion it can be seen that PEO shows significantly different swelling and erosion kinetics 

to HPMC, therefore the relationships derived to predict drug release from HPMC matrices are 

not applicable to PEO. PEO shows advantages over HPMC in the formulation of sustained 

release matrices, in that PEO appears less sensitive to changes in ionic strength than HPMC. The 

PEO formulations studied showed low sensitivity to changes in agitation. When examining drug 

release, release fi’om PEO matrices was generally found to show more linear kinetics than 

release from HPMC.

10.4 STEARIC ACID MATRICES

The effect of mixing a hydrq)hilic polymer, and stearic acid which is considered to be an inert 

matrix former giving Fickian release, was studied. Stearic acid matrices were studied by Killen 
(2000). However the effect of including a hydrophilic polymer which swells and erodes was 

unknown.

Stearic acid was combined with HPMC KIOOLV in different ratios and the swelling and erosion 

of these matrices studied. It was apparent that the extent of swelling and the dissolution medium 
uptake rate constant decreased with increasing stearic acid content of the matrix, as was seen 

with increasing loading of benzoic acid for KIOOLV systems. The erosion profiles at the 

different stearic acid loadings studied all showed similar erosion rate constants, apart fi'om the 

75% stearic acid loading, which showed a lower erosicai rate constant. TTiis occurrence of a
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lower erosion rate ccmstant for the 75% system relative to the other loadings, was unlike the 

trend seen for benzoic acid systems with HPMC.

Dissolution studies of benzoic acid from matrices containing stearic acid in combination with 

either HPMC KIOOLV or PEO P303 were completed. They showed that above a 25% drug 

loading for HPMC and above a 50% drug loading for P303, at a 50:50 ratio of stearic acid to 

polymer, drug release was fester than for the corresponding system without stearic acid. This 

can be attributed to the stearic acid acting as an insoluble excipient in the matrix and increasing 

release, in a similar manner to the increase in release of chlorpheniramine maleate shown by 

Lapidus and Lordi (1968) when either lactose or calcium phosphate were included in HPMC 

matrices. This effect is not noticeable however at low drug loadings with KIOOLV, as sufficient 

HPMC is present to maintain matrix integrity. Therefore HPMC and P303 systems can be seen 

to be insensitive to a 50% dilution of the polymer with stearic acid at low drug loadings. 

Release of benzoic acid from Stearic acid;K100LV matrices was fester at higher drug loadings 

whereas for Stearic acidiPEO matrices it was fester at lower drug loadings.

On holding the benzoic acid level at 25% and changing the ratio of stearic acid to KIOOLV, drug 

release was seen to be significantly lower where the matrix portion of the disc consisted of 75% 

stearic acid. This was attributed to the stearic acid forming a coherent matrix through which 

drug and polymer had to diffuse. The presence of stearic acid does not appear to significantly 

affect the exponent values obtained. No difference in the release profiles of benzoic acid at a 

25% drug loading from different Stearic acid; P303 ratios was seen, showing that for the systems 

studied, PEO is insensitive to diluticMi with stearic acid at this drug loading.

DSC studies of Stearic acid:K100LV discs were carried out with the aim of quantifying the 

amount of stearic acid remaining in the matrices after dissolution and drying, with a view to 

completing mass balance curves for insoluble species. Quantification of stearic acid in Stearic 

acid:P303 matrices was not possible by DSC due to the similarity in melting points of these two 

components. However both studies with KIOOLV and P303 showed that an interaction occurred 

between the stearic acid and phosphate buffer with the formation of a new species, most likely 

an acid-soap. Therefore stearic acid matrices were not completely inert as initially expected.
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10.5 CONCLUSION

The main findings of this work were:

♦ The effect of polymer molecular weight, ionic strength, and agitation on the ccmcomitant 

swelling and erosion of a range o f pure HPMC matrices was quantified in a more extensive 

and systematic maimer than in previously published studies, for exan^}le those of Tahara et 

a l (1995). The method used did not restrict the swelling of the disc, unlike studies by 

authors sudi as Bettini et al. (1994).

♦ Drug was included in the matrix at a range of loadings up to 75%, which is higher than used 

by many authors. Drug release was quantified by dissolution studies, and by subsequently 

completing a mass balance study the release of the polymer component of the matrix relative 

to that of the drug could be determined. This gave an insight into the kinetics of drug 

release, especially the mechanisms of anomalous release. The release of individual drug and 

polymer components fi'om a matrix have been studied previously by different authors, 

however these studies were at mudi lower drug loadings, for example a loading of 2.5% 

adinazolam mesylate in HPMC was used by Skoug et al. (1995). In the present work, zero- 

order release seen at high drug loadings with the lower molecular polymer was a result of 

erosion.

♦ Mathematical modelling of swelling and erosion with a view to predicting drug release, was 

compUcated by the difficulty in predicting these effects over the range of systems studied. 

Full mathematical anal5^is requires the consideration of moving boundaries, changing drug, 

polymer and medium diffusion coefficients, and three-dimensional diffusion and was 

beyond the scope of this thesis. A simpler approach was used, in that by determining the 

swelling profiles of the drug/polymer matrices and using the pol3oner component of the 

mass balance studies, the profiles of drug when released by either diffusion or erosion could 

be reasonably predicted.

♦ When a second hydrophihc polymer, PEO, was studied, it showed different swelling and 

erosion kinetics to HPMC, namely higher swelling and a lag time before erosion and so 

could not be described mathematically in the same terms as HPMC. The swelling and 

erosion o f this polymer was studied more extensively than has been done heretofore by 

authors sudi as Yang et al. (1997b) oxMaggi et a l (2000). The range of drug loadings used 

was higher, (up to 75%), than has been used for studies of either swelling and erosion, or 

drug release by previous authors. Higher molecular weight PEO than is usually used (5x10® 

and 7x10®), were studied here. Drug release was studied over a wider range of agitation
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rates (from 50 to 200rpm) than used by Yang et al. (1997b). Mass balances studies were 

completed and the higher exponents from the Korsmeyer and Peppas equation (Equation 

2.27) obtained for PEO as compared to corresponding systems for HPMC, were attributed to 

the higher degree of swelling of PEO matrices. PEO matrices gave zero-order release of 

poorly soluble drugs.

♦ The addition of stearic acid to hydrophilic swellable sustained release matrices based on 

either KIOOLV or PEO was studied, the effect of which has not been previously examined. 

At benzoic acid loadings of 25%, drug release was seen to be unaffected by replacement of 

half of the polymer with stearic acid. PEO was generally less sensitive to dilution with 

stearic acid than KIOOLV. Release of drug from a stearic acid/polymer matrix, where stearic 

acid is at a high loading (75% of the matrix portion) is fester than the release seen by Killen 

(2000) from a pure stearic acid matrix at a similar drug loading. The pattern of drug release 

for stearic acid/polymer matrices was anomalous, not Fickian.

10.6 FUTURE DIRECTION

The present work could be further elaborated upon in several ways. Mass balance studies could 

be completed for PEO to complement the previous dissolution studies, or dissolution studies 

could be done for HPMC systems where mass balance studies have been completed, to gain 

more insight into drug release processes. Special attention could be given to systems such as 

methyl /7-hydroxybenzoate and HPMC which are known to interact (Peppas and Korsmeyer 

1987) to see what effect this has on drug and polymer release. Swelling and erosion studies with 

methyl /7-hydroxybenzoate and PEO would indicate whether a high degree of swelling was 

occurring, which could explain the zero-order release seen, or whether another mechanism of 

release such as erosion was occurring.

Texture analysis studies could be undertaken to see whether "matrix stiffening" as seen recently 

by Pillay and Fassihi (1999) occurred in these matrices, and to measure gel layer thickness.

With the further information these studies would provide, a possibility exists to be able to 

predict drug release from these matrices on the basis of fundamental matrix attributes in the 

manner of Siepmann et al. (1999). Siepmann et al. (1999) developed a model based on Pick's 

second law of diffusion for cylinders, where the transport of drug and water were modelled 

considering axial and radial diffusion, concentration dependent drug diffusivities, and matrix 

swelling and dissolution. A computer program was used to predict the water, HPMC, and drug 

transport kinetics for a matrix of any dimensions by computing the water, drug, and polymer 

volumes at each step, once certain required parameters were available independently. However
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limitations of this model include the facts that the model does not take into account the addition 

of inert fillers or the effect of solid drug particles, and that use of the model was restricted to 

very low drug loadings (5%) (Siepmann et al. 2000). Only difilisional drug release was 

considered. The effect of drug loading on the dissolution of the polymer was not taken into 

account when determining parameters for the polymer dissolution from experimental data for a 

pure polymer matrix. Also the swelling parameters were determined from measurement of water 

influx into pure polymer, and the present work has shown that this influx can be significantly 

affected by the presence of drug. Therefore in light of the findings of the present work further 

development of this model is required.
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Appendix 1 - Computer models

A1 APPENDIX 1 COMPUTER MODELS

In this Appendix the computer models used for fitting data in the Scientist program are shown.

Equation A l.l  - Linear equation

IndVars; X 

DepVars; Y 

Params; M C 

Y;=(M*X)+C

Equation 5.3 - Square root equation for water uptake into matrices

IndVars: T 

DepVars; W 

Params; A 

W=A*(T^ 0.5)

Equation 5.5- Wet weight exponential equation

IndVars; T 

DepVars ;W 

Params ;K,WM 

W=WM*(1-(EXP(-K*T)))

Equation 5.6- Uptake empirical equation

IndVars; T 

DepVars;WU 

Params; K, N 

WU=K*T^N

Equation 5.7 - Power law equation

IndVars; M 

DepVars; E 

Params; A, B 

E=A*M^B
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Equation 8.1 - Dissolution medium uptake including lag time

IndVars: T 

DqjVars: W 

Params:A,L 

W=A*((T-L)^0.5)

Equation 2.14 - Cube root equation fo r  tite erosion o f  matrices

IndVars: T 

DepVars: WD 

Params; K, WI 

WD = W I*((l-(K*T)r3)

Equation 8.2 - Weight loss equation empirical

IndVars; T 

DepVars :WL 

Params: K, N 

WL=K*T^N

Equation 8.3 - Exponential equation fo r  weight loss

IndVars: T 

DepVars: W 

Params: A, K 

W=A*(EXP(K*T))

"CubicAag time" model - Cube root model fo r  describing the erosion o f  matrices 

including a lag time parameter

IndVars: T 

DepVars; Y 

Params: K, T, L 

TA = T-L

WD = WI * ((1-(K*TA))^3)

Xtot= 1*WD

Y = IFLEZERO CT-L,WI,xtot)

Where:

WD = dry weight of matrix at time T 

WI = initial weight of matrix
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"Swelling/erosion 1" model - Wet and dry weight equation for the combined swelling 

and erosion o f matrices

IndVars: T 

DepVars: WD, WW 
Params: B, K, WI 

WD=WI*((1-(K*T))^3)

W=B*(T^0.5)

WW=(W*WD)+WD

Where;
WD = dry weight of matrix 

WI = initial weight of matrix 

WW = wet weight of matrix

B = water uptake rate constant (fitted value called based on a)
K = cube root erosion rate constant (fitted value called k3, based on

"Swelling/erosion 2" model - Wet and dry weight equation for the swelling and 

erosion of matrices using exponential relationship 

hdVars: T
DepVars; WMOUTWPOUT 
Params; WINMAX WOD KAB KBC 
WIN ;=WINMAX*(1-EXP((-KAB)*T))

WD ;= WOD+WIN

WMOUT ;= WD*EXP((-KBC)*T)
WPOUT := WOD*EXP((-KBC)*T)

Where;

T = time in hours
WMOUT = Wet weight

WPOUT = Dry weight
WINMAX = Maximum water uptake

WOD = initial dry weight
KAB = estimate of water uptake rate

KBC = estimate of erosion rate constant
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"Swelling/erosion 3" - Wet and dry weight equation for swelling and erosion of 

matrices using a square root relationship.

Ind Vars: T
DepVars: WMOUTWPOUT 

Params; WOD B KBC 
WIN := B*(T^0.5)

WD ;= WOD+WIN
WMOUT := WD*EXP((-KBC)*T)

WPOUT ;= WOD*EXP((-KBC)*T)

Where;

T = time
WMOUT = Wet weight

WPOUT = Dry weight

WOD = initial dry weight

B = Water uptake rate constant (called ^2)
KBC = erosion rate constant

"Uptake mixture" model

IndVars: FD 
DepVars: RM 

Params: K, I, RP
RM=RP*(K*(l-FD))+a*FD*(l-FD))

Where:
FD = Fraction of drug in mixture 

RM = Rate of uptake of mixture 
RP = Rate of uptake of pure polymer 

K = constant (called k̂ )
I = Interaction parameter
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"Erosion mixture" model

IndVars: FD 

DepVars: RM 

Params:RD,RP,I,

RM=(RP*(l-FD)+(RD*(FD))+a*FD*(l-FD))

Where:

FD = Fraction of drug 

RM = Rate of erosion of the mixture 

RD = Rate of erosion of pure drug 

RP = Rate of erosion of pure polymer 

I = Interaction parameter

Equation 2.27 - Korsmeyer and Peppas equation

IndVars; T 

DepVars:W 

Params; K, N 

W=K*T^N

Equation 2.31 - Ford lag time equation

IndVars: T 

DepVars:F 

Params :K,L,N 

F=K*((T-L)^N)

Where:

T = Time

F = Fraction e.g. percent 

K = kinetic constant 

L = lag time 

N = exponent
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Equation 2.33 - Exponential dissolution

IndVars: T 

DepVars; F 

Params: K 

F=1-EXP((-K)*T)

Where;

T = time

F = Fraction e.g. dissolution as fraction of maximum, water uptake as fraction o f maximum 

K= kinetic constant

Equation 2.29 - Peppas and Sahlin equation

IndVars: T

DepVars; F

Params;Kl, K2, M

F=(K1 *(T^M))+(K2*(T^(2*M)))

Equation 2.32 - Dissolution equation including diffusion and relaxation parameters 

incorporating lag time

IndVars; T 

DepVars;F

Params; KA, KB, L, N 

F=(KA*((T-L)^N))+(KB*(T-L)^2N)

Equation 2.4- Cobby

IndVars; T 

DepVars; FT 

Params; Q, KR
FT;-((Q+2)*KR*(T''0.5)H((2*Q)+l)*((KR*(T^0.5)r2))+(Q*((KR*(T^0.5)r3))

Equation 7.1 - Exponential equation for erosion rate constant versus drug loading

IndVars; D 

DepVars; K 

Params; K, KOP 

KP=KOP*EXP(K*D)

Where;

D = Percent drug loading

KP = Erosion rate constant of polymer component (kj^)

KOP = Erosion rate constant o f pure polymer (k°2p)
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K = Constant (kj)

EQUATIONS FOR BOUNDARY LAYER THICKNESS

Equation A3.5

IndVars: T 

DepVars: W

Params: K l, K2, DO, HO, P 

W=3.1416*P/4*(DO-Kl*T)^2*(HO-K2*T)

Equation A3.6

IndVars: T 

DqjVars:R

Params: Kl, K2, DO, HO, P 

A-2*DO*HO-2*Kl*HO*T 

B=D0*2

C=3*K1*T^2-4*D0*T

R=P*(3.1416*K1)/4*A+P*(3.1416*K2)/4*B+P*(3.1416*K1*K2)/4*C 

Equation A3.9 and A3.10 combined

IndVars: T 

Dq)Vars:A, R

Params: K1,K2,D0,H0,D,CS,H

A=1.5708*(DO-K1*T)^2+3.1416*(DO-K1*T)*(HO-K2*T)

R=(D*CS*A)/H
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A2 APPENDIX TWO

A2.1 SUPPLEMENTARY DATA TO CEIAPTER FIVE

This appendix includes any supplementary data fitting and ejqjeriments to  Chapter Five.

A2.2 SWELLEVG/EROSION 2 AND 3 MODELS

In this section the param eters and estimates o f  fit o f  data to  the "swelling/erosion 2" and "3" 

models is shown.

A2.2.1 Polymer molecular weight

Table A2.1. Parameters and estimates of fit to "swelling/erosion 2" model for different molecular weight 

HPMC polymers at lOOrpm in de-ionized water.

Polymer Winmax

(mg)(+/-s.d.)

Kab (hr ') 

(+/-s.d.)

Kbc (hr *) 

(xlO^)(+/-s.d.)

SSD(xlO-^) MSC CD

E50LV 1508+/-899 0.55+/-0.36 36+7-9 18.1 1.97 0.87816

KIOOLV 1266+/-231 0.57+/-0.13 24+Z-2 9.0 3.09 0.95915

K4M S34+/-39 0.97+/-0.10 2.7+/-0.4 16.3 3.50 0.97260

K15M 945+/-40 0.79+/-0.08 0.097+/-0.34 23.0 3.85 0.98057

KIOOM 1151+/-69 0.59+/-0.07 -2.99x10 ^+/-0.46 40.7 3.62 0.97566

Table A2.2 Parameters and estimates to "swelling/erosion 3" model for different molecular weight HPMC 

polymers at lOOrpm in de-ionized water.

Polymer b2  (mg.hr"°^)(+/-s.d.) Kbc (hr ')(xlO^)(+7-s.d.) SSD (xlO '̂) MSC CD

E50LV 564+Z-45 34+7-3.0 20.7 1.88 0.86074

KIOOLV 552 +/-19 25.3+7-0.8 7.5 3.30 0.96555

K4M 511+/-8 7.8+/-0.2 4.6 4.78 0.99216

K15M 532+7-8 4.7+7-0.1 6.8 5.10 0.99424

KIOOM 579+7-16 3.8+7-0.3 28.3 4.02 0.98309
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A2.2.2 Ionic strength 

A2.2.2.1 KIOOLV

Table A2.3 Parameters and estimates of fit to "swelling/erosion 2" model for KIOOLV at lOOrpm in 

different media.

Dissolution Winmax (mg) Kab (hr ') Kbc  (hr’') SSD MSC CD

medium (+/-s.d.) (+7-s.d.) (+7-s.d.) (xlO"')

De-ionized water 1266+/-231 0.57+7-0.13 0.24+7-0.02 8.9 3.09 0.95915

Acid 1545+/-380 0.43+7-0.12 0.24+7-0.03 13.3 2.90 0.95003

Saline 0.9%wA' 1292+7-288 0.46+7-0.12 0.20+7-0.02 15.5 2.62 0.93431

Saline |i,= 0.25 1166+/-169 0.50+7-0.10 0.15+7-0.01 14.2 2.87 0.94844

Buffer 1137+/-173 0.39+7-0.08 0.10+7-0.01 78.6 2.12 0.88499

Table A2.4 Parameters and estimates of fit to "swelling/erosion 3" model for KIOOLV at lOOrpm in

different dissolution media

Dissolution mediiun 62(mg.hr'“=’) Kbc (hr 'XxlO^) SSD (xlO-^) MSC CD

(+/-s.d.) (+7-s.d.)

De-ionized water 552 +/-19 25.3+7-0.8 7.6 3.30 0.96555

Acid 556+7-26 23.8+7-1.0 15.6 2.77 0.94122

Saline 0.9% w/v 502+/-23 20.1+7-0.9 14.9 2.70 0.93700

Saline fx = 0.25 500+7-19 17.1+7-0.6 12.2 3.05 0.95578

Buffer 439+7-18 12.0+7-0.5 70.6 2.24 0.89675

A2.2.2.2 K4M

Table A2.5 Parameters and estimates of fit to "swelling/erosion 2" model for K4M at lOOrpm in different 

dissolution media.

Polymer Winmax

(mg)(+7-s.d.)

Kab (hr ') Kbc (hr ') 

(xlO")(+7-s.d.) (xlO^)(+7-s.d.)

SSD

(xlO-^)

MSC CD

De-ionized water 

Buffer pH 7.4

834+7-39

832+7-45

97+7-10 2.7+7-0.4 

70+7-9 -1.6+7-0.5

16.3

28.8

3.50

3.60

0.97260

0.97515

Table A2.6 Parameters and estimates of fit to "swelling/erosion 3" model for K4M at lOOrpm in different 

dissolution media.

Dissolution medium b2 (mg.hr °̂  

(+7-s.d.)

) A:6c(hr-')(xlO") SSD 

(+7-s.d.) (xlO'’)

MSC CD

De-ionized water 

Buffer pH 7.4

511+7-8

441+7-11

7.8+7-0.2 4.7 

2.4+7-0.2 14.6

4.78

4.31

0.99216

0.98741
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A2.2.2.3 K15M

Table A2.7 Parameters and estimates of fit to "swelling/erosion 2" model for K15M at lOOrpm in 

different dissolution media.

Dissolution Winmax Kab (hr ‘) Kbc (hr"') SSD MSC CD

medium (mg)(+/-s.d.) (xlO^)(+/-s.d.) (xlO-^)(+/-s.d.) (xlO-^)

De-ionized water 945+/-40 79+Z-8 0.0KH-/-0.34 23.0 3.85 0.98057

Acid 829+Z-36 99+/-11 -0.82+/-0.34 27.8 3.61 0.97534

Buffer 906+/-48 54+7-6 -1.90+/-0.36 25.3 3.97 0.98284

Table A2.8 Parameters and estimates of fit to "swelling/erosion 3" model for K15M at lOOrpm in

different dissolution media.

Dissolution b2 (mg-hr"® )̂ Kbc (hr 'XxlO^) SSD MSC CD

medium (+/-s.d.) (+/-s.d.) (xlO-^)

De-ionized water 532+/-S 4.7+/-0.1 6.8 5.10 0.99424

Acid 491+/-11 4.0+/-0.2 14.2 4.32 0.98742

Buffer 439+/-7 1.5+/-0.1 7.6 5.21 0.99485

A2.2.3 Agitation rate 

A2.2.3.1 KIOOLV

Table A2.9 Parameters and estimates of fit to "swelling/erosion 2" model of KIOOLV in buffer pH 7.4 at 

different agitation rates.

Agitation

rate(rpm)

Winmax (mg) 

(+/-s.d.)

Kab (hr ‘)(xlO^) 

(+7-s.d.)

Kbc (hr-')(xlO^) 

(+7-s.d.)

SSD

(xlO-^)

MSC CD

0 967+7-53 44+7-5 -1.3+7-0.4 18.3 4.26 0.98712

50 871+7-52 52+7-6 2.6+7-0.5 11.0 3.83 0.98023

100 1137+7-173 39+7-8 10.5+7-1.2 78.6 2.12 0.88499

150 2143+7-1156 20+7-11 18.2+7-3.3 26.6 2.29 0.90709

200 1758+7-835 25+7-13 22.7+7-3.6 13.0 2.46 0.92333
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Table A2.10 Parameters and estimates of fit to "swelling/erosion 3" model for KIOOLV in buffer pH 7.4 

at different agitation rates.

Agitation rate 

(rpm)

l>2

(mg.hr'°^)(+/-s.d.)

(hr'XxlO^)

(+7-s.d.)

SSD

(xlO-^)

MSC CD

0 429+7-2 1.55+7-0.05 0.9 7.34 0.99939

50 415+/-6 5.83+7-0.15 2.8 5.22 0.99493

100 439+/-18 0.120+7-0.005 70.6 2.24 0.89675

150 447+7-26 15.33+7-0.89 28.6 2.24 0.90019

200 407+7-23 19.23+7-1.00 13.7 2.44 0.91896

A2.2.3.2 K15M

Table A2.11 Parameters and estimates of fit to "swelling/erosion 2" model for K15M in buffer 7.4 at 

different agitation rates.

Agitation Winmax Kab (hr ') Kbc (hr ') SSD MSC CD

rate(rpm) (mg)(+7-s.d.) (xI0^)(+7-s.d.) (xl0^)(+7-s.d.) (xlO-")

0 1181+7-77 35+7-4 -2.71+7-0.40 23.7 4.56 0.99049

100 906+7-48 54+7-6 -1.90+7-0.36 25.3 3.97 0.98284

200 764+7-42 67+7-8 0.81+7-0.41 18.5 3.47 0.97156

Table A2.12 Parameters and estimates of fit to "swelling/erosion 3" model for K15M in buffer pH 7.4 at

different agitation rates.

Agitation rate 62 Kbc (hr ') SSD MSC CD

(rpm) (mg.hr“^)(+7-s.d.) (xl0^)(+7-s.d.) (xlO-^)

0 475+7-4 -0.30+7-0.07 2.8 6.73 0.99888

100 439+7-7 1.5+7-0.1 7.6 5.21 0.99485

200 402+7-10 4.67+7-0.23 9.9 4.12 0.98476
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A3 APPENDIX THREE

A3.1 ESTIMATION OF THE DIFFUSION LAYER THICKNESS

The diffusion layer thickness (h), v^ îch is a function of the hydrodynamics of the dissolution 

system involved was calculated using data obtained for 200mg cylindrical discs of benzoic acid 

at lOOrpm in buffer. The method ofHealy (1995) was used. This involved three steps:

Firstly according to Ballard and Nelson (1962), the weight of a cylindrical implant such as a 

disc can be described by the following equation;

W = p

Equation A3.1

Where:

W=ihe weight of the disc 

p  = density of material 

d = diameter of disc 

h ' = height of disc

If the rate of change of diameter and height are constant with time they can then be described as 

follows

d  = d ° - k t

Equation A3.2

h '= h ° - k t

Equation A3.3

Where:

cf = initial diameter 

h° = initial height

Using these equations. Equation A3.1 becomes:

W = ^ [ d °  - k t j i l t ” - k t )

Equation A3.4

However if the height and diameter change at different rates Equation A3.1 becomes:
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Equation A3.5

Where;

k , J  = rate o f decrease of diameter with time 

k2 ^  - rate o f decrease o f height with time

To estimate the values for k j j  and k2 d, data for the weight o f  benzoic acid remaining at various 

time points, for dissolution o f 200mg benzoic acid discs at lOOrpm in buffer, was fitted to 

Equation A3.5 (Models in Appendix One). The rate o f change in weight data was then simulated 

using Equation A3.6.

_ ̂  ^ ^  -  2k^^h°t)+ p  ̂  (t/"')

Equation A3.6

The surface area o f a cylinder A is given by

f d ^
2

f d ^
+ 271.2, .2,

Equation A3.7

A = —d^ +7vdh'
2

Equation A3.8

Thus from Equation A3.7 and Equation A3.8 above the surfece area equals;

^ = - h d t )

Equation A3.9

The simulated rate data was then fitted to Equation A3.9. Using the value for A  calculated in 

Equation A3.6 the difJusion layer thickness h could then be calculated using Equation A3.10.

dW _ ADC, 
dt h

Equation A3.10
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Where:

D = diffusion coefficient in the medium

C, = the solubility of benzoic acid in the medium

h = the diffusion layer thickness

The above procedure was repeated with data obtained for the amount of benzoic acid remaining 

in buffer at different agitation rates the profiles of which are shown in Figure A3.1

Figure A3.1 Amount of benzoic acid remaining in buffer pH 7.4 at different agitation rates ( ♦ )  

50rpm, (■ )  lOOrpm, ( A ) 150rpm, (X) 200rpm.

Table A3.1 DifRision layer thickness obtained at different agitation rates

250 T

0 2000 4000 6000 8000 10000 12000

Time (sec)

Agitation rate (rpm) Diffusion layer thickness (cm xlO'*)

50

100

150

200

78.89

55.80

44.40

51.56
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A4 APPENDIX FOUR

A4.1 SOLUBILITY DETERMINATIONS

A4.1.1 Benzoic acid

I  10 
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E 8

i* 6n3
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0 20.5 1.51
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Figure A4.1 Solubility profile for benzoic acid in buffer pH 7.4. 

A4.1.2 Methyl p-hydroxybenzoate
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Figure A4.2 Solubility profile of methyl /7-hydroxybenzoate in phosphate buffer pH 7.4.
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A4.1.3 Propyl 4-hydroxyhenzoate
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Figure A4.3 Solubility profile of propyl /?-hydroxybenzoate in phosphate bulfer pH 7.4 (■ ) 

Without Polyox 303, (♦ )  With Polyox 303 0.05%.

A4.1.4 Table o f solubilities

Table A4.1 Solubility of drugs in phosphate buffer pH 7.4.

Drug Solubility Literature values

(mg/ml)

Benzoic acid i 1.68+7-0.04 r2.69+7-^. 17m^nii in phosphate buffer pH 7.34.

(Ramtoola 1988)

Methyl />-hydroxybenzoate 3.9SH-/4).02 3.1 l+/-0.01mg/ml in JPXI2"̂  disintegration 

medium pH 6.8 (Tahara 1995)

Propyl /7-hydroxybenzoate 0.57+/-0.02 0.53+/-0mg/ml in JPXI 2“* disintegration medium

(without P303) pH 6.8 (Tahara 1995)

Propyl /7-hydroxybenzoate 0.51+/-0.06

(with P303)

Sodium benzoate 405+/-3 555.6mg/ml in water (Merck 1996)

Table A4.2 General terms for description of drug solubilities (BP 1998).

Descriptive term Solubility range

Very soluble Ig in<lml

Freely soluble Ig in 1-lOml

Soluble Ig in 10-30ml

Sparingly soluble Ig in 30-100ml

Slightly soluble Ig in 100-1000ml

Very slightly soluble Ig in lOOO-lOOOOml

Insoluble Ig in >10000ml
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A5 APPENDIX FIVE

A5.1 PARTICLE SIZE DISTRIBUTION STUDIES ON HPMC 

A5.1.1 Sieve analysis
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Figure A5.1 Cxilmulative percentage undersize curves for Methocel KIOOLV and K15M. (■ ) 

K 15M ,(^) KIOOLV.



Appendix 5  -  Particle size ofHPMC

A5.1.2 Malvern Particle size analysis
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Figure A5.2 Malvern particle size analysis for Methocel KIOOLV.
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A6 APPENDIX SIX

A6.1 CALIBRATION CURVES

A6.1.1 Sodium benzoate

(U 0.8u

0.2

0 0.005 0.01 0.015 0.02
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Figure A6.1 Calibration curve for sodium benzoate in phosphate buffer pH 7.4 at 224nm. 

Equation A6.1 shows the equation for this graph and the value is 0.9999.

>; = 55.482x + 0.0036

Equation A6.1

A6.1.2 Benzoic Acid

1.4

Q)
O
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Figure A6.2 Calibration curve for benzoic acid in phosphate buffer pH 7.4 at 224nm.

Equation A6.2 shows the equation for this graph and the value is 0.9999.

>̂ = 64.68 1jc + 0.0037

Equation A6.2
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Figure A6.3 Calibration curve for benzoic acid in acid pH 1.5 at 230nm 

Equation A6.3 shows the equation for this graph and the value is 0.9992.

>̂ = 80.734x + 0.0314

Equation A6.3

A6.1.3 Methyl p-hydroxyhenzoate
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Figure A6.4 Calibration curve for methyl /?-hydroxybenzoate in buffer pH 7.4 at 256nm.

Equation A6.4 shows the equation for this graph and the value is 0.9998.

>̂ = 85.077x + 0.0095

Equation A6.4
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A6.1.4 Propyl p-hydroxybenzoate
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Figure A6.5 Calibration curve for propyl /)-hydroxybenzoate in phosphate buffer pH 7.4 at 

256nm.

Equation A6.5 shows the equation for this line and the Revalue is 1.

>' = 75.463x + 0.0002

Equation A6.5

331



Appendix 7 -  Supplementary data to Chapter Six

A7 APPENDIX SEVEN

A7.1 SUPPLEMENTAL DATA TO CHAPTER SIX

This Appendix includes any supplemental data to Chapter Six.

A7.2 SWELLING/EROSION 2 AND 3 MODELS

Table A7.1 Parameters and estimates of fit to "swelling/erosion 2" model for BA:K100LV systems in 

buffer pH 7.4 at lOOrpm.

BA:K100LV Winmax Kab (hr‘) Kbc (hr ‘) SSD MSC CD

ratios (mg)(+/-s.d.) (xl0^)(+/-s.d.) (xl0^)(+/-s.d) (xlO'*)

0:100 1611+/-347 29+7-7 15.7+/-1.6 12.5 3.07 0.95758

25:75 1195+/-306 28+/-S 19.8+/-1.9 6.7 2.90 0.94966

50:50 591+/-183 60+/-22 28.8+/-3.7 5.4 2.13 0.89555

75:25 141+/-21 290+/-79 56+7-3 4.8 3.60 0.97681

100:0 - - - - -

Table A7.2 Parameters and estimates of fit to "swelling/erosion 3" model for BA:KIOOLV systems in

buffer pH 7.4 at lOOrpm.

BA:K100LV b2 (mg-hr ”̂ ) Kbc{\a^) SSD MSC CD

ratios (+/-s.d.) (xlO^)(+/-s.d.) (xlO- )̂

0:100 466+/-19 14.80+/-0.59 70.6 2.87 0.94651

25:75 320+/-14 18.0+/-0.7 68.3 2.90 0.94874

50:50 259+/-18 28.8+/-1.7 44.8 2.37 0,91390

75:25 151+/-12 62.3+/-3 5.8 3.46 0.97182

100:0 84+/-15 131+/-6 2.6 3.92 0.98263
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A8 APPENDIX EIGHT

A8.1 EFFECT OF POLYMER PARTICLE SIZE ON SWELLING AND 

EROSION

When a statistical analysis was carried out using a student t-test at a 95% confidence level at 

each time point, statistically significant differences occurred at 5, 9, 12 and 15 hours. Thus the 

polymer reaches statistically significantly higher wet weights after approximately five hours of 

dissolution when unsieved. However once the wet weight levelled off at 20 hours the difference 

was not statistically significant. The dissolution medium uptake rate constant (a) for the sieved 

system was 2.14hr‘®'^+/-0.01hr®'  ̂whereas for the unsieved system it was 2.26hr'®'^+/-0.02hr'°^,
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Figure A8.1 Wet weights of sieved and unsieved KIOOLV discs in buffer pH 7.4 at Orpm. ( ■) 

imsieved, ( ♦) sub 63 microns.

When statistical analysis of the dry weights of sieved and unsieved KIOOLV discs at Orpm in 

buffer as shown in Figure A8.2 were carried out, statistically significant differences were seen at 

15 minutes and 30 minutes where the dry weight was higher for the sieved polymer.
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Figure A8.2 Dry weights of sieved and unsieved discs of KIOOLV in buffer pH 7.4 at Orpm. 
(♦ ) sub 63 microns, (■) unsieved.
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The erosion rate constant (k̂ ) for the sieved system is 0.67+/-0.02hr ’xl0'^ whereas that of the 

unsieved system is 0.62+/-0.02hr'xl0‘̂ .

Figure A8.3 shows the wet weights of KIOOLV discs after dissolution in acid pH 1.5 at lOOrpm. 

Statistically significant differences in wet weights were seen using a students t-test at the 95% 

confidence level at 0.25, 1 and 2 hours, ^ îlereas after this point any difference between the wet 

weight of the systems was not statistically significant. The dissolution medium uptake rate 

constant (a) for the sieved system was 2.02+/-0.02 hr"®'* whereas for the unsieved system was 

2.04+/-0.03hr■®^
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Figure A8.3 Wet weights of sieved and unsieved discs of KIOOLV in acid pH 1.5 at lOOrpm.

( ♦ )  sub 63 microns, (■ ) unsieved.

The dry weights of the KIOOLV systems in acid at lOOrpm are shown in Figure A8.4. A 

statistically significant difference in dry weight was observed at two hours, however overall 
there would not appear to be an effect of particle size on dry weight. The erosion rate constant 

(k:̂  for the sieved system was 5.25+/-0.12 hr 'xlO'^ whereas that of the unsieved system was 

4.99+/-0.17hr'xl0^
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Figure A8.4 Dry weights of sieved and unsieved discs of KIOOLV discs in acid pH L5 at 

lOOrpm. ( ♦ )  sub 63 microns, (■ ) unsieved.
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A9 APPENDIX NINE

In this appendix the results of studies of changes in dimensions of HPMC and PEO discs are 

presented.

A9.1 CHANGES IN DIMENSIONS OF HPMC DISCS

Sodium benzoate systems at a 25% drug loading were examined, as the rate and pattem of 

sodium benzoate release from these systems was found in dissolution studies to be independent 

of the polymer used. Thus the HPMC results could be compared with those obtained for 25% 

sodium benzoate:P303 systems.
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Figure A9.1 Dimensional changes of Sodium Benzoate:K100LV 25:75 discs in buffer pH 7.4 at 

lOOrpm. ( A) Volume, (■ )  Height, ( • )  Surface area, (♦ )  Diameter.

A9.2 CHANGES IN DIMENSIONS OF PEO DISCS
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Figure A9.2 Dimensional changes of Sodium Benzoate;P303 25:75 discs in butfer pH 7.4 at 

lOOrpm. ( A) Volimie, ( • )  Surface area, (■ ) Height, (♦ )  Diameter.
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A9.3 CHANGES IN DIMENSIONS FOR STEARIC ACID.KIOOLV MATRICES

A9.3.1 Changes in diameter
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Figure A9.3 Percent diameter change of Stearic acidiKlOOLV matrices in bufiFer pH 7.4 at 

lOOrpm. ( ♦ )  StA:K100LV 25:75, (■ )  StA:K100LV 50:50, ( a ) StA:K100LV75:25.

A9.3.2 Changes in height
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Figure A9.4 Percent height change of Stearic acid:K100LV matrices in buffer pH 7.4 at lOOrpm. 

( ♦ )  StAKlOOLV25:75, (■ )  StA:K100LV50;50, • A ) StAKlOOLV75:25.
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A9.3.3 Changes in volume
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Figure A9.5 Percent volume change of Stearic acid:K100LV matrices in buffer pH 7.4 at 

lOOrpm. ( ♦ )  StA:K100LV 25:75, (■ ) StA:K100LV 50:50, ( A) StA:K100LV 75:25.

A9.3.4 Changes in surface area
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Figure A9.6 Percent surface area change of Stearic acid:K100LV matrices in buffer pH 7.4 at 

lOOrpm. ( ♦ )  StA:K100LV 25:75, (■ ) StA:K100LV 50:50, ( a ) StA:K100LV 75:25.
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AlO APPENDIX TEN

In this Appendix supplementary data to Chapter Seven is presented,

AlO.l DRUG RELEASE

AlO. 1.1 Benzoic acid at different drug loadings with K15M and KlOOLV in buffer 

pH  7.4.

Table AlO.l Parameters and estimates of fit of first 60% of drug release data to exponential equation 

(Equation 2.33) for Benzoic acid;HPMC systems in buffer pH 7.4 at lOOrpm.

System it;,(hr‘)(xlO^)(+/-s.d.) SSD MSC CD

BAiKlOOLV 25:75 39.0+/-0.9 254.3 3.35 0.96722

BA:K100LV 50:50 36.5+/-0.5 98.7 4.45 0.98904

BA;K100LV 75:25 49.8+/-1.0 97.2 4.21 0.98649

BA;K15M 25:75 31.5+/-0.9 530.5 2.70 0.93662

BA:K15M 75:25 18.7+/-0.3 415.2 3.53 0.97195

Table A10.2 Parameters and estimates of fit of 100% of drug release data to exponential equation 

(Equation 2.33) for Benzoic acid:HPMC systems in buffer pH 7.4 at lOOrpm.

System ifc,(hr‘)(xlO")(+/-s.d.) SSD MSC CD

BA:K1G0LV 25:75 38.9+/-0.8 1051.6 3.62 0.97412

BA:K100LV 50:50 37.2+/-0.4 241.1 5.07 0.99396

BA:K100LV 75:25 56.1+/-1.4 748.2 3.67 0.97580

BA:K15M 25:75 28.6+/-0.5 938.6 3.55 0.97236

BA:K15M 75:25 18.3+/-0.3 489.3 3.90 0.98047

AlO. 1.2 Benzoic acid at different drug loadings with K15M and K1OOL Vin acid

Table A10.3 Parameters and estimates of fit of release data to Ford lag time equation (Equation 2 .31) for 

Benzoic acid;HPMC systems in acid pH 1.5 at lOOrpm.

System kia (hr'V)

(+/-s.d.)

nia

(+/-s.d.)

I (hrs) 

(+/-s.d.)

SSD MSC CD

BA:K100LV 18.8+/-2.8 0.91+/-0.10 -0.20+/-0.16 125 3.62 0.97806

25:75

BAKIOOLV 35.5+/-1.3 0.98+/-0.04 0.08+/-0.03 19.5 5.51 0.99697

75:25

BA:K15M 25:75 8.70+/-2.4 0.95+/-0.11 -0.80+/-0.41 486 3.19 0.96338

BA:K15M 75:25 13.6+/-1.0 0.83+/-0.04 0.13+/-0.09 95.0 4.68 0.99186
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Table A10.4 Parameters and estimates of fit release data to Peppas and Sahlin equation (Equation 2.29) 
for Benzoic acidrPolymer systems in acid pH 1.5 at lOOrpm.

System *„(hr-“^)(+/-s.d.) ki, (hr'^"V)(+/-s.d.) SSD MSC CD

BA:K100LV 25:75 8.7+/-1.5 13.7+/-1.1 128.8 4.01 0.98395
BA:K100LV 75:25 -9.0+/-1.1 41.4+/-1.0 19.6 5.99 0.99787
BA:K15M 25:75 8.9+/-1.2 5.9+/-0.6 551.9 3.29 0.96538
BA:K15M 75:25 2.7+/-0.6 9.7+/-0.3 105.0 4.93 0.99333

Figure AlO.l shows the percent Fickian release for K15M and KIOOLV matrices obtained by 

the method o f Peppas and Sahlin (1989).
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Figure AlO.l Percent Fickian release of benzoic acid from KIOOLV and K15M matrices at 
different dmg loadings in acid pH 1.5 at lOOrpm. (a) BA;K15M 25:75, (b) BAiKlOOLV 25:75, 

(c)BA:K15M 75:25.

Table A10.5 Parameters and estimates of fit of first 60% of drug release data to exponential equation 
(Equation 2.33) for Benzoic acid:HPMC systems in acid pH 1.5 at lOOrpm.

System kx (hr ’)(xlO^)(+/-s.d.) SSD MSC CD

BA:K100LV 25:75 25.0+/-0.4 175.7 3.76 0.97808

BA:K100LV 75:25 43.0+/-1.2 294.2 3.36 0.96801

BA:K15M 25:75 12.9+/-0.3 782.8 2.98 0.95090

BA:K15M 75:25 13.6+/-0.1 143.2 4.66 0.99090
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Table A10.6 Parameters and estimates of fit of 100% of drug release data to exponential equation 

(Equation 2.33) for Benzoic acid:HPMC systems in acid pH 1.5 at lOOrjsn.

System ^x(hr'*)(xlO^)(s.d) SSD MSC "CD

BA:K100LV 25:75 29.8+/-0.8 2008.6 126 0^6293

BA.K100LV 75:25 46.1+/-I.8 2042.6 2.77 0.94021

BA:K15M 25:75 12.9+/-0.3 786.7 3.09 0.95605

BA:K15M 75:25 14.(H/-0.2 276.6 4.45 0.98876

AIO.1.3 Comparison of two different dissolution media

Table A10.7 Parameters and estimates of fit of release data to Ford lag ttme equation (Equation 2.31) for 

Benzoic acid:K100LV systems in buffer pH 7.4 or acid pH 1.5 at lOOrpm.

System kia (hr f̂a) n/a / (hrs) SSD MSC CD

(+/-s.d.) (+/-s.d.) (+/-s.d.)

BA:K100LV 25:75 buffer 33.9+/-2.0 ^ + 7 5 ;0 6  0762+751)8 9C^ 163 6797908

BA:K100LV 25:75 acid 18.8+/-2.8 0.91+/-0.10 -0.20+/-0.16 125 3.62 0.97806

BA:KIOOLV 75:25 buffer 37.2+7-2.9 0.97+/-0.09 -0.02+/-0.07 31.3 4.59 0.99275

BA:K100LV 75:25 acid 35.5+/-1.3 0.98+/-0.04 0.08+/-0.03 19.5 5.51 0.99697

Table A10.8 Parameters and estimates of fit of release data to Peppas and Sahlin equation (Equation 

2.29) for Benzoic acid:K100LV systems in buffer pH 7.4 and acid pH 1.5 at lOOrpm.

System kts
(hr-”;-)(+/-s.d.)

k2s
(hr'^%)(+/-s.d.)

SSD MSC CD

BA:K100LV 25:75 buffer 22.5+/-1.8 10.8+/-1.5 94.3 4.27 0.98784

BA:K100LV 25:75 acid 8.7+/-1.5 13.7+/-1.1 128.8 4.01 0.98395

BA:K100LV 75:25 buffer 1.1+/-1.7 37.0+/-1.7 31.5 5.24 0.99562

BA:K100LV 75:25 acid -9.0+/-1.2 41.4+/-1.0 19.6 5.99 0.99787

The Peppas and Sahlin graph for BA:K100LV systems in acid and buffer is shown in Figure 

A10.2
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Figure A10.2 Percent Fickian release of benzoic acid from KIOOLV matrices at different drug 

loadings in buffer pH 7.4 and acid pH 1.5. (a) BA:K100LV 25;75 buffer (b) BAiKlOOLV 25:75 

acid (c) BA:K100LV 75:25 buffer.

Table A10.9 Parameters and estimates of fit of first 60% of drug release data to exponential equation 
(Equation 2.33) for Benzoic acid:K100LV systems in buffer pH 7.4 and acid pH 1.5 at lOOrpm.

System (hr ')(xlO^)(+/-s.d.) SSD MSC CD

BA:K100LV 25:75 buffer 39.0+/-0.9 254.3 3.35 0.96722

BA:K100LV 75:25 buffer 49.8+/-1.0 97.2 4.21 0.98649

BA:K100LV 25:75 acid 25.0+/-0.4 175.7 3.76 0.97808

BA:K100LV 75:25 acid 43.0+/-1.2 294.2 3.36 0.96801

Table AlO.lO Parameters and estimates of fit of 100% of drug release data to exponential equation

(Equation 2.33) for Benzoic acid:K100LV systems in buffer pH 7.4 and acid pH 1.5 at lOOrpm.

System fc,(hr')(xlO")(s.d.) SSD MSC CD

BA:K100LV 75:25 buffer 56.1+/-1.5 748.2 3.67 0.97580

BA:K100LV 25:75 buffer 39.0+/-0.9 1051.6 3.62 0.97412

BA:K100LV 75:25 acid 46.1+/-1.8 2042.6 2.77 0.94021

BA:K100LV 25:75 acid 29.8+/-0.8 2008.0 3.26 0.96293

Table AlO.ll Parameters and estimates of fit of release data to Ford lag time equation (Equation 2.31) for 

Benzoic acid:K15M systems in buffer pH 7.4 or acid pH 1.5 at lOOrpm.

System kia (hr-" )̂ 

(+/-s.d.) (+/-s.d.)

/ (hrs) 

(+/-s.d.)

SSD MSC CD

BA:K15M 25:75 buffer 32.4+/-0.7 0.51+/-0.02 0.09+/-0.03 39.9 4.61 0.99182

BA:K15M 25:75 acid 8.70+/-2.4 0.95+/-0.11 -0.80+/-0.41 486 3.19 0.96338

BA:KI5M 75:25 buffer 22J+I4).l 0.59+/-0.02 0.12+/-0.04 120.8 4.42 0.98949

BA:K15M 75:25 acid 13.6+/-1.0 0.83+/-0.04 0.13+/-0.09 95.0 4.68 0.99186
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Table A10.12 Parameters and estimates of fit of release data to Peppas and Sahlin equation (Equation 

2.29) for Benzoic acid:K15M systems in buffer pH 7.4 and acid pH 1.5 at lOOrpm.

System SSD MSC

(hr^;-)(+/-s.d.) (br- '̂”i-)(+/-s.d.)

BA;K15M 25:75 buffer 26.1+/-1.0 4.3+/-0.7 55^8 4^89 0.99333

BA:K15M 25.75 acid 8.9+/-1.2 5.9+/-0.6 551.9 3.29 0.96538

BA:K15M 75:25 buffer 15.9+/-0.8 5.3+/-0.5 174.7 4.35 0.98820

BA:K15M 75:25 acid 2.7+/-0.6 9.7+/-0.3 105.0 4.93 0.99333

Figure A10.3 shows the Fickian release profiles, as determined by the method of Peppas and 

Sahlin (1989), for K15M systems.

120

100

Cl

Li-

c
Cla
£

64 5 70 1 2 3 8

Time (hrs)

Figure A10.3 Release of benzoic acid from K15M matrices at different drug loadings in buffer 

pH 7.4 and acid pH 1.5 at lOOrpm. (a) BA:K15M 25:75 buffer (b) BA:K15M 75:25 buffer (c) 

BA:K15M 25:75 acid (d) BA.K15M 75:25 acid.

Table A10.13 Parameters and estimates of fit of first 60% of drug release data to exponential equation 
(Equation 2.33) for Benzoic acid:K15M systems in buflFer pH 7.4 and acid pH 1.5 at lOOrpm.

System /t:,(hr‘)(xlO")(+/-s.d.) SSD MSC CD

BA:K15M 25:75 buffer 31.5+/-0.9 530.5 2.70 0.93662

BA:K15M 75:25 buflFer 18.7+/-0.3 415.2 3.53 0.97195

BA:K15M 25:75 acid 12.9+/-0.3 782.8 2.98 0.95090

BA:K15M 75:25 acid 13.6+/-0.1 143.2 4.66 0.99090
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Table A10.14 Parameters and estimates of fit of 100% of drug release data to exponential equation 

(Equation 2.33) for Benzoic acid:K15M systems in buffer pH 7.4 and acid pH 1.5 at lOOrpm.

System K  (hr‘)(xlO^)(+/-s.d.) SSD MSC CD

BA:K15M 25:75 buffer 28.6+/4).5 938.6 T S5 0.97236

BA;K15M 75:25 buffer 18.3+/-0.3 489.3 3.90 0.98047

BA:KI5M 25:75 acid I2.9+/-0.3 786.7 3.09 0.95605

BA:K15M 75:25 acid 14.0+/-0.2 276.6 4.45 0.98876

Table A10.15 Parameters and estimates of fit of release data to Ford lag time equation (Equation 2.31) for 

Benzoic acid:K100LV 25:75 matrices in buffer pH 7.4 at different agitation rates.

Agitation 

rate (rpm)

k,̂  (hr "'") 

(+/-s.d.)

nia
(+/-s.d.)

/(hrs)

(+/-s.d.)

SSD MSC CD

50 38.6+/-1.8 0.58+/-0.06 0.13+/-0.06 182.3 3.15 0.96647

100 33.9+/-2.0 0.62+/-0.06 0.02+/-0.08 90.6 3.63 0.97908

200 37.5+/-3.5 0.68+/-0.10 -0.05+/-0.12 108.1 3.38 0.97410

Table A10.16 Parameters and estimates of fit of release data to Peppas and Sahlin equation (Equation

2.29) for Benzoic acid:K100LV 25:75 matrices in buffer pH 7.4 at different agitation rates.

Agitation kis lC2s SSD MSC CD

rate (rpm) (hr'”j’)(+/-s.d.) (hr-^%)(+/-s.d.)

50 19.6+/-2.9 15.0+ /̂-2.4 240.0 3.48 0.97347

100 22.5+/-1.8 10.8+/-1.5 94.33 4.27 0.98784

200 24.8+Z-2.4 13.8+/-2.1 109.3 4.15 0.98655
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Figure A10.4 Percent Fickian release of benzoic acid at a 25% drug loading from KIOOLV 

matrices in buffer pH 7.4 at different agitation rates, (a) 200rpm, (b) lOOrpm, (c) 50rpm.
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Table A10.17 Parameters and estimates of fit of first 60% of drug release data to exponential equation 

(Equation 2.33) for Benzoic acid:K100LV 25:75 systems in buffer pH 7.4 at different agitation rates.

Agitation rate (rpm) jtx(hr‘)(xlO^)(+/-s.d.) SSD MSC CD

50 42.5+/-0.8 188.0 3.80 0.97921

100 39.0+/-0.9 254.3 3.35 0.96722

200 48.8+/-1.1 234.4. 3.47 0.97115

Table A10.18 Parameters and estimates of fit of 100% of drug release data to exponential equation 

(Equation 2.33) for Benzoic acid.KlOOLV 25:75 systems in buffer pH 7.4 at different agitation rates.

Agitation rate (rpm) A: (̂hr‘)(xlO^)(+/-s.d.) SSD MSC CD

50 39.8+/-0.7 597.8 4.16 0.98495

100 38.9+/-0.9 1051.6 3.62 0.97412

200 51.0+/-1.1 610.6 3.97 0.98193

Table A10.19 Parameters and estimates of fit of release data to Ford lag time equation (Equation 2.31) for 

Benzoic acid:K15M 25:75 systems in buffer pH 7.4 at different agitation rates.

Agitation rate 

(rpm)

kia (hr'"'») 

(+/-s.d.)

rita
(+/-s.d.)

/ (hrs) 

(+/-s.d.)

SSD MSC CD

50 34.6+Z-2.7 0.60+/-0.09 0.13+/-0.09 495 2.29 0.91997

100 32.4+/-0.7 0.51+/-0.02 0.09+/-0.03 39.9 4.61 0.99182

200 34.7+/-1.3 0.42+/-0.04 0.09+/-0.06 127 3.17 0.96570

Table A10.20 Parameters and estimates of fit of release data to Peppas and Sahlin equation (Equation 

2.29) for Benzoic acid:K15M 25:75 systems in buffer pH 7.4 at different agitation rates.

Agitation rate (rpm)

(hr'”j>)(+/-s.d.)

k2s
(hr' '̂”/-)(+/-s.d.)

SSD MSC CD

50 18.1+/-3.8 13.0+/-3.0 569.0 2.67 0.93998

100 26.1+/-1.0 4.3+/-0.7 55.8 4.89 0.99333

200 33.7+/-1.6 -0.7+/-1.2 132.5 3.89 0.98201

Figure A10.5 shows the BA:K15M 25:75 fitted using the method of Peppas and Sahlin (1989).



Appendix 10- Supplementary data to Chapter Seven

120

100

S  60
o
u. 40
4->c
2
£

0 1 2 4 53 6 7 8

Time (hrs)

Figure A10.5 Percent Fickian release of benzoic acid at a 25% drug loading from K15M matrices 

in buffer pH 7.4 at different agitation rates, (a) 200rpm (b) lOOrpm (c) 50rpm.

Table A10.21 Parameters and estimates of fit of first 60% of drug release data to exponential equation 

(Equation 2.33) for Benzoic acid:K15M 25:75 systems in buffer pH 7.4 at different agitation rates.

Agitation rate (rpm) kx (hr')(xlO^)(+/-s.d.) SSD MSC CD

50 36.7+/-1.1 461.5 2.95 0.95133

100 31.5+/-0.9 530.5 2.70 0.93662

200 33.2+/-1.3 1083.3 1.85 0.85299

Table A10.22 Parameters and estimates of fit of 100% of drug release data to exponential equation 

(Equation 2.33) for Benzoic acid:K15M 25:75 systems in buffer pH 7.4 at different agitation rates.

Agitation rate (rpm) kc (hr*)(xlO^)(+/-s.d.) SSD MSC CD

50 33.8+/-0.7 1243.8 3.46 0.96979

100 28.6+/-0.5 938.6 3.55 0.97236

200 27.0+/-0.9 3045.2 2.12 0.88432

A10.1.4 Sodium benzoate release

Table A10.23 Parameters and estimates of fit of release data to Ford lag time equation (Equation 2.31) for 

Sodium benzoate:K100LV systems at different drug loadings in buffer pH 7.4 at lOOrpm.

System kia (hr"'“)(+/s.d.) riia (+/-s.d.) / (hrs)(+/-s.d.) SSD MSC CD

NaB:K100LV 50:50 79.0“ 0.42“ 0.0“ 6.06 1.84 .0.96444

NaB:K100LV 25:75 I I T 0.53“ 0.0“ 19.2 1.97 0.94860

“Standard deviations not included since insufficient points valid fo r  fitting data.
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Table A10.24 Parameters and estimates of release data to Peppas and Sahlin equation (Equation 2.29) for 

Sodium benzoate:K100LV systems in buffer pH 7.4 at lOOrpm.

System kjj (hr'%)(+/-s.d.) *2,(hr''%)(+/-s.d.) SSD MSC CD

NaB:K100LV 50:50 95.0+/-5.9 -17.5+/-9.7 6.1 5.96 0.99854

NaB:K100LV 25:75 60.8+/-7.4 12.6+/-11.3 19.2 4.89 0.99516
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Figure A10.6 Percent Fickian release of sodium benzoate from NaB:K100LV 25:75 discs in 

buffer pH 7.4 at lOOrpm.

Table A10.25 Parameters and estimates of fit of first 60% of drug release data to exponential equation 

(Equation 2.33) for Sodium BenzoateiKlOOLV systems at different drug loadings in buffer pH 7.4 at 

lOOrpm.

System k;, (hr ')(xl0^)(+/-s.d.) SSD MSC CD

NaB:K100LV 25:75 149.1+/-6.1 76.3 3.73 0.98077

NaB:K100LV 50:50 216.6+/-11.6 74.4 3.74 0.98207

Table A10.26 Parameters and estimates of fit of 100% of drug release data to exponential equation 

(Equation 2.33) for Sodiimi benzoateiKlOOLV systems at different drug loadings in buffer pH 7.4 at 

lOOrpm.

System (hr ')(xl0')(+/-s.d.) SSD MSC CD

NaB:K100LV 25:75 139.0+/-2.3 259.4 4.77 0.99268

NaB:K100LV 50:50 192.0+/-4.2 209.6 4.77 0.99206

NaB:K100LV 75:75 338.7+/-11.3 199.9 4.68 0.99156
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Table A10.27 Parameters and estimates of fit of release data to Ford lag time equation (Equation 2.31) for 

Sodium BenzoaterHPMC systems in buffer pH 7.4 at lOOrpm.

System kia (hr'"to) riia I (hrs) SSD 

(+/-s.d.) (+/-s.d.) (+/-s.d.)

MSC CD

NaBiKlOOLV 25:75 72.2“ 0.53“ 0.0“ 19.2 1.97 0.94860

NaB;K15M 25:75 64.9+/-9.6 0.51+/-0.6 0.0+/-0.5 122.4 1.18 0.85549

“Standard deviations not included since insufficient points valid fo r  fitting data

Table A10.28 Parameters and estimates of fit of release data to Peppas and Sahlin equation (Equation

2.29) for Sodiimi benzoate:HPMC systems in buffer pH 7.4 at lOOrpm.

System ki, (hr"%)(+/-s.d.) k2s (hr'^'”/')(+/-s.d.) SSD MSC CD

NaB:K100LV 25:75 60.8+/-7.4 12.6+/-11.3 19,2 4.89 0.99516

NaB;K15M 25.75 58.0+/-10.7 7.1+/-14.3 122.5 3.32 0.97492
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Figure A10.7 Percent Fickian release of sodium benzoate at a 25% drug loading fi-om KIOOLV

and K15M matrices in buffer pH 7.4 at lOOrpm. (a) NaB:K15M 25:75 (b) NaB:K100LV 25:75

Table A10.29 Parameters and estimates of fit of first 60% of drug release data to exponential equation

(Equation 2.33) for Sodium Benzoate:HPMC systems at a 25% drug loading in buffer pH 7.4 at lOOrpm.

System fc^(hr‘)(xlO^)(+/-s.d.) SSD MSC CD

NaB:K100LV 25:75 149.1+/-6.1 76.3 3.73 0.98077

NaB:K15M 25:75 123+/-7.1 247.9 2.80 0.94924

Table A10.30 Parameters and estimates of fit of 100% of drug release data to exponential equation

(Equation 2.33) for Sodium benzoate:HPMC systems at a 25% drug loading in buffer pH 7.4 at lOOrpm.

System /t;,(hr-’)(xlOO(+/-s.d.) SSD MSC CD

NaB:K100LV 25:75 139.0+/-2.3 259.4 4.77 0.99268

NaB:K15M 25:75 110.4+/-3.3 1140.4 3.47 0.96987
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Table A10.31 Parameters and estimates of fit for release data to Ford lag time equation (Equation 2.31) 

for Sodium benzoateiHPMC systems at a 25% drug loading in buffer pH 7.4 at different agitation rates.

System kia (hi'"‘«)(+/-s.±) nia (+/-s.d.) / (hrs)(+/-s.d) SSD MSC CD

NaB:K100LV 81.2* 0.62“ 0.0“ 36.4 1.71 0.93360

25:75 200rpm

NaB:K100LV 12.T 0.53“

oo

19.2 1.97 0.94860

25:75 lOOrpm

NaB:K15M 25:75 66.0+/-5.3 0.16+/- 0.24+/-0.0 37.2 2.25 0.95528

200rpm 0.08

NaB:K15M 25:75 64.9+7-9.6 0.51+/- 0.0+/-0.5 122.4 1.18 0.85549

lOOrpm 0.62

“Standard deviations not included since insufficient points valid for fitting data.

Table 10.32 Parameters and estimates of fit data to Peppas and Sahlin equation (Equation 2.29) for 

Sodium benzoate:HPMC systems in buffer pH 7.4 at lOOrpm.

System

(hr'™/-)(+/-s.d.)

k2s
(hr-^^X+Zs.d.)

SSD MSC CD

NaB:K100LV 25:75 200rpm 48.1+/-10.2 35.1+/-15.5 36.4 4.34 0.99161

NaB:K100LV 25:75 lOOrpm 60.8+/-7.4 12.6+/-11.3 19.2 4.89 0.99516

NaB:K15M 25:75 200rpm 65.5+/-11.1 5.6+/-14.6 89.9 3.78 0.98466

NaB:KI5M 25:75 lOOrpm 58.0+/-10.7 7.1+/-14.3 122.5 3.32 0.97492

120 ----

d  100
0)</>
3  80 
2
§  60 
JCo
U. 40 
c
a 20u0.

0   , , 1 1 ^ ^ --------------------------

0 0.5 1 1.5 2 2.5 3 3.5

Time (hrs)

Figure A10.8 Percent Fickian release of sodium benzoate at a 25% drug loading from KIOOLV 

and K15M matrices in buffer pH 7.4 at different stirring speeds, (a) NaB:K15M 25:75 200rpm (b) 

NaB:K15M 25:75 lOOrpm (c) NaB:K100LV 25:75 lOOrpm (d) NaB:K100LV 25:75 200rpm

a
b
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Table A10.33 Parameters and estimates of fit of first 60% of drug release data to exponential equation 

(Equation 2.33) for Soditmi benzoate:HPMC systems in buffer pH 7.4 at different agitation rates.

Agitation rate (rpm) kx (hr')(xlO^)(+/-s.d.) SSD MSC CD

NaBiKlOOLV 25:75 200rpm 156.3+/-5.3 54.2 4.16 0.98751

NaB.KlOOLV 25:75 lOOrpm 149.0+/-6.1 76.3 3.73 0.98077

NaB;K15M 25:75 200rpm 140.0+/-6.5 146.0 3.49 0.97512

NaB:K15M 25:75 lOOrpm 123.0+/-7.1 1M 3 2.80 0.94924

Table A10.34 Parameters and estimates of fit of 100% of drug release data to exponential equation

(Equation 2.33) for Sodium benzoate:HPMC systems in buffer pH 7.4 at different agitation rates.

Agitation rate (rpm) kx (hr ‘)(xlO^)(+/-s.d.) SSD MSC CD

NaB:K100LV 25:75 200rpm 141.7+/-3.2 570.6 4.15 0.98480

NaB:K100LV 25:75 lOOrpm 139.0+/-2.3 259.4 4.77 0.99268

NaB:K15M 25:75 200rpm I24,4+/-3.3 676.9 3.82 0.97907

NaB:K15M 25:75 lOOrpm 110.4+/-3.3 1140.4 3.47 0.96987
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A ll APPENDIX ELEVEN

A ll .l  SUPPLEMENTARY DATA TO CHAPTER EIGHT

This Appendix includes any supplementary data to Chapter Eight.

A11.2 SWELLmC/EROSION 1 MODEL

A ll.2.1 Comparison of molecular weights in buffer pH  7.4 at 1 OOrpm

Table All.lParameters and estimates of fit to "swelling/erosion 1" model for polymers in buffer pH 7.4 

at 1 OOrpm

Polymer as (hr'°^)(+/-s.d.) ka (hr ’)(+/-s.d.) SSD(xl0'') MSC CD

PCoagulant 7.3+/-0.5 0.049+/-0.004 39.9 1.75 0.83887

P303 7.1+/-0.6 0.040+^/-0.004 49.6 1.71 0.83233

Table A11.2 Parameters and estimates of fit to "swelling/erosion 2" model for polymers in buffer pH 7.4 

at 1 OOrpm.

Polymer Winmax (mg) Kab (hr ') K 6c(hr‘) SSD MSC CD

(xlO-^)(+/-s.d.) (+/-s.d.) (+/-s.d.) (xlO-^)

PCoagulant 5.3+/-106.4 0.032+/-0.64 0.32+/-0.30 28.0 2.03 0.88321

P303 4.2+7-66.8 0.04+/-0.58 0.21+1-0.2^ 34.8 2.03 0.88247

Table A11.3 Parameters and estimates of fit to "swelling/erosion 3" model for polymers in buffer pH 7.4 

at 1 OOrpm.

Polymer b2 (mg.hr'°^)(+/-s.d.) Kbc (hr ')(+/-s.d.) SSD(xlO-^) MSC CD

PCoagulant 1470+/-142 0.18+/-0.02 49.2 1.51 0.79437

P303 1423+/-141 0.14+/-0.02 55.7 1.59 0.81168

A ll.2.2 Swelling and erosion models for P303 in different dissolution media at 

1 OOrpm

Table A11.4 Parameters and estimates of fit to "swelling/erosion 1" model for P303 in different 

dissolution media at 1 OOrpm.

Dissolution medium as (hr'*^)(+/-s.d.) h  (hr O(+/-s.d.) SSD(xl0-^) MSC CD

Acid 8.2+/-0.7 0.061+/-0.005 41.0 1.57 0.80969

Buffer 7.1+/-0.6 0.040+/-0.004 49.6 1.71 0.83233
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Table A11.5 Parameters and estimates of fit to "swelling/erosion 2" model for P303 in different 

dissolution media at lOOrpm.

Dissolution Winmax (mg) Kab Kbc SSD MSC CD

medium (xlO-^)(+/-s.d.) (hr*)(+/-s.d.) (hr'’)(+/-s.d.) (xlO-^)

Acid 9.0+/-38.5 0.02+/-0.96 0.39+/-0.47 28.8 1.88 0.86616

Buffer 4.2+/-66.8 0.04+/-0.58 0.27+/-0.28 34.8 2.03 0.88247

Table A11.6 Parameters and estimates of fit to "swelling/erosion 3" model for P303 in different 

dissolution media at lOOrpm.

Polymer b2 (mg.hr'®^)(+/-s.d.) Kbc (hr *)(+/-s.d.) SSD (xlO-*) MSC CD

Acid 1651+/-178 0.23+/-0.03 53.2 1.31 0.75290

Buffer 1423+/-141 0.14+/-0.02 55.7 1.59 0.81168

A ll.2 .3  Swelling and erosion for P303:K15M 50:50 combinations

Table A11.7 Parameters and estimates of fit to "swelling/erosion 1" model for different polymer systems 

in buffer pH 7.4 at lOOrpm.

Polymer as (hr'^"’)(+/-s.d.) ks (hr-')(xlOO(+/-s.d.) SSD (xlO"') MSC CD

K15M 2.21+/-0.04 0.49+/-0.04 7.6 5.21 0.99485

P303;K15M 3.92+/-0.09 2.12+/-0.07 30.8 3.88 0.99165

P303 7.11+/-0.59 4.0+/-0.4 496.3 1.71 0.83233

Table A11.8 Parameters and estimates of fit to "swelling/erosion 2" model for different polymer systems 

in buffer pH 7.4 at lOOrpm.

Polymer Winmax (mg) 

(xl0-^)(+/-s.d.)

Kab

(h r’)(+/-s.d.)

A:Z>c(hr‘)

(xlO^)(+/-s.d.)

SSD

(xlO-^)

MSC CD

K15M 0.09+/-0.005 0.54+/-0.06 -I.9+/-0.36 25.3 3.97 0.98284

P303:K15M 0.16+/-0.01 0.57+/-0.07 3.7+/-0.87 48.7 3.39 0.96979

P303 4.2+/-66.S 0.04+/-0.58 27+/-2S 347.9 2.03 0.88247

Table A11.9 Parameters and estimates of fit to "swelling/erosion 3" model for different polymer systems 

in buffer pH 7.4 at lOOrpm.

Polymer bi (mg.hr °^)(+/-s.d.) Kbc (hr *)(+7-s.d.) SSD(xlO"0 MSC CD

K15M 439+7-7 0.015+7-0.001 0.76 5.21 0.99485

P303:K15M 798+7-23 0.075+7-0.003 3.8 3.67 0.97612

Buffer 1423+7-141 0.14+7-0.02 55.7 1.59 0,81168
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A11.3 DISSOLUTION OF DRUGS FROM FEO MATRICES 

AIL 3.1 Comparison of two molecular weight polymers

Table A ll.lO  Parameters and estimates of fit of release data to Ford lag time equation (Equation 2.31) for 

Drug:Polyox matrices at a 25% loading in buffer pH 7.4 at lOOrpm.

Polymer kh

(+/-s.d.)

rtla
(+/-s.d.)

/

(hrs)(+/-s.d)

SSD MSC CD

NaB:PCoag 80.3“ 0.83“ -0.07“ 2.78 4.30 0.99501

NaB:P303 79.3“ 0.79“ -0.07“ 4.16 3.84 0.99206

BA:PCoag 28.0+/-3.9 1.03+/-0.11 -0.31+/-0.13 20.5 4.77 0.99386

BA:P303 34.4+/-2.1 0.90+/-0.06 -0.13+/-0.06 13.2 5.36 0.99656

MB:PCoag 14.SH-/-0.7 0.93+/-0.03 -0.06+/-0.05 26.3 3.67 0.99708

MB:P303 16.3+/-1.3 0.93+/-0.5 -0.02+/-0.08 47.6 4.80 0.99319
“  standard deviations very large as too few  points available fo r fitting

Table A l l . i l  Parameters and estimates of fit of first 60% of drug release data to exponential equation 

(Equation 2.33) for Sodium benzoate:Polyox 25:75 systems in buffer pH 7.4 at lOOrpm.

System k, (hr ')(xlO^)(+/-s.d.) SSD MSC CD

NaB:PCoag 141.2+/-1.8 7.0 6.07 0.99815

NaB:P303 146.3+/-2.7 14.8 5.37 0.99626

Table A ll. 12 Parameters and estimates of fit of 100% of drug release data to exponential equation 

(Equation 2.33) for Sodium benzoate:Polyox 25:75 systems in buffer pH 7.4 at lOOrpm.

System (hr')(xlO^)(+/-s.d.) SSD MSC CD

NaB;PCoagulant 146.4+/-1.6 119.3 5.76 0.99699

NaB:P303 154.6+/-1.6 87.1 5.99 0.99761

All.  3.2 Comparison of different drug loadings

11.3.2.1 Sodium benzoate

Table A11.13 Parameters and estimates of fit of release data to Ford lag time equation (Equation 2.31) for 

Sodium benzoate:P303 matrices at different drug loadings in buffer pH 7.4 at lOOrpm

Drug kla rtla / SSD MSC CD

loading (%) (hr■"'“) (+/-s.d) (+/-s.d.) (hrs)(+/-s.d)

25 79.3“ 0.79“ -0.07“ 4.16 3.84 0.99206

50 93.0“ 0 .1 2 “ -0.01“ 5.95 3.81 0.99184

75 46.2“ 0.35“ -0.43“ 9.78 -0.51 0.62780

“standard deviations very large as too few  points available fo r  fitting
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Table A11.14 Parameters and estimates of fit of first 60% of drug release data to exponential equation 

(Equation 2.33) for Sodium Benzoate:P303 systems in buffer pH 7.4 at lOOrpm.

Drug loading (%) k, (hr‘)(xlO^)(+/-s.d.) SSD MSC CD

25 146.3+/-2.7 14.8 5.37 0.99626

50 173.1+/-2.0 6.99 6.36 0.99862

75 172.9+/-I8.7 258.2 2.17 0.91399

Table A11.15 Parameters and estimates of fit of 100% of drug release data to exponential equation 

(Equation 2.33) for Sodium benzoate:P303 systems in buffer pH 7.4 at lOOrpm.

Drug loading (%) K  (hr ' )(xl0")(+/-s.d.) SSD MSC CD

25 154.6+/-1.6 87.1 5.99 0.99761

50 185.9+/-4.0 176.0 5.03 0.99391

75 224.2+/-13.5 817.9 3.26 0.96544

11.3.2.2 Benzoic acid

Table A11.16 Parameters and estimates of fit of release data to Ford lag time equation (Equation 2.31) for 

Benzoic acid:P303 matrices at different drug loadings in buffer pH 7.4 at lOOrpm.

Drug

loading (%)
kla

(hr-"/«) (+/-s.d.)
riia

(+/-s.d.)

/

(hrs)(+/-s.d.)

SSD MSC CD

25 34.4+7-2.1 0.90+/-0.06 -0.13+/-0.06 13.2 5.36 0.99656

50 19.6+/-0.8 0.90+/-0.02 -0.25+/-0.04 8.10 6.37 0.99860

75 15.6+/-1.4 0.82+/-0.05 -0.21+/-0.12 100.6 4.36 0.98840

Table A ll. 17 Parameters and estimates of fit of first 60% of drug release data to exponential equation 

(Equation 2.33) for Benzoic acid:P303 systems in buffer pH 7.4 at lOOrpm.

Drug loading (%) k:c (hr'*)(xlO^)(+/-s.d.) SSD MSC CD

25 50.2+/-0.6 45.2 4.97 0.99365

50 26.9+/-0.3 94.6 4.33 0.98758

75 18.2+/-0.3 210.7 4.01 0.98272

Table A ll. 18 Parameters and estimates of fit of 100% of drug release data to exponential equation 

(Equation 2.33) for Benzoic acid:P303 systems in buffer pH 7.4 at lOOrpm.

Drug loading (%) k^ (hr ’)(xlO^)(+/-s.d) SSD MSC CD

25 56.3+/-1.7 912.7 3.33 0.96627

50 31.0+/-0.8 1427.6 3.51 0.97106

75 18.9+/-0.3 465.5 4.15 0.98482
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A ll. 3.3 Methyl p-hydroxybenzoate

Table A11.19Parameters and estimates of fit of release data to Ford lag time equation (Equation 2.31) for 

Methyl p-hydroxybenzoate:P303 matrices at different drug loadings in buffer pH 7.4 at lOOrpm.

Drug

loading (%)

(hr t̂a)

(+/-s.d.)

nia
(+/-s.d.)

/

(hrs)(+/-s.d.)

SSD MSC CD

25 16.3+/-1.3 0.93+/-0.5 -0.02+/-0.08 47.6 4.80 0.99319

50 9.56+/-2.0 1.26+/-0.17 -0.38+/-0.19 87.0 4.33 0.98906

75 12.5+/-2.1 0.94+/-0.09 -0.04+/-0.19 370.1 3.31 0.96830

Table A11.20 Parameters and estimates of fit of first 80% of release data to linear model for Methyl p- 

hydroxybenzoate at different drug loadings in buffer at lOOrpm, excluding 0,0.

Drug loading

(%)

m (hr ’X+/-s.d.) c (+/-s.d.) SSD MSC CD

25 14.9+/-0.2 1.3+/-0.5 133.84 4.85 0.99292

50 15.1+/-0.2 -0.6+/-0.7 249.32 4.46 0.98948

75 11.1+/-0.2 1.9+/-0.8 529.46 3.82 0.97985

A ll.3.4 Comparison with HPMCsystems 

11.3.4.1 Sodium benzoate

The release o f sodium benzoate from P303 matrices was compared with release from KIOOLV 

matrices.
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Figure A ll .l  Release of Sodium Benzoate from P303, KIOOLV and K15M matrices at different 

drug loadings. ( -  ) NaB:K100LV 75:25, ( a ) NaB:P303 75:25, ( • )  NaB:K100LV 50:50, (■ ) 

NaB:P303 50:50, ( ♦ )  NaB:P303 25:75, (X) NaB:K100LV 25:75, ( -  i NaB:K15M 25:75.
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Table A11.21 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for 

Sodium Benzoate.Polymer systems at different drug loadings in buffer pH 7.4 at lOOrpm.

Drug loading (%) kp (hr "j-) 

(+/-s.d.)

np

(+/- s.d.)

SSD MSC CD

NaB:P303 25:75 80.2+/-1.8 0.66+/-0.02 4.16 6.42 0.99895

NaB:P303 50:50 93.1+/-2.2 0.69+/-0.03 5.95 6.30 0.99883

NaB:K100LV 25:75 12.1+I-3A 0.53+/-0.05 19.1 4.89 0.99516

NaB:K100LV 50:50 79.02+/-3.2 0.41+/-0.03 6.1 5.96 0.99854

NaB:K15M 25:75 64.SH-/-3.7 0.51+/-0.07 122.4 3.32 0.97493

11.3.4.2 Benzoic acid
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Figure A11.2 Release of benzoic acid from P303 and KIOOLV matrices at different drug 

loadings in buffer pH 7.4 at lOOrpm. ( ♦ )  BA:P303 25:75, ( • )  BA:K100LV 75:25, ( )

BA:K100LV 25:75, (X) BA:K100LV 50:50, (■ )  BA:P303 50:50, ( A ) BA:P303 75:25.

Table A11.22 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for 

Benzoic acid:Polymer systems at different drug loadings in buffer pH 7.4 at lOOrpm,

Drug loading (%) kp

(hr'’i")(+/-s.d.)

rip

(+/-s.d.)

SSD MSC CD

BA:P303 25:75 38.8+/-0.2 0.77+/-0.02 19.00 5.74 0.99733

BA:P303 50:50 24.4+/-0.2 0.75+/-0.01 27.23 5.62 0.99678

BA:P303 75:25 18.3+/-0.4 0.74+/-0.02 117.42 4.46 0.98948

BA.KIOOLV 25:75 33.5+/-0.4 0.63+/-0.02 90.6 4.31 0.98832

BA:K100LV 50:50 31.5+/-0.2 0.68+/-0.01 30.3 5.56 0.99663

BA:K100LV 75:25 37.8+/-0.4 0.93+/-0.03 34.8 5.14 0.99516
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Figure A11.3 Release of benzoic acid from P303 and K15M matrices at different drug loadings 

in buffer pH 7.4 at lOOrpm ( ♦ )  BA:P303 25:75, ( • )  BA:K15M 25;75, (■ ) BA;P303 50:50 (X) 

BA:K15M 75:25, ( a ) BAP303 75:25.

Table A11.23 Parameters and estimates of fit to Korsmeyer and Peppas equation (Equation 2.27) for 

Benzoic acid:Polymer systems at different drug loadings in buffer pH 7.4 at lOOrpm

Drug loading (%) k,
(hr'j’)(+/-s.d.) (+/-s.d.)

SSD MSC CD

BA;P303 25:75 38.8+/-0.2 0.77+/-0.02 19.00 5.74 0.99733

BAP303 50:50 24.4+/-0.2 0.75+/-0.01 27.23 5.62 0.99678

BA:P303 75:25 18.3+/-0.4 0.74+/-0.02 117.42 4.46 0.98948

BAK15M 25:75 30.6+/-0.3 0.55+/-0.01 47.9 5.04 0.99430

BA:K15M 75:25 21.0+/-0.4 0.63+/-0.01 138.5 4.59 0.99064

356



Appendix 12 - Supplementary data to Chapter Nine

A ll APPENDIX TWELVE

A12.1 SUPPLEMENTARY DATA TO CHAPTER NEVE

A12.1.1 Release of benzoic acid from Stearic acid.'KlOOL V matrices

Table A12.1 Parameters and estimates of fit of release data to Ford lag time equation (Equation 2.31) for 

Benzoic acid:K100LV matrix systems in buflFer pH 7.4 at lOOrpm.

System kia (hr "i«) 

(+/-s.d.)

nia
(+/-s.d.)

/ (hrs) 

(+/-s.d.)

SSD MSC CD

BA:StA:K100LV

75:12.5:12.5

7.0+/-14.2 2.1+/-1.2 -1.3+/-1.2 74.6 3.45 0.97882

BA:StA:K100LV
50:25:25

35.6+/-0.6 0.80+/-0.02 0.02+/-0.02 3.1 6.99 0.99931

BA:StA:K100LV
25:37.5:37.5

36.9+/-0.9 0.48+/-0.03 0.15+/-0.03 83.1 3.81 0.98233

BA:K100LV 75:25 37.2H-/-2.9 0.97+/-0.09 -0.02+/-0.07 31.3 4.59 0.99275

BA:K100LV 50:50 34.7+/-0.4 0.59+/-0.01 0.12+/-0.02 12.8 5.85 0.99769

BA:K100LV 25:75 33.9+/-2.0 0.62+/-0.06 0.02+/^.08 90.6 3.63 0.97908

Table A12.2 Parameters and estimates of fit of first 60% of release data fitted to exponential equation 

(Equation 2.33) for Benzoic acid:K100LV matrix systems in buffer pH 7.4 at lOOrpm.

System (hr ')(xlO^)(+/-s.d.) SSD MSC CD

BA:StA:K100LV 75:12.5:12.5 52.9+/-1.5 163.6 3.62 0.97602

BA:StA:K100LV 50:25:25 44.3+/-0.3 0.8 6.25 0.99823

BA:StA:K100LV 25:37.5:37.5 37.I+/-0.9 389.4 3.00 0.95324

BA:K100LV 75:25 49.8+/-1.0 97.2 4.21 0.98649

BA :K 100LV  50:50 36.5+/-0.5 98.7 4.45 0.98904

BA:K100LV 25:75 39.0+/-0.9 254.3 3.35 0.96722
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Table A12.3 Parameters and estimates of fit of first 100% of release data fitted to exponential equation 

(Equation 2.33) for Benzoic acid;K100LV matrix systems in buffer pH 7.4 at lOOrpm.

System K  (hr ')(xlO^)(+/-s.d.) SSD MSC CD

BA:StA:K100LV 75:12.5:12.5 60.0+/-2.0 770.2 3.27 0.96466

BA:StA;K100LV 50:25:25 53.0+/-1.9 1418.9 3.05 0.95541

BA:StA:K100LV 25:37.5:37.5 38.5+/-0.8 862.4 3.95 0.98141

BA:K100LV 75:25 56.1+/-1.4 748.2 3.67 0.97580
BA:K100LV 50:50 37.2+/-0.4 241.1 5.07 0.99396

BA:K100LV 25:75 38.9+/-0.8 1051.6 3.62 0.97412

A12.1.2 Effect o f changing ratio o f stearic acid to K1OOL V on benzoic acid release

Table 12.4 Parameters and estimates of fit of release data to Ford lag time equation (Equation 2.31) for 

Benzoic acid:matrix systems in buffer pH 7.4 at lOOrpm

System kî  (hr'"to)

(+/-s.d.)

riia
(+/-s.d.)

/ (hrs) 

(+/-s.d.)

SSD MSC CD

BA:StA:K100LV 37.4+Z-2.5 0.53+/-0.08 0.03+/-0.10 136.1 3.00 0.96130

25:(25:75)

BA:StA:K100LV 36.9+/-0.9 0.48+/-0.03 0.15+/-0.03 83.1 3.81 0.98233

25:(50:50)

BA:StA:K100LV 28.6+/-0.7 0.58+/-0.02 0.06+/-0.03 34.8 5.07 0.99475

25:(75:25)

Table A12.5 Parameters and estimates of fit of first 60% of release data fitted to exponential equation 

(Equation 2.33) for Benzoic acid:matrix systems in buffer pH 7.4 at lOOrpm.

System (hr ')(xlO^) (+/-s.d.) SSD MSC CD

BA:StA:K100LV 25:(25:75) 42.9+/-1.3 501.6 2.60 0.93116

BA:StA:K100LV 25:(50:50) 37.1+/-0.9 389.4 3.00 0.95324

BA:StA:K100LV 25:(75:25) 21.1+1-0.6 356.8 3.28 0.96442

Table A12.6 Parameters and estimates of fit of first 100% of release data fitted to exponential equation 

(Equation 2.33) for Benzoic acid:matrix systems in buffer pH 7.4 at lOOrpm.

System K  (hr ’)(xlO^) (+/-s.d.) SSD MSC CD

BA:StA:K100LV 25:(25:75) 43.6+/-0.9 834.2 3.80 0.97870

BA:StA:K100LV 25:(50:50) 38.5+/-0.8 862.4 3.95 0.98141

BA:StA:K100LV 25:(75:25) 26.7+/-0.4 499.8 4.24 0.98602
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A12.1.3 Release o f henzoic addfrom Stearic acid:P303 matrices

Table A12.7 Parameters and estimates of fit of release to Ford lag time equation (Equation 2.31) for 

Benzoic acid;matrix systems in buffer pH 7.4 at lOOrpm.

System ku (hr"taX+Z-s.d.) nu (+/-s.d.) I (hrs)(+/-s.d) SSD MSC CD

BA:StA;P303

75:12.5:12.5

20.(H-/-0.4 0.78+/-0.01 -0.02+/-0.03 11.7 6.49 0.99871

BA:StA:P303

50:25:25

23.1+/-0.9 0.76+/-0.03 -0.04+/-0.05 0.9 5.23 0.99563

BA:StA:P303

25:37.5:37.5

30.9+/-3.2 0.86+/-0.09 -0.18+/-0.11 18.7 4.67 0.99370

BA:P303 25:75 34.4+/-2.1 0.90+/-0.06 -0.13+/4).06 13.2 5.36 0.99656

BA:P303 50:50 19.6+/-0.8 0.90+/-0.02 -0.25+/-0.04 8.10 6.37 0.99860

BA:P303 75:25 15.6+/-1.4 0.82+/-0.05 -0.21+/-0.12 100.6 4.36 0.98840

Table A12.8 Parameters and estimates of fit of first 60% of release data fitted to exponential equation 

(Equation 2.33) for Benzoic acid:matrix systems in buffer pH 7.4 at lOOrpm.

System (hr ’)(xlO^)(+/-s.d.) SSD MSC CD

BA:StA:P303 75:12.5:12.5 21.9+/-0.1 37.2 5.71 0.99685

BA:StA:P303 50:25:25 26.1+/-0.3 69.9 4.69 0.99136

BA:StA:P303 25:37.5:37.5 45.0+/-0.9 72.2 4.19 0.98658

BA:P303 75:25 18.2+/-0.3 210.7 4.01 0.98272

BA:P303 50:50 26.9+/-0.3 94.6 4.33 0.98758

BA:P303 25:75 50.2+/-0.6 45.2 4.97 0.99365

Table A12.9 Parameters and estimates of fit of first 100% of release data fitted to exponential equation 

(Equation 2.33) for Benzoic acid.matrix systems in buffer pH 7.4 at lOOrpm.

System k, (hr ')(xlO^)(+/s.d.) SSD MSC CD

BA:StA:P303 75:12.5:12.5 23.1+/-0.2 236.1 5.07 0.99395

BA:StA:P303 50:25:25 29.8+/-0.7 1283.2 3.59 0.97328

BA:StA:P303 25:37.5:37.5 49.7+/-1.5 482.9 3.69 0.97682

BA:P303 75:25 18.9+/-0.3 465.5 4.15 0.98482

BA:P303 50:50 31.0+/-0.8 1427.6 3.51 0.97106

BA:P303 25:75 56.3+/-1.7 912.7 3.33 0.96627
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A12.1.4 Effect o f changing ratio of stearic acid to KIOOLV on benzoic acid release

Table A12.10 Parameters and estimates of fit of release data to Ford lag time equation (Equation 2.31) for 

Benzoic acidimatrix systems in buffer pH 7.4 at lOOrpm

System kia (hr'"‘-)(+/-s.d.) nia (+/-s.d.) / (hrs)(+/-s.d.) SSD MSC CD

BA;StA:P303 32.0+/-2.5 0.85+/-0.07 -0.08+/-0.08 35.9 4.49 0.99160

25; (25;75) 

BA:StA:P303 30.9+/-3.2 0.86+/-0.09 -0.18+/-0.11 18.7 4.67 0.99370

25;(50:50)

BA;StA;P303 23.5+M.3 0.99+/-0.13 -OA+l-0.2 49.7 4.20 0.98835

25; (75:25)

Table A 12 .il Parameters and estimates of fit of first 60% of release data fitted to exponential equation 

(Equation 2.33) for Benzoic acid;matrix systems in buffer pH 7.4 at lOOrpm.

System k, (hr ')(xlO^)(+/s.d.) SSD MSC CD

BA;StA;P303 25;(25;75) 43.2+/-0.6 65.3 4.64 0.99108

BA;StA;P303 25;(50;50) 45.0+/-0.9 72.2 4.19 0.98658

BA;StA:P303 25;(75;25) 40.5+/-0.8 184.5 3.65 0.97583

Table A12.12 Parameters and estimates of fit of first 100% of release data fitted to exponential equation 

(Equation 2.33) for Benzoic acid:matrix systems in buffer pH 7.4 at lOOrpm.

System k:, (hr ’)(xl0^)(+/-s.d.) SSD MSC CD

BA;StA;P303 25;(25:75) 51.2+/-0.02 1722.3 3.00 0.95280

BA:StA;P303 25;(50;50) 49.7+/-1.5 482.9 3.69 0.97682

BA;StA;P303 25;(75;25) 45.8+/-0.01 118.1 3.38 0.96752
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A13 APPENDIX 13 

A13.1 XRD STUDIES

In this Appendix supplementary XRD studies of materials used in the present work are included. 

A13.1.1 Effect o f milling
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Figure A13.1 Effect of formulation variables on P303. (a) ball milled and sieved (offset +1000), 

(b) imsieved
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Figure A13.2 Effect of formulation variables on KIOOLV and K15M. (a) KIOOLV ball-milled 

and sieved (offset +1500), (b) KIOOLV unsieved (offset +1000), (c) K15M ball-milled and 

sieved (offset +300), (d) K15M imsieved.
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Figure A13.3 Effect of formulation variables on benzoic acid (a) Benzoic acid baU-milled and 

sieved, (b) Benzoic acid imsieved.
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Figure A13.4 Benzoic acid:Stearic acid:K100LV mixtures, (a) BA:StA:K100LV 75:12.5:12.5 

(offset +2000) (b) BA:StA:K100LV 50:25:25 (offset +1000) (c) BA:StA:K100LV 25:37.5:37.5

The XRD profiles o f Stearic acid:K100LV 50:50 and 75:25 systems as discussed in Chapter 

Nine are shown in Figure A13.5 and Figure A13.6 respectively.
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Figure A13.5 XRD profile of Stearic acidiKlOOLV 50:50 systems, (a) StA:K100LV 50:50 

powder (offset +2000), (b) StA:K100LV 50:50 disc after dissolution for 30 minutes in phosphate 

buffer pH 7.4 at lOOrpm, drying and grinding (offset +1000), (c) StA:K100LV 50:50 disc after 

dissolution for nine hours in phosphate buffer pH 7.4 at lOOrpm, drying and grinding.
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Figure A13.6 XRD profile of Stearic acid:K100LV 75:25 systems, (a) StA:K100LV 75:25 

powder (offset +2000), (b) StA:K100LV 75:25 disc after dissolution for 30 minutes in phosphate 

buffer pH 7.4 at lOOrpm, drying and grinding (offset +1000), (c) StA:K100LV 75:25 disc after 

dissolution for nine hours in phosphate buffer pH 7.4 at lOOrpm, drying and grinding.
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