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ABSTRACT

A unit solid dosage form has been prepared in the form of a hollow cylinder by an 

extrusion process to provide a controlled release drug delivery system. The steady- 

state extrusion force, measured by the ram extruder, was used to assess the 

amenability of each formulation to produce smooth good quality extrudate.

The formulation system was based on Avicel PH 101, as a binding and extrusion aid, 

plus PVP as a binder to ensure a rigid structure on drying. A film coat was applied, 

using a fluidised bed coater, to provide release of theophylline, a model drug, in a 

controlled manner. The tube extrudates could be coated in various ways, to produce 

different drug release profiles, for example:- (i) the external surface coated with 

impermeable film and no internal coat, (ii) the external surface coated with a 

permeable film and no internal coat, (iii) the external and internal surface coated 

with a permeable film. A non-aqueous coating system and an aqueous coating 

system were successfully applied to the surfaces of tube and rod extrudates to 

provide a controlled release film. When assessed by the in-vitro dissolution studies, 

pH-dependent and pH-independent controlled release systems were effectively 

produced. The factors which influenced the formation of a suitable controlled film 

coating include type and amount of coating additive, coat thickness and curing time 

and temperature which have been evaluated. Further variables which influence the 

formation and in-vitro drug release from tube and rod systems are associated with 

their dimensions, shape and drug loading. Extruded matrix systems were also 

produced, which provided a controlled drug delivery system without the need to 

apply film coat These systems were based on the hydrophilic polymer, Avicel 

PH 101, and a hydrophobic wax material, glycerylmonostearate, which prevented the 

disintegration of the system and slowed drug release.

The dissolution data were analyzed by different mathematical models to evaluate the 

rate controlling mechanism. The release of theophylline from the various matrix 

systems and the externally film coated systems studied was found to be controlled 

by the mixed processes of diffusion and erosion/swelling and from wholly coated 

tube and rod extrudates only by a diffusion process.
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Chapter 1, Introduction

1. General

Oral dosage forms contribute to more than 90% of all therapeutic compounds in the 

market and thus this route is the most popular due to the flexibility in the oral 

dosage form design and ease of administration to the patient (Banker and Anderson, 

1986).

Conventional oral formulations release their drug content rapidly for absorption 

which could result in high peak drug levels beyond the therapeutic window, 

approaching toxic levels. In addition, a drop in therapeutic level can occur quickly 

and, therefore, frequent dosing is required leading to poor compliance which results 

in fluctuations in drug levels compromising the efficacy of the drug and producing 

toxic side effects.

The challenge of achieving a slow and constant rate of release from oral dosage 

forms, maintaining a steady therapeutic level over a long period of time (usually 1 2 - 

24 hours) is of interest to many. The proliferation of interest among researchers in 

this field is a reflection of the growing awareness that by achieving a predictable and 

reproducible release rate of a therapeutic agent, to the target environment for a 

desired duration, will enhance the activity of short-half life drugs, optimize biological 

responses, prolong efficacy, decrease toxicity, reduce frequency of dosing, and 

improve patient compliance. This will provide less expensive treatment compared 

to the conventional delivery systems because the total amount of drug used is less,

i.e. drug wastage is reduced (Lee and Good, 1987).

The most serious disadvantage of controlled/sustained release formulations is that 

they often contain a larger quantity of drug than would be normally administered as 

a single dose. If the system leaks or fails, dose dumping or rapid release occurs 

causing toxic effects.

There is often a lot of confusion caused by the use of different terminology in the
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field of sustained/controlled release technology. Sustained release, sustained action, 

prolonged action, controlled release, extended action, timed release, depot and 

repository dosage forms are terms used to identify drug delivery systems that are 

designed to achieve a prolonged therapeutic effect by continuously releasing 

medication over an extended period of time after administration of a single dose 

(Lordi, 1986). The term "controlled release" has become associated with those 

systems from which therapeutic agents may be automatically delivered at predefined 

rates over a long period of time.

Before commencing on the design of a controlled /sustained release formulation, a

drug candidate should be evaluated in terms of its physicochemical, pharmaceutical,

pharmacological, and toxicological characteristics. Major criteria for the selection

of a drug candidate are

-short biological half-life

-narrow therapeutic index

-efficient gastrointestinal absorption

-small daily dose

-no first pass metabolism

-marketing benefits

1.1 Drugs Unsuitable For Sustained/Controlled Release Formulation

Certain drugs are not amenable to administration by sustained/controlled release 

formulations as they possess the following features (Lordi, 1986):-

( 1 ) poor absorption in the lower intestine, e.g. riboflavin, ferrous salts.

(2 ) rapid absorption and excretion with i /̂2 of less than one hour, e.g. penicillin 

G, fursemide.

(3) long ti/ 2  of > 12 hours, e.g. diazepam, phenytoin.

(4) accumulation in the body with increasing undesirable side effects, e.g.

phénobarbital, digitoxin.
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(5) dosages which need precise titration to the individual’s requirements, e.g. 

anticoagulants, cardiac glycosides.

(6 ) poor aqueous solubility resulting in dissolution rather than diffusion 

dependent drug liberation.

(7) no clear advantage for sustained release especially where costly procedures 

and equipment are involved, e.g. griseofulvin.

(8 ) extensive first pass metabolism.

(9) large doses required (> Ig), e.g. sulfonamides.

(10) Diseases where fluctuating body requirements are needed, e.g. hormones and 

insulin.

1.2 Design of Controlled/Sustained Release Formulations

The main objective in developing a controlled release system is to make it as close 

to the ideal system as possible, i.e. a system which possesses the following 

characteristics (Langer, 1980):-

( 1 ) displays zero order kinetics.

(2 ) is inert, non-toxic, non-mutagenic, non-carcinogenic, non-teratogenic and non- 

immunogenic when used in vivo.

(3) comfortable to the patient.

(4) should be easily administered.

(5) possesses a high drug/polymer ratio.

(6 ) is easy and inexpensive to fabricate.

(7) is safe and free from leaks.

When development efforts are carried out with a specific application in mind, as to 

whether the controlled release system will be used for a specific disease, a certain 

group of patients or with a certain drug of a certain molecular weight, some of the 

above considerations are more important than others. If an effective study in to the 

development of a controlled release system is to be carried out the following topics
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should be addressed (Langer, 1980):-

( 1 ) safety and toxicity of the system.

(2 ) release mechanisms and attempts to control release kinetics.

(3) approaches to achieve zero-order kinetics.

(4) comparison of in vitro to actual (in vivo) release kinetics.

(5) an assessment as to the retention of biochemical or biological activity of the 

incorporated drugs.

(6 ) any restrictions dictated by particular applications.

1.3 Classifications of Controlled/Sustained Release Formulations

Most oral sustained or controlled release systems can fall into one or more of the 

following classifications (Sjogren, 1985):-

- Diffusion-controlling membrane coated tablets or granules.

- Coated granules disintegrating at a controlled rate.

- Porous inert matrix tablets.

- Slowly eroding matrix tablets.

- Swelling hydrophilic gel tablets or capsules.

- Ion-exchange resin complexes.

- Reduced solubility of the drug (salts, complexes).

The matrix type systems are thought to be the most desirable from a technological 

point of view because they retard drug release by utilizing the simplest and least 

expensive method of conventional pharmaceutical techniques and are rapidly 

produced in a developmental and manufacturing stage. The drug particles are 

randomly distributed within the retard matrix to form a network of pores through 

which the digestive juices enter and aUow the dissolved drug to diffuse out. Release 

is thought to be mainly dependent on the porosity and tortuosity of the matrix and
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the solubility of the drug.

1.4 Retardant Materials Used in Matrix Formulations

Materials used as retardants in matrix formulations include the following (Lordi, 

1986):-

( 1 ) insoluble, inert retardants that form "skeleton" matrices, e.g. polyethylene, 

polyvinylchloride, methylacrylate-methylacrylate copolymer.

(2 ) insoluble, erodible retardants, e.g. carnauba wax, castor wax, triglycerides.

(3) hydrophilic retardants which are polymers that form hydrophilic matrices, e.g. 

methylcellulose 400 cps, 4000 cps, hydroxyethylcellulose, 

hydroxypropylmethylcellulose (60 HG, 90 HO, 25 cps, 4000 cps, 15,000 cps), 

sodium carboxymethylcellulose, carboxymethylene, galactomannose, sodium 

alginate.

The retardant material, the drug, and additives are incorporated via direct 

compression, wet granulation and extrusion processes to form a unit dosage form in 

which the drug is embedded in a matrix core of the retardant. If, for example, a 

high drug loading of a soluble drug, to be released over 2 0  hours is required, an 

insoluble non-eroding permeable polymer is preferred. Therefore, it should be the 

formulators goal to choose the most suitable optimized dosage form for a particular 

drug.

1.5 Effect of Gastric Residence Time

The importance of studying the gastrointestinal residence time when developing an 

oral controlled release system is mainly due to the fact that the release characteristics 

and release period from the dosage forms are restricted to the residence time and 

location of the dosage form in the gastrointestinal tract. Variations in terms of
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acidity, enzyme content, bile salts, and mucosal absorptive surface occur along the 

gastrointestinal tract and may influence release characteristics of a dosage form, drug 

stability and absorption. The residence time of the dosage form in the stomach is 

dependent on the dosage form size, density and subject feeding state (Itoh et al, 

1986, Cargil et al, 1988, Clarke, 1989, Course, 1991).

Cargil et al (1988) examined the importance of size, shape, and flexibility (stiffness 

and rigidity) on gastric retention in fasting dogs. Six shapes; ring, tetrahedron, 

cloverleaf, disk, string, and pellet were screened in vivo for their gastric retention 

potential. The tetrahedron (each leg 2 cm in length) exhibited 91-100% retention 

at 24 hours. The ring (3.6cm diameter) provided 100% retention at 24 hours. 

Their results indicate that shape, size and flexibility (rigidity) can be manipulated to 

control gastric residence times of nondisintegrating geometric shapes in beagle dogs.

1.6 Effect of Shape of Dosage Form On Dissolution Behaviour

Noneroding matrix systems are relatively unaffected by changes in mixing and 

stirring condition because diffusion from noneroding systems is the rate controlling 

factor. Variable agitation wiU cause changes in the static diffusion layer 

surrounding the dosage form but generally does not have a major effect on the 

overall drug release (Scott & Hollenbeck, 1991 ). Conventional matrix systems, such 

as erodible matrices, which are best represented by Higuchi’s flat slab diffusional 

model, and other shapes, such as the sphere and cylinder suffer from nonlinear 

release. This deviation from zero order drug release kinetics is one of the major 

drawbacks to the use of matrix systems. This is because the release rate is 

inversely proportional to the distance the drug must travel from within the matrix to 

the surface, and in addition, to the constantly diminishing surface from which drug 

release takes place which occurs with sphere and cylinder systems. Therefore, the 

effect of matrix geometry on the rate of release could be manipulated in such a way 

as to compensate for this increasing diffusion distance and, hence, zero order release 

could theoretically be achieved.
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Given this problem, the first studies exploring the use of matrix shape to achieve 

zero order kinetics were by Brook and Washkun (1977) and Upper and Higuchi 

(1977). In their studies near zero order release of drug was obtained from an 

inwardly releasing sectioned cylinder. Another unique inwardly releasing system, 

the hemisphere, provided a constant release rate following an initially high rate 

(Rhine et a/, 1980). In this study the release kinetics of a sectioned cylinder, 

hemisphere and slab were compared (figure 1.1). The hemisphere was found to 

approximate to zero order release. Frustum-shaped devices (figure 1.1) that 

contain a drug dispersed in a permeable matrix were shown to obey zero order 

kinetics following an initial burst phase (Nelson et al, 1987). It can be concluded 

from the above studies that geometry provides a useful means by which to affect 

release of drug from matrix devices. Unfortunately, the above systems are 

somewhat more difficult to prepare since they require special experimental 

techniques, and thus, are more expensive to make on a large scale. In addition, 

significant boundary diffusion layer effects may arise, due to the complexity of 

device shape, that may hinder the release of the drug.

Baker and Lonsdale (1974) studied the effect of boundary layer effects by assuming 

a stagnant layer of arbitrary thickness around a device and found that the flux of 

drug away from the surface of the device into a well mixed solution maintained at 

zero concentration of drug, as well as, the concentration of the drug immediately 

adjacent to the membrane surface are the most significant parameters that determine 

the extent of the boundary layer problem. The experiments were carried out taking 

into account that stirring in many body cavities is poor and limited. The same 

authors indicated that the poor agreement between in vitro and in vivo release rates 

with insoluble drugs and high release rate controlled release systems is attributed to 

the boundary layer effects in vivo. It is difficult, however, to quantify the 

boundary layer problem that might occur during in vivo studies because little is 

known about the in vivo hydrodynamic condition.
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Figure 1.1 Schematic diagrams of a slab, an inwardly releasing cylinder, 
inwardly releasing hemisphere, and frustum-shaped cell
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1.7 Drug Release Mechanisms

Several drug release mechanisms from different systems have been reported in the 

literature, such as; diffusion through matrix core (matrix system), diffusion through 

polymer surface coating (reservoir system), surface erosion controlled matrix, 

swelling controlled system and magnetically controlled system. Of these, the 

matrix and the reservoir systems (both diffusion controlled) are the most commonly 

used methods in controlling drug release. These system are developed in the 

following chapters in this study and, are briefly discussed here.

1.7.1 Diffusion of Drug Through Polymer Surface Coating

In this system, a core of drug is surrounded by a polymer membrane which controls 

drug release rate to the medium. The diffusion of the drug through the film barrier 

is considered here to be the rate limiting step. For a non-porous homogenous 

polymer film, the release occurs via a solution-diffusion or partition mechanism in 

which the drug dissolûtes in the membrane to the fluid medium. The release rate 

of the drug from this system is given by Pick’s law of diffusion:

J = -D„dCJdx (1.1)

where J = flux (gm/cm^.sec)

= drug diffusion coefficient in the membrane (cmVsec)

C„ = the drug concentration in the membrane (gm/cm^) 

dCg/dx = concentration gradient

If the thermodynamic activity of the drug across the membrane is maintained , a 

steady state will be achieved providing zero order release kinetics. This is achieved 

by having a saturated drug reservoir by loading an excess amount of drug above its 

saturation solubility. The release rate from such a system is generally dependent 

on the geometry of the device and the nature, thickness and area of the membrane
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as well as the size of the reservoir system.

If the diffusion coefficient and membrane thickness are constant and the

concentration gradient is linear, equation ( 1 .1 ) can be modified to:

J = A CJL, (1.2)

where = membrane thickness

For any given configuration (Michaels, 1979), if the film thickness is small 

compared with the other dimensions of the device, the mass rate of release of drug 

(gm/cm^) from the system is represented as follows:

dM/dt = k jy j^ C J L ^  (1.3)

where = cross sectional area of the membrane

and both are governed by the size and shape of the device and its film barrier 

(choice of membrane barrier). These parameters play a significant role in 

controlling and achieving a specific release rate.

The effect of geometry, such as slab, cylinder and sphere, on release rate was 

considered by Baker and Lonsdale (1974) and reviewed by Langer (1980). For an 

extensive discussion on the drug release from membrane enclosed systems see Flynn 

et aly (1974).

For a microporous polymer film the flux (J) of the drug can be described as follows:

J = [-(Dp) (e)]/x (dc/dx) (1.4)

where Dp = diffusivity of the drug in the pore-filling liquid phase

c = concentration of the drug in the pore-filling liquid medium
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e = porosity of the microporous polymeric membrane

X = tortuosity of the diffusive path within the pore structure of the

polymer

The rate of drug permeation through microporous membranes depends on the 

membrane pore dimensions and the drug dimensions (molecular volume).

An additional factor that should be considered when dealing with membrane 

enclosed systems is that a boundary diffusion layer may exist beyond the membrane 

surface which causes resistance to drug diffusion particularly when drugs of poor 

solubility are used (Baker and Lonsdale, 1974). A quick way to determine the 

influence of the boundary layer on release rate is to increase the agitation rate of the 

releasing system. A significant increase in drug release rate indicates the existence 

of a boundary layer.

1.7.2 Matrix Systems

In this system the active ingredient is uniformly distributed throughout a solid 

polymer or wax material. The initial drug loading per unit volume is larger than the 

drug solubility in the matrix and release is via solution-diffusion through a non- 

porous polymer. The drug release kinetics from matrix systems are based on 

Higuchi’s t^  ̂models which were originally derived from the diffusion controlled 

release of drug from a stationary matrix (Higuchi, 1961, 1963).

The drug release kinetics from planar homogenous (non-porous) matrix system which 

stays intact (i.e. no erosion and swelling) during dissolution can be described by the 

equation (Higuchi, 1961):

Q = [ 2 Q D , ( C - C y 2 ) t ] * ' ^  (1.5)
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where Q = the amount of drug release per unit area (mg/cm^)

C = drug loading (mg/cm^)

t = time (sec)

Cg = drug solubility in the matrix (mg/cm^)

Dg = diffusivity coefficient of the drug in the matrix (cmVsec)

The drug release kinetics from the granular (porous, non-erodible and non swelling) 

matrix are described by the equation (Higuchi, 1963):

Q = [ (Dp e)/x ( 2C - EC. ) C. t ] ‘“ (1.6)

where Dp = the diffusion coefficient of the drug in the permeating fluid

e = the porosity of the matrix

X = the tortuosity of the matrix

Cg = the solubility of the drug in the permeating fluid

Q, t and C as defined in equation (1.5).

If K^= (Dp e)/x ( 2C - e Cg ) Cg (1.7)

then Q = K2 1 '^ (1.8)

If the release of drug is by a diffusion controlled mechanism, a linear plot of the 

amount of drug released per unit area versus square root of time is obtained 

according to the above equation ( 1 .8 ) and Kj is calculated from the slope of the line.

The assumptions made in deriving equations (1.5) and (1.6) are:-

( 1 ) a pseudo steady state is maintained during release period

(2) C »  Cg, i.e. excess solute is present

(3) perfect sink condition in the medium

(4) the diffusion coefficient remains constant
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The release rate of drug from a matrix system depends on the matrix type, drug 

loading, drug solubility, matrix additives and solvent system used (Parab et al, 1986, 

Higuchi, 1963). The release rate from a wax matrix has been modified by 

incorporation of soluble surfactants, povidone (Dakkuri et at, 1978), and 

microcrystalline cellulose (Said and Al-shora, 1980) which function as wetting 

agents by replacing the air present in the pores of the matrix and after dissolving 

open new channels in the matrix for the penetration of the dissolution medium 

through which the dmg diffuses. However, in practice the diffusion of the drug 

occurs in combination with an erosion and/or swelling process which complicates the 

release mechanism involved. This means that no single release model can predict 

successfully all the experimental conditions but two or more models collectively 

contribute towards a better understanding of the mechanism involved. Hopfenberg 

(1976) described the release from erodible slabs, cylinders and spheres where surface 

erosion was the only factor allowing dmg release to occur. Heller (1984) studied 

drug release from bioerodible polymers including erodible diffusional systems. Lee 

(1981) described the release from an erodible or swellable polymer matrix which is 

complicated by the presence of the moving boundaries. Ranga et at (1988) 

reviewed the recent developments and applications of swelling controlled-release 

systems. The swellable system has also been investigated by Peppas and Korsmeyer 

(1987), Korsmeyer and Peppas (1983), Peppas et al, (1983), Franson et al, (1983), 

Enscore et al, (1977), and Ranga Roa et al, (1990).

1.8 Theophylline Anhydrous

Theophylline anhydrous is widely used for the treatment of asthma. It has been 

used as a model dmg because it has a short half-life of elimination and a rather 

small therapeutic range (Hendeles and Weinberger, 1983). Its administration in 

sustained-release preparations has been recommended for better control of the 

therapeutic dmg level, and for reduction in the fluctuation of therapeutic plasma 

concentrations. The reported solubüity of theophylline is 8.3 mg/ml in water; 12.5

-47-



Chapter 1, Introduction

mg/ml in ethanol, 11.6 mg/ml in chloroform; and sparingly soluble in ether (U.S.P., 

XVin, 1970, Merck Index, 8 th ed., 1968 and Cohen, 1975). Theophylline is a 

white, odourless, crystalline powder with a bitter taste. It is stable in air, melts 

between 270 °C and 274 °C and its saturated aqueous solution is neutral or slightly 

acid to litmus (Remington Pharmaceutical Sciences, 1985). Theophylline is a 

weakly acidic compound with a pKa of 8 .6 . It is also very weakly basic with pKb 

values of 13.5 and 11.5 (Cohen, 1975). Theophylline solutions are generally quite 

stable over the entire pH range. The analysis of theophylline is easily carried out 

using UV-Vis spectrophotometer procedure.

2. Preparation of Tube and Rod Dosage Forms By Extrusion

2.1 Introduction

Unit solid dosage forms of complex geometry can be prepared by the widely used 

compaction technique of tabletting, where the powder is compressed between two 

punches loaded in a die of appropriate cross section, an alternative way is by 

extrusion. Tablet shapes such as round, capsules, ovals, triangles, squares are 

produced depending on the dosage size or marketing requirements. Other shaping 

methods include slip-casting, transfer and injection moulding and isostatic pressing 

(Stanley-Wood, 1983). The processes of tabletting, roll compaction and extrusion 

involve the application of massive forces (Marshal, 1986).

Extrusion is a technological process in which a block of material is forced to flow 

by compression through orifices or holes of smaller cross-sectional area than that of 

the original block, for the purpose of obtaining a product which consists of an 

appropriately shaped extrusion (Johnson and Kudo, [1962], Fielden and Newton, 

[1992], Harrison et al, [1985]). The extruded material could be of solid metal, 

alloy, plastics, food, paste formulation or other material.
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The application of extrusion technology has a long history which goes back to a 

patented process, obtained at the end of the eighteenth century, for producing lead 

tubes from molten lead (Johnson and Kudo, 1962). Since then the field has 

expanded markedly due to technical developments, such as the appearance of new 

working materials, lubricants, newly developed tool steels, tool design and 

appearance of extra-large presses, where at the same time the principle of the 

extrusion process remained virtually unchanged throughout its history. Extruded 

pharmaceuticals have only recently begun to be appreciated mainly due to 

manufacturing of pellets by the extrusion/spheronisation process.

2.2 Applications

There are wide applications for the extrusion process. Currently extrusion is used 

in the manufacture of plastic and rubber substances, components for electronics, 

telecommunications and clock making, shaped ceramics, food for human and animal 

consumption and chemical catalysts. The application of the extrusion process is 

extensively discussed by Fielden and Newton, (1992). The extrusion process is 

used in the pharmaceutical industry to produce suppositories, implants (Hadgraft, 

1977) and, most importantly, cylindrical extrudate cut into short granules or used in 

the production of spherical granules, by spheronisation, of uniform size, shape and 

density (Reynolds, 1970, Conine and Hadley, 1970). The spherical granules can be 

coated with a polymer and then filled into hard gelatin capsules or the uncoated 

spheres can be compressed into tablets.

2.3 Types of Extruders

The extruder, in general, comprises of two regions: (i) the delivery region which 

transports the material to be extruded and sometimes where mixing of materials 

occurs, (ii) the die region where the material is forced to flow, under high pressure,
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through a die shaped to give the required cross-section and size to the product. 

Commercial extruders are classified according to the differences in the above two 

regions and they include; the screen extruder, rotary cylinder extruder, rotary gear 

extruder, and ram extruder. For a detailed description of these different types of 

extruders see Fielden and Newton, (1992), Rowe, (1985), Newton, (1990).

Extrusion being a semi-continuous or continuous process makes it more attractive 

for many industrial applications because of low running cost and continuity of 

production which in turn reduces waste of material and maintains high throughput 

rates achieving at the same time precise dimensional accuracy and shape of product.

Extrusion can be placed in one of the following categories (Fielden and Newton, 

1992):-

( 1 ) the extrusion of a molten systems at a controlled temperature where heat is 

applied to control the viscosity thus improving the flow of the system through 

the die.

(2 ) the extrusion of semi-solid viscous systems composed of mixtures of solids 

and liquid where viscosity is controlled by the formulation composition for 

successful extrusion.

2.3.1 Ram Extruder

The force required for extrusion and the velocity of the extrudate throughput 

parameters are necessary to characterize the flow of a material through a die and can 

be directly measured with good accuracy using a ram extruder under well defined 

conditions (Ovenston and Benbow, 1968). It is not possible, in most cases, to 

measure these parameters directly and accurately using most commercial extruders. 

In addition, ram extruders can be used in the extrusion process for small-scale 

production of extrudates of different dimensions and shapes. The force- 

displacement profiles are stored and recorded on an IBM compatible PC computer 

fitted to the ram extmder.
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-compresses until apparent density is reached

2- STEADY STATE STAGE
-uniform flow of extrudate at a steady force

3- FORCED FLOW STAGE
-increasing pressure required to obtain flow of extrudate

Figure 1.2 Force-displacement profile used to assess the amenability 
of each formulation to the extrusion process
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2.3.1.A The Force-Displacement Profiles

A typical shape of the force-displacement profile which is used to assess the 

amenability of formulations to the extrusion process and used to select a material 

mix is shown in figure 1.2. It can be seen from this figure that there are three 

characteristic regions (Fielden and Newton, [1992], Harrison, [1983], Fielden, [1987], 

Raines, [1990], Benbow et al, [1987]):-

(1) The Compression Stage

Before the material, packed into the barrel, commences to flow, a slow build-up in 

ram force occurs over a large change in displacement when material consolidates 

into a dense plug, i.e. material is compressed to its minimum volume eliminating 

interparticulate voidage and maximum density. This is immediately followed by a 

sudden large increase in the ram force , which occurs over a negligible displacement 

of the piston, to enable the material to yield and commence to flow. Harrison et 

al (1987) found that the force displacement profiles at this stage were independent 

of die dimensions and extrusion rate, but dependent on barrel dimension and material 

mix. To increase the throughput of commercial extruders the compression stage 

should be minimal.

(2) The Steady State Flow

The sudden rise in the ram force occurring at the end of compression is immediately 

followed by material extrusion, i.e. steady state flow, where the ram force required 

to maintain the flow remains constant as the displacement increases. During this 

stage the force that tends to retard flow will be exactly balanced out by the force that 

results from the pressure difference between the die entry and die exit when steady 

state flow occurs within the die. It is only in this region where the material flow 

patterns within the die remain constant and the rheological properties of the material 

could be evaluated. Hairison et al, (1987), and Harrison, (1983), found that the ram
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force, i.e. extrusion force at steady state, was dependent on die length, die diameter, 

die design, extrusion rate, moisture content and the material mix in this stage of 

extrusion. The same authors also found that the length of this steady state flow 

region was increased with increasing extrusion rate, increasing number of holes in 

the die, increasing moisture content and change in material mix but independent of 

die length and die diameter. At this stage, smooth good quality extrudates are 

produced.

(3) Forced Flow Stage

This stage usually occurs as the piston approaches the die when a gradual rise in ram 

force with displacement is required to maintain the flow of the material, i.e. steady 

state flow is no longer maintained. The extrudates produced at this stage are of 

poor quality and show surface roughness (matness) or sharkskinning characterized 

by a rigid-like spiral structure running transversely to the flow direction. The 

factors that control the surface characteristics of extrudate are the velocity of the 

throughput, die geometry and formulation variables.

2.4 Formulation For Extrusion

The qualitative examination of the force displacement profiles can be used to assess 

the amenability of a formulation to be extruded and enables modifications to be 

made to the formulation to provide a better quality extrudate. The formulation 

variables which include the proportion of the active ingredient, choice of excipients 

and liquid phase, should be designed to produce a cohesive plastic mass, that has the 

necessary lubricant properties during extrusion from the feed through the die, and 

remains homogeneous throughout the extrusion process. The extrudate produced 

must remain non-adhesive to itself after extrusion and retain a degree of rigidity such 

that the shape imposed by the die is retained especially when cut into short lengths 

and after undergoing a drying process (Conine and Hadley, 1970, Reynolds ,1970).
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If the extrusion mixture becomes over wet the extrudate produced is sticky and tends 

to adhere to itself on collection. If, on the other hand, the extrusion mixture is 

insufficiently wetted, excessive pressure builds up and friction results on extrusion. 

Many studies indicated that the use of microcrystalline cellulose is essential to 

provide a cohesive plastic mass that is necessary to be readily extruded providing 

good quality extrudate (Harrison, 1983, Chapman, 1985, Fielden, 1987, Raines, 1990). 

Microcrystalline cellulose is considered by many researchers as one of the 

cornerstones in the system to produce a uniform smooth extrudate (Harrison et al, 

1984, 1985, and Fielden et at, 1988). Microcrystalline cellulose may be described 

as a "molecular sponge", being able to physically retain high percentages of water 

within itself (Fielden et al, 1988). When mixed with water, it appears to form a 

consistency which readily extrudes.

Microcrystalline cellulose can be obtained from various manufacturers in different 

grades. Raines et al (1987) and (1989) showed that different grades of 

microcrystalline cellulose (Avicel) from one manufacturer (FMC Corporation) do 

have different rheological properties. This means it is important to use the same 

grade from the same manufacturer in a formulation and not to interchange materials 

of different grades or even same grades obtained from different manufacturers.

Most formulations require binders which may be either adhesive in nature, such as 

the cellulose gums, gelatin, natural gums and synthetic polymers, or capillary binders 

such as microcrystalline cellulose, kaolin, bentonite and talc where the inherent 

capillary attraction of the liquid phase by the binder imparts strong cohesive 

properties to the granule (Reynolds, 1970). The factors that influence the 

interparticulate cohesion during granulation include particle size, wetting and solution 

properties of the solid, and the surface tension and the viscosity of the liquid 

component (Rumpf, 1958).

The force required for extrusion and the quality of the extrudate produced have been
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reported to be influenced by the following formulation variables which affect the 

rheological properties of the wet mix:-

i) type and quality of binder agent added.

ii) binder (moisture) concentration.

iii) particle size of material.

and the following process variables:-

i) ram speed which controls the rate at which the material is forced through the 

die.

ii) ram force (extrusion force at steady state flow).

iii) die geometry which include length/diameter ratio, complexity of shape.

For characterization, description and validation of the role of each of these 

parameters on extrusion see Benbow et al, 1987, Benbow, 1971, Harrison et at, 

1983, 1984, 1985, 1987, Fielden et at, 1989, Fielden, 1987, Raines et at, 1987, 

Raines, 1990.

2.5 Benbow-Bridgewater Approach To Formulation Evaluation And Pressure 

Loss Measurement For Produced Systems.

Different approaches were developed that enabled both a qualitative and quantitative 

assessment of the extrusion of materials. The Benbow-Bridgewater approach is only 

discussed here since this approach was modified by Benbow et al, (1991), and is the 

only study to date dealing with the flow behaviour of pastes through the complicated 

tube die used in the following chapters to produce extrudates in the shape of tube 

(hollow cylinder). For a detailed description of the applicability of rheological 

theories such as Bagley and Benbow-Bridgewater approaches and different 

rheological flow curve models such as the Newtonian flow model, Binghan body
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model. Power law model and Herschel-Bulkley model see Fielden and Newton, 

(1992), Bagley, (1957), Harrison, (1983) and (1987), Farooqi et al, (1980), Raines, 

(1990), Ovenston and Benbow, (1968), Benbow, (1971), Benbow et at, (1991).

There are two parameters that characterize the flow of material through the die. 

Firstly the force required to extrude the material (extrusion force at steady state 

flow), and secondly the rate of flow of material through the die. These parameters 

are measured, under controlled condition, using the ram extruder with good accuracy.

For a better understanding of the flow behaviour of material the process of flow 

during extrusion is divided into three parts (Fielden and Newton, 1992):-

( 1 ) entry into the die.

(2 ) flow through the die.

(3) exit through the die.

The loss in pressure due to exit through the die is considerably less than the pressure 

loss upstream and through the die, it is therefore usually neglected.

Bagley (1957) has analysed the flow of paste through a die by considering it as

simple capillary flow where the relationship between the rate of shear (y) and die

wall shear stress (x^) can be expressed by the following equation:

x, = yPR/2L (1.9)

where P = the pressure drop across the length of capillary L and radius R.

This equation (1.9) can be modified to include a finite pressure loss at zero die 

length which is equivalent to the pressure drop along the barrel, to become as 

follows:

Xw = (Pt- Po) R/2L (1.10)
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This equation can be rearranged to a straight line equation to become:

Pt = Po + 2x, (L/R) (1.11)

where Pj = the total pressure drop (i.e. steady state pressure)

R &L = the radius and length of the die respectively

The die wall shear stress (x J  and the upstream pressure loss (Po) are obtained from 

the slope and intercept respectively of a linear line plot of total extrusion pressure 

as a function of length to radius ratios (L/R) of the die at different extrusion rates 

according to the above equation (1.11).

Benbow and Bridgewater (1987) and Benbow et al (1987) further modified the 

Bagley equation (1.10) to become as in equation (1.12). They used a cylindrical 

die with square entry circular cross-section and studied the relationship between the 

pressure applied in the barrel (P), using the ram extruder, and the extrudate velocity 

(V) during the flow of paste from a cylindrical barrel of diameter into a die-land 

of diameter D and length L. The pressure applied (P) is described by the following 

equation (Ovenston and Benbow, 1968, Benbow, 1971, Benbow et al, 1987):

P = 2 (Gy, + aV) ln(D/D,) + 4 (L/D) (x, + pV) (1.12)

where

Gy, = paste yield value at zero velocity

X, =the initial die wall shear stress

p = the die-land velocity factor

V = the mean paste velocity in the die land as slip occurs at the wall and there

is, in practice, plug flow through the die land. V is also the actual paste

velocity at the die-land wall, 

a  = die entry velocity factor
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The assumptions made are that the paste moves as an undeformed plug along the 

die-land and there is a thin layer of the liquid phase between the body of the paste 

and the die wall (Benbow et al  ̂ 1987).

Benbow et al {1991) used the same principles discussed above that characterize the 

flow of pastes through a solid cylindrical die derived from the relationship between 

pressure loss and extrudate velocity during the flow from a circular die land. The 

analysis was extended to provide a relationship for a circular barrel and die lands of 

external and internal diameters, taking into account the pressure loss through the 

convergent section from several holes rather than from a single hole.

The flow performance of the wet mix through a hollow cylindrical tube die can be 

predicted by taking into consideration the rheological behaviour of the wet mix 

through the different regions of the die.

The overall pressure loss within the tube dies comprises of four parts (Benbow et al 

1991):-

1) The pressure loss through the holes.

2) The pressure loss through the convergent section due to the extension of the

flow.

3) The pressure loss through the convergent section due to the wall friction in 

this region.

4) Finally, the pressure loss through the annular section due to the wall friction 

from both the inner and outer walls.

While the overall pressure loss with single hole solid dies is mainly comprised of 

two parts:-

1) The pressure loss at the die entry through one hole (due to the convergence

of the flow from the wide cross-section of the barrel to the narrow cross- 

section of the die which is related to the initial die entry yield stress)

2) The pressure loss in the die land due to the wall friction.
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The same authors developed the equations that predict the pressure loss in each 

region. The equations which describe the pressure loss are as follows:-

For Tube die

The Pressure Loss Through The Holes

2 + aV) In (D //N D ) + (x„ + PV) 4L'/D (1.13)

where L“ = plate thickness

N = number of holes at the die entry

Dg/D = diameter of barrel/diameter of die-land

The Pressure Loss Through the Convergent Section Due To The Extension Of The 

Flow

(Oy„+ a ‘V*> In A JA  (1.14)

where A /A = cross sectional area of convergent inlet over outlet

= velocity dependent factor for convergent flow from cross sectional 

area at the inlet and outlet of the convergent section 

V* = mean velocity in the convergent section

The Pressure Loss Due To The Wall Friction In The convergent Section

This is taken into account by regarding it as an extension of the die land.

The Pressure Loss Through The Annular Section Due To The Wall Friction From 

Both The Inner And Outer Walls

K  + P 'n  4L/d,-d, (1.15)
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where L = die land length

dq/d, = outer diameter/inner diameter of the die land

= velocity dependent factor for parallel flow in the annular die land 

V  = mean velocity in the annular die land

Benbow et al (1991) plotted the summation effects of pressure loss (kPa) from the

above four terms against extrudate velocity (mm/s). They concluded that 

comparison of the experimental and theoretical data showed satisfactory agreement 

and thus the performance of this more complicated flow can be predicted with 

reasonable accuracy.

For Cylindrical One Hole Die

The Pressure Loss At The Die Entrv Through One Hole

This is due to the convergence of the flow from the wide cross-section of the barrel 

to the narrow cross-section of the die which is related to the initial die entry yield 

stress.

2 (Gy, + aV) In (D^D) (1.16)

The Pressure Loss In The Die Land Due To The wall Friction

(X, + pV) 4L/D (1.17)

In summary the paste characterisation parameters Gy, (kPa), x, (kPa), a  (kPa s/m) 

and p (kPa) are determined by plotting pressine loss (P) and extrudate velocity (V) 

for two or more more lengths of die land at different extrusion velocity. Benbow 

et al (1987) described the procedure by which these parameters are calculated from 

the data plotted. The yield value, Gy, is calculated from the pressure when L/D=0.
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Next, from the slope of the pressure versus L/D line at zero velocity, the value of 

Tq is determined. Finally, from the increase of wall resistance force with extrudate 

velocity (V) the value of (5 is found.

3. Film coating

3.1 Introduction

Over the past three decades, tremendous improvements have been made in the 

equipment, the coating process, the coating compositions, and the quality of the film 

coatings (Porter, 1982). Film coating has been widely used in a wide range of 

applications, particularly, in the coating of tablet, pellets, and other solid dosage 

forms.

Film coating can be defined as a process which involves the deposition of a thin, 

uniform, membrane onto the surface of a pharmaceutical dosage form, such as a 

tablet or a granule (Rowe, 1984, Hogan 1988, Porter, 1982). This thin, but uniform, 

membrane consists of a film forming polymer, plasticizer, colorant, opacifier and 

possibly other additives.

There are many reasons for film coating which include the following (Rowe, 1984, 

Seitz et al, 1986, Seitz, 1992):-

(1) It improves the visual appearance, masks odour, and taste of the product.

(2) It improves product identification by decreasing the risk of confusion when 

taken with several preparations.

(3) It improves stability by protecting the active ingredient against heat, light, and 

moisture and can separate incompatible active ingredients present in the 

preparation.
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(4) It improves the packaging process, especially on high speed line production, 

by preventing dust formation.

(5) It controls the release of an active ingredient by a coating that acts as a 

diffusion membrane or a coating with pH-dependent solubility.

The objective of applying a film coat in this study was mainly to control the release 

of the therapeutic agent from the systems and thus controlling drug absorption from 

the gastrointestinal tract.

The film coating, when compared with sugar coating, has the following advantages 

(Porter, 1979, Porter et al, 1982):-

It is a simpler process.

It is faster and easier to automate.

It involves minimal change on the final size and weight, weight gain 2-10% 

as opposed to 50% with sugar coating.

Markings are not obscured by film coats.

Moisture involvement can be avoided (organic solvent).

The coating system should lack toxicity, have suitable solubility profiles, provide a 

tough yet elastic film even in the presence of powdered additives such as pigments, 

and the film produced should be stable to heat, light, moisture, and be free from 

undesirable taste or odour.

3.2 Film Coating Materials

Membrane Formers (Polvmers)

The membrane former is considered the main ingredient in a coating formulation 

since its physical and chemical properties influence the nature of the membrane, i.e. 

diffusion membrane or dissolving membrane (Porter et aU 1982, Seitz, 1992). The
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chemical nature, molecular weight, and glass transition temperature influence the 

stability and hydrophilic /lipophilic characteristics, tensile strength, and the quality 

of the membrane respectively (Rowe, 1982, Eskilson, 1985). The film formers can 

be divided according to their water solubility into the following (Eskilson, 1985):-

freely soluble in water, e.g. which include methyl cellulose, hydroxypropyl 

methyl cellulose, hydroxypropylcellulose, polyvinylpyrrolidone, polyethylene 

glycols.

soluble in acidic medium, e.g. methacrylate aminoester copolymer (Eudragit 

E, a cationic polymer).

insoluble in water, e.g. ethylcellulose, methacrylate esters copolymers 

(Eudragit RL/RS).

soluble in alkaline medium. These are anionic polymers which include 

methacrylic acid copolymers (Eudragit L/S), cellulose acetate phthalate 

(CAP), hydroxypropyl/methylcellulose phthalate (IHP-50, HP-55), and 

polyvinylacetatephthalate (PVAP).

Generally speaking, high viscosity grades of polymers provide better films than the 

lower viscosity grades (Seitz, 1992). The most common coating system used is 

that of water soluble polymers such as hydroxypropylmethylcellulose which is used 

mainly to protect the active ingredient and improve appearance of the dosage form. 

Once taken orally by the patient the film coat dissolves in the stomach. To control 

the release of drug, a water insoluble polymer such as ethylcellulose dissolved in 

organic solvents is used to prevent the disintegration of the film coating during its 

passage through the gastrointestinal tract. Due to the environmental and safety 

problems associated with the use of organic solvents, aqueous polymeric dispersions 

of water insoluble polymers were developed and used. In addition, non-aqueous 

coating solutions have higher concentration-viscosity profiles, i.e. less concentration 

of polymer and still have higher viscosity. The viscosity of a 30% polymer 

dispersion is typically 30-50 cP (Aquacoat, ethylcellulose dispersion). In contrast, 

a 12% ethylcellulose alcohol solution has a viscosity of 50 cP, and a 5% aqueous

-63-



Chapter 1, Introduction

solution of 10 cP grade of methylcellulose has a viscosity of 100 cP (Steuemagel, 

1989).

Porter (1989) added methylcellulose, a water soluble additive, to Surelease, an 

aqueous polymer dispersion coating system, to modify drug release by modifying the 

permeability characteristics of the film coating. Attention should be given to the 

quantity of additive used so that no interference occurs during the film-forming 

process.

Plasticizers

A plasticizer is a non volatile, high boiling point, non-separating substance that 

modifies certain physical and mechanical properties of the polymer to be plasticized. 

The plasticizer to be used in a polymer system should be miscible with the polymer, 

impart flexibility, improve flow, and reduce brittleness (Steuemagel, 1989). These 

modifications result in a decrease in the cumulative intermolecular forces along the 

chains of the polymer (reduction in cohesion), which generally decreases tensile 

strength, lowers the softening temperature, and decreases the glass transition 

temperature (Banker, 1966). The basic criteria for the selection of a plasticizer are 

(Seitz et ah 1986):(a) glass transition temperature (Tg), and (b) relative solubility 

parameters (miscibility).

Plasticizers most commonly used are castor oil, propylene glycol, glycerin, 

polyethylene glycols, triacetin, diethylphthalate, dibutyl sebacate, polysorbates 

(Tweens), sorbitans (Spans), and acetylated monoglycerides (Seitz, 1992). Selection 

of an appropriate plasticizer is dependent on the choice of polymer, solvent, 

application technique, dosage form design, and any especial features required from 

the film. The film, generally, upon adding a plasticizer to a coating formulation, will 

become more flexible and more resistant to mechanical stress.

Glass Transition Temperature

Steuemagel (1989) has discussed the concept of glass transition temperature.
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Effective plasticization of a polymer sphere dispersed in aqueous latex which 

normally exists as a stiff, structured crystalline polymer, should reduce the critical 

film-forming temperature of the polymer which is achieved by decreasing the glass 

transition temperature (Tg), the temperature at which a polymer undergoes a 

significant change in material properties. The polymer is in a rubbery state, above 

the Tg, which is usually characterized by amorphous portions or regions with 

increased polymer chain movement and polymer elasticity. The polymer in a glassy 

state, below the Tg, is usually characterized by a somewhat ordered structure in 

which there is minimal polymer chain movement. The coalescence process can be 

markedly affected by the Tg of the polymer. Generally, plasticizers are added to 

polymers to modify their physical properties and to improve their film-forming 

characteristics. In particular, plasticizers reduce the glass transition temperature (Tg) 

of the polymer, an action that can make a hard, brittle polymer softer, more pliable, 

and possibly more resistant to mechanical stress (Seitz, 1992). The film formation 

is not always complete at the end of the coating process. This problem is not 

encountered when coating with solution. Further gradual coalescence occurs after 

coating completion, at room temperature, and is dependent on the formulation and 

the coating conditions indicating that viscous flow is still occurring to complete the 

coalescence process.

3.3 Film Formation Mechanism From Solution in Organic Solvent

To understand how the film is formed and the effect of variables such as the 

incorporation of plasticizer in lowering the minimum film-forming temperatures and 

the effect of temperature condition are of great importance in developing a suitable 

film coat. Porter (1989) has discussed film formation mechanism from solution in 

organic solvent. Film coating from polymer solutions involves the conversion of 

a viscous liquid into a visco-elastic solid. This involves rapid evaporation of 

solvent causing an increase in polymer concentration in the solution. Further loss 

of solvent causes an increase in concentration of the polymer in the coating to the
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solidification point, where the polymer molecules ultimately become immobilized. 

Additional loss of solvent (beyond the solidification point) resulting from the slow 

diffusion of residual solvent through dry coating ultimately causes shrinkage stresses 

to develop within the coating. The quality of the final dried coating is mainly 

determined by the interaction between the polymer and the solvent, and the volatility 

of the solvent system used. Maximum chain extension of the polymer such that 

interaction between the polymer chains in the resultant dried coating will also be 

high, yields a film with good mechanical properties. This results from the 

maximum interaction between the polymer and solvent.

The films produced from non-aqueous coating systems have lower release rates than 

the films produced from an aqueous coating system (Lyer et a/, 1990). This is due 

to the formation of more coherent and continuous films from non-aqueous coating 

systems than aqueous coating systems.

3.4 Film Formation Mechanism from Aqueous Polymer Dispersion

The following taken from the work of Steuemagel (1989) is a discussion of the film 

formation mechanism from aqueous polymer dispersions.

A film is deposited from an aqueous dispersion containing submicrometer size 

polymer spheres which coalesce into a continuous film as water evaporates. As a 

result of surface tension (water-air interfacial tension) or capillarity (between 

particles) as the surrounding water film constricts, the polymer spheres are brought 

closer together providing, at the same time, the driving force to deform the particles 

and cause the sphere to fuse, resulting in complete coalescence. The plasticizer 

facilitates coalescence of the film by softening and swelling the polymer spheres and 

by reducing the minimum film-formation temperatures (Seitz, 1992). The smaller 

the radius (submicrometer) polymer spheres the less driving force (capillarity) to 

completely fuse or coalesce. Particle size (<lpm) is a critical factor for 

pseudolatex stability (settling and sedimentation) and subsequent film-formation
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mechanism. An increase in surface tension and polymer-water interfacial tension 

improves the contact angle that characterizes the degree of coalescence.

3.5 Coating Process

To apply a film coat many types of equipment such as the fluid-bed coater, 

perforated coating pans and conventional coating pans are used. The film coat is 

influenced by the selection of the coating equipment and the specific coating 

parameters related to the equipment, which can be optimised to ensure 

reproducibility of the product and achieve maximum efficiency, in addition to the 

properties of the coating solution (Mehta, 1989, Porter et a/, 1982). Therefore, it 

is important to select the right coating equipment and the most appropriate coating 

parameters to provide suitable film coated product with the desired performance.

The coating parameters include (Harris and Ghebre-Sellassie, 1989, Mehta, 1989):-

the inlet air humidity, temperature, and volume that determine the drying 

capacity during a film coating process, 

the batch size 

the spray rate

atomization air pressure, and

any other parameters specific to the equipment such as spray nozzle design, 

nozzle distance and product attrition.

To achieve a successful coating, each of the coating parameters should be optimized 

at a chosen level. The coating operation should be maintained at equilibrium, where 

the rate of application of the coating composition equals the rate of evaporation of 

the solvent (organic or water) such that proper film formation occurs (Mehta, 1989, 

Seitz, 1992). The spray nozzle delivers the coating solution which is atomized 

(atomizing pressure) into a spray of fine droplets and deposited onto the fluidizing
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products at the centre of the bed (Eskilson, 1985). These two parameters are the 

most critical processes in determining the size and size distribution of droplets and 

affects the fluidisation process consequently affecting the uniformity of the coat 

deposited onto the surface of the product (Eskilson, 1985). As the fluidising 

process is a very effective mixing process, as well as, an effective drying process, 

each of the product have equal chance to be contacted by droplets of the spray 

(Eskilson, 1985). This effectively means that the film-coating process requires a 

delicately balanced environment. Uniform deposition of the film and controlled 

drying of the coating fluid are significant factors that control the film formation 

(Mehta, 1989).

Many parameters such as the latent heat of vaporization, the surface area of the 

product, inlet air humidity, velocity and direction of air stream, and configuration of 

the drying chamber determine the drying rate, a critical factor in the film formation 

process (Mehta, 1989).

3.6 Quality Control and Stability of Film Coated Product

The coated dosage form should be examined for appearance and performance. 

Visual inspection and SEM images test if there is some physical defect in the 

membrane and the homogeneity and uniformity of the film disposed on to the 

surface of the dosage form. In addition, the in vitro dissolution test can be used to 

evaluate the performance of the coated dosage form (Seitz et al, 1986). Stability 

testing should also be carried out to determine the effect of time and storage 

condition on the performance of the coated dosage form. To stabilize release 

characteristics from a füm prepared from an aqueous coating dispersion, a curing 

process is required (Harris and Ghebre-Sellassie, 1989). This is due to the 

incomplete coalescence of the film. Even though the coalescence process is 

initiated during the application process, the process continues to occur after the 

coating process is complete (termed "further gradual coalescence") which might take
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a few weeks at room temperature and consequently affect release profiles (Aquacoat 

Handbook, FMC Corp.). For this reason, high processing temperatures and/or 

storage of the film-coated product at an elevated temperature after coating has been 

used to accelerate the further gradual coalescence process of the film (Harris and 

Ghebre-Sellassie, 1989). This problem is not encountered with film prepared from 

non-aqueous coating systems because the film formation mechanism is different. 

However, Porter (1989) contradicted these findings to some extent, and showed that 

there was no effect of curing (one hour at 60 °C at the conclusion of the coating 

process, 24 hours, 72 hours, and 144 hours oven cured at the same temperature) on 

the release profile compared with initial beads containing chloropheneramine maleate 

coated with Surelease (Colorcon Inc.). This indicates that the particular treatment 

of the coated dosage form may depend on the drug used and the coating formulation 

used.

4. Objectives of the Present Study

The importance and influence of geometry (shape and size) of dosage form on the 

release of drug has been the centre of attention to many researchers (Hsieh et al, 

1983, Langer, 1980, Nelson et al, 1987, Brook and Washkun, 1977, Lipper and 

Higuchi, 1977, Rhine et al, 1980, Cooney, 1972, Ford et al, 1987, Rippie and 

Johnson, 1969, Cobby et al, 1974, Hofenberg, 1976, Baker and Lonsdale, 1974, 

Cardinal, 1984).

The practicality and the economic cost involved to produce those shapes that proved 

to provide controlled and constant release rate of drug such as hemisphere, frustum- 

shaped device and sectioned cylinder are still posing great obstacles in bringing these 

dosage forms into reality and large scale production.

To date, no previous work has been done on the preparation of a hollow cylinder, 

by means of extrusion technology, a continuous industrial process, to provide
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controlled release dosage forms with near zero order kinetics. Therefore, the main 

objective of the present study was the preparation of extrudate in the form of a 

hollow cylinder, by an extrusion process, to provide an oral controlled release drug 

delivery system and compare it to extruded solid cylinder, and the evaluation of both 

systems.

The present work was conducted in various stages to cover the following objectives:-

(1) To prepare tube and rod extrudates of known drug loading.

(2) To study the influence of extrudate dimensions, shape (tube and rod), and 

drug loading on the extudate formation and in vitro drug release.

(3) To develop a suitable film coat using aqueous and non-aqueous coating 

systems to control the release of the drug from tube (hollow cylinder) and rod 

(solid cylinder) extrudates.

(4) To control the release of drug from tube extrudate by selective coating, i.e. 

type and position of the coated surfaces, for example:-

i) the external surface coated with impermeable film and no internal

coat.

ii) the external surface coated with permeable film and no internal coat.

iii) the external and internal surfaces coated with a permeable film.

(5) To prepare pH-dependent and a pH-independent oral controlled release 

systems.

(6) To prepare extruded matrix systems in the forms of tube and rod that provide 

release of drug in a controlled manner without the need to apply a film coat.

(7) To evaluate and characterise the physical properties of the different extrudate 

systems produced.

(8) To help elucidate the mechanisms controlling the release of drug from tube 

and rod extrudates, by studying different mathematical models.
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1. MATERIALS AND METHODS

1.1 MATERIALS

The materials used in the study to produce different types of tubular and rod 

extrudate formulations are shown in table 2.1.

All the materials were used as received being stored at room temperature and 

humidity. Glycerylmonostearate (GMS) was mechanically sieved and only the size 

range of 125-175 pm was used in the formulation.

1.1.1 Particle Characterization of Materials

2.1.1.A Particle Size Analysis

GMS of particle size in the range of 125-175 pm, determined by the conventional 

mechanical sieving, was used. The Median Diameter (equivalent spherical diameter 

[ESD]) particle size of the materials used is in table 2.2.

The Median Diameter (equivalent spherical diameter[ESD]) particle size of the 

formulation materials was measured using laser diffraction (Malvern Laser Sizer 

2600c, Malvern Ltd, UK) by dispersing the powder samples in the suitable solvents. 

The instrument measures the diffraction from the particles and converts this into a 

size distribution.
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Table 2,1: The materials used for extrudate formulations

INGREDIENTS BATCH NO. SOURCE

AVICEL PHlOl N.F.,E.P. BH 0747 FMC CORPORATION, 
PA,USA

KAOLIN, LIGHT B.P. LOT 805657 N.A.

CALCIUM CARBONATE 
B.P.

958420 BDH CHEMICALS 
LTD, POOLE 
ENGLAND

THEOPHYLLINE 
ANHYDROUS, U.S.P., 

PH.EUR.

58786 BASF, U.K. LTD

POLYVINYL 
PYRROLIDONE, B.P.

LOT 0791010 L BDH LTD, POOLE 
ENGLAND

BARIUM SULPHATE, B.P. P734/47/1 SACHTLEBEN, 
Chemie GmbH, 

GERMANY

LACTOSE, B.P. L09683 DAIRY CREST, 
SURRY, U.K.

BENTONITE, B.P. YP23 
L 1275

THORTON & ROSS 
LTD,

HUDDERSFIELD, UK

GLYCERYL
MONOSTEARATE,

B.P.

Lot 209215 ROUSSEL LAB. 
LTD,SWINDON,UK
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l.l.l.B  Density Determination

The true density of all the powder materials used in the formulations was determined 

using a Beckman model 930 air comparison pycnometer (Beckman Instruments Inc., 

USA). The results are shown in table 2.2. For more detailed information about the 

instrument refer to section 1.2.6.

Table 2.2: The Median Diameter Particle Size Analysis and Density of the

Materials Used for Extrudate Formulations.

MATERIALS MEDIAN DIAMETER, um DENSirY(gm/cm^)

(n=3) (n=3)

Avicel PHlOl 53.2 ± 3.37 1.579 ±0.008

Kaolin, light 4.2 ± 0.22 2.72 ±0.013

Lactose 76.0 ± 2.69 1.573 ±0.002

Calcium 21.1 ± 0.28 2.736 ±0.006

carbonate, prec.

Barium sulphate 10.5 ± 0.77 4.342 ±0.011

Bentonite > 15.4 ± 0.88 2.869 ±0.023

Theophylline 127.8 ± 0.0 1.470 ±0.002

Anhydrous

Glycerylmono 125-175 1.007 ±0.002

stearate
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1.2 METHODS

The flow chart of the preparation of the extrudate formulations is shown in figure 

2.1.

1.2.1 The Preparation of Wet Powder Mass (Mixing)

The dry powders were blended in a Kenwood chef mixer for 5 mins on the slow 

speed of 1. Sufficient quantity of binder solution of water containing 5% w/v PVP 

was slowly added to the mixtures and mixing continued for another 10 mins with 

intermittent scraping of the blade and bowl. The dense wet powder mass was kept 

after it was passed through a 2.8mm sieve, to break aggregates and to ensure 

homogeneous distribution of water, in a sealed polythene bag not less than 12 hours 

but not more than 24 hours until required for extrusion experiments to be carried out.

1.2.2 Extrusion

Extrusion of the wet powder mass was carried out using a ram extruder (figure 2.2) 

of the type described by Ovenston and Benbow 1968 fitted to a press of 50 KN load 

cell (Lloyd Instruments, MX 50). The material was packed into the barrel (2.54cm 

internal diameter and 20cm in length) of the ram extruder fitted with a specially 

designed die (figure 2.3) that produces different diameters of tubular extradâtes 

(hollow cylinder) of 10/4, 8/4, and 4/2 (external diameter/inner diameter) at a known 

speed. The single hole dies were used to produce rod extradâtes (solid cylinder) of 

8 and 4 mm in diameter (figure 2.4).

(1) For the preparation of tubular extradâtes 10/4, 8/4 and 4/2, the dimensions 

of the tube dies were as follows:

i) Tube die 10/4 (outer diam./inner diam. in mm) and 33mm in length.
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S.E.M

Drying Cutting

Drying

Coating

Cured at 70 C

Cured at 90° C

Cured at RT

Extrusion

Binder
solution

Dry powder 
mixing

Performance
test

Figure 2.1 Flow diagram of the manufacturing process of tubular and rod extrudates
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Computer VDU keyboard
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Figure 2.2 Diagram of the RAM extruder used
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28.5 mm

6 X 4.75 mm holes 
on 5.84 mm pcd

_L
3 mm

T

16.256 mm

13 mm

20 mm

10 mm

Figure 2.3,a Fow diagram of the tube 10/4 die used for extruding tubular dosage form
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Figure 2.3,b Flow diagram of the tube 8/4 die used for extruding tubular dosage form
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25.4 mm

6 X 1.8 mm holes 
on 2.29 mm pcd

6 mm

4 mm

2mm

I I
'4  mm '

Figure 2.3,c Flow diagram of the tube 4/2 die used for extruding tubular dosage form
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25.4 mm

mm
(4) mm 
Die diameter

12 mm

13 mm 
(10) mm 
Die length

Figure 2.4 Diagram of one hole cylinder die used for extruding 
8(4)mm in diameter dosage form in shape of rod
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ii) Tube die 8/4 (outer diam./inner diam. in mm) and 13mm in length.

iii) Tube die 4/2 (outer diam./inner diam. in mm) and 10mm in length.

(2) For the preparation of rod extrudates 8 and 4 as with the tube but 

using a single hole die with diameter 8mm and 4mm respectively. 

The dimensions of the rod dies were as follows:-

i) Rod die 8mm in diameter and 13mm in length

ii) Rod die 4mm in diameter and 10mm in length

1.2.2.A Qualitative Study of The Tubular and Rod Extrudates

Extrusion was carried out and extrusion force for each formulation was recorded as 

a function of piston displacement or time. The force-displacement profiles, were 

stored and recorded on an IBM compatible PC computer fitted with the ram extruder. 

Preparations which extrude at a constant force ( i.e steady state flow ) are known to 

form consistent extrudate of uniform mixture content, while those showing a 

continual rise (i.e., forced flow) or clear decline in pressure with displacement 

produce poor quality variable extrudate.

1.2.2.B Surface Quality of The Tubular and Rod Extrudates

Whether the mix of different formulations produce a good, smooth extrudate or dry, 

rough, cracked or sharkskinned extrudate was observed and analysed visually and in 

particular cases a Scanning Electronmicrograph (Philips Analytical UK) was used. 

The steady state flow curve corresponds to when a good smooth extrudate are 

produced. Forced flow (a continual rise in pressure) produced poor extrudate but 

even when the steady state curve starts clearly to decline rough cracked extrudates 

are also produced. Only good smooth tubular and rod extrudates were used for
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further studies.

1.2.3 Drying and Cutting

After the tubular and rod extrudates were dried by being placed in the oven 

overnight at 55-60®C. They were cut into different lengths according to the desired 

study but usually 5mm, 10mm and 15mm and trimmed with a scalpel and glasspaper 

(Naylors Abrasives, GB606).

1.2.4 Coating

It was necessary to apply film coat to allow release of theophylline (a model drug) 

in a controlled manner since most uncoated extrudate disintegrate within 5 minutes 

when immersed in water. The matrix formulations based on GMS were not coated 

due to the intactness of the formulation over along period of dissolution.

The tubular extrudate could be coated in various ways to produce different drug 

release profiles, for example:

(a) entire tube coated with a permeable film allowing drug release to take place 

from internal and external surfaces.

(b) external surface coated with a non-permeable film, drug release occurring 

from only the internal surface of the tube. The internal surface was covered 

with non-absorbent yellow cotton wool to prevent coating the internal surface 

during the coating process.

(c) external surface coated with a permeable film allowing drug release to take 

place from internal and external surfaces, outer giving diffusional film control 

and inner providing eroding/diffusion control. The internal surface covered
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with non-absorbent yellow cotton wool to prevent coating the inner surface 

during the coating process.

The coating process was performed using a fluidised bed coater (Strea-1; ACM 

Machinery, Tadly) shown in figure 2.5.

1.2.4.A Materials

The materials used in the coating formulations are listed in table 2.3.

1.2.4.B The Preparation of Non-Aqueous Coating System

The non-aqueous coating system used in the study was based on ethylcellulose (EC) 

N50 2.5-5% w/v and PEG 4000 20-50% w/w (percentage of PEG 4000 with 

respective to EC component) dissolved in equal proportions of methylene chloride 

and methanol.

1.2.4.B.1 Method of coating

Various batches of not less than 25 gm for tube 8/4 and not less than 10 gm for 

tube 4/2 were coated since they were found to give the best results under the stated 

optimised coating condition. The inlet air temperature was 50 °C. The coating 

mixture was pumped to the atomiser at a rate of 2-3 g/min, operating at a spray 

pressure of 0.4 bar, with a spray nozzle orifice of 0.8mm. The fluidisation air (fan 

capacity) was operating at 9 units.

1.2.4.B.2 Drying

At the conclusion of the coating process aU samples were dried at 50 °C for 30 

mins. This was carried out to ensure complete coalescence of the film and that there 

was no residual moisture remaining in the film.
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Exhaust air duct

Coating chamber

Support screen

Air atomising nozzle
■ Liquid feed for nozzle 
Atomizing air supply
Fluidizing air supply

Figure 2.5 Diagram of the fluidized bed coater used
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Table 2.3: The materials used in the coating formulations.

INGREDIENTS BATCH NO. SOURCE

ETHYLCELLULOSE (EC) 

N50

63884 HERCULES, 

DELAWARE, U.S.A

POLYETHYLENE 

GLYCOL 4000

618535 HOECHST,

FRANKFURT,

GERMANY

METHYLENE

CHLORIDE

65341lOJ BDH, POOLE, UK

METHANOL 5643800J BDH, POOLE, UK

SURELEASE 

(ETHYLCELLULOSE 

LATEX DISPERSION)

6000064 COLORCON LTD, 

KENT, UK

METHOCEL KIOOM MM89100912K COLORCON LTD, 

KENT, UK

METHYLCELLULOSE 

400 CP

29217 BDH CHEMICALS 

LTD, POOLE, UK

DIETHYLPHTHALATE PLR 1883/5584 MACARTHY’S
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1.2.4.B.3 Curing

Different coated tube and rod samples were cured at 70 °C and 90 °C for different 

periods of time and compared to those cured at room temperature as a control. This 

was carried out to ensure the stability of the film coat and to provide the desired 

release mechanism and release profiles of the drug. In addition it produces a 

stronger film coat which remained intact with no sign of disintegration and rupture 

during dissolution testing.

1.2.4.C The Preparation of the Surelease Aqueous Coating System

The aqueous coating system used in the study was based on the Surelease (EC- 

based) as the film forming material. To facilitate ease of spraying, the formulation 

was diluted with deionised water (2:1). When channelling agents/plasticizers; 

hydroxy propylmethylcellulose (Methocel KIOOM and methylcellulose 400 cP were 

used, they were dissolved in deionized water, twice the weight of the formulation. 

This effectively means the formulation was diluted with deionised water (1:2). The 

technique of dispersion of Methocel K lOOM and Methylcellulose 400 in hot water 

was used to prepare the solution. Methocel K lOOM or Methylcellulose if added 

directly to cold water, would produce a lumpy solution which results from 

incomplete wet-out of the individual particles. Only part of the powder dissolves, 

forming a gelatinous membrane which shields the remainder from complete 

hydration (Dow Chemical, USA). The technique of dispersion of Methocel KIOOM 

or Methylcellulose 400 in hot water, called "hot/cold" technique, to prepare their 

solution involves the following steps:

1) About 2/3 the required water was heated to 80-90 °C.

2) Methocel K lOOM or Methylcellulose 400 were added to the heated water

with agitation.

3) Agitation of the mixture continued until all the particles were thoroughly

wetted and evenly dispersed.

-87-



Chapter 2, Materials and Methods

4) The remainder of the water was then added as cold water to lower the 

temperature of the dispersion where Methocel K lOOM or methylcellulose 

400 becomes water soluble and the powder begins to hydrate and viscosity 

increases. The Methocel KIOOM requires cooling to 20-25 °C or below. 

Methocel K brand cellulose ether requires much less cooling for hydration 

than a slurry of Methylcellulose (Methocel A). For Methocel K brand, the 

initial hydration starts from approximately 55 °C while for Methylcellulose 

(Methocel A) the increasing viscosity on initial cooling starts at about 20 °C 

(Dow Chemical Company, Technical Handbook of Methocel Cellulose Ether).

5) The mixture was then left, for at least 45 mins, for complete hydration to 

occur.

When plasticizer PEG 4000 and Diethylphthalate were used, they were dissolved 

in water, equivalent to half the weight of the formulation, resulting in the dilution 

of the formulation with deionized water (2:1). The Surelease AQ contains 

approximately 18.7% of the polymer and 6.2% of plasticizer. The percentage of 

coating (indirect measure of the coat thickness) is calculated by subtracting original 

weight from the final weight of the formulation after coating divided by the weight 

of the formulation after coating. Each mixture was stirred for at least 30 minutes 

before coating, as well as throughout the coating process. The temperature of the 

mixture was kept in the range 60-70°C during coating, by placing it in a heated bath 

of water at that temperature, to facilitate ease of spraying by decreasing the viscosity 

of the mixture and consequently preventing clogging of the spray nozzle.

1.2.4.C.1 Method of Coating

Various batches of tubes 10/4, 8/4 and rod 8 of about 25g were coated in a fluidised 

bed coater (Strea-1; ACM Machinery, Tadley). The inlet air coating temperature 

was 60 °C. The outlet air temperature was approx. 50 °C. The coating mixture was 

pumped to the atomiser at a rate of 1.0-1.5 g/min, operating at a spray pressure of 

0.05-0.2 bar, with a spray nozzle orifice of 0.8 mm. The fluidization air (fan
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capacity) was operating at 9-15 units. The tubular extrudate could be coated in 

various ways to produce different drug release profiles, as described in section 1.2.4.

1.2.4.C.2 Drying

All coated tubes were dried at 60 °C for 60 minutes in the fluidised-bed coater on 

the conclusion of the coating process. This was carried out to ensure complete 

coalescence of the film and that there is no residual moisture remaining in the film.

1.2.4.C.3 Curing

Selected coated tubes were oven-cured at various temperatures for different periods 

of time in addition to those cured at room temperature and stored in polythene bags 

for further experiments. This was carried out to ensure the stability of the film coat 

and to alter the release mechanism and profiles of drug release. Some experiments 

were repeated after a few months to ensure the stability of the film coat and to study 

the effect of the storage time and condition on the release properties of the drug.

1,2.5 Dissolution Study of Film Coated Tubular and Rod Extrudates

The in-vitro theophylline (a model drug) release of coated tubular and rod extrudate 

was determined using the paddle unit (method 2) of USPXXl dissolution test 

apparatus (model PTWS, Pharma Test Apparatebau, W Germany). All the tests were 

conducted in 900ml of dissolution media; to mimic the in-vivo situation by 

maintaining sink condition where Ct (amount of the drug dissolved in the bulk 

media) never exceeds 10% of Cs (the saturation solubility of the drug in the 

medium). The dissolution media was maintained at 37.0 ±0.5 °C with paddle 

rotation speed of 100 RPM. A cover was placed over the flask to prevent loss of 

dissolution media during the dissolution test. A filtered sample of 3ml volume was 

withdrawn at various predetermined time intervals using an automated sampler
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(Pharma Test Apparatebau Type PTFCl, Germany). The drug concentration of the 

samples was determined by direct measurement of the UV absorbance at 272nm 

using a Perkin Elmer 554 UV-Vis spectrophotometer after appropriate dilution when 

necessary. The tube and rod of length 5mm were resting in a vertical position on 

the bottom of the dissolution vessels during the dissolution test while the tubes of 

length 10mm, 12.5mm and 15mm were resting in horizontal position. Different 

dissolution media of different pH O.IN HCl (stomach), phosphate buffer 7.0 

(intestine), and distilled water were used at a certain stage of the study. Various 

paddle rotation speeds (50, 100, 150 and 200 RPM) were used in certain studies. 

The process was repeated at least twice for each tube and rod formulation with good 

reproducibility.

1.2.6 Apparent Density

A Beckman model 930 air comparison pycnometer (Beckman Instruments Inc., USA) 

was used to measure the true volume (the volume enclosed by its outer surface and 

excluding its open pores) of the final (dried uncoated) tubular and rod extrudates for 

some of the formulations used in the study rapidly and precisely (accuracy 

exceeding 0.1 cc). Knowing the weight of the sample, the true density was 

calculated. The instrument is manually operated, requires no power source, no gas 

pressure determinations and no wetting of the sample.

1.2.7 Mechanical Strength

The force that causes the tube and rod to break when applied in the horizontal and 

vertical position was measured. A CT-40 strength tester (Engineering Systems, 

Nottingham) was used to measure the breaking load of tubes 10/4, 8/4 and 4/2 and 

rods 8 and 4 mm in diameter with lengths 5mm and 15mm containing different drug 

loadings.
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1.2.8 Friability Test

The friability test has been carried out using the Roch friabilator. A number of tubes 

(10) and rods (10) of lengths 5mm and 15mm, were subjected to the combined 

effects of abrasion and shock by utilizing a plastic chamber that revolves at 33 rpm 

for a period of 5 minutes. The preweighed tube and rod samples were placed in the 

friabilator and after the test they were reweighed having been dusted. The friability 

percentage represents the percentage loss of initial weight of the tubes and rods.

1.2.9 Disintegration Test

A disintegration test was carried out in distilled water for some of the formulations 

used. A tablet disintegration tester (Manesty Machines Ltd., Liverpool, England.) was 

used to measure the disintegration time of the formulations used (B.P. 1988). At 

least two replicates were carried out for each batch of tubes and rods. 

Disintegration test for controlled release formulations of coated tubes and rods was 

not carried out since most of the coated tube and rod formulation stayed intact 

(showed no sign of disintegration or rupture of the film coat) during dissolution test, 

and the dissolution test gives much more information about the performance of the 

tube and rod formulations than the disintegration test.

1.2.10 Measurements of Some of the Physical Properties of the Formulations 

Used in the Study

1.2.10.A Surface Area (cm )̂ and Specific Surface Area (cmVgm)

The surface area of the tubes and rods used in some studies were calculated from 

measurement of their diameters (outer [R], and inner [r] diameters for the tubes) and 

their length [H], (figure 2.6). As shown in figure 2.6 the total surface area (S.A.)
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was calculated as follows:-

For the tube S.A.(cm^) = 2tc(R V ) + 2tüRH + 2jcrH (2.1)

For the rod S.A.(cm^)= 2%R̂  + 2tcRH (2.2)

The specific surface area (cmVgm) was calculated by dividing the total surface area 

of the tube or rod by the weight. The relationship between the tube and rod sizes 

and specific area were calculated.

1.2.10.B Weights and Drug Content

The weights and the drug content of the formulations tested are presented to

characterize each formulation.

1.2.13.C Porosity

The porosity or voids of some of the formulations used in the study were measured

to see if there was any relationship between the porosity of tube and rod 

formulations to the other physical parameters of the formulation such as 

disintegration time and mechanical strength. The influence of drug loading on the 

porosity was also measured. The porosity was calculated from the ratio of the bulk 

density to the true density as follows:-

Porosity (e%)= (1 - [bulk density/true density]) x 100 (2.3)

The closest approximation to the true density is measured by air comparison
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Figure 2.6 Surfaces of the tube and rod exposed to the dissolution 
media and involved in measuring the total surface area
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pycnometer method. The bulk density is measured from the bulk volume of the 

tube and rod calculated from their dimensions as follows:-

Bulk Volume of Tube, Vy = jt(R  ̂ (2.4)

Bulk Volume of Rod, Vy = tuR^H (2.5)

Comparison of bulk densities with true density and porosities of tube and rod 

formulations are presented also.

1.2.11 Dissolution Study of the Uncoated Tubular and Rod Extrudates

The dissolution process and conditions used were as described in section 1.2.5. The 

amount of drug released was calculated as a proportion of the product weight to 

eliminate the effect of the variable drug content of the tube and rod. The data were 

plotted in a graph of percentage, amount (mg) of drug release and amount of drug 

release per unit surface area (mg/cm^) versus time (minutes). The test was mainly 

carried out as a control for the controlled release tube and rod extrudates with a film 

coating being applied. It has also been used to show the potentials of those 

formulations to be used, in their uncoated form, as immediate release dosage forms. 

The uniformity of the drug content of these formulations can also be studied and 

established from these experiments. The process was repeated at least twice for 

each tube and rod formulation with good reproducibility.

1.2.12 Scanning Electron Micrographs of the Tubular Extrudates

The surfaces of film-coated and uncoated tubes were examined using the scanning 

electron microscope (S.E.M) to determine the uniformity of the film coat and 

whether the film deposited is smooth and homogeneous or not. It also determines

-94-



Chapter 2. Materials and Methods

whether varying the amount of coating dispersion sprayed had any effect on the film 

structure and the ultimate quality of the coating. It was also used to observe the 

changes of surface topography and inner texture of the tubular extrudates before and 

after dissolution.

The samples were coated with a fine layer of gold using a sputter coater (Emitech 

K550) and viewed under Philips XL20 (Philips Analytical UK) Scanning Electron 

Microscope

1.2.13 Differential Scanning Calorimetry (DSC)

The DSC was used to investigate the effect of the temperature on the physical state 

of theophylline. Standard sample pan of aluminium were used with theophylline 

powder. A sample pan crimper press was used to crimp covers on to the standard 

DSC pans of aluminium.

DSC (DSC 7 operation, Perkin-Elmer) uses two independent furnaces, one for the 

sample and one for the reference. When an exothermic or endothermie change 

occurs in the sample material, energy is applied to or removed from one or both 

furnaces to compensate for the energy change occurring in the sample. This means 

that the system at all times directly measures energy flow to or from a sample and 

hence, provides more accurate calorimetric information.
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1. Introduction

Many of the physical parameters of oral solid dosage forms, such as dosage form 

size (surface area), mechanical strength, firiability, apparent density, porosity, weight 

and drug content and disintegration time of the system are important criteria for 

every system. It is essential to select a particular formulation and process 

conditions, for these parameters to be optimised. These factors can also be used as 

quality control measures to ensure the reproducibility of oral dosage forms being 

produced. For these reasons, therefore, a thorough evaluation and characterisation 

of extruded tube and rod systems is strongly recommended. In addition, the 

importance of the effect of the different dimensions of tubes and rods of these 

systems on the physical parameters, in particular, mechanical strength and 

disintegration time which may consequently affect the release profiles of the drug, 

cannot be overstated.

In this study the physical parameters such as the apparent density, friability, 

disintegration time and mechanical strength of the extruded tube and rod systems, 

prepared successfully by means of extrusion technology, have been evaluated and 

characterised. Measurements of dosage form size (surface area and specific surface 

area, i.e. the surface area that covers 1 gm of material in the dosage form, cmVgm), 

porosity, and weight and drug contents have also been analysed and presented. The 

effect of the different dimensions of the uncoated tubes 10/4, 8/4 and 4/2 (hollow 

cylinder with external diameter/internal diameter in mm) and the rods 8 and 4 (solid 

cylinder with diameter in mm) extrudates made by extrusion and cut into lengths of 

5mm and 15mm, on the above variables has been studied. These tube and rod 

systems contained 4.9% and 48.9% drug loading of theophylline, as a model drug. 

The influence of the force required for steady-state extrusion (extrusion force) on 

these characteristics has also been studied.
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The objectives of this study are summarized as the following:-

i) To assess the ability to produce tubes and rods of different dimensions from 

various formulations by means of extrusion technology.

ii) To evaluate and characterise the extruded tube and rod systems in terms of 

the reproducibility of the apparent density, friability, disintegration time and 

mechanical strength.

iii) To study the effect of different dimensions of tube and rod with different 

lengths, containing different drug loading (4.9% and 48.9%), and the 

extrusion force on these variables.

2. Experimental Methods

2.1 The Preparation of Tubular and Rod Extrudates

One of the objectives of the study was to identify formulation and extrusion 

conditions using different die designs (tube and rod dies) of different dimensions. 

Tubular and rod extrudates of different dimensions prepared from several 

formulations were successfully produced by means of extrusion technology. 

Formulations with drug content of approximately 5% to 92% were successfully 

extruded to produce tubular and rod extrudates of different dimensions. A range 

of excipients; lactose, barium sulphate and calcium carbonate and extrusion aids; 

kaolin and bentonite were successfully used on extrusion. This shows the versatility 

of the extrusion process.

Formulations B, containing 4.9% theophylline, and D, containing 48.9% 

theophylline, shown in table 4.1 of chapter four are only discussed in detail here 

since they were chosen for further studies in parts one, four and five of chapter four.
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Formulation D was also used as a control and compared with the matrix formulation 

in chapter five. Both formulations of B and D were used in the preparation of 

extruded tubes 10/4, 8/4 and 4/2 (outer diameter/inner diameter in mm) and rods 8 

and 4 (diameter in mm) in this study and shown in table 4.1.

Microcrystalline cellulose (Avicel PHlOl) was used as a binding agent and extrusion 

aid. Kaolin, light was used as an extmsion aid material, while barium sulphate 

was used as a filler. Deionized water containing polyvinylpyrrolidone was used 

as binding solution.

a) For the preparation of tube extrudate 10/4, 8/4 and 4/2 as described in section

1.2.2 in chapter 2, the respective die with the desired tube dimension was 

utilized.

b) For the preparation of rod extrudates 8mm and 4mm in diameter, material 

was extruded through a single hole die with diameter 8mm and 4mm 

respectively. The dimensions of the rod dies were described in section 

1.2.2, chapter two.

3. Results and Discussion

3.1 The Qualitative Study of the Tubular and Rod Extrudates

The force-displacement profiles, used to assess the amenability of each formulation 

to the extrusion process, were obtained and analysed. Preparations which extrude 

at a constant force (i.e. steady state flow) are known to form consistent extrudate of 

uniform mixture content, while those showing a continual rise in pressure with 

displacement (i.e. forced flow) or clear and sharp decline in pressure with 

displacement, produce poor quality variable extrudate. The force required for 

steady-state extrusion (ram extruder, MX50 Lloyds testing/instrument system) for 

each formulation is shown in table 3.1. Figures 3.1 and 3.2 show the force-

displacement profiles of formulations B and D during the extrusion process.
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Figure 3.1 The force displacement profile of formulation B utilizing tube die 8/4 

extruded at 100 mm/min ram speed.
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Figure 3.2 The force-displacement profile of formulation D utilizing tube die 8/4 

extruded at 100 mm/min ram speed.
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A summary of the significance of these results (table 3.1) is as follows

a) An increase in the drug ratio, results in an increase in the required extrusion 

force for all the systems studied using the same die and extrusion rate.

b) An increase in the water content results in a decrease in the required 

extrusion force and can affect the quality of the extrudates produced. This 

indicates the importance of the initial fluid content of the formulation on the 

quality of the extrudates produced. In addition, it shows that the mixture 

should have suitable rheological properties for extrusion.

c) Formulations extruded successfully to produce good quality rod extrudates do 

not necessarily produce good quality tube extmdates of the same dimensions. 

This indicates that the die shape can affect the flow behaviour of the mixture 

during extrusion and thus the quality of the extrudates and the extrusion 

parameters.

d) A greater extrusion force was needed to produce tube 4/2 than both 8/4 and

10/4 of the same formulation mixture and extrusion rate.

e) A greater extrusion force was needed to produce rod 4 than rod 8 mm in

diameter of the same formulation mixture and extrusion rate.

f) A greater extrusion force was needed to produce good smooth extrudates of

the same formulation mixture of the following:-

Tube 8/4 more than rod 8 mm in diameter 

Tube 4/2 more than rod 4 mm in diameter.

This may be due to the die design and its affect on the rheological behaviour of the 

formulation during extrusion. The increased extrusion force required to produce 

a tube 8/4 than a rod 8 mm in diameter and tube 4/2 more than rod 4 mm in 

diameter may be due to the fact that the overall pressure loss within the tube dies 

comprises of four parts, see section 2.5, chapter one (Benbow et al 1991). While 

the overall pressure loss with the one-hole cylinder dies is mainly comprised of two 

parts, see section 2.5, chapter one.
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Table 3.1: The Physical Properties of Formulations B (4.9% theophylline) and D (48.9% theophylline) Used in the Study

Formulation
System

SS* 
Extrusion 

Force (kN)

Apparent
Density
(gm/cm^)

Friability(% 
Loss of I.W.)

Disintegration Time 
(mins)'’

Breaking Load (kg)

Horizontal Vertical

5mm 15mm 5mm 15mm 5mm 15mm 5mm 15mm

TUBE
10/4

4.9% 1.36
(0.0887)

2.559
(0.0106)

0.24 0.26 3.33
(1)

3.50
(0.93)

1.97
(0.23)

4.56
(0.49)

>40 38.82
(1.43)

48.9% 5.3
(0.5292)"

1.712
(0.0074)

0.07 0.08 6.83
(0.71)*

8.44
(0.54)

2.73
(0.32)

8.07
(0.44)

>40 >40

TUBE
8/4

4.9% 1.44
(0.0791)"

2.541
(0.017)

0.08 0.18 1.50
(0.17)

2.17
(0.23)

1.2
(0.16)

2.77
(0.31)

25.17
(3.22)

22.62
(5.08)

48.9% 4.98
(0.0868)'

1.671
(0.0066)

0.05 0.14 5.72
(0.35)

6.67
(0.34)

1.42
(0.51)

4.48
(0.73)

36.73
(0.81)

38.08
(1.63)

TUBE
4/2

4.9% 3.07
(0.3062)*

2.548
(0.0187)

0.09 0.1 0.58
(0.14)

0.69
(0.1)

0.55
(0.06)

1.23
(0.12)

7.4
(0.12)

6.80
(0.46)

48.9% 9.93
(0.2079)*

1.692
(0.0166)

0.1 0.07 3.69
(0.88)

3.69
(0.88)

0.92
(0.08)

1.96
(0.22)

6.39
(0.37)

9.38
(1.73)

ROD
8

4.9% 1.04
(0.0740)

2.564
(0.0094)

0.36 0.53 1.14
(0.22)

3.03
(0.29)

2.53
(0.2)

6.31
(1.13)

30.54
(3.85)

19.88
(2.52)

48.9% 2.95
(0.1999)"

1.681
(0.0024)

0.05 0.12 6.43
(0.31)

13.7
(1.14)

4.13
(0.28)

11.99
(1.01)

>40 33.1
(1.89)

ROD
4

4.9% 1.26
(0.1181)

2.565
(0.0054)

0.05 0.12 1.86
(0.27)

3.08
(0.42)

2.91
(0.29)

7.9
(1.01)

6.85
(0.94)

8.89
(0.75)

48.9% 4.24
(0.2086)*

1.693
(0.0051)

0.05 0.04 4.25
(0.35)*

6.58
(0.35)*

3.31
(0.35)

10.0
(0.20)

6.39
(0.77)

9.08
(0.13)

a, n=2 (figures in brackets=range); c, n=4; f, n=7; all the rest, n=3; figures in brackets=s.d.; * SS=steady-state; I.W.=initial weight; 10/4, 8/4, 
and 4/2 represents outer diameter/inner diameter of the tube; 8 and 4 represents rod diameter in mm.
b, the values represent minutes and fraction of minute.
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Table 3.2: The Die Design Variables Involved in the Pressure Loss That Occurs
During the Flow of the Wet Mix (Form. D) Through Dies of 
Different Shapes and Dimensions.

Die System Steady
State

Extmsion
Force
(KN)*

(Pi)
InD y/N D

(P2 )
4L‘/D

(P3 )
In A JA

(P4 )
4L/d,-di

Overall 
Pressure 
Loss (Pj)

Tube 10/4 
L=20+10.52 

‘’=30.52

5.3 In 25.4/Z6 
4.57 

=0.819

4(3)/4.57
=2.626

In
16.26/10
=0.486

4(30.52)/
10-4

=20.35

24.3

Tube 8/4 
L=7.5+3.15‘’ 

=10.65

4.98 In 25.4//6 
3.45 

=1.101

4(2.5)/3.4
5

=2.899

In 12/8 
=0.406

4(10.65)/
8-4

=10.65

15.1

Tube 4/2 
L=4+3.15"’ 

=7.15

9.93 In 25.4//6 1.8 
=1.751

4(3)/1.8
=6.667

In 6/4 
=0.406

4(7.15)/4
-2

=14.30

23.1

Rod 8 
L=13

2.95 In 25.4/8 
=1.1514

---- ---- 4(13)/8
=6.5

7.7

Rod 4 
L=10

4.24 In 25.4/4 
=1.8485

---- 4(10)/4
=10

11.9

note:

the pressure loss due to the wall friction of the convergent section in tubular dies is 
taken into account by regarding it as the length of the hypotenuse (calculated from the 
cosine of an angle of 18° and the length of the adjacent side in a right triangle) treated 
in the measurement as an extension of the die land, 
for formulation D containing 48.9% drug loading (table 4.1).

the formulation composition and rate of extrusion were kept constant. Therefore, no
attempt was made to measure the characteristic parameters of the wet mix, such as 
initial die wall shear stress and yield stress, and allow direct comparison of the effect
of different die shapes and dimensions on overall pressure loss.

The equation which describes the pressure loss is as foUows:-

For rod dies.

The overall pressure loss P 1 + P 2

2 (Gy, + aV) In (PJD) + (t,  + pV) 4L/D (1)
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For tube dies.

The overall pressure loss = Pj + Pj + P3  + P4

= 2 (o„ + aV) In (Dy/ND) + (x„ + PV) 4L‘/D + 

(a^+ a ‘V*) In A /A  + (x, + 4IVd. d. (2)

Where:-

Pi pressure loss at die entry, 2 {Oŷ  + aV) In (Dy/ND).

P2  pressure loss through the hole (L, die land for single solid rod dies)/holes (L‘,

plate thickness for tube die, (t„ + pV) 4L*/D.

P3  pressure loss in convergent section, (Oyo+ In Aq/A.

P4  pressure loss in annular die land, (x̂  + P '̂V) 41Vdo-di.

The symbols are defined in section 2.5, chapter one.

From the values obtained in table 3.2 and equations 1 and 2, it is expected that the 

overall pressure loss is greater with tube 4/2 than tubes 8/4 and 10/4 and greater 

with rod 4 than rod 8  mm in diameter, when the formulation composition and rate 

of extrusion were kept constant. In addition, the pressure loss is expected to be 

greater with tube 8/4 than rod 8  mm in diameter and with tube 4/2 than rod 4 mm 

in diameter, when other variables were kept constant, for the reasons discussed 

before due to various dimensions and sizes of different die design shown in table 3.2 

and figures 2.3 and 2.4 which determine the overall pressure loss of each system.

Thus, it can be concluded from the results and from theory that by understanding the 

complicated flow of the wet mix through a hollow cylindrical tube die at different 

regions of the die and solid rod die, the pressure loss and throughput of extrudate 

can be predicted. This in turn can be used to predict the relationship between 

pressure and extrudate velocity through dies of various sizes and shapes and enables 

interpretation of flow behaviour of the wet mix and its relation to the formulation 

composition. This, in effect, provides more control in determining the correct die
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design and formulation composition. These are important criteria because they can 

affect the extruded product quality, in terms of density, mechanical strength and 

friability that have a role in designing oral dosage forms. It also can affect the 

subsequent steps after extrusion, such as, cutting, coating or spheronisation.

3.2 The Surface Quality of Tube and Rod Extrudates

The surface quality of the tube and rod extrudates prepared in this study were 

evaluated. The wet mixes should produce good, smooth extrudates at reasonable 

speeds. The results are summarized in table 3.3.

3.3 The Characteristics of the Tube and Rod Extrudate Systems:

The physical properties of extruded tube and rod systems with different dimensions 

and lengths were examined. The results of these studies are presented below.

3.3.1 The Apparent Density

A Beckman model 930 air comparison pycnometer was used to measure the apparent 

density of the final tubular and rod extrudates for each formulation and the results 

are shown in table 3.1. Formulations of different dimensions of tubes and rods 

containing 4.9% or 48.9% drug loading all have relatively similar density values. 

This means that there is no effect of extrusion force applied and formulation 

geometry on the apparent density of the final tubular and rod extrudates. 

Formulations containing 4.9% drug loading have a higher apparent density value than 

formulations containing 48.9% drug loading. This clearly indicates the infiuence 

of the formulation components (drug/excipient ratio) on the apparent density of the 

final tube and rod systems.
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Table 3.3: The Summary of the Surface Quality of Tube and Rod Extrudates
Prepared in the Study.

FORMULATION
SYSTEM

EXTRUSION
FORCE.
SSORFF

RAM SPEED 
(MM/MIN)

EXTRUDATE
SURFACE

FORM. B (4.9% DRUG LOADING)

Tube 10/4 SS 100 S

Tube 8/4 SS 100 S

Tube 4/2 SS 100 S

Rod 8 FF 20 R
FF 50 R
FF 100 R
FF 200 R
FF 400 R
SS* 100* S*

Rod 4 SS 100 S

FORM. D (48.9% DRUG LOADING)

Tube 10/4 SS 100 s
Tube 8/4 SS 100 s
Tube 4/2 SS 100 s
Rod 8 SS 100 s
Rod 4 SS 100 s

* 75 gm instead of 80 gm of binder solution was used. 
SS=steady-state extrusion force; FF= forced flow extrusion force 
S= smooth; R= rough.

3.3.2 The Mechanical Strength

The tube and rod extrudates intended to be used as oral dosage forms should possess 

enough strength to withstand mechanical shocks of handling in manufacturing, 

coating, packaging and shipping. Therefore, the force that causes the tubes and 

rods to break when applied in the horizontal and vertical position was measured.
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A CT-40 strength tester (Engineering System, Nottingham) was used to measure the 

breaking load of tubes; 10/4, 8/4 and 4/2, and the rods; 8 and 4 mm in diameter, of 

length 5mm and 15mm, containing 4.9% (formulation B) and 48.9% (formulation D) 

drug loading. The values for the breaking load were taken as a measure of the tube 

and rod extrudate strength that gave an estimate of the relative magnitude of the 

attractive forces preventing rupture of the extrudates or seeking to hold the tube and 

rod extrudates together. The results of the measurement of the mechanical strength 

of all formulations are presented in table 3.1. The results show that the breaking 

load is proportional to the length of the tube and rod extrudates. The horizontal 

breaking load decreases in the order of rods 8 and 4 mm in diameter and tubes 10/4, 

8/4 and 4/2. Tube and rod extrudates containing 48.9% drug loading formulations, 

of length 5mm and 15mm, were found to have higher horizontal breaking load than 

those containing 4.9% drug loading with the same length.

The rate of increase of the horizontal breaking load of the tubes and rods, containing 

48.9% drug loading, with length 5mm and 15mm, was about twice the value of the 

rate of increase of the horizontal breaking load for the tube and rod, containing 4.9% 

drug loading with the same length. The rate was calculated from the slopes obtained 

from plots showing the relationship between the tube and rod horizontal breaking 

load and their length (figures 3.3,a and b).

The values obtained for the horizontal breaking load of the tubes and rods with 

length 5mm were divided by the value of the horizontal breaking load of tubes and 

rods with length 15mm. The values obtained are shown in table 3.4. The constant 

value of this ratio indicates that the horizontal breaking load is proportional to the 

length. Since the mechanical strength of the tubes and rods is a property of the 

extruded materials, the fact such a correlation is possible will provide a new and 

useful parameter to maintain constancy of properties when tube and rod size is 

changed. The vertical strength of the tubes 10/4, 8/4, and 4/2, containing 4.9% and 

48.9% drug loading, with length 5mm and 15mm, were found to be in a decreasing 

order (10/4>8/4>4/2). The vertical strength of the rod 8 was higher than the rod 4,
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Figures 3«3,a and b The horizontal breaking load as a function of tube and rod 

length of the various extruded systems.
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containing 4.9% and 48.9% drug loading, with length 5mm and 15 mm (8 > 4). It 

was found that the higher the extrusion force applied to produce tubes and rods 

containing 4.9% and 48.9% drug loading, the higher the mechanical strength 

(horizontal and vertical strength). Extrudates such as tubes 10/4 of 5mm containing 

4.9% and 48.9% drug loading and of length 15mm containing 48.9% drug loading 

did not rupture because the force applied on their vertical axis was acting as a 

compression force rather than a breaking force. The same observation occurred 

with rod 8 mm in diameter of length 5mm containing 48.9% drug loading.

TABLE 3.4: THE BREAKING LOAD PROPERTIES OF TUBULAR AND ROD 
EXTRUDATES.

FORMULATION
SYSTEM

HORIZONTAL 
BREAKING LOAD (kg)

RATIO 
Breaking load 
5mm/15mm

5mm
length

15mm
length

4.9% drug loading

Tubes: 10/4 1.97 4.56 0.43

8/4 1.2 2.77 0.43

4/2 0.55 1.23 0.45

Rods: 8 2.53 6.31 0.40

4 2.91 7.9 0.37

48.9% drug loading

Tubes: 10/4 2.73 8.07 0.34

8/4 1.42 4.48 0.32

4/2 0.92 1.96 0.47

Rods: 8 4.13 11.99 0.34

4 3.31 10 0.33
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3.3.3 The Friability

The extrudates should possess resistance to friability to withstand abrasion and shock 

during handling in manufacturing and coating. In addition, if these extrudates are 

to be used uncoated, they should show resistance to powdering to prevent affecting 

drug uniformity and consumer compliance.

A Roch friabilator model has been used to measure the percentage loss of initial 

weight, i.e. friability percentage, of a number of tubes (10) and rod (10) extrudates 

of different systems shown in table 3.1. The results are also shown in table 3.1 

and considered to be acceptable where, for all the systems studied, less than 0.4% 

loss of initial weight was obtained.

It was found that the longer the tubes the higher the liability. The 48.9% drug 

loading formulations tended to have a lower friability than the 4.9% drug loading 

formulations. This may be due to the higher mechanical strength of the tubes and 

rods as a result of the higher extrusion force applied, thus, resulting in a lower 

friability. The Inability of 48.9% drug loading formulations were found to be 

relatively similar.

3.3.4 The Disintegration Time

For immediate release dosage forms, the disintegration of the system into solution 

is one of the primary steps in dissolution of the drug from the formulation. This 

step is governed by the uptake of liquid and fast breakdown of bonding in the 

system (Van Kamp et aU 1986). Therefore, a tablet disintegration tester (Manesty 

Machines Ltd., Liverpool, England) was used to measure the disintegration time of 

the formulations used in distilled water. The results are presented in table 3.1.

All extruded systems studied passed the BP disintegration test (table 3.1). The 

quickest and slowest time needed for extruded systems to be disintegrated and pass 

through the screen mesh of the disintegration apparatus was 0.58 and 13.7 minutes
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respectively. The longer the tubes and rods, the longer the disintegration time. 

Formulations containing 48.9% drug loading tended to have a longer disintegration 

time than formulations containing 4.9% drug loading. This may be due to the 

higher mechanical strength of the tubes and rods, as a result of the higher extrusion 

force applied, thus, resulting in a longer disintegration time. The formulations with 

higher mechanical strength may have stronger particle bonding which resist the 

wettability of the formulation and result in a decrease in solvent penetrability. This 

consequently affected the disintegration time for these formulations and, thus, 

affected the dissolution behaviour of the drug. The disintegration time of the tubes 

10/4, 8/4, and 4/2 were found to be in decreasing order (10/4 > 8/4 > 4/2). The 

disintegration time of tubes with length 15mm in comparison with length 5 mm were 

found not to be influenced as much as the rods with length 15mm in comparison 

with length 5 mm.

The disintegration test for these extruded formulations is important as a quality 

control measure and particularly if a correlation can possibly be found between the 

disintegration time of the formulation and its dissolution performance.

3.3.5 Measurements of Some of the Physical Properties of the Extruded 

Formulations Used in the Study

3.5.5.A Surface Area (cm )̂ and Specific Surface Area (cmVgm)

The surface area(cm^) and specific surface area (cm^/gm) of the tubes and rods used 

in the study were calculated as in section 1.2.10.A, chapter two. The results are 

shown in table 3.5. The relationship between the tube and rod sizes and the 

different exposed surface areas were calculated and presented in table 3.6.

The specific surface areas of the extrudate systems used are in decreasing order, tube 

4/2 > rod 4 > tube 8/4 > tube 10/4 > rod 8 mm in diameter. The specific surface 

area is increased by size reduction or altering the formulation geometry, thus,
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increasing the area of contact between the solid and the dissolving fluid. The 

fastest disintegration time and dissolution profiles as a percentage of the drug 

released obtained with the tube 4/2 extrudate may be attributed in part to the larger 

available surface area for dissolution that it possesses. The same tube system has 

the lowest horizontal breaking load value which also plays a part in determining the 

disintegration time of the system.

3.3.5.B Weights and Drug Content

The weights and the drug content of the formulations tested are presented in table

3.5.

3.3^.C Porosity (e%)

Comparison of bulk volumes, bulk densities with the true densities and porosities of 

tube and rod systems used in the study are shown in table 3.7. The methods used 

to measure these parameters are presented in section 1.2.10.C, chapter two.

As it can be seen in table 3.7 the higher the drug loading the lower the porosity with 

all the systems studied. The porosities of all the formulations with the same drug 

loading were nearly similar. The formulations with lower porosity showed longer 

disintegration time and higher mechanical strength. The 48.9% drug loading 

formulations have lower true density and porosity than the 4.9% drug loading 

formulations due to change in drug/excipient ratio and the absence of barium 

sulphate, a high density material used as a filler, in the formulations. These 

changes probably caused the formation of greater bonding among theophylline 

molecules and between theophylline and microcrystalline cellulose (Niskanen, 1992,

Herman et al, 1988,1989). The greater extrusion forces which were required to be

applied during their production resulted in extrudate systems of lower porosity and 

higher mechanical strength. The high porosities of these extruded systems reflect the 

high water content required to ensure extrusion and the value appears to indicate that
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TABLE 3 j :  THE SURFACE AREA (C W ), SPECIFIC SURFACE AREA (cmV^m), WEIGHT AND DRUG CONTENT OF THE TUBE AND 
ROD EXTRUDATES USED IN THE STUDY

FORMULATION
SYSTEM

TUBE
(ROD)

LENGTH
(mm)

WEIGHT OF TUBE 
(ROD)
(m^)

AMOUNT OF 
THEOPHYLLINE (m^)

WHOLE
TUBE
(ROD)

SURFACE
AREA
(cm")

SPECIFIC SURFACE AREA 
(CmVgrn)

4.9% TH 
Form. B

48.9% TH 
Form. D

4.9% TH 
Form. B

48.9% TH 
Form. D

4.9% TH 
Form. B

48.9% TH 
Form. D

TUBE 5 464.5 353.6 22.8 172.9 3.519 7.58 9.95
10/4

15 1428.8 1092.1 70.0 534.0 7.917 5.44 7.25

TUBE 5 255.0 198.9 12.5 97.3 2.639 10.35 13.27
8/4

15 782.8 611.3 38.4 298.9 6.409 8.19 10.48

TUBE 5 65.03 49.7 3.2 24.3 1.131 17.39 22.76
4/2

15 201.8 153.6 9.9 75.1 3.016 14.95 19.64

ROD 5 342.1 260.0 16.8 127.1 2.262 6.61 8.7
8

15 1058.8 787.2 51.9 384.9 4.775 4.51 6.07

ROD 5 82.6 64.0 4.1 31.3 0.88 10.65 13.75
4

15 259.5 198.4 12.7 97.0 2.136 8.23 10.77
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TABLE 3.6: THE TUBE AND ROD SIZES (mm) AND VARIOUS SURFACE AREA (cm^> OF THE DIFFERENT TUBE AND 
ROD EXTRUDATES USED IN THE STUDY.

FORMULATION
SYSTEM

EXTERNAL 
WALL SURFACE 

AREA (cm 2)

INTERNAL WALL 
SURFACE AREA

(cm 2)

CROSS- 
SECTION 
SURFACE 

AREA (cm 2)

EXTERNAL 
SURFACE AREA 

(EXT.WALL & 
CROSS-SECTION) 

(cm^)

WHOLE TUBE (ROD)* 
SURFACE AREA {err?)

5 mm 15mm 5 mm 15 mm 5 mm 15 mm 5 mm 15rr\m

TUBE
10/4

1.571 4.712 0.628 1.885 1.32 2.89 6.032 3.519 7.917

TUBE
8/4

1.257 3.77 0.628 1.885 0.754 2.011 4.524 2.639 6.409

TUBE
4/2

0.628 1.885 0.314 0.943 0.189 0.817 2.074 3.016 1.131

ROD
8*

1.257 3.77 --- --- 1.005 2.262 4.775 2.262 4.775

ROD
4*

0.628 1.885 --- --- 0.251 0.88 2.136 0.88 2.136
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TABLE 3.7: THE COMPARISON OF BULK DENSITIES WITH APPARENT 
DENSITIES AND POROSITIES OF TUBE AND ROD 
FORMULATIONS OF LENGTH 5mm .

FORMULATION
SYSTEM

APPARENT
DENSITY
(gm /cm V

BULK
VOLUME

(CnYy

BULK
DENSITY
(g m /c m y

POROSITY
(£%P0RE
SPACE)

TUBE
10/4

4.9%
(B)

2.559
(0.011)

0.2911

1.596 37.6

48.9%
(D)

1.712
(0.007)

1.215 29.1

TUBE
8/4

4.9%
(B)

2.541
(0.017)

0.1619

1.575 38

48.9%
(D)

1.671
(0.007)

1.229 26.5

TUBE
4/2

4.9%
(B)

2.548
(0.019)

0.0412

1.580 38

48.9%
(D)

1.692
(0.017)

1.191 29.6

ROD
8

4.9%
(B)

2.564
(0.009)

0.2139

1.600 37.6

48.9%
(D)

1.681
(0.002)

1.216 27.7

ROD
4

4.9%
(B)

2.565
(0.005)

0.0520

1.588 38.1

48.9%
(D)

1.693
(0.005)

1.230 27.4

a, Obtained by air displacement and considered as true density.
b, Obtained by dividing the weight of the formulation by the bulk volume.
c, Bulk volume (VJ calculated from the dimensions of the tube or rod as follows. 
For tube Vy = 7t (R  ̂- r̂ ) H
For rod Vy = 7C R  ̂H
where R and r are the outer and inner diameter respectively and H is the height of 
the tube and cylinder.
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Figure 3.4 The DSC thermograms of the effect of heating on the physical state of 

theophylline.
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little shrinkage of the extrudates occur on drying.

3.4 Differential Scanning Calorimetry (DSC)

Studies were carried out using the DSC to investigate the effect of heating on the 

physical state of theophylline, the model drug used through out the study. As it 

can be seen from figure 3.4, approximately similar DSC thermograms were obtained. 

This indicates that theophylline did not undergo physical transition when heated to 

90 °C. The melting points of theophylline were 274.4 °C, 274.8 °C and 274.1 °C 

at room temperature and those thermally treated at 70 °C and 90 °C for 24 hours 

respectively.

4. Conclusions

* Tube and rod extrudates of different dimensions, containing approximately 

5% to 92% drug loading (extrudability), have been successfully produced by 

means of extrusion technology.

* Rods and tubes of different dimensions were manufactured using the same 

batch of 4.9% drug loading or 48.9% drug loading formulation for direct 

comparison of the different variables studied.

* A well controlled extmsion process for the production of good smooth 

surface and reproducible density of tubes and rods with different dimensions 

and of variable sizes has been achieved.

* The physical properties of the tubes and rods such as the mechanical strength, 

apparent density, disintegration time and friability and their reproducibility
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have been used as an assessment of the properties of the tube and rod 

systems.

The horizontal breaking load of tubes and rods provides a useful parameter 

to maintain constancy of properties when tube and rod length is changed and 

is a possible parameter for the characterization of tubes and rods with 

different dimensions.

The disintegration time of the system and the mechanical strength (horizontal 

and vertical) were found to be decreasing with 4.9% drug loading and short 

tubes and rods (5mm) in comparison to 48.9% drug loading and long tubes 

and rods (15mm).

Friability was less for systems with 48.9% than 4.9% drug loading 

formulations.

The force required for a steady state extrusion force was higher with 48.9% 

than 4.9% drug loading formulations.

Tubes with larger specific surface area; 4/2>8/4>10/4, and rods; 4>8 mm in 

diameter have faster disintegration time.

Porosity of the final system approximates to the water content of the 

system indicating that there is little shrinkage of the extrudate on drying.

Extruded tube 8/4 and rod 8 mm in diameter containing up to approximately 

92% drug loading (extrudability) have been achieved.

Die design variables of different shapes and dimensions influenced the flow 

behaviour of the formulation during extrusion. In addition, a greater 

extrusion force was required to produce tube 4/2 than tubes 8/4 and 10/4 and
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rod 8 mm in diameter than rod 4 mm in diameter. A greater extrusion force 

was required to produce tube 8/4 than rod 8 mm in diameter and tube 4/2 

than rod 4. The overall pressure loss within the tube dies is greater than 

the overall loss in pressure within the rod dies when formulation composition 

and rate of extrusion are kept constant
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1. General Introduction

To date, the dissolution test is considered to be one of the most valuable tools in 

evaluating the performance of most oral dosage forms and in the correlation to actual 

in-vivo situations. The dissolution test is also an indispensable tool used during the 

stages of developing most oral dosage forms. For these reasons, therefore, it was 

the main method of assessment of the different formulations and factors studied in 

this chapter.

This chapter is divided into 5 parts. Part one discusses the in-vitro release 

behaviours of uncoated tube and rod extrudates and their potential to be used as 

conventional dosage forms. This part also discusses the influence of the factors 

involved in the design of the core system, such as tube and rod diameters and length, 

the shape of the formulation and drug loading, on the dissolution behaviour of the 

drug. Parts two and three discuss the variables involved in providing a suitable 

controlled film coating using a non-aqueous and aqueous coating systems 

respectively. Part four discusses the development of pH-independent controlled 

release tubular extrudates. Finally, part five discusses the influence of the factors 

involved in the development of controlled release tube and rod extrudates. These 

factors are either related to the design of the core system (uncoated tubes and rods), 

such as, tube diameter and length, shape of formulation (tube and rod), drug loading 

and initial fluid content of the formulation, or to the design of the film barrier in 

terms of coating position and thermal treatment of the film coat. A number of 

studies were carried out in parts two, three and five, to characterize the mode of 

release of the drug using different mathematical release models, reported in the 

literature, and to study the different release kinetic parameters of the various systems.
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PART ONE: FACTORS INVOLVED IN THE DEVELOPMENT OF 

IMMEDIATE RELEASE TUBE AND ROD EXTRUDATES

1. Introduction

The dissolution behaviour of the model drug is an important criteria for every 

system. It can also be used as a quality control measure to ensure the 

reproducibility of tubes and rod extrudates used as oral dosage forms. In addition, 

the effect of the different dimensions of tubes and rods of these systems on the 

release of the drug cannot be ignored.

In this study the dissolution behaviour of the drug from uncoated tube and rod 

systems has been evaluated and characterised. The effect of the different 

dimensions of the uncoated tubes 10/4, 8/4 and 4/2 (hollow cylinder with external 

diameter/internal diameter in mm) and rods 8  and 4 (solid cylinder with diameter in 

mm) extrudates made by extrusion and cut into lengths of 5mm and 15mm, on the 

dissolution behaviour has been studied. These tube and rod systems contain 4.9%, 

44.4%, 48.8%, 48.9%, 86.7% and 91.6% drug loading of theophylline, a model drug.

The objectives of this study are summarized as the foUowing:-

i) To evaluate and characterise the uncoated tubes and rod systems in term of 

the reproducibility of the dissolution behaviour of the model drug.

ii) To study the effect of the different diameters of the tubes, shape of the 

formulation (tube versus rod) with different lengths (5mm and 15mm), 

containing different drug loadings (4.9%, 44.4%, 48.8%, 48.9%, 86.7% and 

91.6%) on the dissolution behaviour of the model drug.
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2. Experimental Methods

2.1 Preparation of the Tubular and Rod Extrudates

The formulations used in the preparation of tube 10/4, 8/4 and 4/2 (outer 

diameter/inner diameter in mm) and rods 8  and 4 (diameter in mm), containing 4.9% 

and 48.9% drug loading, in this study are shown in Table 4.1. Tube extrudate 8/4, 

containing 44.4% and 48.8% drug loading, were prepared from the formulations 

shown in table 4.2. Tube 8/4 and Rod 8 , containing 86.7% and 91.6% drug loading, 

were also prepared from the formulations shown in table 4.2.

For the preparation of tube extrudates 10/4, 8/4, 4/2 and rod extrudates 8  and 4 

used, as described in chapter 2 , section 1 .2 .2 , the respective die with the desired tube 

and rod dimension was utilized.

3. Results and Discussions

The dissolution behaviour of all uncoated formulations of different diameters of 

tubes and rods and different lengths, containing different drug loadings, were 

examined. The results of these studies are presented below.

3.1. The Dissolution Study of the Uncoated Tubular and Rod Extrudate 

Systems.

The dissolution process and conditions used were as described in chapter 2, section 

1.2.5. The amount of drug released was calculated as a proportion of drug content 

allowing for variation in the product weight to eliminate the effect of the variable 

drug content of the tube and rod. Figures 4.1-4.9 show the release profiles of the 

drug for each formulation type (tables 4.1 and 4.2).
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TABLE 4.1

The Formulations Used to Prepare the Tubular and Rod Extrudates

INGREDIENTS

PERCENTAGE OF THEOPHYLLINE

4.89% 48.9%

FORM. A FORM. B FORM. C FORM. D

AVICEL PHlOl 
(AV)

50 9 50g 50g 50 3

KAOLIN
LIGHT
(KA)

50 g 50 3 50g 50 3

CALCIUM
CARBONATE

(CC)
---- ---- 90 g ----

BARIUM
SULPHATE

(BS)
---- 90 3 ----

LACTOSE
(LA)

90 Ç) ---- ---- ----

THEOPHYLLINE
ANHYDROUS

(TH)
lOy lOg lOy lOOg

WATER 
CONTAINING 

5%w/v PVP
80 g 80 3  

(75g)*
90g 90 3

NOTE: The percentage of the drug content of formulation A and B is theoretically 
4.9% since less binder solution of PVP has been used but for the ease of comparison 
they are considered to have 4.89% theophylline.

* used only with the preparation of rods 8  mm in diameter.
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TABLE 4.2

The Formulations Used to Prepare the Tubular and Rod Extradâtes

INGREDIENTS

PERCENTAGE OF THEOPHYLLINE

44.4% 48.8% 86.9% 91.6%

FORM. E FORM. F FORM. G FORM. H

AVICEL PHlOl 
(AV)

50 3 50 3 IO3 5 g

KAOLIN
LIGHT
(KA)

— 25 g IO3

LACTOSE
(LA)

— 25 y — —

BENTONITE
(BE)

lOcj --- — —

AC-DI-SOL
(CELLULOSE

GUM)
— --- 2 g

2 9

THEOPHYLLINE
ANHYDROUS

(TH)
50 g lOOg 180g 190 c,

WATER 
CONTAINING 

5%w/v PVP
5 5 3 IOO3 105 g IIO 3
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Generally, long tubes and rods (15mm) showed lower % drug release than short 

tubes and rods (5mm), except tubes 4/2, containing 48.9% drug loading, which 

possessed a higher % of drug release. This conforms with the disintegration time 

(chapter 3, section 3.3.4) of this formulation in which tube 4/2 with length 15mm 

has the same disintegration time as the 5mm tube. All the remaining formulations 

with long tubes and rods had longer disintegration time than short tubes and rods. 

This indicates the importance of the disintegration test for these uncoated 

formulations as a quality control measure since a correlation may possibly be found 

between the disintegration time of the formulation and its dissolution performance. 

The high drug loading formulation showed a lower release profile of the percentage 

of drug release versus time. This may be attributed to the higher mechanical 

strength of these formulations due to the greater extrusion force applied during their 

production (see chapter 3, section 3.3.2). This, consequently, will affect the 

disintegration time for these formulations and, thus, affect the dissolution behaviour 

of the drug. In addition, formulations with higher mechanical strength have stronger 

particle bonding which resists the wetting of the formulation and results in a 

decrease in solvent penetrability. All the rod and tube formulations A, B, C, and 

D containing 4.89% and 48.9% theophylline, released their drug content within 30 

minutes (figures 4.1-4.5). These formulations (uncoated) showed a strong potential 

to be used as conventional dosage forms (immediate release). Tube and rod 

formulations E, F, and G, containing 44.4%, 48.8%, 86.9% and 91.6% theophylline, 

released their drug content in more than 30 minutes (figures 4.6-4.9). Presumably, 

if an appropriate type and amount of disintegrant is incorporated in to these 

formulations, complete release profiles of the drug would be obtained in a shorter 

period of time.
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Fig. 4,1 The dissolution profiles of uncoated tubes 10/4 in distilled water, with 
different lengths, containing different drug loadings.

▼ 5mm; ♦ 15m m  48.9% TH. (form. D)

■ 5mm; a 15m m  4.9% TH. (form, B)
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c. The amount of the drug released, per unit surface area as a function of time.

Fig. 4.2 The dissolution profiles of uncoated tubes 8/4 in distilled water, with 
different lengths, containing different drug loadings.

▼ 5mm; ♦ 15mm 48.9% TH. (form. D)

■ 5mm; a 15m m  4.9% TH. (form. B)
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Fig. 4.3 The dissolution profiles of uncoated tubes 4/2 in distilled water, with 
different lengths, containing different drug loadings.

» 5mm; ♦  15m m  48.9% TH. (form. D)

■ 5mm; 4. 15m m  4.9% TH. (form. B)
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Fig, 4.4 The dissolution profiles of uncoated rods 8 in distilled water, with 
different lengths, containing different drug loadings.

▼ 5mm; ♦ 15mm 48.9% TH. (form. D)

■ 5mm; 4  15m m  4.9% TH. (form. B)
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Fig. 4.5 The dissolution profiles of uncoated rods 4 in distilled water, with 
different lengths, containing different drug loadings.

V 5mm; ♦ 15mm 48.9% TH. (form. D)

■ 5mm; 15m m ..........4.9% TH. (form. B)
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Fig. 4.6 The dissolution profiles of uncoated tubes 8/4 of length 5mm, in distilled 
water, with different lengths, containing 4.9% drug loading.

A Form. A (lactose-containing tubes)
▼ Form. B (barium sulphate-containing tubes)
■ Form. C (calcium carbonate-containing tubes)
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Fig. 4.7 The dissolution profiles of uncoated tubes 8/4 of length 15mm, in distilled 
water, with different lengths, containing 4.9% drug loading.

A Form. A (lactose-containing tubes)
▼ Form. B (barium sulphate-containing tubes)
■ Form. C (calcium carbonate-containing tubes)
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Fig. 4.8 The dissolution profiles of uncoated tubes 8/4 in distilled water, with 
different lengths, containing different drug loadings.

■ 5mm; a 15m m  48.8% TH. (form. F)

▼ 5mm; ♦ 15m m  44.4% TH. (form. E)
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Fig. 4.9 The dissolution profiles of uncoated tubes 8/4 and rods 8 in distilled 
water, with length 15mm, containing different drug loadings.

■ Tube 8/4 ;  ̂ Rod 8 ...... 91.6% TH. (form. H)

 ̂ Tube 8/4 ; 4  Rod 8 ...... 86.9% TH. (form. G)
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4. Conclusions

* Tubes and rods of good quality and smooth surface with different diameters 

and of variable sizes, containing different drug loading, which in the 

uncoated forms, can be used for conventional drug delivery (immediate 

release) have been achieved.

* The release behaviour of the drug from the system provides an important 

physical criteria and its reproducibility gives assessment of the tube and rod 

systems.

* All the factors studied (different diameters of tubes and rods, variable length 

and drug loading) have been shown to influence the dissolution performance 

of the drug released.
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PART TWO: THE EVALUATION OF A NON-AQUEOUS COATING

SOLUTION FOR THE CONTROLLED RELEASE OF 

TUBULAR EXTRUDATE

1. Introduction

The film coat based on Ethylcellulose N50 grade 1.7-8.4 parts : 1 part PEG 4000 

dissolved in equal proportions of methylene chloride and methanol was used as an 

non-aqueous coating system. Ethylcellulose is considered to be one of the most 

widely used polymers in pharmaceutical film coating to develop controlled release 

dosage forms; it is non-toxic, colourless, odourless, tasteless, and quite stable to most 

environmental conditions. It is water insoluble but soluble in varying degrees in 

organic solvents, depending upon the ethoxyl contents. Reservoir type devices 

containing Caffeine and Salicylic acid coated with ethylcellulose film were studied 

by Donbrow and Friedman (1975). The ethylcellulose films demonstrated timed 

release of the drugs.

Ethylcellulose is available in various grades of differing molecular weights, each 

grade being represented by a viscosity number based on the degree of 

polymerization. Ethylcellulose N50 grade was chosen to be used to prepare the 

organic-solvent-based solution of ethylcellulose. It has an ethoxyl content of 47.9% 

and a molecular weight of about 60,000 (Rowe, 1986) that produces good flexible, 

tough films that will remain intact over the period of passage of the dosage form 

through the gastrointestinal tract. Low molecular weight grades of ethylcellulose 

produce films with poor mechanical properties (cracking). With increasing molecular 

weight, mechanical properties of the films formed were improved. Coherent films 

were produced with molecular weight above 35,000 (Rowe, 1986). This is 

probably because low molecular weight ethylcellulose produced films with flaws 

created as a result of internal stress that develops in the coating on drying. As the
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molecular weight is increased, the coating becomes more resistant to the effects of 

this stress, and above 35,000 molecular weight, any additional increase in molecular 

weight has no further effect.

Ethylcellulose alone forms a closely packed, hydrophobic film with a very low 

permeability to most substances. Thus, it is usually combined with water-soluble 

additives, e.g. methylcellulose, hydroxypropylmethylcellulose (HPMC), or 

polyethylene glycols to increase the permeability and permit adequate release of the 

drug (Donbrow and Samuelov, 1980, Samuelov et aU 1979). Donbrow and 

Friedman (1974) used polyethylene glycol of high molecular weight to increase the 

permeability of most substances through film coatings based on ethylcellulose. 

Polyethylene glycol 4(XX) grade was used here as a water-soluble coating additive to 

increase the permeability of the film forming ethylcellulose. It has also a 

plasticizer action when used in conjunction with ethylcellulose as the film forming 

polymer.

The aim of this study was to study the variables involved in providing a suitable 

controlled/sustained film coating using a non-aqueous coating system.

2. Experimental Methods

2.1 Preparation of Tubular Extrudate

The formulations used in the preparation of tubular extradâtes are shown in table 4.3. 

Wet mixing and extrusion were carried as in chapter 2, sections 1.2.1 and 1.2.2.
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Table 4.3: The Formulations Used to Prepare Tubular Extradâtes

INGREDIENTS

PERCENTAGE OF THEOPHYLLINE

4.89 

(Form. C)*

23.3 36.6 48.9 

(Form. D)*

AVICEL PHlOl 

(AV) 50G 50G 50G 50G

KAOLIN LIGHT 

(KA) 50G 50G 50G 50G

CALCIUM

CARBONATE

(CC)

90G 60G 25G --

THEOPHYLLINE 

ANHYDROUS (TH) lOG 50G 75G lOOG

WATER containing 

5%w/v PVP 90G 90G 90G 90G

* notations used in table 4.1.

2.2 Method of Coating, as described in chapter 2, section I.2.4.B.

The in-vitro theophylline (a model drug) release from coated tubular extrudate was 

determined using the paddle unit (USP, method 2) according to the conditions 

presented in chapter 2, section 1.2.5.
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3. Results and Discussions

To describe the kinetics of the release process of theophylline, a model drug 

formulated in a controlled release device, various equations are normally used such 

as; the zero order rate equation (4.1)

Mt/M«:=kgt (4.1)

This describes systems where the release rate is independent of the concentration of 

the dissolving species. The first order equation (4.2)

Ln(l-Mt/Moc)=-kit (4.2)

describes the release from systems where dissolution rate is dependent on the 

concentration of the dissolving species. The Higuchi square root equation (4.3)

describes the release from systems where the solid drug is dispersed in an insoluble 

matrix and the rate of drug release is related to the rate of the diffusion. The 

Hixson-Crowell cube root law (4.4)

(1-Mt/Mj‘'3 =-kat (4.4)

describes the release from systems which show dissolution-rate limitation. The 

model applies to any such system which, in addition, does not dramatically change 

in shape as release proceeds. The dissolution data was also analysed using the 

equation (4.5) developed by Korsmeyer et al (1983),

Mt/Moc =kt“ (4.5)
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where Mt/M^ is the fractional release of drug, Mt is the amount released at release 

time t, is the total amount of drug contained in the dosage form, k̂ , zero order 

release constant, kj, first order release constant, k2 , Higuchi square root time release 

constant, kg, Hixson-Crowell release constant, and k, release constant incorporating 

structure and geometric characteristics of the sustained release device, and n is the 

diffusional release exponent indicative of the mechanism of release using Korsmeyer 

equation. The values of n were calculated by taking the log of the Korsmeyer 

equation and then solved using least squares, using only those values after first hour 

of the dissolution and less than 60% released, as follows:

log ( M/Moc ) = log k + n log t (4.6)

The values of n for different modes of drug transport is as follows: 

n=0.5 Fickian or Case-1 transport

n=1.0 zero order or Case-II transport

0.5<n<1.0 non-Fickian or anomalous transport 

n>1.0 super-Case-II transport.

The values of k, n and coefficient of correlation, r, of these controlled devices are 

listed in tables 4.5, 4.7, 4.9, 4.11 and 4.13.

The summary of the dissolution study undertaken to characterize the mode of release 

and the effect of different parameters on the release pattern, such as; drug 

concentration and type of formulation, film coating additive (PEG 4000) and its 

varying concentration, coat thickness, curing time, stirring rate, storage time and pH 

of dissolution medium for tube 8/4 (8 mm external diameter and 4mm internal 

diameter) and tube 4/2 extrudates is presented below.
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FACTORS INFLUENCING DRUG RELEASE

3.1 Tubes 8/4 with External Permeable Coat and No Internal Coat

3.1.1 Effect of Drug Loading and Formulation

The effect of different drug loading and type of formulation on the release profile 

from tubes 8/4 of length 15mm with 4.2% coating comprising a ratio of 1.8 

(Ethylcellulose N50): 1 (PEG 4CXX)) cured at 70 °C for 24 hours has been tested 

(figures 4.10,a-f). The percentage of coating is calculated from the final weight of 

the tube after coating minus the initial weight of the tube divided by the weight of 

the tube after coating. The data obtained was plotted in accordance with the zero 

order equation (figure 4.10,a). It is evident from the figure that the plots are 

curvilinear suggesting that the release process is not zero-order in nature. This 

indicates that the dissolution rate of the drug is dependent on the amount of drug 

available for dissolution and diffusion from the tube. However, in Figure 4.10,f the 

rate of release, mg/hr, appears to be approaching constant rate (near zero order up 

to 15 hours of release) after an initial release of 4 hours (the release rate calculated 

from the slopes obtained at different time intervals from a plot of the amount of drug 

released,mg, vs time). The release rate, mg/hour, of the 48.9% theophylline system 

is higher than the 36.6% theophylline and 23.3% theophylline systems. A 23.3% 

theophylline system shows a higher release rate constant on the various models used 

than the 36.68% or 48.9% theophylline system (table 4.4). Table 4.4 shows the 

dependency of release rate constants of the various models used on the formulation 

drug loading. The time required for 50% of drug to be released (T5 0 ) was greater in 

the case of a 48.9% theophylline formulation than with 36.68% or 23.3% 

theophylline (table 4.5). The dissolution data was also plotted in accordance with 

the first order equation (figure 4.10,b)
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Table 4.4:

Dissolution rate constants and correlation coefficients for the various models used

Drug Loading
Zero-order 

constant (K )̂
First order 

constant (KJ
Higuchi 

square root 
constant (Kj)

Hixson- 
Crowell rate 

constant 
(K3 )

23.3%
Theophylline

4.149
2.877*

13.080^

r=0.9648
r=0.9931*
r=0.9970^

-0.041
-0.038*
-0.078^

r=-0.9960
r=-0.9994*
r=-0.994M

19.634

r=0.9957

0.109
0.092*
0.250^

r=0.9894
r=0.9995*
r=0.9986/^

36.68%
Theophylline

3.850
2.907*
8.600^

r=0.9794
r=0.9912*
r=0.9946^

-0.027
-0.024*
-0.043/^

r=-0.9962
r=-0.9987*
r=-0.9966^

18.02

r=0.9996

0.082
0.070*
0.145/^

r=0.9921
r=0.9974*
r=0.9960^

48.9%
Theophylline

3.503
2.825*
7.560^

r=0.9861
r=0.9948*
r=0.9982/\

-0.023
-0 .0 2 1 *
-0.037'^

r=-0.9972
r=-0.9981*
r=-0.9991/\

16.283

r=0.9995

0.070
0.063*
0.125^

r=0.9946
r=0.9977*
r=0.9988/\

For linear transformation of the dissolution curve after 2-3 hours of the 
dissolution test, the release from initial dose was not taken into account.

For linear transformation of the dissolution curve of the beginning 0-2 hours 
of the dissolution test, the release from initial dose was only taken into 
account.

correlation coefficient.
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Table 4.5:

Effect of drug load and formulation type on the release parameters

Drug Loading 
(%)

Exponent (n) Release rate 
constantjc (hr^)

r T5 0

Hours

0.45 3.212 0.9962
23.3 0.39* 3.341* 0.9931* 4

0.56^ 3.207^ 0.9994^

0.67 2.412 0.9957
36.68 0.55* 2.653* 0.9912* 1 0

0.83/\ 2.401/\ 0.9982^

0.73 2.116 0.9947
48.9 0.62* 2.344* 0.9986* 1 2

0.95/\ 2.107^^ 0.9992/\

as in table 4.4 

T5 0 , the time needed for 50% of the drug to be released.

It is evident from the figure that a linear relationship was obtained showing that the 

release is an apparent first-order process. This indicates that the amount of drug 

released is dependent on the formulation drug loading. The dissolution result was 

plotted in accordance with the Higuchi square root equation (figure 4.10,c). A 

linear relationship is obtained after an initial lag time has lapsed in all cases. This 

lag time is a measure of the time needed by the drug to diffuse from the polymer 

interior through the boundary layer and then to the dissolution medium. The 

linearity of the plots indicates that the release process is diffusion-controlled. The 

dissolution data was also plotted in accordance with the Hixson-Crowell cube root

-145-



Chapter 4, In-Vitro Release Studies

law i.e. the cube root of the initial concentration minus the cube root of percentage 

of the drug remaining as a function of time. Figure 4.10,d indicates that a linear 

relationship was obtained. The applicability of the Hixson-Crowell cube root law 

to the dissolution data indicates that during the dissolution process there is an 

alteration in the surface area and diameter of the formulation system, as well as, in 

the diffusion path length from the formulation drug load, but this results in no 

dramatic change in shape as release proceeds.

For all formulations the best kinetic models were the First order, Higuchi (diffusion) 

and Hixson-Crowell cube root law according to the models used (table 4.4). 

However, if the dissolution data is divided into early release (0-2 hours) and later 

release (3-15 hours) we can also say that they fit the zero order model too (tables

4.4 and 4.5). In reality zero order and first order models can not exist at the same 

time.

To understand the drug release mechanism better, the release data was analysed by 

using Korsmeyer’s equation (4.5), Mt/M^=kt“ . The definition of the equation is 

mentioned previously. The kinetic parameters are given in table 4.5. The values 

of the exponent of time, n, indicate that the release is departing away from zero 

order with time since the values of n are decreasing with time. Also with higher 

drug loads the n value is greater (n^l.O) approaching that of a smaller release rate 

constant. This might be due to changes in drug-polymer ratio for tubes containing 

higher concentrations of drug since the leaching process would tend to weaken the 

tube structure and produce erosion. Erosion has been visually observed for tubes 

containing 48.9% drug concentrations but not for tubes containing 4.89% drug 

concentration. Thus, different mechanisms of release at different drug-polymer ratio 

could be involved here. Different mechanisms of release could also be involved at 

early times of release compared to later stages.
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3.1.2 Release Study of Tube 8/4 of Length 15mm. Containing 4.89% 

Theophylline.

Figures 4.11,a-e provide information on the mode of release of theophylline 

anhydrous, a model drug, from tube 8/4 of length 15mm coated with a 3% coating 

comprising a ratio of 1.8 (Ethylcellulose N50): 1 (PEG 4000) cured at 70 °C for 24 

hours. An initial drug load of 4.89% theophylline has been chosen here to study 

the mode of release rather than a high drug concentration, since erosion may vary 

depending on the surrounding environment and the surface from which drug release 

takes place is constantly changing.

To determine the mode of release the dissolution data has been analysed with various 

models:- the zero order equation 4.1 (figure 4.11,a), the first order equation 4.2 

(figure 4.11,b), the Higuchi square root equation 4.3 (figure 4.1 l,c), the Hixson- 

Crowell cube root law equation 4.4 (figure 4.1 l,d) and Korsmeyer’s equation 4.5 

(figure 4.11,e), which was used for analysis of Fickian and non-Fickian drug release 

from the polymer. These equations have been discussed previously. The result of 

these model-fittings are given in tables 4.6 and 4.7. As shown in table 4.6, the data 

is linear when plotted according to the zero order, first order, the Higuchi square and 

Hixson-Crowell cube root equations (figures 4.11 ,a,b,c,d). In reality, however, zero 

order and first order can not exist at the same time. The dissolution data for the 

first 2  hours was analysed using the zero order and first order equations both giving 

a satisfactory fit. From 3-15 hours of release the dissolution data fits both models. 

The n value (table 4.7) suggests that the release rate was approaching zero order at 

early times of release (0-2 hours) but then goes further away from zero order. At 

later stages (3-15 hours) of release, the mechanism of release according to equation

4.5 was non-Fickian transport. However, in figure 4.1 l,f the rate of release appears 

to be approaching constant rate (near zero order up to 15 hours of release) after an 

initial release of 2-3 hours.
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Table 4.6:

Dissolution rate constants and correlation coefficients for the various models used

Formulation
zero order 

constant (K„)
first order 

constant (KJ
Higuchi square 
root constant 

(KJ

Hixson- 
Crowell rate 
constant (K3)

Tube 8/4 of 
15mm length, 

containing 
4.89% drug 
loading with 
3% coating

5.158
4.637*
8.080^

r=0.9958
r=0.9986*
r=0.998M

0.045
-0.051*
-0.040^

r=-0.992
r=-0.992*
r=-0.999^^

23.833

r=0.9956

0.125
0.131*
0.136^

r=0.9984
r=0.9978*
r=0.9989/\

*,^,r, as in table 4.4 

Table 4.7:

Release study from tube 8/4 of length 15mm

Formulation Exponent (n)
Release rate 
constant, k 

(hr-1 )
r T5 0

Hours

Tubes 8/4 of length 0.79 2.287 0.9995
15mm, containing 0.76* 2.328* 0.9999* 7.9

4.89% drug loading 
with 3% coating

0.85^ 2.286/^ 0.9997'^

r, correlation coefficient.
T5 0 , the time needed for 50% of drug to be released.

-149-



Chapter 4, In-Vitro Release Studies

The slopes obtained from the Higuchi square plots were higher than those obtained 

from the zero order, first order or Hixson-Crowell plots. This is attributed to using 

the square-root of time in the Higuchi plots.

3.13 Influence of the Permeability of the External Coat

The effect of adding PEG 4000 to a film coat of EC N50 and the effect of varying 

the concentration of PEG 4000 on the film coat permeability and consequently on 

the release of drug from tubes 8/4 of length 15mm, containing 4.89% theophylline, 

with a 3% coating comprising different ratios of ethylcellulose N50 to PEG 4000 is 

shown in figure 4.12. It can be seen from the slopes in table 4.8 that there is a 

higher release of drug in the first two hours which might be due to the presence of 

drug on the surface of the tube. Upon addition of plasticizer PEG 4000 the release 

profile increases (figure 4.12). In addition, the exponent, n, decreases with time 

n~>0.5 (table 4.9). It can also be seen from table 4.9 that with a higher 

concentration of PEG 4000, the exponent, n, was nearer to 1.0 and approaching zero 

order. The shortest T5 0  with the highest overall release was achieved with the 

formulation with a coat comprising a ratio of 1.8 parts ethylcellulose N50 : 1 Part 

PEG 4000 (table 4.9). As shown in table 4.8 the data was linear when plotted 

according to zero order , first order, Higuchi square root and Hixson-Crowell cube 

root equations. Also, according to equation 5, the exponent, n, is between 0.5 and

1.0 (table 4.9) which means that the tubes exhibit a non-Fickian release pattern. The 

increased permeability of the EC-PEG film was considered to be due to leaching out 

of PEG 4000 (hydrophillic substance) and formation of water filled pores in the film 

and/or increased porosity of the film. Donbrow and Friedman (1974) used 

polyethylene glycol of high molecular weight to increase the permeability of most 

substances through film coatings based on ethylcellulose. All film coatings tested 

showed no disruption visible to the eye before dissolution.
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Table 4.8:

Dissolution rate constants and correlation coefficients for the various model used

PEG 4000 
concentration, 

w/w of the 
weight of the 

coat

zero order 
constant (K*)

first order 
constant (KJ

Higuchi 
square root 

constant (Kj)

Hixson- 
Crowell rate 

constant 
(K3 )

A No PEG

3.261
2.656*
6.984A

r=0.9841
r=0.9900*
r=0.9842A

-0 . 0 2 1

-0 .0 2 0 *
-0.034/\

r=0.9963
r=0.9975*
r=0.9870^

15.302

r=0.9994

0.060

r=0.9911

■ 16.7% w/w 
5(EC):1(PEG)

3.707
3.184*
6.940^

r=0.9918
r=0.9979*
r=0.9983A

-0.025
-0.025*
-0.336*

r=-0.9995
r=-0.9995*
r=-0.9991*

17.244

r=0.9984

0.076

r=0.9991

▼ 28.6%w/w 
2.5(EC):1(PEG)

3.900
3.476*
6.310^

r=0.9953
r=0.9990*
r=0.997A

-0.027
-0.027*
-0.030*

r=-0.9990
r=-0.9983*
r=-0.998*

18.515

r=0.9969

0.080

r=0.9997

♦ 35.5%w/w 
1.8(EC):1(PEG)

5.157
4.654*
8.080^

r=0.9960
r=0.9987*
r=0.998M

-0.045
-0.051*
-0.040*

r=-0.9916 
r=-0.9995* 
r=-0.9992*

23.980

r=0.9969

0.125

r=0.9983

as in table 4.4
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Table 4.9:

Effect of additional PEG 4000 on the release parameters

PEG 4000 
concentration, 

w/w of the 
weight of the 

coat

Exponent (n)
Release rate 
constant, k 

(hr-1)
r T5 0

Hours

0.63 2.336 0.9971 12.3
A No PEG 0.60* 2.387* 0.9973*

O.7 4 A 2.336* 0.9938*

■ 16.7% w/w 0.72 2.165 0.9987 11.5
5(EC):1(PEG) 0.68* 2.245* 0.9999*

(183* 2.163* 0.9997*

▼ 28.6% w/w 0.76 2.082 0.9996 11.3
2.5(EC):1(PEG) 0.74* 2.124* 0.9999*

0.82* 2.081* 0.9995*

♦ 35.5% w/w 0.79 2.286 0.9995 7.8
1.8(EC):1(PEG) 0.77* 2.320* 0.9999*

0.85* 2.286* 0.9997*

r, Ten as in table 4.7

3.1.4 Effect of Stirring Rate

Figure 4.13 shows the effect of stirring rate on the release of the drug from tube 8/4 

of length 15mm, containing 4.89% drug loading, with 3% coating comprising a ratio 

of 1.8 (ethylcellulose N50): 1 (PEG 4(XX)) cured at 70 °C for 24 hours. A very 

slight effect of stirring on the release profile of the drug has been observed where 

the T5 0  was slightly decreased and release rate constant was slightly increased with 

high stirring rates (tables 4.10 and 4.11). This slight effect of stirring on the release 

profile reflects the relative insensitivity of the system to changes in mixing and
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Table 4.10:

Dissolution rate constants and correlation coefficients for zero and first order models 
used

stirring rate zero order constant first order constant (Kj)
(RPM) (Ko)

5.473 -0.042
4.971* -0.044*
8 .2 0 0 ^ -0.040

■ 50 r=0.9942 r=-0.9983
r=0.9982* r=-0.9991*
r=0.9971* r=-0.9984A

5.701 -0.043
5.161* -0.046*

8 .2 0 0 ^ -0.040*

A 1 0 0 r=0.9946 r=-0.9978
r=0.9969* r=-0.9981*
r=0.9985A r=-0.9994*

5.751 -0.044
5.204* -0.047*
8.280^ -0.041*

V 150 r=0.9947 r=-0.9973
r=0.9973* r=-0.9976*
r=0.997A r=-0.9984*

5.843 -0.049
5.326* -0.051*
8.980^ -0.045*

♦ 2 0 0 r=0.9954 r=-0.9959
r=0.9977* r=-0.9979*
r=0.9972/\ r=-0.9987*

RPM, rotations per minute
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Table 4.11:

Effect of stirring rate on the release parameters

Stirring rate 
(RPM)

Exponent (n) Release rate 
constant, k (hr-1 )

r Tso
Hours

■ 50 0.80 2.288 0.9991 7.7
(177* 2.344* 0.9997
(187* 2.287* 0.9990*

A 1 0 0 0.82 2.271 0.9994 7.3
0.78* 2.339* 0.9995*
0 .8 8 * 2.267* 0.9997*

T 150 0.81 2.298 0.9992 7.3
0.77* 2.366* 0.9986*
0 .8 8 * 2.294* 0.9986*

♦ 2 0 0 0.79 2.380 0.9992 6.9
0.76* 2.437* 0.9998*
0.87* 2.378* 0.999*

*,r as in table 4.4; RPM, rotations per minute

stirring conditions, because diffusion from the non-eroding system (the membrane 

coated tube) is the rate controlling factor. Changes in the static diffusion layer 

surrounding the dosage forms as a consequence of variable agitation will probably 

occur but, generally, this does not have a major effect on the overall release of drug.

3.1.5 Influence of Storage Time

Figure 4.14 shows the effect of storage time on the release of drug after additional 

coat curing for tubes 8/4 of length 15mm, containing 4.89% theophylline, with a 3% 

coating comprising a ratio of 1.8 (ethylcellulose N50): 1 (PEG 4000) cured at 70 °C 

for 24 hours. The release remained almost stable after 12 weeks of storage in 

polythene bags at room temperature. A very slight effect on the release profile was
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observed, where the T5 0  for the freshly prepared sample and after 1 2  weeks of 

storage were 7.8 and 7.5 hours, respectively.

Figure 4.21 shows the effect of storage time on release profile after additional curing 

of wholly coated tubes 4/2 (external diameter 4mm and internal diameter 2mm) of 

length 5mm, containing 4.89% theophylline, cured at 70 °C for 24 hours. The 

release profile of tubes that were cured for 24 hours remained stable after 20 weeks 

of storage in polythene bags at room temperature. The T2 5  for the freshly prepared 

sample and after 20 weeks of storage were 10.2 hours and 9.8 hours respectively. 

The dissolution rate constant for the freshly prepared sample was also slightly lower 

than the same sample after 2 0  weeks of storage.

3.1.6 Influence of Coat Thickness

Figure 4.15 shows the effect of the percentage of coat on the release of drug from 

tube 8/4 of length 15mm, containing 4.89% theophylline, with a 2.5% and 3% 

coating comprising a ratio of 1.8 (ethylcellulose N50): 1 (PEG 4000) cured at 70 °C 

for 24 hours. The effect of the percentage of coat was important since it affected 

the release profile and if it was not of the appropriate thickness, to provide good 

mechanical stability and integrity of the film (weight of coating mixture not less than 

the same amount of the feed bed of tubes), the tube collapsed and broke down in a 

short time. It can be seen from the release profile (figure 4.15) that as the coat 

thickness decreases the overall release of the drug increases. The Tgg and T% for 

the 2.5% coating were 6.3 and 14.9 hours, respectively. The T5 0  and T% for the 3% 

coating were 8  and 18.7 hours, respectively. The dissolution rate constant was 

higher in the case of 2.5% coating than 3% coating.

3.1.7 Effect of Different pH Media

Figure 4.16 shows the effect of different pH media on drug release from tube 8/4 of
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length 15mm, containing 4.89% theophylline, with a 3% coating comprising a ratio 

of 1.8 (ethylcellulose N50): 1 (PEG 4000) cured at 70 °C for 24 hours. The results 

show that the drug release is affected by pH of the media particularly at acidic pH 

(O.IN HC1=1.2). The strong acid (O.IN HCl) salt of weak base (theophylline), 

formed through the direct contact of the acidic media with the uncoated internal 

surface of the tube, dissolved more rapidly than the free weak base. The effective 

solubility and, therefore, dissolution rate of a soluble salt is always greater than its 

corresponding free base. At the same time, calcium carbonate is practically 

insoluble in water and soluble in dilute acids which led to erosion of the tube, thus, 

increasing its dissolution rate and solubility. The T5 0  for O.IN HCl (pH=1.2), 

distilled water (pH=5.6), and phosphate buffer (pH=7.0) were 1.1, 6.7 and 7.4 hours, 

respectively.

3.2 Tubes 8/4 of Length 15mm. with Impermeable External Coat and No 

Internal Coat

3.2.1 Release Study of Tube 8/4 of Length 15mm

Figure 4.17,a shows the release profile of drug from tubes 8/4 of length 15mm, 

containing 4.89% theophylline, with 3% coating of ethylcellulose N50 cured at 70 

°C for 24 hours. Only the external surface of tubes were coated with the non- 

permeable film based on EC N50 dissolved in equal proportions of methylene 

chloride-methanol solvent. The release of drug only occurs from the internal 

surface of the tube. It can be seen from the slopes in table 4.8 that a higher release 

profile in the first 2  hours was observed which might be due to the presence of drug 

on the surface of the tube. The values of the exponent of time, n, indicate that the 

release is proceeding away from zero order with time since n values are decreasing 

with time (table 4.9). The overall release profile obtained was low with Tg@ of 12.3 

hours. As shown in table 4.8 the dissolution data fit was linear when plotted 

according to zero order, first order, Higuchi square root and Hixson-Crowell cube
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root equations. Using equation 4.5, the exponent of time, n, was between 0.5-1.0 

(table 4.9) which means that they exhibit a non-Fickian release pattern, but in figure 

4.17,b the rate of release appears to be approaching constant rate (near zero order 

up to 15 hours of release) after an initial release of 2 hours. These results 

demonstrate that if the release occurs only from the inner surface, the increase in 

surface area with time will compensate for the increase in the distance the drug has 

to move within the tube formulation to the surface to provide an apparent zero order 

release. In fact the release process of this system is far more complex than it 

appears. This is probably due to many factors interacting with each other during 

the release process. These factors include; the movement of the dissolution fluid 

through the hole of the tube, diffusion of the drug, concentration gradient, surface 

area and other boundary layers. The reason why this coating system was not 

continued for the other formulations studied later was that it provided low release 

profiles (50% released in 12.3 hours). In addition, in terms of practicality it is 

probably easier to coat both the internal and external surfaces of the tube using the 

fluidized bed coater rather than covering the inner surface of each tube to prevent 

it from being coated. The possibility of developing a co-extrusion coating process, 

which involves construction of a die to provide coated tubes in a single process, is 

being studied, if this work succeeds it will be practically possible to manufacture this 

system on an industrial scale.

3.3 Tube 8/4 of Length 5mm. with External and Internal Permeable Coat, 

with a 4.7% Coating Comprising a Ratio of 1.8 (Ethylcellulose N50): 1 

(PEG 4000) cured at 70 °C for 24 hours

3.3.1 Effect of Drug Loading

Figure 4.18 shows the effect of drug loading on the release of the drug from the tube 

8/4 of length 5mm, containing 4.89%, 23.3%, 36.68% and 48.9% theophylline. A 

4.89% theophylline loading showed the lowest release rate (mg/hr calculated from
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the release profile of amount, mg versus time, hours) among the different drug 

loadings used. This might be due to changes in the drug-polymer ratio for tubes 

containing different drug loadings. Erosion was not visually observed for all tubes 

with different drug loading because both external and internal surfaces of the tube 

were coated. Straight lines were obtained when the percentages released of different 

drug loading was plotted vs time, which was not the case for tubes with permeable 

external coat and no internal coat which produced curvilinear plots due to the erosion 

occurring from the uncoated internal surface of the tube, during dissolution testing.

3.3.2 Effect of pH of the Media

Figure 4.19 shows the effect of different pH media on drug release from tube 8/4 of 

length 5mm, containing 4.89% theophylline. The results in the figure show that the 

drug release was affected by the pH of the media. The release changes in the 

polymer film at high pH values (>6 ) may be due to the presence of few carboxyl 

groups in the ethylcellulose used. The T2 5  for O.IN HCl, distilled water and 

phosphate buffer were 9.6, 5.4 and 6 . 8  hours, respectively.

3.3.3 Effect of Curing Time

Figure 4.20 shows the effect of curing time on the release profile of tube 8/4 of 

length 5mm, containing 4.89% theophylline. These tubes were freshly tested after 

different times of curing. The T2 5  for tubes undergoing 12, 16, and 24 hours of 

curing were 6 , 6.4 and 5.5 hours respectively. This indicates that the importance 

of the time dependency of curing is not as significant as with the tubes with external 

permeable coat and no internal coat.
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Fig. 4.21. The e ffe c t of s to rag e  time on co a t perm eability a f te r

additional curing of tube» 4 /2  of length 5mm, containing 
4.89% theophylline, with 3.7% coating comprising a ratio  of 

4 (EC NSO): 1 (PEG 4000) cured a t 7 0  *0 for 24  hour».

TUBE 4 /2  OF LENGTH SMM, WITH EXTERNAL AND INTERNAL 

PERMEABLE COAT
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3.4 Influence of External and Internal Diameters of Tube 4/2

3.4.1 Tube 4/2 of Length 5mm. with External and Internal Permeable Coat

3.4.1.A Release Study and Influence of Storage Time

Figure 4.21 shows the dissolution profile and the effect of storage time on release 

profile after additional curing of wholly coated tubes 4/2 (external diameter 4mm and 

internal diameter 2mm) and of length 5mm, containing 4.89% theophylline, with 

3.7% coating comprising a ratio of 4 (ethylcellulose N50): 1 (PEG 4000) cured at 

70 °C for 24 hours. The release profile of tubes that were cured for 24 hours 

remained almost stable after 2 0  weeks of storage in polythene bags at room 

temperature. The Tgg for the freshly prepared sample and after 20 weeks of storage 

were 10.2 hours and 9.8 hours respectively. Also the dissolution rate constant for 

the freshly prepared sample was similar to the same sample after 2 0  weeks of 

storage.

3.4.2 Tube 4/2 of Length 10mm. with External Permeable Coat and No 

Internal Coat

3.4.2.A Effect of pH of the Media

Figure 4.22 shows the effect of different pH media on drug release from tubes 4/2 

of 10mm length, containing 4.89% Theophylline, with 3.2% coating comprising a 

ratio of 4 (ethylcellulose N50): 1 (PEG 4000) cured at 70 °C for 24 hours. The 

results in the figure show that the drug release is affected by pH. At the same time, 

a very slight effect of pH of the media has been observed within the first 3 hours of 

the release profile of the tube. The Tgg for O.IM HCl, distilled water and phosphate 

buffer were 14.8, 9.6 and 9 hours, respectively.
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3.4.2.B Effect of Curing Time

Figure 4.23 shows the effect of curing time on the release profile from tubes 4/2 of 

length 10mm, containing 4.89% Theophylline, with 3.5% coating comprising of 2.5 

(ethylcellulose N50): 1 (PEG 4000) cured at 70 °C for 24 hours. These tubes were 

freshly tested after different times of curing. The T5 0  for tubes undergoing 4, 8  and 

24 hours of curing were 8.4, 11.2 and 13.7 hours, respectively. This indicates the 

importance of the time of curing for this system.

3.4.2.C Effect of Coat Thickness

Figure 4.24 shows the effect of the percentage of coating (an indication of coat 

thickness) for tubes 4/2 of length 10mm, containing 4.89% theophylline, with 3.2% 

and 3.9% coating comprising a ratio of 4 (ethylcellulose N50): 1 (PEG 4000). The 

T5 0  for 3.2% coat thickness was 9.7 hours and 17.7 hours for the 3.9% coat 

thickness. The release rate is inversely proportional to coat thickness and has a 

profound influence on the release rate.

3.4.2.D Release Study of Tube 4/2 of Length 10mm

Table 4.12 provides information about the mode of release of theophylline from 

tubes 4/2 of length 10mm, containing 4.89% theophylline, with 3.2% coating 

comprising a ratio of 4 (ethylcellulose N50): 1 (PEG 4000) cured at 70 °C for 24 

hours. The dissolution data (figure 4.25) fits all models according to equations

1,2,3 and 4 (table 4.12). Analysis of dissolution data according to equation 5 (table 

4.13) produces an n value of 0.79, which means non-Fickian diffusion was obtained.
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Table 4.12:

Dissolution rate constants and correlation coefficients for the various models used

Tube 
diameters 
and length 

(mm)

zero order 
constant (K )̂

First order 
constant (KJ

Higuchi square 
root constant 

(Kg)

Hixson- 
Crowell rate 
constant (K3)

Tube 4/2 of 
length 1 0 mm, 

containing 
4.89% drug 
loading with 
3.2% coating

4.026

r=0.9946

-0.029

r=0.9997

19.458

r=0.9965

0.086

r=0.9994

r, correlation coefficient 

Table 4.13:

Release study from tube 4/2 of length 10mm

Tube 
diameters and 
length (mm)

Exponent (n)
Release rate 

constantjc (hr^) r
T5 0

Hours

Tube 4/2 of 
length 1 0 mm, 

containing 
4.89% drug 

loading, with 
3.2% coating

0.79 2.049 0.9998 10.5

r, T5 0  as in table 4.7
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3.5. Scanning Electron Micrographs (SEM)

Scanning electron microscope was used to observe the changes of surface topography 

and inner texture of tubular extradâtes before and after dissolution and show the 

uniformity of the film coat and whether the film deposited is smooth and 

homogeneous.

In 4.26,a it can be seen that the tube 8/4 (form. C) extrudate surface is relatively 

rough before application of the coat. Figure 4.27,b shows surface of tube 8/4 (form. 

C) of length 15mm, with 2.5% coating comprising of EC N50 and PEG 4(XX) of ratio 

1.8:1. Figure 4.26,c shows this system after dissolution which has more pores due 

to dissolving out of PEG 4CXX) in dissolution media from the film coat. Figure 

4.26,d and e are longitudinal sections (LS) of the same system before and after 

dissolution in which the inner texture appears more swollen with increased porosity 

after dissolution of theophylline crystals which are embedded in the system.

Figure 4.27,a and b show the uniformity of the coat thickness formed. Figure 4.27,c 

shows the spongy like structure with theophylline crystals embedded in the system.
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(a) Uncoated tube surface (b) Coated tube surface before dissolution

#

(c) Coated tube surface after 
dissolutio

(d) LS of coated tube before 
dissolution

1

(e) LS of coated tube after dissolution

Fig. 4.26 Scanning electron micrographs of tube 8/4 (form. C) of length 15mm, 
(a) uncoated; (b-e) coated with 2.5% coating comprising a ratio 1.8 
(EC N50): 1 (PEG 4000), cured at 70 ®C for 24 hours (1000 X).
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(a) Cross section of coated tube (500X)

(b) Cross section of coated tube (lOOOX)

(c) LS of uncoated tube (lOOOX)

Fig. 4.27 Scanning electron micrographs of tube 4/2 (form. C) of length 
10mm, (a and b) coated with 3.2% coating comprising a ratio 
4  (EC N50):l (PEG 4000) cured at 70 °C for 24 hours; (c) 
uncoated.
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4. Conclusions

* To ensure that the tubes stay intact and to control the release of the drug, it 

is necessary to apply the film coating to the tube systems.

* A coating mixture of ethylcellulose N50 and polyethylene glycol 4000 was 

found suitable for achieving the desired in-vitro release characteristics. The 

increased permeability of the EC N50-PEG 4000 film was considered to be 

due to the leaching out of PEG 4000 (hydrophilic substance) and formation 

of water filled pores in the film and/or increased porosity of the film.

* The dependency of the dissolution rate on the tube drug loading was 

observed. At the early and later stages of dissolution, different mechanisms 

of release at different drug-polymer ratios may be involved.

* The rate of release for most of the formulations used appear to be 

approaching a constant value (near zero order) up to 15 hours of release after 

an initial release of 2-3 hours.

* Diffusion from the non-eroding tube system is the controlling factor. This 

reflects the relative insensitivity of the tube system used to changes in mixing 

and stirring condition.

* The rate of drug release can be readily varied by manipulating the coat 

thickness (percentage of coating). The rate of drug release was found to be 

inversely proportion to the coat thickness.

* With additional thermal treatment of the coat, drug release was stable after 

storage of the tubes, in polythene bags at room temperature, for 2 0  weeks.

* The coating system (coating surface) applied has a significant effect on the
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release profile of the drug. Tubes with external and internal permeable coat 

have lower release profile than those with external permeable coat and no 

internal coat.

The rate of drug release is affected by pH of the medium. The tubes with 

external permeable coat and no internal coat were more sensitive to O.IN 

HCL medium than those with external and internal permeable coat which 

may be due to direct contact of the excipient, calcium carbonate and 

theophylline anhydrous to the dissolution medium. Both materials are more 

sensitive to acidic media than neutral and buffer media.

Finally, based on the release data and the parameters obtained for the tube 

system, the release characteristics of the tube extrudates can be manipulated 

and properly adjusted to achieve near zero order release.
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PART THREE: THE EVALUATION OF AN AQUEOUS FILM-

FORMING DISPERSION FOR THE CONTROLLED 

RELEASE OF TUBULAR EXTRUDATE

1. Introduction

Part two of this chapter demonstrated the ability to provide controlled release from 

tubular dosage forms when coated with a suitable polymer dissolved in organic 

solvent. The replacement of a non-aqueous coating system with an aqueous coating 

system (latex polymer dispersion system) would be beneficial commercially and 

would eliminate the need to use organic solvents with their attendant problems.

Surelease made by Colorcon, UK (formerly Ethocel AQ, a trade mark of Dow 

Chemicals) is a totally aqueous, plasticized polymeric dispersion of ethylcellulose. 

It is an off-white, opaque liquid with a characteristic ammonia odour. Surelease is 

composed of the following ingredients (Surelease Product Bulletin, 1986):

Ethylcellulose 20 cP, USNF. Film forming polymer material.

Dibutyl Sebacate, USNF and Oleic acid, USNF/FCC. These are incorporated within 

the dispersed polymer particles as plasticizers for the Surelease system.

Ammoniated water. Ammonia is used to stabilize the dispersed polymer and as the 

vehicle for the system.

Colloidal Silicon Dioxide, USNF. It has an anti-adherent action and is thus added 

to facilitate the application of Surelease.

The Surelease system has a solid content of 25%. It contains approximately 18.7% 

ethylcellulose polymer and 4.5% dibutyl sebacate. Moderate agitation is
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recommended to redisperse the solid content settlement that might happen over time. 

Surelease has a pH of 9.5-11.5 and a specific gravity of 1.02. The dispersion 

should be stored at room temperature and freezing should be avoided.

In Surelease the plasticizer is incorporated in the dispersion during the manufacturing 

process. A hot melt of the polymer, the plasticizer (dibutyl sebacate), and the 

stabiliser (oleic acid) is created to form a homogenous mixture. The mixture is then 

diluted with an alkali solution to obtain a dispersion of the polymer in water, and 

this dispersion can be applied directly on to substrates (Chang et al 1987). The 

incorporation of the plasticizer with the polymer on a molecular level during the 

manufacturing process ensures coalescence of the polymer during the film-forming 

process. Consequently, this provides a highly durable film with excellent surface 

integrity.

The claimed advantages of Surelease by Colorcon over other competitive aqueous 

based systems include that:

i) It eliminates the dispersibility and uniformity problems that result from the 

necessity of adding your own plasticizer.

ii) Achieves successful results at lower weight gain.

When it is compared to competitive solvent based systems, the advantages of 

Surelease include that:

i) It eliminates the high cost of hazardous organic solvents.

ii) It increases safety by eliminating hazardous solvents.

iii) It eliminates environmental compliance concerns.
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The present study was undertaken to investigate the variables involved in providing 

a suitable film coat, by replacing the non-aqueous coating system with an aqueous 

coating system, yielding a product that has a complete or nearly complete in vitro 

release and a controlled release rate profile over an appropriate time period.

2. Experimental Methods

Preparation of tubular extrudate, preparation of the Surelease coating formulation, 

method of coating and drying, as described in chapter 2 .

The in-vitro theophylline (a model drug) release of coated tubular extrudate was 

determined using the method described in chapter 2, with 900 mis distilled water as 

the dissolution medium. The tubes of length 5mm were resting in a vertical 

position while the tubes of length 1 0 mm and 15mm were resting in a horizontal 

position on the bottom of the dissolution vessel during the dissolution tests.

3. Results and Discussions

There are a number of variables that affect the in vitro dissolution profile of

Surelease-coated theophylline tubes which are presented below.

Factors Influencing Drug Release

3.1 Tubes 8/4 of Length 5mm with External Permeable Coat and No Internal

Coat.

3.1.1 The Effect of Drue Loading

The effect of different drug loadings on the release profile has been investigated.
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The dissolution data obtained are presented in figures 4.28-4.30. Figure 4.28,c 

shows that the rate of release of the drug from formulations containing 4.89% 

theophylline appears to be constant (zero order) up to 12 hours of release. The 

release rates were calculated from the slopes obtained at different time intervals from 

a plot of the amount of drug release (mg) versus time. The release rate and the 

amount of drug released were increased when drug loading was increased as shown 

in figures 4.28,b and c, 4.29,b and c and 4.30,b and c. For the 23.3% and 48.9% 

theophylline formulations the release rate appears to be approaching a constant rate 

(approximately zero order up to 1 2  hrs) with an initial release of 2  hours but release 

was incomplete. The time required for 50% of drug to be released (Tgg) was greater 

in the case of the 48.9% theophylline formulation than the 23.3% formulation or the 

4.89% theophylline formulation. This indicates that the amount of drug released is 

dependent on the formulation drug loading. This may be due to changes in the 

drug-polymer ratio for tubes containing higher concentrations of drug since the 

leaching process would tend to weaken the formulation structure and produce 

erosion. Erosion has been visually observed for tubes containing 48.9% drug 

loading but not for tubes containing 4.89% drug loading. Thus, different 

mechanisms of release at different drug-polymer ratio could be involved here. A 

different mechanism of release could also be involved at the initial stages of release 

compared to that at the final stages.

Figure 4.29,a the overall release profiles were greater, particularly for the 23.3% and 

48.9% theophylline formulation. The rate of release appears to be constant (zero 

order) for the 4.89% formulation but not with the 23.3% and 48.9% theophylline 

formulation. The tubes consisting of the 48.9% theophylline formulation externally 

coated disintegrated, consequently, it was concluded that the coating was 

inappropriate.

Figure 4.30,a shows the release profile of the same batch of samples studied in 

figure 4.29a, except that these samples were cured at 90 °C instead of 70 °C. As a 

result of this, the release rate of the 23.3% and 48.9% theophylline formulations
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(figure 4.30,c) appear to be closer to a constant rate of release than those samples 

which were cured at 70 °C, but the tubes cured at 90 °C had lower overall release 

profiles than the tubes which were cured at 70 °C. The tubes which disintegrated 

in figure 4.29,a were intact before and after dissolution (figure 4.30,a) due to the 

specificity of the curing temperature used, which was 90 °C.

3.2 Tube 8/4 of Length 5mm with External and Internal Permeable Coat

3.2.1 Release Study of the Tubes Containing 4.89% Drug Loading

Figures 4.31 and 4.32 provide information on the mode of release of theophylline 

anhydrous, the model drug, from tube extrudates of external diameter 8 mm, internal 

diameter 4mm and length 5mm. An initial drug loading of 4.89% theophylline, 

dispersed in the formulation, has been chosen here to study the mode of release 

rather than a high drug concentration, since erosion may vary depending on the 

surrounding environment and the surface from which drug release takes place is 

constantly changing. As shown in figures 4.31 and 4.32 the dissolution data is 

linear and showed a zero order release profile. The rate of release appears to be 

constant (zero order up to 1 2  hours of release).

3.2.2 The Influence of the Permeability for the External Coat.

The effects of incorporating various coating additives, such as Methyl Cellulose (MC 

400), polyethylene glycol 4000 (PEG 40(X)) and Methocei KIOOM, into Surelease 

films on the release profiles of the drug from coated tubes are illustrated in figures 

4.33, 4.34, 4.35 and 4.36 in which theophylline release rates are shown as being 

increased in comparison to Surelease film containing dibutyl sebacate (DBS) as a 

plasticizer. As the latex forming process involves the fusion of individual polymer 

particles into a homogenous film, particle coalescence is dependent upon
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Fig. 4.31 The dissolution profile from tubes 8 / 4  coa ted  with

5.7% coating comprising a ratio of 5.5 (ethylcellulose): 

1 (Methocei KIOOM) cured at  70 *C for  24 hours.
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Fig. 4.32 The dissolution profile from tubes 8 / 4  coa ted  with
4.1% coating comprising a aratio of 5.5 (ethylcellulose): 
1 (Methocei KIOOM) cured at 90 *C for 24  hours. 
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the presence of enough plasticiser to soften the latex particles, so that the 

deformation can occur. The basis for the film formation is thus the capillary 

pressure that results from water evaporation in the closely packed latex particle mass 

(Steuemagel, 1989).

Only the essentially water-soluble coating additives, such as polyethylene glycols 

4000, methylcellulose 400 cps, and hydroxypropyl methyl cellulose (Methocei KlOO 

M, Colorcon) were investigated since they proved to be appropriate in aqueous film 

coating. Methocei KIOOM contains 22% (Degree of Substitution, DS=1.4) of 

methoxy and 8.1% (DS=0.21) of hydroxypropoxy groups. The first letter (K) 

denotes the kind and degree of substitution. The number that follows identifies the 

viscosity in millipascal-seconds (mPa.s) at 2% concentration in water at 20 °C using 

the Ubbelohde viscometer. The letter M is used to represent 1000 in designating 

viscosity. Methocei K complies with FDA regulation 21CFR 172-874 as direct food 

additive. It also meets the requirements of the Food Chemical Codex, USP or NF, 

B.P. and E.P. (Dow Chemical Company, How to Improve Pharmaceutical 

Formulations with Methocei and Ethocel Cellulose Ethers). The European 

Economic Community (EEC) approved HPMC (E 461 status) for broad food use. 

Human and animal feeding studies have shown HPMC to be safe.

Methylcellulose 400 contains 30% methoxyl groups with a degree of substitution 

of 1.8. The number that follows identifies the viscosity in cP at 2% concentration 

in water at 20 °C using an Ostwald viscometer. Methylcellulose is biologically 

inert and is not absorbed from the bowel. Methylcellulose complies with FDA 

regulation 21 CFR 182.1480, as a multiple purpose GRAS (Generally recognized as 

safe) food substance (Dow Chemical Company, How to Improve Pharmaceutical 

Formulations with Methocei and Ethocel Cellulose Ether).

The effect of adding Methocei (MCKIOOM) to Surelease film coat and the effect of 

varying the concentration of Methocei KIOOM on the film coat permeability and 

consequently on the release of drug from the tubes containing 4.89% theophylline
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for tube samples of external diameter 8 mm, internal diameter 4mm and length 5mm 

are shown in figures 4.33 and 4.34. Of the coating additives that have been 

investigated, Methocei KIOOM (hydroxypropylmethylcellulose) and methylcellulose 

400 cps showed the most promising results. Li et al (1990) described the effect of 

incorporating various additives into an ethylcellulose-DBS dispersion. The additives 

studied were propylene glycol, carrageenin, hydroxypropylmethylcellulose, 

methylcellulose, hydroxypropylcellulose and theophylline powder. Of these 

additives hydroxypropylmethylcellulose altered the theophylline granules dissolution 

profiles most effectively.

As shown in figures 4.33 and 4.39 the incorporation of Methocei KIOOM into the 

film yielded a product with a faster and more complete in vitro dissolution profile. 

The increase in ethyl cellulose film permeability apparently is a direct result of the 

hydration of the water-soluble polymer in the film structure (Li et aU 1990, Donbrow 

and Friedman, 1974) and/or the formation of pores in the ethylcellulose film 

(Lippold and Forster, 1981).

3.2.3 The Influence of Coat Thickness (Amount of Coating Dispersion 

Sprayed)

Tubes with different film thickness were prepared by varying the amount of coating 

dispersion sprayed. The film thickness is expressed as percentage of coating 

calculated from weight of the tubes after coating minus the initial weight of the tube 

divided by the weight of the tube after coating.

Figure 4.37 shows the effect of the amount of coating dispersion of Surelease 

sprayed on the release of drug for triplicate samples containing 4.89% theophylline. 

A tube of external diameter 8 mm, internal diameter 4mm and length 5mm was used. 

The effect of coat thickness was important since it affected the release profile and 

prevents the tubes from collapsing in a short time during dissolution. The coat
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Fig. 4.37 The e f fe c t  of the coat  thickness (the level of Sure lease 

applied) to METHOCEL KIOOM on the re lease  ra te  profiles 

from tubes 8 / 4  with varying c o a t  thickness comprising a 
ratio of 5.5 (Ethylcellulose):! (Methocei KIOOM) cured  at  

70  "C for 24  hours.

TUBE 8 / 4  OF LENGTH 5MM, CONTAINING 4.89% DRUG 

LOADING WITH EXTERNAL AND INTERNAL PERMEABLE 
COAT

■ 8.8% coating: ^  5.7% coating: t  4.1% coating
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Fig. 4.38 The ef fec t  of curing tem pera ture  on the re lease  of

theophylline in water from tubes 8 / 4  co a ted  with 5.7% 

coat ing comprising a ratio of 5.5 (Ethylcellulose): 1 

(Methocei KIOOM) cured at varying tem pera tures  for 
24  hours.

TUBE 8 /4  OF LENGTH 5MM, CONTAINING 4.89% DRUG

LOADING WITH EXTERNAL AND INTERNAL PERMEABLE
COAT
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thickness is inversely proportional to the rate of release of drug. As shown in figure

4.37, as the amount of coating dispersion applied decreases the overall release of the 

drug increases.

3.2.4 The Effect of Curing Temperature and Duration (Film Coalescence)

Figures 4.38, 4.39 and 4.40 show the effect of curing temperature and time on the 

release profile of 8/4 tube and length 5mm containing 4.89% drug loading of 

theophylline and a coat of Surelease containing Methocei KIOOM. These tubes 

were freshly tested after different times of curing at different temperatures. Figures

4.38, 4.39 and 4.40, show that as the time and temperature increase the overall 

release profile decreases. This may be due to the formation of a more homogenous 

film that resulted from a much more closely packed latex particle mass since the 

resultant film has shown more mechanical strength and integrity in comparison to 

those cured at lower temperatures. This is also shown in figure 4.39 where the 

formulation cured at room temperature disintegrated while the one cured at 70 °C, 

80 °C, 90 °C and 100 °C stayed intact due to film stability and integrity. Harris 

and Sellassie (1986) have shown that curing the coated product at the end of the 

coating process can significantly alter the drug release rate.

3.2.5 The Reproducibility of the Coating Process (Inter-Batch Variability)

Two batches of theophylline tubes were coated with Surelease containing Methocei 

KlOO M. The coating data were used to evaluate the reproducibility of the coating 

process. The coating process used was reproducible (figure 4.41). The in vitro 

release profile of these two batches showed that near complete in vitro release of 

theophylline occurred in 6 - 8  hours.
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Fig. 4.39 The e f fe c t  of curing temperature on the re lease  of
theophylline in water from triplicate tubes 8 / 4  co a ted  

4.1% coating comprising of 5.5 (Ethylcellulose): 1 

(Methocei KIOOM) cured at varying tem peratu res  

for 24 hours.

TUBE 8 / 4  OF LENGTH 5MM. CONTAINING 4.89% DRUG 
LOADING WITH EXTERNAL AND INTERNAL PERMEABLE 

COAT
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Fig. 4 .40  The e f fe c t  of curing duration on the re lease  of
theophylline in water from tubes 8 / 4  co a ted  with 4.1% 

coating comprising a ratio of 5.5 (Ethylcellulose) : 1 

(Methocei KIOOM) cured at  100 *C for varying duration.

TUBE 8 /4  OF LENGTH 5MM. CONTAINING 4.89% DRUG

LOADING WITH EXTERNAL AND INTERNAL PERMEABLE

COAT
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Fig. 4.41 Tha re iaase  r a ta  profi lât  of two batchas  of tubas 8 / 4  

coa ted  with 4.1% coating comprising a rat io of 5.5 
(ethylcelluiose):1 Mathocai K100M) curad a t  70 *C for 
24 hours.

TUBE 8 / 4  OF LENGTH 5MM, CONTAINING 4.89% DRUG 

LOADING WITH EXTERNAL AND INTERNAL PERMEABLE 

COAT
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Fig. 4 .42  Tha a f fa c t  of s to raga  tima and condition on tha r a la a ta  

of thaophylliiid in w atar  from tubas 8 / 4  of langth 5mm 

containing 4.89% thaophyllina, coa tad  axtarnally and 
intarnally with 8.5 % coating comprising a rat io  of 

6.7% (athylcallulosa);1 (Mathocai KIOOM).

■ a l ta r  6 waaks (no additional curing] ♦  Initial r a laasa

A after  6 weeks (cured at  70 ‘C.24 hrs) ♦ Initial r e lease

▼ af ter  6 waaks (curad at  90 ‘0 .2 4  hrs) # Initial re lease
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3.2.6 The Influence of Storage Time (Stability of the Coat)

Drug release studies were performed on tubes shortly after preparation and repeated 

six weeks later. Figure 4.42 shows the effect of storage time on the release of drug 

with/without additional coat curing for tubes 8/4 of length 5mm containing 4.89% 

theophylline. The release profile of tubes that were cured at room temperature and 

90 °C for 24 hours remained almost stable after 6  weeks of storage in a polythene 

bag at room temperature. A very slight effect on the release profile was observed 

for tubes that had additional coat curing at 70 °C for 24 hours.

3.2.7 The Effect of Rate of Extrusion (Ram Speed)

Figure 4.43 shows the effect of rate of extrusion (ram speed) of the formulation on 

the dissolution profiles of the drug. This figure shows the rate of extrusion of the 

formulation studied had no effect on the dissolution profiles of the drug. This in 

turn allows more flexibility in producing these formulations at varying speeds.

3.3 The Effect of pH of the Dissolution Media

3.3.1 Tube 8/4 of Length 10mm. with External Permeable Coat and No Internal 

Coat. With about 10% Coating Comprising a ratio of 5 parts (83.3%) of 

ethvlcellulose and 1 part (16.7%) of Methocei KlOO (HPMC).

Figure 4.44 shows the effect of different pH media on drug release from a tube 

containing 48.9% theophylline cured at 90 °C for 24 hours. The results in the 

figure show that the drug release is slightly affected by pH of the dissolution media, 

which may be due to the absence of calcium carbonate, used as a filler, in the 48.9% 

theophylline formulation.
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Fig. 4.43 The e f fe c t  of ra te  of extrusion (ram speed) of the 

formulation on the dissolution profiles from tubes 

8 / 4  co a ted  with 5.7% coating comprising a ratio of 

5.5 (ethylcellulose):1 (Methocei KIOOM) cured at 

70  *C for 24  hours.

TUBE 8 / 4  OF LENGTH 5MM, CONTAINING 4.89% DRUG 

LOADING WITH EXTERNAL AND INTERNAL PERMEABLE 

COAT
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Fig. 4 .44  The e f fe c t  of the pH of the dissolution media on the

re lease  of theophylline from coa ted  tubes 8 / 4  with 10% 
coating comprising of 5 (Ethylcellulose): 1 (Methocei 

KIOOM) cured at 90  *C for 24 hours.

TUBE 8 /4  OF LENGTH 10MM, CONTAINING 48.9% DRUG
LOADING WITH EXTERNAL PERMEABLE COAT AND NO

INTERNAL COAT
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Figures 4.45-4.47 show the effect of different pH media on drug release from tubes 

containing 4.89% and 23.3% theophylline. The results in the figures show that the 

drug release is affected by pH mainly at acidic pH which may be due to the 

solubility of calcium carbonate in dilute acids which led to erosion of the tubes thus 

increasing its dissolution rate and solubility. At the same time, an acidic salt of the 

weak base (theophylline) was formed which dissolved more rapidly than the free 

weak base.

3.3.2 Tube 8/4 with External and Internal Permeable Coat

Figure 4.48 shows the effect of various dissolution media of different pH on drug 

release from tube 8/4 of length 5mm, containing 4.89% theophylline, coated with 

Surelease and Methocei KIOOM cured at 70 °C for 24 hours. The results shown in 

figure 4.48 demonstrate that the drug release is pH-dependent. The increase at 

acidic values may be due to the formation of an acidic salt of the weak base 

(theophylline) which dissolved more rapidly than the free weak base. At the same 

time, calcium carbonate is practically insoluble in water, but, soluble in dilute acids 

which led to erosion of the formulation, thus, increasing its dissolution rate.

Figure 4.49 shows the effect of varying the pH of the dissolution media on the drug 

release from tubes 8/4 of length 10mm, containing 4.89% theophylline, coated with 

Surelease and Methocei KIOOM and cured at 90 °C for 24 hours. The release 

changes slightly with the polymer film at high pH values (>6 ) which may be due to 

the presence of a few carboxyl groups in the ethylcellulose used.

Figure 4.50 shows the effect of different pH media on the drug release form tubes 

8/4 of length 10mm, containing 4.89% theophylline, coated with Surelease and 

Methocei KIOOM cured at 70 °C for 24 hours. The rate of drug dissolution in the 

phosphate buffer and distilled water was slightly reduced. Fassihi and Munday 

(1989) observed that the rate of the drug dissolution in the phosphate buffer was
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Fig. 4.45 The e f fe c t  of pH of the dissolution media on the re lease  

of theophylline from coa ted  tubes 8 /4  with 10% coating 

comprising a ratio of 5 (Ethylcellulose): 1 (Methocei 

KIOOM) cured at 90  *C for 24 hours.

TUBE 8 /4  OF LENGTH 10MM, CONTAINING 4.89% DRUG 

LOADING, WITH EXTERNAL PERMEABLE COAT AND NO 

INTERNAL COAT
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Fig. 4.46 The ef fec t  of pH of the dissolution media on the re lease  

of theophylline from coa ted  tubes 8 / 4  with 10% coating 
comprising a ratio of 5 (Ethylcellulose): 1 (Methocei 

KIOOM) cured at 7 0 'C  for 24  hours.

TUBE 8 /4  OF LENGTH 10MM, CONTAINING 4.89% DRUG

LOADING WITH EXTERNAL PERMEABLE COAT AND

NO INTERNAL COAT
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Fig. 4 .48 The e f fe c t  of pH of the dissolution media on the release  
of theophylline from coa ted  tube 8 / 4  with 6% coating 

comprising a ratio of 5.5 (Ethylcellulose): 1 (Methocei 

K 100M cured at 70  *0 for 24 hours.

TUBE 8 / 4  OF LENGTH 5MM, CONTAINING 4.89% DRUG 
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The e f fe c t  of pH of the dissolution media on the re lease  
of theophylline from coa ted  tubes 8 / 4  with 10% coating 
comprising a ratio of 5 (Ethylcellulose): 1 (Methocei 
K 100M cured at 90 *C for 24 hours.

TUBE 8 /4  OF LENGTH 10MM, CONTAINING 4.89% DRUG
LOADING, WITH EXTERNAL AND INTERNAL PERMEABLE
COAT
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Fig. 4 .50 The e ffec t  of pH of the dissolution media on the re lease 
of theophylline from coated  tubes 8 / 4  with 10% coating 
comprising a ratio of 5 (Ethylcellulose): 1 (Methocel 

K 100M) cured at 70 ’ C for 24 hours.

TUBE 8 / 4  OF LENGTH 10MM, CONTAINING 4.89% DRUG 
LOADING. WITH EXTERNAL AND INTERNAL PERMEABLE 
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Fig. 4.51 The e f fec t  of pH of the dissolution media on the re lease  
of theophylline from coated  tubes 8 / 4  with 4.3% coating

comprising of only Ethylcellulose cured at 90* C for 24  

hours.

TUBE 8 / 4  OF LENGTH 5MM, CONTAINING 4.89% DRUG 
LOADING. WITH EXTERNAL AND INTERNAL IMPERMEABLE 

COAT
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reduced, which they attributed to the molecular interaction at the core-coat interface 

between theophylline and the phosphate ions leading to the inhibition of the transport 

process.

Figure 4.51 shows the effect of different pH media on drug release from tube 8/4 of 

length 5mm, containing 4.89% theophylline, coated with Surelease without adding 

Methocel KIOOM cured at 70 °C for 24 hours. The results in the figure show that 

the drug release, which was up to 5% of the drug content in 12 hours of dissolution, 

is not affected by pH which may be due to the poor release profiles of the 

formulation and the insensitivity of the film formed to different pH media.

3.4 Scanning Electron Micrograph (S.E.M.)

The surfaces of film-coated tubes were examined using the scanning electron 

microscope (S.E.M) to determine the uniformity of the film coat and whether the 

film deposited is smooth and homogeneous or not. It also determined whether 

varying the amount of coating dispersion sprayed had any effect on the film structure 

and the ultimate quality of the coating.

Figures 4.52,a and b show the surface of tube 8/4 (form. C) after deposition of 8 % 

coating of Surelease cured at room teperature which appears homogeneous and 

smooth. Figure 4.52,c shows this film system in cross-sectional view cured at 90 

°C for 24 hours. Figure 4.52,d shows the same system but with 4.3% coating of 

Surelease. Figures 4.52,c and d show the uniformity of the Surelease film coating 

around the tubes illustrating the reproducibility and efficiency of this coating method.

Figure 4.53 shows the surface of tube 8/4 (form. C) after deposition of 8 .8 % film 

comprising ethylcellulose (Surelease) and Methocel KIOOM with a ratio 5.5:1 cured 

at 70 °C for 24 hours which appears to be homogeneous and smooth. This indicates 

that the polymeric particles were adequately deformed and fused, to yield a 

continuous film under the coating conditions used.
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4. Conclusions

• Film-coated tubes were successfully prepared by coating the tube cores with 

an aqueous coating dispersion (Surelease) and Surelease with various coating 

additives.

• To provide drug release, additional soluble coating additives such as 

Methocel K1(X)M and methylcellulose must be incorporated into the 

dispersion.

• By varying the type and the amount of coating additives used, coating 

thickness, coating surface, drug/polymer ratio, and film coalescence (the 

effects of drying and curing temperature and duration); the permeation rate 

of theophylline through the film can be altered, yielding a product that has 

a complete or nearly complete in vitro release and a controlled release rate 

profile.

• The drug release was apparently zero order with time (for the 4.89% 

theophylline formulation) and the film had adequate mechanical properties 

(ruptures were not found in the film before and after dissolution).

• Drug loading; the release rate profiles of high drug loading formulations were 

difficult to control due to either erosion or retention of the drug. However, 

with low levels of drug loading the release rate proved more controlled and 

more complete; 1 0 0 % of the drug was released in 1 2  hours at apparently 

zero order.

• A release of up to 90% of total drug content was achieved using a 

formulation containing 23.3% of the drug. The external surface of the 

formulation was coated using a suitable polymeric mixture cured at a specific 

temperature and duration.
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The reproducibility and efficiency of the coating method were achieved and 

identified by the in vitro release study and visually by the uniformity of the 

polymer coating around the tubes, confirmed by S.E.M.

The Influence of pH of Dissolution Media

Surelease coating dispersion by itself with no coating additives, was pH- 

independent but the release of drug was poor.

Surelease coating dispersion incorporating coating additive (Methocel 

KIOOM) was pH-depcndent; the release rate profile was higher at low pH.
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PART FOUR: THE DEVELOPMENT OF A PH-INDEPENDENT

CONTROLLED RELEASE TUBULAR EXTRUDATE

1. Introduction

The pH-dependency of the release of theophylline, a model drug, mainly at acidic 

pH from the controlled release formulation of 4.89% theophylline has been discussed 

in part three, section 3.3 of this chapter. The pH-dependency of the release may 

result in variation in absorption or reduction of theophylline bioavailability. This 

effectively means that its release rate profile is dependent on the environmental pH 

in the gastrointestinal fluids. Thus, the transfer of the dissolution control of the 

controlled release formulation from a patient controlled pH variable to a 

pharmaceutical pH-independent formulation would be advantageous.

In this study it was proposed to replace calcium carbonate, used as a filler in the 

original formulation which has pH-dependent solubility characteristics, with another 

filler which has relatively pH-independent solubility characteristics, a controlled and 

pH-independent release rate profile could be obtained.

The aim of this work was the preparation of a controlled release formulation able to 

release theophylline, a model drug, in a way independent of the different pHs of the 

dissolution media.

2. Experimental Methods

2.1 Preparation of the Tubular Extrudate

The formulations used in the preparation of tubular extrudate 8/4 (8 mm external 

diameter and 4mm internal diameter), containing 4.89% (form. A, B, and C) and
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48.9% (form. D) theophylline, in this study are shown in table 4.1. Extrusion of the 

wet powder mass (section 1.2.2), preparation of Surelease coating formulation 

(1.2.4.C), method of coating (1.2.4.C.1), drying, curing and dissolution studies, are 

all as described in chapter 2 .

The physical properties of these formulations such as the apparent density, friability, 

disintegration time and mechanical strength are discussed in chapter 3. The 

dissolution behaviour of these formulations in an uncoated form were also discussed 

in part one of this chapter.

3. Results and Discussion

Most of the variables, including pH of the dissolution medium that affect the release 

rate profile of the drug from coated tubes have been studied in part two and three 

(form. C and D). To develop a pH-independent release rate profile of the drug, tube 

8/4 of length 5mm, prepared from various formulations (form. A-D, Table 4.1) with 

different coating systems of Surelease and Methocel K1(X)M (coating mixtures I-IV) 

have been tested.

The coating systems used in the study are defined as follows:-

-Coating mixture-I. containing about 5.5 parts (84.7%) of ethylcellulose and 1 part 

(15.3%) of Methocel KIOOM (HPMC), with approximately 6.2% coating of total 

weight of coated tube cured at 70 °C for 24 hours.

-Coating mixture-II. containing about 5.5 parts (84.7%) of ethylcellulose and 1 part 

(15.3%) of Methocel KIOOM (HPMC), with approximately 10% coating of total 

weight of coated tube cured at 70 °C for 24 hours.

-Coating mixture-IH. containing about 6.7 parts (87%) of ethylcellulose and 1 part 

(13%) of Methocel KIOOM, with approximately 6.2% coating of total weight of 

coated tube cured at 90 °C for 24 hours.
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-Coating mixture IV. containing about 6.7 parts (87%) of ethylcellulose and 1 part 

(13%) of Methocel KIOOM (HPMC), with approximately 13.6% coating of total 

weight of coated tube cured at 70 °C for 24 hours.

3.1 The Effect of the pH of the Dissolution Medium on the Release Profiles 

of the Drug From Various Formulations

3.2.1 Formulation A-with Coating Mixture II

3.1.1.A Tubes with External Permeable Coat and No Internal Coat

In part three, section 3.3 of this chapter, it was shown that the pH-dependency of the 

drug release was influenced by the presence of calcium carbonate in the formulation. 

Calcium carbonate used in the formulation as a filler which is practically insoluble 

in neutral/buffer medium but soluble in diluted acidic medium. Its solubility in 

diluted acidic medium may lead to the erosion of the matrix, thus increasing its 

dissolution rate and solubility. For these reasons, calcium carbonate was replaced 

by lactose, which has relatively pH-independent solubility characteristics compared 

to calcium carbonate, to prepare a formulation which has a pH-independent release 

profile. The dissolution profile of 4.89% theophylline formulation in acidic 

medium, phosphate buffer and distilled water are shown in figure 4.54,a. The 

dissolution profiles in the figure show that almost similar drug dissolution behaviour 

at the different acidic (gastric) and neutral/basic pH 7.0 (intestinal) pHs are obtained.

3.1.1.B Tubes with External and Internal Permeable Coat

Figure 4.54,b shows the effect of varying the pH of the dissolution media on the 

drug release from the 4.89% theophylline formulation, coated with a mixture of 

Surelease and Methocel KIOOM on both the external and internal surface. Only 

approximately 25% of the drug was released in the first two hours in this case,
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Fig. 4 .54 The ef fec t  of pH of the dissolution media on the 
dissolution profiles of formulation A ( la c to s e -  

containing tubes) with 10% coating comprising a 
ratio of 5.5:1 of EthylcelluloseiMethocel KIOOM.

■ Distilled water  (pH-5.6)
A Phosph. buffer (pH-7.0)
▼ 0.1N HCI (pH -1.2)
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whilst with just the external surface coated about 45% of the drug was released in 

the same time period. The results in the figure show that the drug release was not 

affected by the different pH of the dissolution media.

3.1.2 Formulation A-with Coating Mixture IV

3.1.2.A Tubes with External Permeable Coat and No Internal Coat

Figure 4.55,a shows that the release profile of the drug was affected by varying the 

pH of the dissolution media particularly at pH 7.0 (phosphate buffer) and distilled 

water (pH 5.6) media. This may be due to both the effect of the ratio of the weight 

of ethylcellulose (Surelease) to the weight of Methocel KIOOM in the coating 

mixture and the amount of the coating mixture applied. It can be seen from the 

figure that the release profiles do not follow zero order but tend to exhibit a Higuchi 

model of release kinetics unlike previous release profiles. An average of about 38% 

of the drug was released in the first 2  hours of dissolution.

3.1.2.B Tubes with External and Internal Permeable Coat

Figure 4.55,b shows that the drug release profiles were slightly affected by the buffer 

medium (pH 7.0). This may be due to the effect of both the ratio of the weight of 

ethylcellulose (Surelease) to the weight of Methocel KIOOM in the coating mixture 

and the weight of the coating mixture applied. The release profiles of this coating 

system proved more controlled and more complete. The drug release was zero 

order after an initial release of 2  hours (about 1 0 % of the drug was released in the 

first 2 hours). This indicates the importance of the coating system used. The ratio 

of the component of the coating mixture and the amount of the coating mixture 

applied may significantly affect both the pH dependency of the formulation, the 

overall release and the release kinetics of the formulation.
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▼ 0.1 N HCI (pH -1.2)

-208-



Chapter 4, In-Vitro Studies

3.1.3 Formulation B-with Coating Mixture I

3.1.3.A Tubes with External Permeable Coat and No Internal Coat

Barium sulphate was chosen, to replace calcium carbonate, since it has pH- 

independent solubility characteristics and forms a good smooth tubular extrudate on 

extrusion. As shown in figure 4.56,a the changes in the release rate profiles 

decreased with the replacement of calcium carbonate with barium sulphate. The 

release rate was slightly faster in the buffer (pH 7.0) and acidic media (pH 1.2) 

which may be due to very low solubility of barium sulphate in acids and alkalis 

while it is practically insoluble in water. The release profile of formulation A is 

nearer to zero order within the first 6  hours of release than formulation B.

3.1J3.B Tubes with External and Internal Permeable Coat

Figure 4.56,b shows the effect of varying the pH of the dissolution medium on the 

release profiles of the drug. The results in the figure show that the drug release was 

slightly affected by the buffer (pH 7.0) and acidic media which may be due the very 

low solubility of barium sulphate in acids and alkalis while it is practically insoluble 

in water. About 38% of the drug was released in the first two hours compared to 

52% of the drug being released when only the external surface was coated. As 

shown in the figure the release kinetic departs from zero order kinetics, particularly 

in the buffer (pH 7.0) and acidic medium (pH 1.2).

3.1.4 Formulation B-with Coating Mixture II

3.1.4.A Tubes with External Permeable Coat and No Internal Coat

Figure 4.57,a shows the release profiles of the drug from the same formulation but 

with a greater quantity of coating (10% coating). The effect of the amount of
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coating clearly decreased the changes in the release profiles in different pH media. 

The release profile is also nearer to zero order within the first 6  hours. Complete 

release of the drug was achieved in 1 2  hours.

3.1.4.B Tubes with External and Internal Permeable Coat

Figure 4.57,b shows the effect of varying pH of the dissolution medium on the 

release profiles of the drug. The results in the figure show that the drug release was 

independent of the different pH of the dissolution medium. As shown in the figure 

the release kinetic is apparently zero order. Complete release was also achieved in 

1 2  hours.

3.1.5 Formulation C-with Coating Mixture I

3.1.5.A Tubes with External and Internal Permeable Coat

As described in part three section 3.3 of this chapter, the presence of calcium 

carbonate as a filler in the formulation provided drug release profiles which were 

pH-dependent mainly at acidic pH. Figure 4.58 shows that the drug release profile 

was pH-dependent mainly at acidic pH. This is due to calcium carbonate having 

pH-dependent solubility characteristics. Calcium carbonate is practically insoluble 

in water and soluble in diluted acids which leads to the erosion of the tube system 

thus increasing its dissolution rate and solubility. Consequently controlled and pH- 

independent release rate profiles could not be obtained. The lack of film integrity 

at low pH shown by the initial burst and the poor mechanical strength was attributed 

to the high dissolution rate of calcium carbonate in the formulation. The 

mechanical stability and the resistance of the film coat to rupturing during passage 

through the gastrointestinal tract is an important aspect for the in vivo use of this 

drug delivery system.
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3.1.6 Formulation D-with Coating Mixture III

3.1.6.A Tubes with External Permeable Coat and No Internal Coat

The pH-dependency of the formulation containing 48.9% drug loading which 

contains no calcium carbonate has been studied. Figure 4.59,a shows that the drug 

release profile was pH-independent. This confirms that the pH-dependency of the 

drug release profiles of the formulation C is due to the presence of calcium 

carbonate in the formulation as a filler. It can also be seen from the figure that no 

burst release of the drug was observed. This may be due to good film integrity and 

mechanical stability since no high dissolution or acceleration of dissolution occurred.

3.1.6.B Tubes with External and Internal Permeable Coat

Figure 4.59,b shows that the release profile was affected by the different pHs of the 

dissolution media. This may not be due to the different pH of the dissolution 

medium, because tubes with external permeable coat and no internal coat showed 

pH-independent release with good mechanical stability and no film coat disruption, 

but rather to the disruption of the film coat. The disruption of the film coat may 

be due to the disintegration force generated from the penetration of the aqueous fluid 

to the tube system causing swelling of the system which was not accommodated or 

relieved by the tube system, thus causing the film coat to disrupt. This did not 

happen with external coated tubes with no internal coat, because they may be able 

to relieve pressure from the internal uncoated surface of the tube.
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4. Conclusions

* A pH-independent release was obtained with the 4.89% theophylline 

formulation containing lactose or Barium Sulphate with a complete release.

* Controlled release formulations containing 4.89% theophylline and lactose or 

barium sulphate as a filler have been successfully prepared to release the 

drug in a way independent of the different pHs of the dissolution media. An 

apparent zero order and complete release was achieved.

* Controlled release formulations containing 48.9% theophylline have also been 

successfully prepared to release the drug in a way independent of the 

different pHs of the dissolution media. An apparent zero order but 

incomplete release profiles (about 40% of the drug released in 10.2 hours) 

was achieved.

* Maintaining the pH-independent release characteristics may not be possible 

if changes are made to the release rate by modification of the Methocel 

K1(X)M ratio in the coating and/or the amount of coating applied (coat 

thickness).

* A pH-dependent release was obtained with a 4.89% theophylline formulation 

containing Calcium carbonate, as a filler, particularly at acidic pH. This 

controlled formulation was found to be effective for increasing the dissolution 

of theophylline in acidic media and reducing the dissolution rate in 

alkaline/neutral conditions.
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PART FIVE: FACTORS INVOLVED IN THE DEVELOPMENT OF

CONTROLLED/SUSTAINED RELEASE TUBE AND 

ROD EXTRUDATES, AS NOVEL ORAL DOSAGE 

FORMS

1. Introduction

The effect of tube diameters and length, shape of formulation (tube versus rod), drug 

loading, coating surface (whole surface or external surface), curing temperature of 

film coating and initial fluid content of the formulation, on the dissolution behaviour 

of the drug from coated tubes 10/4 and 8/4 and the rod 8  extrudate systems with 

length 5 mm was studied. The effect of different lengths; 5mm, 10mm, 12.5mm 

and 15mm of tube 8/4 was also studied. The coating conditions used were 

standardised, equal amounts per unit area (weight/surface area) of surface coating 

was applied to the different systems studied.

The characteristics of the tube and rod extrudate systems used in this study in terms 

of the apparent density, mechanical strength, friability, disintegration time, the 

surface area (cm^) and specific surface area (cmVgm), weights and drug content and 

porosity are examined and discussed in chapter 3. The dissolution behaviour of 

these systems in the uncoated form is also examined and discussed in part one 

section 3.1 of this chapter.

The objectives of this study could be summarized as follows:-

To study the effect of the different diameters (tube 10/4 versus 8/4) and 

lengths of tubes (5mm, 10mm, 12.5mm and 15mm), shape of formulation 

(tube 8/4 versus rod 8 ), drug loading (4.9% versus 48.9%), curing 

temperature (room temperature, 70 °C and 90 °C), coating surface (external 

surface versus external and internal surface) and initial fluid content of the
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formulation on the dissolution behaviour of the drug from coated tube and 

rod systems.

2. Experimental Methods

2.1 Preparation of the Tubular and Rod Extrudates

The formulations used in the preparation of tube extrudate 10/4 and 8/4 (outer 

diameter/inner diameter in mm) and rod extrudate 8  (diameter in mm) in this study 

are shown in table 4.1 (form. B and D).

The preparation of tube 10/4, 8/4 and rod 8  extrudates was described in chapter 2, 

section 1 .2 .2 , using the respective die with the desired tube and rod dimension.

Formulation B containing 4.9% drug loading and Formulation D containing 48.9% 

drug loading (table 4.1), used previously to prepare tube 8/4 extrudates, were 

selected to be used in this study for the following reasons:-

their ease of preparation

their consistent and reproducible extrusion process with smooth surface

their pH-independent release characteristics

their apparent zero order kinetic release process

the complete release profiles over a period of 12 hours (Formulation B)

Figures 4.57,a and b, and 4.59 show the effect of the pH of the dissolution media on 

the release profiles of formulations B and D. The independence of drug release in 

different pH media used allowed distilled water to be used as the test media.
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2.2 Preparation of Surelease Coating Formulation

To provide controlled drug release, an aqueous ethylcellulose-based dispersion 

(Surelease, Colorcon) was used as the barrier coating and modified with a water 

soluble HPMC (Methocel K1(X)M, Colorcon), as described in chapter 2 section

1.2.4.C, to produce a coating film of 10.74 mg/cm^. The coating mixture contained 

about 5.5 parts (84.7%) of ethylcellose and 1 part (15.3%) of methocel K1(X)M 

(HPMC). Standardised coating conditions were used in the study, see tables 4.14 

and 4.15. The amount of coating added to the initial weight of the formulation to 

produce the same amount of coating per unit surface area for the various 

formulations studied, are shown in table 4.16. The percentage of coating the final 

weight of the formulations used in the study to produce this coating film are shown 

in table 4.17. The coated tubes and rods were cured at 90 “C for 24 hours. This 

provided a good film integrity and mechanical stability, particularly for tubes and 

rods, containing high drug loading, which disintegrated if cured at room temperature 

or 70 C. Therefore, any differences in the dissolution behaviour between the 

coated systems will be due to the formulation variations such as drug loading, tube 

diameters and length, shape of formulation (tube versus rod), coating surface (coating 

position), and fluid content. The dissolution process and conditions are as described 

in chapter 2, section 1.2.5.

2.3 Coating Conditions

Various batches of tubes 10/4 and 8/4 and rod 8  extrudates were coated in a 

fiuidised bed coater (Strea-1; ACM Machinery, Tadley). The optimised coating 

conditions used are shown in tables 4.14 and 4.15. Drying and curing of these 

tubes and rods were carried out as described in chapter 2, sections 1.2.4.C.2 and

1.2.4.C.3 respectively.
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THE COATING CONDITIONS USED IN THE STUDY FOR

4.9% DRUG LOADING FORMULATIONS

FORMULATION SYSTEM TUBE (10/4) TUBE (8/41 ROD

BATCH WEIGHT (gm)

ATOMIZED AIR PRESSURE (BAR)

FEED RATE (grM/M&n)

FAN CAPACITY, UNITS 
(FLUIDIZATION AIR)

TEMPERATURE, °C (INLET AIR)

TEMPERATURE, °C (OUTLET AIR)

COATING TIME ( ï Y i i n s )

DRYING TIME (m lns)

26.5

0.1-0.15

1.2

15

60

50

60(E&I) 
50 (E)

60

25

0.1-0.15

1.3

15

60

50

65 (E&I) 
55 (E)

60

28

<0.05

1.1

15

60

50

50*

60

DRYING TEMPERATURE, °C 60 60 60

E & I ,  EXTERNAL AND INTERNAL SURFACE COATED; E, EXTERNAL COAT WITH NO INTERNAL COAT
* WHOLE SURFACE COATED
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THE COATING CONDITIONS USED IN THE STUDY FOR

48.9% DRUG LOADING FORMULATIONS

FORMULATION SYSTEM TUBE (10/4) TUBE (8/4) ROD (8mm )

BATCH WEIGHT (^m)

ATOMIZED AIR PRESSURE (BAR)

FEED RATE (gm/mm)

FAN CAPACITY, UNITS 
(FLUIDIZATION AIR)

TEMPERATURE, °C (INLET AIR)

TEMPERATURE, °C (OUTLET AIR)

COATING TIME (m ins)

DRYING TIME (Mins)

DRYING TEMPERATURE, °C

25

0.1-0.15

1.0

15

60

50

65 (E&I) 

60(E)

60

60

25.4

0.05-0.1

1.2

15

60

50

90 (E&I) 

80 (E)

60

60

28

<0.050

1.1

15

60

50

65*

60

60

E&I, EXTERNAL AND INTERNAL SURFACE COATED; E, EXTERNAL COAT WITH NO INTERNAL COAT
* WHOLE SURFACE COATED
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TABLE 4.16: THE PROPERTIES OF THE VARIOUS TUBE AND ROD EXTRUDATES USED IN THE STUDY

FORMULATION
SYSTEM

TUBE
(ROD)

LENGTH
(mm)

INITIAL WEIGHT OF 
TUBE (ROD)

AMOUNT OF 
THEOPHYLLINE

(mg)

WEIGHT INCREASE BY 
COATING 

(1̂ 9 )

WEIGHT OF 
COAT PER 
SURFACE 

AREA
(mg/cnf)4.9% 48.9% 4.9% 48.9% TUBE

(ROD)
WHOLE

SURFACE

TUBE
EXTERNAL
SURFACE

TUBE
10/4

5 464.5 353.6 22.8 172.9 37.8 31 10.74

TUBE
8/4

5 255.0 198.9 12.5 97.3 28.3 21.6 10.74

10 526.7 -- 25.8 -- 48.6 -- 10.74

12.5 660.3 -- 32.4 -- 58.7 -- 10.74

15 782.8 611.3 38.4 298.9 68.8 48.6 10.74

ROD
8

5 342.1 260.0 16.8 127.1 24.3 10.74
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TABLE 4.17: THE COATING PERCENTAGE OF THE FINAL WEIGHT 
OF THE VARIOUS FORMULATIONS USED TO PRODUCE 
10.74 mcj /cm^ COAT.

FORMULATION
SYSTEM

TUBE
(ROD)

LENGTH
(mm)

% COATING

WHOLE TUBE 
(ROD) 

COATED

EXTERNAL TUBE 
COATED

4.9
%

48.9
%

4.9
%

48.9
%

TUBE
10/4

5 7.5 9.7 6.3 8.1

5 10.0 12.5 7.8 9.8

TUBE
8/4

10 8.5 -- -- --

12.5 8.2 -- -- --

15 8.1 10.1 5.9 7.4

ROD
8

5 6.6 8.6 -- --
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3. Results and Discussion

3.1 The Effect of Factors Studied on the Release Characteristics of the 

Coated Tubular And Rod Extrudate Systems

The release characteristics of coated tubes 10/4 and 8/4 and rod 8 , containing 4.9% 

and 48.9% drug loading, with length 5mm and tube 8/4, with length 10mm, 12.5mm 

and 15mm have been investigated and the results shown in figures 4.60-4.73.

To describe the mode of the release process of theophylline, a model drug, and for 

comparative purposes among variable factors studied, the equation derived by 

Korsmeyer, et al 1983 was used (equation 4.5).

The values of n and correlation coefficient, r, of these formulations are listed in 

tables 4.18, 4.19 and 4.20. In addition, the dissolution rate of the drug was studied 

and represented by amount (mg) of the drug released, per surface area (cm^), per 

time (hour), calculated from the slope of a zero order plot of amount released per 

surface area versus time over 12 hours of dissolution. The dissolution rate of the 

drug and correlation coefficient, r, the extent and percentages of the drug released 

of these formulations are also listed in tables 4.18, 4.19 and 4.20.

The summary of the dissolution study undertaken to characterise the mode of release, 

dissolution rate and the extent of the drug released for coated tubes 10/4 and 8/4 and 

rod 8 , containing 4.9% and 48.9% drug loading, with 5mm length is presented 

below. Tubes 8/4 with lengths of 10mm, 12.5mm and 15mm were also studied. 

The effect of different tube diameters (10/4 vs 8/4) and length (5mm, 10mm, 

12.5mm and 15mm), shape of the formulation (tube 8/4 vs rod 8 ), drug loading, 

coating surface, curing temperature and initial fluid content on these kinetic 

parameters is presented in figures 4.60-4.73 and tables 4.18, 4.19 and 4.20.
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3.1.1 TUBES 10/4 AND 8/4

3.1.1.A 4.9% Drug Loading

3.1.1.A.1 Tubes with External and Internal Permeable Coat

Figures 4.60,a and b show the influence of the tube diameters on the dissolution 

profiles from coated tubes 10/4 and 8/4. Table 4.18 shows the calculated n-values, 

the dissolution rate (mg.cm'^hr *) and the extent of drug released, mg (over 1 2  hours 

of dissolution). The drug released exhibited super case-II release with tube 10/4 

(n=1.27) and an apparent zero order release with tube 8/4 (n=1.07). Both systems 

have shown an apparent zero order controlled release (Fig. 4.60,a and b). The 

dissolution rate from tube 8/4 (0.2026 mg.cm'^.hr'^) was faster than the dissolution 

rate from tube 10/4 (0.1297 mg.cm^.hr^). As shown in the table 4.18 the fastest 

dissolution rate among formulations coated with external and internal permeable coat, 

containing 4.9% drug loading, was with tube 8/4. The extent of drug released over 

12 hours of dissolution was 5.7 mg (corresponding to 25.5 % drug release in 12 

hours) from tube 10/4; whilst from tube 8/4 it was 6 . 6  mg (corresponding to 54.4% 

drug release in 12 hours). Tube 8/4 had the highest amount of the drug released in 

comparison to the tubes 10/4 and rod 8  (table 4.18), coated with external and internal 

permeable coat, containing 4.9% drug loading.

3.1.1.A.2 Tubes 10/4 and 8/4 with External Permeable Coat and No Internal 

Coat

Figures 4.61,a and b show the influence of the tube diameters and coating surface 

(external surface coated) on the dissolution release profiles from coated tubes 10/4 

and 8/4. Both formulations exhibited an apparent zero order release according to 

zero order model, and a non-Fickian diffusion (anomalous transport) release pattern
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TABLE 4.18: THE DISSOLUTION RATE, THE EXTENT AND PERCENTAGES OF THE DRUG RELEASED AND THE MODE OF 
RELEASE ACCORDING TO KORSMEYER’S EQUATION FOR DIFFERENT FORMULATIONS.

DISSOLUTION RATE GRADIENT
THEOPHYLLINE 

released over 1 2  hrs
FORMULATION SYSTEM mc.cm^hr'^ r Jn L r mg (%)

TUBES
LW

Outer/Inner Diam. 
10/4 0.1297 0.992 1.27 0.998 5.7 (25%)

LE 10/4 0.3152 0.993 0.67 0.998 14.6 (64%)

HW 10/4 0.5585 0.996 1.19 0.999 23.9 (13.8%)

HE 10/4 1.3830 0.996 0.79 0.996 62 (35.9%)

LW 8/4 0.2026 0.996 1.07 0.999 6 . 6  (54.4%)

LE 8/4 0.3452 0.993 0.70 0.999 11.6 (92.8%)

HW 8/4 0.8380 0.999 1.06 0.999 25.4 (26.2%)

HE 8/4 1.4531 0.998 0.73 0.998 50.9 (52.4%)

RODS
LW

Diameter
8 0.1232 0.998 0.97 0.998 3.7 (21.8%)

HW 8 0.1948 0.953 1.03 0.999 5.3 (4.2%)

L, low drug loading; H, high drug loading; W,whole surface coated; E, external surface coated; dissolutitm rate represented by amount released, mg per cm  ̂per hour of the release 
profiles over 12 hours; njelease exponent o f the equation m/m_ =kt" (the release data during the first hour of dissolution was not considered and only dissolution data < 60% was 
taken); r, correlation coefficient.
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as assessed by the n-values; 0.67 and 0.70 with tubes 10/4 and 8/4 respectively. 

This, presumably, resulted from the exposure of the inner surface of the tube systems 

which led to surface erosion of the tube where combined release by diffusion (from 

external surface), diffusion and erosion/swelling (from inner surface) occurred. The 

dissolution of the drug was markedly increased by coating only the external surface 

of the tube, because there is no film barrier for the drug diffusion/dissolution and 

may be due to the surface erosion of the inner surface of the tube, thus, increasing 

its dissolution rate. The dissolution rate from tube 10/4 (0.3152 mg.cm^.hr'^) was 

slower than the dissolution rate from tube 8/4 (0.3452 mg.cm ̂ .hr' )̂. Similar values 

of n indicated similar release kinetics but did not necessarily provide the same 

release profiles. The extent of the drug released from tube 10/4 was 14.6 mg 

(corresponding to 64% drug release in 12 hours); while from tube 8/4 was 11.6 mg 

(corresponding to 92.8% drug release in 12 hours). Tubes 10/4 and 8/4 showed 

greater amounts of drug released than with same tubes coated with external and 

internal permeable coat. About 2% and 8 % of the drug was released in the first 2 

hours compared to 2 0 % and 28% of the drug being released when only the external 

surface was coated from tubes 10/4 and 8/4 respectively.

3.1.1.B 48.9% Drug Loading

3.1.1.B.1 Tubes 10/4 and 8/4 with External and Internal Permeable Coat

Figures 4.62,a and b show the effect of tube diameters and drug loading, in 

comparison with figures 4.60,a and b, on the dissolution profiles from coated tubes 

10/4 and 8/4 containing 48.9% theophylline. Both formulations exhibited an 

apparent zero order release according to zero order model and Korsmeyer’s equation 

(table 4.18). The values of the exponent n were 1.19 and 1.06 with tubes 10/4 and 

8/4 respectively. The dissolution rate of the drug from tube 10/4 (0.559 mg.cm'^.hr ') 

was slower than the dissolution rate of the drug from tube 8/4 (0.838 mg.cm ̂ .hr^). 

The extent of the drug released from the tube over 12 hours of dissolution was 23.9 

mg (corresponding to 13.8%); whilst with tube 8/4 it was 25.4 mg (corresponding
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to 26.2%). There was very slight disruption of the inner coating film visually 

observed in the study with tubes containing 48.9% drug loading and coated with 

external and internal permeable coat. This may be due to the drug/excipient ratio 

and the disintegration force generated from the penetration of the aqueous fluid to 

the tube system, causing swelling of the tube which was not accommodated or 

relieved by the tube system thus causing the inner film coat to be slightly disrupted. 

This did not happen with the externally coated tubes with no internal coat which 

may be due to the relief of the swelling from the internal uncoated surface of the 

tube.

3.1.1.B.2 Tubes 10/4 and 8/4 with External Permeable Coat and No Internal 

Coat

Figure 4.63,a shows the effect of the tube diameters and coating surface, in 

comparison with figure 4.62,a and b, for the dissolution profiles from coated tubes 

10/4 and 8/4. A non-Fickian diffusion (anomalous) and an apparent zero order 

release were obtained as assessed by the values of n, 0.79 (tube 10/4) and 0.73 (tube 

8/4) and the zero order graph respectively. The dissolution rate of the drug from 

the tube 10/4 (1.383 mg.cm^.hr^) was slightly slower than the dissolution rate of the 

drug from the tube 8/4 (1.4531 mg.cm^.hr^). The extent of the drug released from 

the tube 10/4 was 62 mg (35%), whilst with tube 8/4 was 50.9 mg (52.4%). Tube 

10/4 had the highest amount of drug released over 12 hours of dissolution than the 

rest of the formulations.
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3.1.2 TUBE 8/4 AND ROD 8  mm in Diameter

3.1.2.A 4.9% Drug Loading

3.1.2.A.1 Tube 8/4 with External and Internal Permeable Coat and Whole 

Surface Coated Rod 8

Figures 4.64,a and b show the influence of the shape of the formulation on the 

dissolution profiles from coated tube 8/4 and rod 8  containing 4.9% drug loading. 

An apparent zero order release was obtained with both formulations as assessed by 

the values of n, 1.07 (tube 8/4) and 0.97 (rod 8 ), table 4.18, and zero order graph. 

The dissolution rate of the drug from rod 8  was (0.1232 mg.cm^.hr^). The extent 

of the drug released from the tube was 6 . 6  mg (54.4%) about twice the amount of 

the drug released from rod 8  with 3.7 mg (21.8%).

3.1.2.A.2 Tube 8/4 with External Permeable Coat and No Internal Coat and 

Whole Surface Coated Rod 8

Figures 4.65,a and b show the influence of the shape of the formulation and coating 

surface, in comparison with figures 4.64,a and b, on the dissolution profiles from 

coated tube 8/4 and rod 8  containing 4.9% drug loading. Tube 8/4 exhibited a non- 

Fickian diffusion release (n=0.70) due to the uncoated inner surface which resulted 

in a marked increase in the dissolution rate of the drug (0.3452 mg.cm^.hr^) in 

comparison with 0.2026 mg.cm'^.hr* (n=1.07) obtained with the same formulation 

with external and internal surface being coated. However, both systems exhibited 

an apparent zero order release from the graph of amount released per unit area 

against time. The dissolution rate of the drug from tube 8/4 was about three times 

the dissolution rate of the drug from rod 8  (0.1232 mg.cm ̂ .hr^). The extent of the 

drug released from tube 8/4 was about (11.6 mg, equating to 92.8% drug release) 

three times that of the rod 8  (3.7 mg, corresponding to 21.8% drug release). Rod 

8  exhibited apparent zero order kinetics with n=0.97.

-233-



Chapter 4, In-Vitro Release Studies

110
100

90

80

g(/><
UJ
ÛJ 50 
CC 40

30

0 2  4 6 8 10 12 14 16 18 20

TIME^ir

10 -I

D)
EQ
UJ
CO<
UJ
ûj
cc
I -
z3
o
2<

6 8 10 12 14 16 18 200 2 4

TIM E^r

Pig. 4 .64  The a f fe c t of the formulation shape on the dissolution

profiles for co a ted  sam ples containing 4.9% theophylline.

Tubes with external and internal perm eable co a t 

and wholly co a ted  rods

A TUBES 8 /4 T RODS 8mm

-234-



Chapter 4, In-Vitro Release Studies

110

100

90

Q

5 60
ÜJ 50 

40 

30

10

0 2 8 10 12 14 16 18 204 6

TIME^ir

t • '  ' I ' ' » I ' ' M ' ' ' I ' ' '  I
10 12 14 16 18 20

TIM E^r

Fig. 4 .65 The e ffe c t of the formulation shape on the dissolution

profiles for c o a ted  sam ples containing 4.9% theophylline.

Tubes with external perm eable co a t and no internal 

c o a t and wholy co a ted  rods

A TUBES 8 /4 T RODS 8mm

-235-



Chapter 4, In-Vitro Release Studies

3.1.2.B 48,9% Drug Loading

3.1.2.B.1 Tubes 8/4 with External and Internal Permeable Coat and Whole

Surface Coated Rod 8

Figures 4.66,a and b show the influence of the shape of the formulation and drug 

loading, in comparison with figures 4.65,a and b, for the dissolution profiles of the 

drug from coated tube 8/4 and rod 8  containing 48.9% drug loading. An apparent 

zero order release was obtained with both formulations as assessed by the values of 

n, 1.06 (tube 8/4) and 1.03 (rod 8 ), table 4.18, and from the zero order graph. The 

dissolution rate of the drug from tube 8/4 was faster (0.838 mg.cm'^.hr *) by about 

four times than the dissolution rate of the drug from rod 8  (0.1948 mg.cm^.hr^). 

The extent of the drug released was five times higher (25.4 mg, corresponding to 

26.2% drug release) than the extent of the drug released from rod 8  (5.3 mg, 

corresponding to 4.2% drug release).

3.1.2.B.2 Tube 8/4 with External Permeable Coat and No Internal Coat and

Whole Surface Coated Rod 8

Figures 4.67,a and b show the influence of the shape of the formulation and coating 

surface, in comparison with figures 4.66,a and b, for the dissolution profiles of the 

drug from coated tube 8/4 and rod 8  containing 48.9% drug loading. A non-Fickian 

diffusion release (n=0.73) and an apparent zero order release were obtained with tube 

8/4. Rod 8  exhibited a zero order release (n=1.03) according to Korsmeyer’s 

equation. The dissolution rate of the drug from tube 8/4 was about (1.4531 mg. 

cm'^.hr'^) eight times faster than rod 8  (0.1948 mg.cm'^hr^). The drug released was 

about (50.9 mg, corresponding to 52.4% drug release) ten times the amount of the 

drug released from rod 8  (5.3 mg, corresponding to 4.2% drug release in 12 hours 

of dissolution).
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3.1.3 The Effect of Tube Length on the Dissolution Profiles of Coated Tube 

8/4. Containing 4.9% Drug Loading

Figures 4.68,a-c show the effect of the tube length, containing 4.9% drug loading, 

on the dissolution profiles of the drug from coated tubes 8/4. The tube lengths; 

5mm, 10mm, 12.5mm and 15mm, influenced all the kinetic parameters, as shown in 

figures 4.68,a-c and table 4.19. All the tube lengths studied; 5mm, 10mm, 12.5mm 

and 15mm, exhibited an apparent zero order release as assessed by the values of n 

(table 4.19), 1.07, 0.99, 1.02 and 0.99 respectively and from the zero order model. 

This effectively means that the variable tube lengths studied did not affect the mode 

of release of the drug.

The dissolution rate of the drug and extent of drug released were increased by 

increasing the tube length (figures 4.68,b and c and table 4.19). The dissolution rate 

of the drug of tube 8/4 with length 5mm, 10mm, 12.5mm and 15mm were 0.2026 

mg.cm^.hr\ 0.3137 mg.cm^.hr\ 0.3644 mg.cm^.hr^ and 0.3693 mg.cm^.hr^ 

respectively (with r > 0.99, table 4.19). Tubes 8/4 of length 12.5mm and 15mm 

have similar release rate but are higher than the tube of length 5mm and 10mm. 

This probably indicates that there might be an optimum ratio between the external 

diameter, internal diameter and the length of the tubes from which the desired 

release profiles could be utilized. The extent of the drug released in 12 hours was 

6 . 6  mg (corresponding to 54.4% released), 16.8 mg (66.7%), 23.4 mg (73.5%) and

28.1 mg (74.4%) respectively.

3.1.4 The Effect of the Initial Fluid Content of the Formulation on the 

Dissolution Profiles of Coated Rod 8 Extrudate. Containing 4.9% Drug 

Loading

The effect of adding varying quantities of 5%w/v solution of PVP on the dissolution 

profiles of the drug from coated rod 8  containing 4.9% drug loading has been studied 

(figures 4.69,a and b). The 75 gm, 70gm and 65 gm of 5%w/v solution of PVP
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TABLE 4.19: THE EFFECT OF TUBE LENGTH AND INITIAL FLUID CONTENT ON THE DISSOLUTION RATE, THE EXTENT AND 
PERCENTAGES OF THE DRUG RELEASED AND THE MODE OF RELEASE ACCORDING TO KORSMEYER’S EQUATION FOR 
DIFFERENT FORMULATIONS.

Theophylline

FORMULATION SYSTEM
DISSOLUTION RATE 

mg.cm^hr'^
GRADIENT

ini.
released over 1 2  hrs 

mg (%)

LW8/4 

LW8/4 

LW 8/4 

LW 8/4

Tube Length 

5 mm 

1 0  mm 

12.5 mm 

15 mm

0.2026

0.3137

0.3644

0.3693

0.996

0.999

0.999

0.999

1.07

0.99

1.02

0.99

0.999

0.999

0.999

0.999

6 . 6  (54.4%) 

16.8 (66.7%) 

23.4 (73.5%) 

28.1 (74.6%)

Initial Fluid Content 

LW 8  750

LW 8  700

LW 8  650

0.123

0.133

0.1098

0.998

0.997

0.998

0.97

0.95

0.90

0.998

0.998

0.997

3.7 (21.8%) 

3.3 (19.9%) 

3.2 (19.2%)

L, low drug loading; H, high drug loading; W,whole surface coated; E, external surface coated; dissolution rate represented by amount released, mg per cm  ̂per hour of the release 
profiles over 12 hours; njelease exponent of the equation m/moo =kt" (the release data during the first hour of dissolution was not considered and tmly dissolution data <60 % was 
taken); r, correlation coefficient.
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have been tested with formulation B (table 4.1). All formulations produced a good 

smooth rod 8  extrudate with extrusion force of 1.0, 1.6 and 2.6 KN respectively. A 

greater extrusion force was required for the extrusion of the formulation with lower 

fluid content. The values of n were 0.97, 0.95 and 0.90 with formulations 

containing 75 gm, 70 and 65 gm of the 5%w/v solution of PVP, respectively. This 

indicated that all formulations exhibited an apparent zero order release. The nearest 

n-value to 1 . 0 0  was obtained with the formulation containing the highest water 

content (n=0.97). A very minor increase in the dissolution rate of the drug from the 

formulation was obtained by increasing the initial fluid content of the formulation 

to be extruded probably due to the lower extrusion force used during their 

preparation. The dissolution rate of the drug from formulations containing 

75 gm, 70 gm and 65 gm of water, with 5%w/v PVP were 0.123 mg.cm'^.hr'\ 0.113 

mg.cm ̂ .hr  ̂ and 0.1098 mg.cm^.hr^ respectively. The extent of drug released was 

3.7mg (21.8%), 3.3 mg (19.9%) and 3.2 mg (19.2%) respectively.

3.1.5 The Effect of the Curing Temperature on the Dissolution Profiles of 

Tube 8/4 and Rod 8

The effect of curing temperatures 70 C and 90 C compared to systems cured at 

room temperature have been studied.

3.1.5.A Tube 8/4 with External and Internal Permeable Coat

3.1.5.A.1 4.9% Drug Loading

Figures 4.70,a and b show the effect of curing temperature on the dissolution profiles 

from coated tube 8/4 containing 4.9% drug loading. As shown in the figures and 

table 4.20, curing temperature influenced all the kinetic parameters. Tube 8/4 cured 

at room temperature exhibited a super case-II release (n=1.29). Tubes 8/4 cured at 

70 °C and 90 °C exhibited an apparent zero order release as assessed by the values
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TABLE 4^0: THE EFFECT OF CURING TEMPERATURE ON THE DISSOLUTION RATE, THE EXTENT AND PERCENTAGES OF 
THE DRUG RELEASED AND THE MODE OF RELEASE ACCORDING TO KORSMEYER’S EQUATION FOR DIFFERENT 
FORMULATIONS.

Theophylline

FORMULATION SYSTEM
DISSOLUTION RATE 

me.cm^hr'^ r
GRADIENT

Jn L r
released after 1 2  hrs 

me (%)

LW 8/4

Curing Temperature 

Rt 0.416 0.982 1.29 0.997 12.5 (100.1%)
LW 8/4 70 °C 0.378 0.998 1.05 0.991 11.4 (91.3%)
LW 8/4 90 °C 0.2026 0.996 1.07 0.999 6 . 6  (54.4%)

HW 8/4 RT disintegrated 104.1 (107%)
HW 8/4 70 °C disintegrated 105.1 (108%)
HW 8/4 90 °C 0.802 0.999 1 . 0 0 0.999 25.4 (26.2%)

LW 8 RT 0.5109 0.993 1 . 2 0 0.999 13.1 (77.9%)
LW 8 70 °C 0.4172 0.997 1.17 0.996 11 (65.6%)
LW 8 90 °C 0.1231 0.998 0.97 0.998 3.7 (21.8%)

HW 8 RT 1.378 0.979 1.51 0.996 38.1 (30%)
HW 8 70 °C disintegrated 136 (107%)
HW 8 90 °C 0.1813 0.996 1.03 0.999 5.3 (4.2%)

L, low drug loading; H, high drug loading; W,whole surface coated; E, external surface coated dissolution rate represented by amount released, mg per cm  ̂per hour of the release 
profiles over 12 hours; njelease exponent of the equation m jm o o  =kt" (the release data during the first hour of dissolution was not considered and only dissolution data <60 %  was 
taken); r, correlation coefficient.
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of n, 1.05 (at 70 °C) and 1.07 (at 90 °C), table 4.20, and according to zero order 

release model. The dissolution rate of the drug and extent of drug released were 

markedly decreased by curing the formulation at 70 °C and 90 °C (table 4.20). The 

dissolution rates of the drug from the formulation cured at room temperature, 70 °C 

and 90 °C were 0.416 mg.cm^.hr \  0.378 mg.cm'^.hr^ and 0.2026 mg.cm^.hr^ 

respectively. The extent of the drug released in 12 hours was 12.5 mg 

(corresponding to 100.1%), 11.4 mg (91.3%) and 6 . 6  mg (54.4%).

3.1.5.A.2 48.9% Drug Loading

Figures 4.71,a and b show the effect of curing temperature on the dissolution profiles 

of the drug from coated tube 8/4 containing 48.9% drug loading. Tube 8/4 cured 

at room temperature and 70 °C disintegrated, which may have been be due to the 

inadequate mechanical stability of the coating film. Good film integrity and 

mechanical stability was obtained for tubes, containing 4.9% drug loading, cured at 

room temperature, 70 °C and 90 °C. This indicated that the disintegration which 

occurred may be due to changes in the drug/polymer ratio resulting in erosion and 

leaching of high amounts of drug which weakened the structure of the tube. 

Presumably, the coating film did not accommodate such dramatic changes in the 

formulation structure and consequently disintegrated. The extent of drug release 

was 104.1 mg (corresponding to 107%), 105.1 mg (108%) and 25.4 mg (26.2%) 

from tube 8/4 cured at room temperature, 70 °C and 90 °C respectively.

3.1.S.B Rod 8  mm in Diameter with Whole Surface Coated 

3.1^.B.l 4.9% Drug Loading

Figures 4.72,a and b show the effect of curing temperature on the dissolution profiles 

of the drug from coated rod 8  mm in diameter containing 4.9% drug loading. Only 

after curing at a temperature of 90 °C did rod 8  exhibit a zero order release as
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assessed by the value of n, 0.97 (table 4.20). Rod 8  mm in diameter cured at room 

temperature and 70 °C exhibited a super case-II release as assessed by the values of 

n, 1.2 and 1.17 respectively. This indicated that curing temperature did affect the 

release mechanism of the drug. In comparison to tube 8/4, containing 4.9% drug 

loading, curing temperature influenced more significantly the extent of drug released 

from rod 8 . The dissolution rate of the drug from rods cured at room temperature, 

70 °C and 90 °C were 0.5109 mg.cm ̂ .hr \  0.4172 mg.cm ̂ .hr^ and 0.1231 mg. 

cm ̂ .hr  ̂ respectively. This indicates a marked decrease in the dissolution rate of 

the drug from rod 8  due to curing temperature particularly at 90 °C. Consequently, 

the extent of drug release was also markedly decreased. The extent of drug released 

from rod 8 , cured at room temperature, 70 °C and 90 °C were 13.1 mg 

(corresponding to 77.9% drug release), 11 mg (65.6% drug release) and 3.7 mg 

(2 1 .8 % drug release).

3.1.5.B.2 48.9% Drug Loading

Figures 4.73,a and b show the effect of curing temperature on the dissolution profiles 

of the drug from coated rod 8  mm in diameter containing 48.9% drug loading. 

Surprisingly, rod 8  mm in diameter cured at room temperature did not disintegrate 

and exhibited a super case-II release (n=1.5). Rod 8  cured at 70 °C disintegrated; 

whilst rod 8  cured at 90 °C exhibited apparent zero order kinetics from the zero 

order graph and value of n=1.03. The dissolution rate of the drug from rod 8  cured 

at room temperature was about eight times (1.378 mg.cm'^.hr'^) the dissolution rate 

of drug from rod 8  cured at 90 °C (0.1813 mg.cm^.hr^). The extent of drug 

released was 38.1 mg (corresponding to 30%), 135.7 mg (106.8%) and 5.3 mg 

(4.2%) from rod 8  cured at room temperature, 70 °C and 90 °C respectively. Rod 

8  cured at 90 °C in comparison with the tube 8/4 coated at the same temperature, 

exhibited a much slower dissolution rate (0.1813 mg.cm'^.hr'*) than the dissolution 

rate of the drug from tube 8/4 (0.802 mg.cm'^hr'^).
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4. Conclusions

* When appropriate coatings are applied onto the surfaces of tube and rod 

extrudates of different dimensions, controlled drug delivery systems have 

been achieved.

* All the factors studied (different diameters and length of tubes, shape of 

formulation (tube versus rod), coating surface (position), drug loading, initial 

fluid content, and curing temperature) have been shown to influence the 

dissolution performance (to a lesser or great extent) in terms of dissolution 

rate, mode of release and the extent of the drug released.

* Increase in the drug release rate and amount of drug released occured with 

increase in tube length whilst apparent zero order release kinetics were 

obtained.

* Increase in the drug release rate and amount of drug released with increase 

in drug loading.

* Decrease in the drug release rate with increase in the outer diameter of the 

tube.

* Increase in the drug release rate and amount of drug released with tubes 10/4 

and 8/4 with external permeable coat and no internal coat against the same 

tube with external and internal permeable coat.

* Increase in the drug release rate and amount of drug released with tube 8/4 

against rod 8  mm in diameter while an apparent zero order release was 

maintained.

* Decrease in the drug release rate with thermal treatment and increase in the
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curing temperature of the film coating.

An increase in the initial fluid content of the formulation to prepare an 8 mm 

diameter rod, containing 4.9% drug loading, produced approximately similar 

dissolution rate of the drug without affecting the mode of drug release.

The slowest release of drug was obtained from an 8 mm coated rod, 

containing 4.9% drug loading, and cured at 90 °C for 24 hours (0.1098 

mg.cm^.hr^).

The fastest release of drug was obtained from tube 8/4, containing 48.9% 

drug loading, cured at 90 °C for 24 hours (1.4531 mg.cm'^.hr'^).

An apparent zero order release was obtained with all formulations with the 

whole surface being coated, where only up to 60% of drug released is 

considered. If coat thickness is reduced, while maintaining the system 

integrity, this would allow higher drug release.

A non-Fickian diffusion release was obtained with all formulations with 

external coat and no internal coat which may be due to combined diffusion 

(from the external surface), diffusion and erosion/swelling (from the inner 

surface) processes.

The highest amount of drug released, in non-Fickian release pattern, was 

obtained with tube 10/4, containing 48.9% drug loading, coated with external 

permeable coat and no internal coat (62 mg of the drug).

The highest amount of drug released, in an apparent zero order release 

pattern, was obtained with tube 8/4, containing 48.9% drug loading, coated 

with external and internal permeable coat (25.4 mg of the drug).
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1. Introduction

Part one in chapter four demonstrated that the extruded formulations prepared, in 

uncoated form, provided a conventional (immediate) drug delivery system. In parts 

2-5 of the same chapter it was demonstrated that when a rate controlling membrane 

is applied to these extruded formulations, i.e. producing "reservoir" devices, a 

controlled drug delivery system is obtained.

In this chapter an attempt was made to develop matrix formulations prepared by 

means of extrusion technology, i.e. "monolithic" devices prepared without the 

application of a coating system, based on microcrystalline cellulose (hydrophilic 

polymer) and glycerylmonostearate (hydrophobic wax material) to provide a new 

controlled/sustained drug delivery system.

The effect of incorporating glycerylmonostearate (GMS) on the characteristics of the 

extruded tube and rod systems in terms of mechanical strength, friability, apparent 

density, porosity, weights and drug content, surface area and specific surface area 

were evaluated. The extrusion forces required to produce these matrix systems were 

also evaluated. In addition, the effect of the subsequent thermal treatment of the 

matrix system on selected physical parameters was also studied. This is to 

investigate the possible changes which occur if the GMS is changed from solid to 

molten state. In addition to thermal treatment variables such as the shape of the 

matrix system (tube and rod), length of the matrix system (5mm and 15mm) and the 

subsequent thermal treatment of the matrix system were evaluated.

The release mechanism of the drug from these systems were evaluated using the zero 

order model, Korsmeyer’s equation (1983) and Higuchi’s T^^ model (1963).
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The objectives of this study are summarized as the following:-

i) To assess the ability to produce matrix type controlled drug delivery systems 

in the shape of tube and rod by means of extrusion technology.

ii) To evaluate the effect of incorporating glycerylmonostearate, a waxy matrix 

forming material, on the characteristics of the extruded tube and rod systems.

iii) To study the effect of the shape of the extruded matrix systems (tube and 

rod), length of the extruded matrix systems (5 mm and 15 mm) and the 

subsequent thermal treatment on the physical parameters of these systems and 

on the release behaviour of the drug.

2. Experimental Methods

2.1 Method of Preparation

The method used to prepare these extruded matrix systems of tubular and rod 

extrudates of different dimensions is described in sections 1 .2 . 1  and 1 .2 . 2  of chapter 

two.

The formulation M used to prepare controlled extruded systems, of the matrix type, 

is shown in table 5.1. Formulation D discussed in chapters three and four is shown 

here as a control. Extrudates in the form of tube 8/4 and rod 8  mm in diameter 

were prepared. Extrudates, of matrix type, were dried in an oven at 38-40 °C 

overnight. Then they were cut into 5 mm and 15 mm lengths and trimmed with a 

scalpel. The methods used to measure the physical properties of the extruded 

matrix systems are presented in chapter two.
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TABLE 5.1: THE FORMULATIONS USED TO PREPARE IMMEDIATE AND 
CONTROLLED TUBE 8/4 AND ROD 8  m m  IN DIAMETER 
EXTRUDATE SYSTEMS.

INGREDIENTS
FORMULATION TYPE

49.07% TH 48.9% TH

FORM. M* 
(CONTROLLED 

RELEASE)

FORM. D” 
(IMMEDIATE 

RELEASE)

AVICEL PHlOl 2 0  9 50 9

(AV) (9.8%) (24.5%)

KAOLIN
LIGHT 2 0  3 50 9

(KA) (9.8%) (24.5%)

GLYCERYLMONO
STEARATE (GMS) 60 a  

(29.4%)

THEOPHYLLINE
ANHYDROUS 1 0 0  9 1 0 0  9

(TH) (49.07%) (48.9%)

WATER CONTAINING 76 9 90 g
5%w/v PVP (1.9%) (2 .2 %)

notation represents the matrix system containing GMS.
notation given in the previous chapters. This formulation was studied before
in chapters three and four and used here as a control and for clarity.
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3. Results and Discussion

3.1 The Evaluation and Characterisation of the Tube and Rod Extrudate 

Systems, of the Matrix Type

The effect of incoiporating glycerylmonostearate on the physical characteristics of 

the extruded tube and rod systems, such as mechanical strength, apparent density, 

porosity, friability, specific surface area, weight and drug content and surface quality 

are discussed and presented below. The extrusion forces required to produce these 

extrudate systems are also presented below.

3.1.1 Oualitatiye Study and Surface Quality of the Tubular and Rod 

Extrudates. of the Matrix Type

The force displacement profiles of tube 8/4 and rod 8  mm in diameter are shown in 

figures 5.1 and 5.2 respectively. The force required for steady state extrusion (ram 

extruder, MX50 Lloyds testing/instrument system) for each formulation is shown in 

table 5.2. The replacement of equal amounts of Avicel PHlOl and kaolin light by 

glycerylmonostearate decreased the extrusion force required during their production. 

Lower extrusion forces were required during their production due to the 

incorporation of GMS, thus, modifying the binding properties, performance and the 

plasticity of the wet mix during extrusion. As it can be seen in table 5.1 

formulation M needed less binder solution to prepare the wet mix than formulation 

D because GMS is insoluble material and impermeable to water while Avicel PHlOl 

absorbs and retains water.

The surface quality of the tube 8/4 and rod 8  mm in diameter extrudates prepared 

in this study were evaluated visually and by SEM images. The wet mixes produced 

good, smooth, waxy to the touch extrudates at 100 mm/min ram speed. The SEM 

images of the matrix extrudate systems are shown and discussed later in this chapter.
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Fig. 5.1 The force-displacement profiles of matrix formulation

l(AV):l(kA):5(TH):3(GMS):3.8(WATER) utilizing tube die 8/4 at

1 0 0  mm/min ram speed.
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Fig. 5.2 The force-displacement profiles of matrix formulation 

1(AV):1(KA):5(TH):3(GMS):3.8(WATER) utilizing rod die 8  mm in 

diameter at 1 0 0  mm/min ram speed.
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TABLE 5.2: THE PHYSICAL PROPERTIES OF THE FORMULATIONS USED IN THE STUDY

Formulation
System

SS* 
Extrusion 

Force (kN)

Apparent
Density
(gm/cm^)

Friability(% 
Loss of I.W.)

Disintegration 
Time (mins)’’

Breaking Load (kg )

Horizontal Vertical

5mm 15mm 5mm 15mm 5mm 15mm 5mm 15mm

TUBE
8/4

49.07% TH 
Form. M 

(Controlled)

3.06
(0.041/

1.39
(0.003)

0.13 0.29 Intact Intact 1.28
(0.21)

3.2
(0.16)

16.45
(2.12)

15.32
(0.55)

48.9% TH 
Form. D 

(Immediate)

4.98
(0.087)'

1.671
(0.0066)

0.05 0.14 5.72
(0.35)

6.67
(0.34)

1.42
(051)

4.48
(0.73)

36.73
(0.81)

38.08
(1.63)

ROD
8

49.07% TH 
Form. M 

(Controlled)

2.07
(0.046)*

1.39
(0.001)

0.14 0.40 Intact Intact 4.80
(0.87)

10.36
(1.02)

20.06
(2.76)

15.89
(0.97)

48.9% TH 
Form. D 

(Immediate)

2.95
(0.199)'

1.681
(0.0024)

0.05 0.12 6.43
(0.31)

13.7
(1.14)

4.13
(0.28)

11.99
(1.01)

>40 33.1
(1.89)

n=2 (figures in brackets=range); c, n=4; f, n=7; all the rest, n=3 (figures in brackets=s.d.); * SS=steady-state; LW.=initial weight; 8/4, 
and represents outer diameter/inner diameter of the tube; 8  represents rod diameter in mm, 
the values represent minutes and fraction of minutes.

-259-



Chapter 5, Matrix System

TABLE S3: THE SURFACE AREA (cn f), SPECIFIC SURFACE AREA WEIGHTS AND DRUG CONTENT OF THE
TUBE AND ROD EXTRUDATES USED IN THE STUDY

FORMULATION
SYSTEM

TUBE
(ROD)

LENGTH
(mm)

WEIGHT OF TUBE 
(ROD)
(m 3 )

AMOUNT OF 
THEOPHYLLINE (m 3 ) SURFACE

AREA
(cm^)

SPECIFIC SURFACE 
AREA (cmV^m)

49.07% TH 
(Form. M)

48.9% TH 
(Form. D)

49.07% TH 
(Form. M)

48.9% TH 
(Form. D)

49.07% TH 
(Form. M)

48.9% TH 
(Form. D)

TUBE
8/4

5 188.5 198.9 92.5 97.3 2.639 14.0 13.27

15 577.4 611.3 283.3 298.9 6.409 1 1 . 1 10.48

ROD
8

5 243.8 260.0 119.6 127.1 2.262 9.28 8.7

15 753.5 787.2 369.7 384.9 4.775 6.34 6.07
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3.1.2 The Characteristics of Tube and Rod Extrudate Systems

The physical properties of the extruded matrix systems in the form of tube 8/4 and 

rod 8  mm in diameter of length 5mm and 15mm were examined. The results of 

these studies are presented below and summarized in tables 5.2 and 5.3.

3.1.2.A Apparent Density

Formulation M, of matrix type, containing GMS has a lower apparent density than 

formulation D, of immediate release type. This is due to the replacement of equal 

amounts of Avicel PHlOl and kaolin light by GMS which have an apparent density 

of 1.57 gm/cm^, 2.72 gm/cm^ and 1.007 gm/cm^ respectively.

3.1.2.B Mechanical Strength

Formulation M showed slightly lower horizontal breaking load but considerably 

lower vertical breaking load than formulation D (table 5.2). This could be due to 

a change in the structure of the system due to incorporation of GMS. In addition, 

formulation M required a lower extrusion force applied during their production than 

formulation D which could result in lower mechanical strength of the systems. The 

results in table 5.2 show that the horizontal breaking load is proportional to the 

length of the tube and rod extrudates for both formulations M and D.

3.1.2.C Friability

Formulation M systems were slightly more friable than formulation D systems since 

they have shown lower mechanical strength. The results are shown in table 5.2 and 

showed minimal weight loss. The longer the tube 8/4 and rod 8  mm in diameter 

the more friable the system for both formulations M and D.
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3.1.2.D Disintegration Time

The incorporation of GMS to prepare formulation M provided matrix systems in 

form of tube and rod extrudates which did not disintegrate over 2 0  hours of 

dissolution in distilled water, therefore, it was not necessary to carry out the 

disintegration test

Tube 8/4 and rod 8  mm in diameter prepared from formulation D disintegrated in 

less than 15 minutes. This could be due to the rapid hydration of Avicel PHlOl 

(microcrystalline cellulose) which is in larger quantity in formulation D (25%) than 

formulation M (10%) causing faster hydrolysis of the system. In addition, polymer 

interaction, binding and adhesion between the polymer and other components of the 

formulation could be weaker in the presence of water with formulation D than 

formulation M. Moreover, extrudates containing GMS (formulation M), a 

hydrophobic waxy material, stayed intact and this may be due to GMS’s resistance 

to the wetting which resulted in a decrease in solvent penetrability thus less 

disintegration pressure occured.

3.1.3 Measurement of Weight and Drug Content. Specific Surface Area 

(cmVgm). and Porosity of the Extruded Formulations.

The weights and drug content of formulation M were slightly lower than formulation 

D which resulted in slightly lower bulk density and consequently slightly higher 

specific surface area of formulation M than formulation D. The results are shown 

in tables 5.3 and 5.4. As the level of Avicel PHlOl is decreased by replacement 

with GMS the porosity of formulation M is decreased (table 5.4), since Avicel 

PHlOl is a hydrophilic polymer which swells in large amounts of water and upon 

drying a considerable area of pore space is formed, thus increasing the porosity of 

the formulation.

-262-



Chapter 5, Matrix System

TABLE 5.4: THE COMPARISON OF BULK DENSITIES WITH APPARENT 

DENSITIES AND POROSITIES OF TUBE AND ROD 

FORMULATIONS OF LENGTH 5mm.

FORMULATION

SYSTEM

APPARENT

DENSITY

(^W cm Y

BULK

VOLUME

(cm^)''

BULK

DENSITY

(gm/cm^)‘’

POROSITY

(e%PORE

SPACE)

TUBE

8/4

49.07% TH 

(Form. M)

1.39

(0.003)

0.1619

1.164 16.2

48.9% TH 

(Form. D)

1.671

(0.007)

1.229 26.5

ROD

8

49.07% TH 

(Form. M)

1.39

(0 .0 0 1 )

0.2139

1.140 18

48.9% TH 

(Form. D)

1.681

(0 .0 0 2 )

1.216 27.7

n=3, figures in brackets=s.d.

*, Obtained by air displacement and considered as true density.

Obtained by dividing the weight of the formulation by the bulk volume.

Bulk volume (Vy) calculated from the dimensions of the tube or rod as follows. 

For tube Vy = 7C (R  ̂- r̂ ) H 

For rod Vy = 7 C R  ̂H

R and r represent outer and inner diameter of the tube respectively and H represents 

the height of the tube and cylinder.
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3.1.4 The Effect of Thermal Treatment and Its Temperature Level on Some 

Physical Properties of the Extruded Matrix System

3.1.4.A Mechanical Strength. Apparent and Bulk Densities and Porosity

Horizontal breaking load of the matrix systems used decreased with thermal 

treatment (table 5.5). As the temperature level of the thermal treatment increased 

from those untreated at room temperature to 70 °C and 90 °C for 2.5 hours, the 

horizontal breaking load was decreased, probably due to the effect of higher porosity. 

The increase in porosity with matrix systems thermally treated with temperature 

levels above the melting point of GMS (56-58 °C) reflects that the melting and 

resolidification process of GMS probably resulting in redistribution of GMS 

throughout the matrix system which was manifested by the increase in pores within 

the matrix systems. Chali et al (1989) showed that beads incorporating four waxes; 

spermaceti, precirol, beeswax and castor wax after 80 °C thermal treatment exhibited 

slower dissolution profiles. This was apparently due to the redistribution of the wax 

throughout the beads and a possible change in nature of the pores within the beads 

resulting from the melting point and resolidification of these waxes due to thermal 

treatment. From the results shown in table 5.5 extruded matrix systems thermally 

treated have shown higher apparent density, lower bulk density and thus higher 

porosity resulting in lower mechanical strength as indicated by the horizontal 

breaking load. It can be concluded from the results that these physical properties 

can not be considered or dealt with separately since they are interrelated in most 

cases.

3.1.4.B Scanning Electron Micrographs (SEM)

The SEM images of matrix system surfaces, thermally treated, showed higher 

porosity compared to untreated systems (figure 5.3). This may be due to migration 

of GMS from the surface to the inside of the system. The SEM images of cross-
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sectional area of the multicomponent matrix system, thermally treated and untreated, 

are shown in figure 5.4 and are difficult to interpret.

Table 5.5: The Effect of the Subsequent Thermal Treatment at Various
Temperature Levels on the Horizontal Breaking Load, Apparent 
Density and Porosity of the Extruded Matrix Systems of Length 5mm.

Form.
System

Thermal
Temp.

r c )

Horizontal 
Breaking 
Load (kg)

Apparent
Density

(gm/cm^)

Bulk
Density

(gm/cm^)

Porosity
(e%Pore
Space)

Tube
8/4

NONE 1.28
(0 .2 1 )

1.39
(0.003)

1.16 16.2

70 0.95
(0.053)

1.54
(0.016)

1 . 1 0 28.6

90 0.77
(0.023)

1.49
(0.009)

1.05 29.5

Rod
8

NONE 4.80
(0.87)

1.39
(0 .0 0 1 )

1.14 18

70 2.81
(0.294)

1.45
(0.004)

1.08 25.5

90 2.69
(0 .1 0 1 )

1.45
(0.008)

1.08 25.5

Figures in brackets=s.d. for n=3.
The bulk volumes of the above systems are the same as in table 5.4.
The measurements of the above physical properties were done in the same way as 
in table 5.4 and in chapter two.
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(a) Surface of Rod 8  mm in diameter 
thermally untreated

(b) Surface of Tube 8/4 
thermally untreated

(c) Surface of Tube 8/4 treated at 70 ®C, (d) Surface of Tube 8/4 treated 
at 90 °C.

Fig. S3  Scanning electron micrographs of surfaces of extruded matrix systems 
(form. M), (a and b) thermally untreated; (c and d) thermally treated 
at 70 °C and 90 °C for 2.5 hrs.
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(a) Cross section of Rod 8  mm in diameter 
thermally untreated

(b). Cross section of Tube 8/4 
thermally untreated

3

(c) Cross section of Tube 8/4 treated at 70 °C (d) Cross section of Tube 8/4
treated at 90 °C

Fig. 5.4 Scanning electron micrographs of cross section of extruded matrix 
systems (form. M), (a and b) thermally untreated; (c and d) thermally 
treated at 70 °C and 90 °C for 2.5 hrs.
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3.2 Dissolution Studies of the Various Extruded Matrix Systems

Extruded tube 8/4 and rod 8  mm in diameter of length 5mm and 15mm prepared 

from formulation D showed complete release of drug in less than 30 minutes (see 

figures 4.2,c and 4.4,c in chapter four).

The effect of length, shape and subsequent thermal treatment at various temperature 

levels, on the release characteristics of the drug from extruded matrix tube and rod 

systems are discussed below.

How fast the drug is released (rate of release), mode of release, initial drug content 

and most important what amount and extent of drug released which all relate to both 

size and shape of the matrix system and how these shapes and sizes are fabricated 

are all important functional and technological aspects that must be considered during 

the development and should merit attention. The results are shown in table 5.6 and 

figures 5.5-5.9.

3.2.1 The Effect of the Matrix Tube Length

Figures 5.5,a and b show the influence of tube length on the dissolution profiles 

from extradate in form of tube 8/4 of length 5mm and 15mm. From the figures and 

the results shown in table 5.6, the Higuchi release rate constant mg/cm .̂hr°^ 

(calculated from the slope of a graph of amount released per unit area against square 

root of time) were approximately similar for both systems of tube 8/4 of length 5mm 

and 15mm. The release of drug from both matrix systems could be approximated 

by Higuchi’s square root equation; (Mt/M )°^=kt which describes the release of drug 

from systems where the solid drug is dispersed in an insoluble matrix and the rate 

of drug release is related to the rate of diffusion. It can be seen in figure 5.5,b the 

graph of amount of drag released per unit area against square root of time is linear 

(the correlation coefficient, r > 0.99). Both systems exhibited diffusion controlled 

release according to Higuchi’s model. However, surface erosion of the matrix 

extrudates were visually observed especially at the late stage of the dissolution
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Fig. 5.5 The effect of tube length on the amount of drug released per unit surface area as a function

of; (a) time, (b) square root of time, from a thermally untreated matrix system containing

50% theophylline, m 15 mm Tube 8/4 * 5 mm Tube 8/4
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Table 5.6: The Kinetic Parameters of the Different Matrix Systems Prepared From Formulation M Used in the Study.

Formulation
System Length

Dissolution
Rate*(mg.cm'2.hr'*) r n'̂ r

Higuchi 
release rate 

constant‘s 
(mg.cm' .̂hr®^)

r
Initial

amount
of

theoph.
(mg)

%
released

Amount
released

(mg)

Tube 5 mm 1.874 0.9767 0.60 0.9973 8.148 0.9984 90.7 75.7 6 8 . 6

8/4
15 mm 2.017 0.9836 0.60 0.9986 8.718 0.9995 280.3 63.2 176.9

Rod 5 mm 2.646 0.9897 0.67 0.9982 11.342 0.9974 117.9 68.4 80.7
8

15 mm 2.096 0.9941 0.59 0.9966 8.916 0.9942 373.4 39.4 147.0

Effect of Thermal Treatment

Tube 8/4 NONE 2.017 0.9836 0.60 0.9986 8.718 0.9995 280.3 63.2 176.9
length
15mm 70 °C 1.946 0.9863 0.59 0.9996 8.387 0.9995 267.3 65.0 173.8

90 °C 1.975 0.9862 0.59 0.9994 8.517 0.9996 265.9 6 6 . 6 177.1

r,

Calculated from the slope of a plot of the amount of the drug released against time,hr over 12 hours of dissolution.
Calculated from the slope of a plot of Ln % of the drug released against Ln time.hr taken the values of % of drug released after 1 hour 
of dissolution and < 60%.
Calculated from the slope of the amount of the drug released per unit surface area against square root of time,hr over 12 hours of 
dissolution.
Correlation coefficient.
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period. When the dissolution data was fitted in Korsmeyer’s equation, both systems 

exhibited a non-Fickian diffusion (anomalous transport) release pattern as assessed 

by the value of n=0.6 for both systems (table 5.6). This indicated that the release 

of the drug was controlled by more than one process, the diffusion process and 

swelling/erosion of the matrix system.

3.2.2 The Effect of the Matrix Rod Length

Figures 5.6,a and b show the effect of the rod length on the dissolution profiles from 

rod 8  mm in diameter of length 5mm and 15mm. The release rate, mg/cm^.hr^^, of 

rod 8  mm in diameter of length 5mm was higher than rod 8  of length 15mm (table 

5.6). The same mode of drug release was observed as the previous systems in 

section 3.2.1. However, rod 8  mm in diameter of length 15mm has also shown 

mixed processes of both diffusion (figure 5.6,b) and zero order release as assessed 

by the graph of amount released per unit surface area against time (figure 5.6,a with 

r > 0.99, see table 5.6).

3.2.3 The Effect of the Extruded Matrix Shape

3.2.3.A Tube and Rod of Length 5mm

Figures 5.7,a and b show the effect of formulation shape on the dissolution profiles 

from the tube 8/4 and rod 8  mm in diameter of length 5mm. As shown in figure 

5.7,b and in table 5.6, the release rate, mg/cm^.hr^^, of rod 8  mm in diameter was 

higher than tube 8/4. This indicates that the shape of formulation rather than the 

surface area has influenced the drug release rate. The shape of the formulation did 

not influence the mode of release of drug according to the different release models 

shown in table 5.6.

-271.



Chapter 5, Matrix System

40 -

35

30

25

Ü 20
o
2 15

10

5

0 - I I I I

4
-T—r 
6 8 10 12

a.

TIME.hr

amount of drug released per unit surface area as a function of time.

40 -t

35 :

30 :

25 :
2
U 20 :
(3
2 15 :

10

5 -

0 - "I— I— I— I I

1 2
-I—r 

3

b.

TIMEJir"-*
amount of drug released per unit surface area as a function of square root time.

Fig. 5.6 The effect of rod length on the amount of drug released per unit surface area as a function

of; (a) time, (b) square root time, from a thermally untreated matrix system containing 50%

theophylline. ■ 15 mm Rod 8 mm in diameter a 5 mm Rod 8 mm in diameter
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3.2.3.B Tube and Rod of length 15mm

Figures 5.8, a and b show the effect of shape of formulation on the dissolution 

profiles from tube 8/4 and rod 8  mm in diameter of length 15mm. Tube 8/4 and 

rod 8  have shown approximately similar release rate, 8.718 and 8.916 mg/cm^.hi^^ 

respectively (table 5.6). The mode of drug released approximated to both diffusion 

controlled release and non-Fickian (anomalous transport) as shown in table 5.6. 

Rod 8  mm in diameter of length 15mm have also shown an apparent zero order 

release as shown in figure 5.6,a (figure 5.6,a with r > 0.99, see table 5.6).

3.2.4 The Effect of Thermal Treatment

Different batches of Tube 8/4 of length 15mm were thermally treated in an oven at 

70 °C and 90 °C for 2.5 hours. This was carried out to investigate the effect of 

heat treatment, particularly above the melting point of GMS (56-58 °C) compared 

to those untreated at room temperature, on the dissolution behaviour of the drug from 

this matrix system.

Figures 5.9,a and b show the effect of thermal treatment of various temperatures on 

the dissolution profiles of the drug. As shown in the figures and in table 5.6, the 

thermal treatment of the matrix system did not influence the release rate and mode 

of release of drug. In another words, the melting point of GMS did not influence 

the release behaviour of the drug from this matrix system. This is in agreement 

with the study carried out by Chali et al (1989) who found that even at a 

temperature of 80 °C thermal treatment of beads containing waxes such as stearic 

acid, GMS, cetylalcohol and PEG 8000, produced similar dissolution profiles as 

before the thermal treatment.

The extent of surface erosion visually assessed from tube 8/4 of length 15mm during 

dissolution was lower with matrix systems which were thermally treated than those 

untreated. In addition, thermally treated matrix systems showed lower mechanical
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Fig. 5.8 The effect of shape on the amount of drug released per unit surface area as a function of;

(a) time, (b) square root time, from a thermally untreated matrix system containing 50%
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Strength and higher porosity (see table 5.5) than those untreated. This indicates that 

the binding and adhesion between the matrix materials of thermally treated tube 8/4 

was weaker before dissolution, i.e. in the absence of water, probably due to the 

higher porosity resulting possibly from the redistribution of GMS, but stronger 

during dissolution, i.e. in the presence of water, than those untreated. This 

effectively means that the mechanical strength of the matrices is by no means 

indicative of matrix erosion behaviour in the presence of water during dissolution. 

The independence of the release rate of the drug from matrices before and after 

thermal treatment could be due to either of the following:-

a) the increase in porosity with thermally treated matrices compared to those 

untreated before dissolution was quickly overwhelmed in the early stages of the 

dissolution test by the greater effect of the formation of pores as a result of Avicel 

PHlOl leaching out and the drug dissolving out (Said and Al-Shora, [1980] and 

Parab et al [1986]). The increase in porosity that existed before dissolution is, 

therefore, minimal and ineffective in altering the dissolution rate and mode of release 

of the drug. If this is true, untreated matrices should show higher drug release rate 

since they have undergone greater surface erosion than those thermally treated. 

However, this was not shown to be the case possibly because the drug was released 

predominantly by diffusion rather than erosion or diffusion/erosion process.

b) the more likely hypothesis is that the increase in porosity, before and during 

dissolution, with thermally treated matrices compared to those untreated, was 

counterbalanced by the fact that these matrices undergo less surface erosion, thus 

creating less new surfaces and/or pores.

Surface erosion of all the matrix systems studied was mainly observed at the late 

stages of the dissolution period as a result of higher percentages of drug dissolving 

out and the polymer, Avicel PHlOl, leaching out creating more channels and pores 

that hasten the erosion of the matrix.
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4. Conclusions

* Extradâtes in form of tube and rod, of the matrix type, were successfully

produced by means of extrusion technology.

* The incorporation of glycerylmonostearate in the formulation prevented

disintegration of the system and slowed the drag release to provide controlled 

release drag delivery systems.

* The preparation process of the matrix systems used was simply by dispersing 

GMS into the powder mixture and did not require the melting /solidification 

process of GMS to be carried out thus reducing stability problems that might 

arise due to polymorphic transformation that most GMS component, 

glycerides, exhibit.

* The physical characteristics of the extruded tube and rod systems were 

modified by incorporating glycerylmonostearate as the matrix forming 

material.

* The extrusion force was modified due to incorporation of 

glycerylmonostearate which indicates that the plasticity and thus the flow 

behaviour of the wet mix during extrusion was also modified.

* Extruded matrix tube and rod systems thermally treated at 70 °C and 90 °C 

showed lower mechanical strength and higher porosity than those untreated.

* Untreated extruded matrix systems showed greater surface erosion than those 

thermally treated at 70 °C and 90 °C.

* Matrix extradâtes thermally treated produced similar release profiles as before 

the thermal treatment.
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* The release of the drug from the various extruded matrix system was 

approximated Higuchi’s model and Korsmeyer’s equation indicating that the 

mixed processes of diffusion and swelling/erosion were involved. Extrudate 

in the form of rod 8  mm in diameter of length 15 mm showed, in addition, 

an apparent zero order release.

* The mode of release of the drug can not simply be represented by one model 

of release since diffusion, swelling and erosion are occurring simultaneously 

and at different stages of the dissolution process which produced a more 

complicated release system.

* The release behaviour from a particular region on the tube and rod systems, 

such as, external surfaces, internal surfaces (only with tubular extradâtes), 

and end surfaces are apparently a complex function of the changing size and 

shape of the particular system, in addition, to the hydrodynamic conditions 

of the fluid immediately surrounding the surfaces.

The Effect of Tube and Rod Length

* Tube 8/4 of length 5mm and 15mm produced similar drug release rate while 

rod 8  mm in diameter of length 5mm showed higher drug release rate than 

rod 8  of length 15mm. This apparently due to its disk like cylinder shape 

(8 mm diameter > length 5mm) and the major contribution of the end areas 

to the overall release behaviour.

The Effect of Shape (Tube vs. Rod)

* Tube 8/4 showed lower drug release rate than rod 8  mm in diameter of 

length 5mm while tube 8/4 and rod 8  mm in diameter of length 15mm 

produced similar drug release rate.

* The highest amount of drug released (176.9 mg, corresponding to 63.2% 

release) was obtained with tube 8/4 of length 15mm. Rod 8  mm in diameter
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of length 15mm (long cylinder with length to diameter ratio L/D above 

unity) released 147 mg corresponding to 39.4% release. This effectively 

means that tube 8/4 of length 15mm is practically more useful since it can 

deliver a greater amount of drug in the dissolution media even though its 

initial drug content is far less than in rod 8  mm in diameter of length 15mm.

In addition, the amount of drug remaining in this tube system, at the end of 

a dissolution period of 1 2  hours is far less than this rod system, i.e. safer for 

the patient incase of failure of the system and less costly since less drug is 

wasted.

Rod 8  mm in diameter of length 5mm released greater amount of drug (80.7 

mg corresponding to 68.4% release) than tube 8/4 of length 5mm which 

released 6 8 . 6  mg corresponding to 75.7% release. It appears here that this 

rod system (disk like cylinder with L/D ratio below unity) is practically more 

useful than this tube system because it can deliver greater amount of drug 

and carry higher drug content than the tube system while the remaining drug 

in the system after dissolution is relatively not much higher than the amount 

remaining in the tube system compared to tube and rod of length 15mm.

The removal of drug released from the internal surface of the tube is 

apparently a complex function of fluid dynamics through the hole and the 

fluid immediately surrounding the surface, i.e. an increase in the boundary 

layer where a build up in concentration of drug occurs (no sink condition of 

zero concentration of drug). The boundary layer that probably exists on the 

external surfaces presumably has less effect on the release behaviour since 

the elimination of the drug from this region is rapid. In addition, the 

preparation of rod 8  mm in diameter requires the use of a traditional solid 

cylindrical die rather than the use of a more complicated tube die which 

could place some burden in the technical area.
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Aspects concerning the technology point of view, such as size and shape, and 

the functionality (in vitro release performance) of the various matrix systems 

studied must be addressed to decide at last how the final system will be 

fabricated and used by the patient.
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